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Preface
In 1983, the 1st Fragblast Symposium was held in Luleå, Sweden. This initiated the largely successful
FRAGBLAST symposium which is the most prestigious blasting symposium in the world. Since 1983
the Fragblast symposia have been held in United States, Australia, Austria, Canada, South Africa,
China, Chile, Spain and India. Now 35 years later we are honoured to bring this prestigious
symposium to the place where it was born.
This symposium is and has always been, a unique forum to share knowledge, ideas and experiences.
Many new and innovative findings that have attained a global distinction were first presented at a
FRAGBLAST symposium. The relevance and importance of the FRAGBLAST symposium have
over the years remained and its proceedings books are a must-have literature in the working desk of
field engineers, consultants and researchers.
We would like to thank all authors that have shared their knowledge and experience during this
symposium. Additional to this, all reviewers are highly acknowledged for their efforts.
It is our sincere wish that you all enjoy and find this symposium truly beneficial. We look forward to
many interesting and fruitful discussions, both during the symposium and after; with old and newly
found friends within our community.
Symposium co-chairs
Håkan Schunnesson & Daniel Johansson
Luleå University of Technology, Sweden
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A review of dam foundation excavation techniques in China
W. Lu, P. Yan, H. Hu, Y. Zhang, M. Chen and Q. Gao
State Key Lab of Water Resources and Hydropower Engineering Science, Wuhan University，P R
China

ABSTRACT
Blast induced damage control is the key problem during high dam foundation excavation, so a
protective layer (PL) is commonly reserved during dam foundation excavation with method of drill
and blast. Some safe and high efficiency blasting techniques for PL excavation are gradually
developed in China, such as horizontal pre-split blasting (HPB), horizontal smooth blasting (HSB),
bench blasting with cushion material (BC) at the bottom of the hole, bench blasting with shock
wave-reflecting device and cushion material (BSRC) at the bottom of the hole, etc. In this paper,
basic principles of aforementioned blasting methods, blasting geometry, charge structure, drill-andblast parameters of typical projects are introduced. Meanwhile, the advantages and limitations of
different blasting techniques are compared and analysed. Engineering practices in Bai-he-tan
Hydropower Station, China, show that BSRC could be an ideal method for dam foundation
excavation in terms of blast induced damage control and rapid construction.
1

INTRODUCTION

before the final removal of rock mass, showed
in Figure 1. While the main body of the rock
mass is excavated with method of bench
blasting, the PL will be excavated with method
of controlled perimeter blasting techniques.

During dam foundation excavation, weathered
and loosened rocks need to be fragmented by
blasting and removed. Meanwhile, blastinginduced damage should be strictly controlled in
vicinity of the designed excavation contours
such as the foundation surface (Mgalobelov,
2000; Kühnel, 2004; Rathore and Bhandari,
2007;Mandal et al., 2008).

The thickness of the PL is determined in accord
with the depth of blasting-induced damage zone
(BDZ). BDZ is generally defined as the rock
zone beyond the excavation boundary where
the physical, mechanical and hydraulic
properties of the rock mass have been
significantly affected due to blasting excavation
(Cai and Kaiser, 2005, Wu et al., 2009, García
et al., 2012). The larger the BDZ is, the thicker
the PL will be.

the original ground line

loose rockmass
valley

rockmass excavated by
bench blasting

3~6m

According to the Construction Technical
Specifications on Rock-foundation Excavating
Engineering of Hydraulic Structures in China
(DLT5389-2007), thickness of PL of dam
foundation should be determined by on site
blasting test. If an on site blasting test is
difficult to carried out, a thickness of 25–40
times of the cartridge diameter used in the last
layer bench blasting is proposed, as showed in
Table 1. Listed in table 2 is the PL thickness of
several typical projects (Luo and Shen, 2003;
Bao and Wan, 2006; Guan and Yuan, 2009).

protective layer
foundation surface

Figure 1

Diagram of reserved protective
layer adopted in typical dam
foundation excavation

In China, a protective layer (PL) above the
designed foundation surface must be reserved
3
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Table 1

Rock
mass type
H/D

Thickness of PL proposed by
DLT5389-2007
Relatively
Intact and
intact and
hard
moderate
25
30

DLT5389-2007, traditional layered blasting
excavation method is still suggested as a
quality-reliable method for dam foundation PL
excavation. A 3-layer PL excavation procedure
should be used, and the excavation of each
layer is strictly controlled. Typical procedure of
layered blasting excavation of PL is showed in
Figure 2.

Jointed
and soft
40

*H-thickness of PL; D-cartridge diameter of bench
blasting

In this paper, traditional layered excavation
method of PL adopted in China is introduced
firstly, then several safe and efficient blasting
techniques for PL, such as horizontal pre-split
blasting (HPB), horizontal smooth blasting
(HSB) (Zhang et al., 2013, Lu et al., 2013),
bench blasting with cushion material (BC) at
the bottom of the hole (Xu and Lin, 1999),
bench blasting with shock wave-reflecting
device and cushion material (BSRC) at the
bottom of the hole (Hu et al. 2017), etc., are
presented. The advantages and limitations of
different PL blasting techniques are compared
and analysed.
Table 2

Project
name

Installed
Thickness
capacity/MW of PL /m
14,000

5.5

Jinping I

6,000

5

Longtan

6,300

3

Three
Gorges

24,200

3.0

Baihetan

16,000

5.0

3~6m

stemming
>1.5m

Second layer

>0.5m

charge

Figure 2

Third layer
Excavated by prying

foundation surface

Typical procedure of layered
blasting excavation of PL

For the first layer, shallow-hole bench blasting
should be adopted. After the excavation of the
first layer, the remaining thickness of PL
should not be less than 1.5 m. Cartridge
diameter should be less than 40 mm.

Thickness of PL of dam
foundation employed in several
typical projects

Xiluodu

2

First layer

For the second layer, initial sequence of hole by
hole should be adopted. After the excavation of
the second layer, for intact/hard to relatively
intact/moderate hard rock mass, the remaining
thickness should not be less than 0.5 m, for
jointed/soft rock mass, the remaining thickness
should not be less than 0.7 m. The angle
between the drilling hole and the horizontal
foundation surface should not be less than 600.
Cartridge diameter should be less than 32 mm.

Dam area
lithology
Breccia
lava /
Basalt
Sandy slate
/ Marble
Sandstone /
Siltstone /
Argillite
Porphyritic
granite
Columnar
Jointed
Basalt

For the third layer of intact/hard or relatively
intact/moderate hard rock mass, the drilling
hole should not go through the horizontal
foundation surface; for jointed/soft rock mass,
the bottom of drilling hole should be 0.2 m
above the horizontal foundation surface, and
the final 0.2 m of rock mass should be
excavated with picking tools.

FOUNDATION EXCAVATION
TECHNIQUES IN CHINA

The idea of bench blasting with shallow-hole
and thin-layers is preferable owing to the strict
control of BDZ. However, the construction
speed of the PL excavation is significantly
reduced due to such a layered excavation
method It’s of great significance for the rapid
construction of hydropower projects. Engineers

2.1 Traditional layered excavation of PL
The layered blasting excavation of PL has been
employed in China for several decades since
1960s. In the current technical standard
4
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and researchers in China have made great
efforts to improve the traditional layered
excavation method and have developed several
alternative methods that are safer and more
efficient (Zhang et al., 2013).

The typical drilling arrangement of HPB and its
charge structure are showed in Figure 4 and
Figure 5. The drill-and-blast parameters of HPB
used in Three Gorges Project (spillway dam
section) are listed in Table 3.

2.2 Horizontal pre-split of dam foundation

e of

slo
pe

k
t ban
ho rizontal
pre-spli t
hole

: moving direction
of drilling rig
: throw direction

Figure 3

Arrangement of pioneer slot
during excavation of PL with
method of HPB

Drill and blast parameters of HPB at Three Gorges Project (spillway dam
sections) (Zhen, 2000)

Depth Diameter Spacing
Bench
(m)
(mm)
(m)
blasting
2

76

1.5

Burden
(m)

Unit
Stemming Cartridge charge
length
diameter weight
(m)
(mm)
(kg/m3)

1

Stemming
Depth Diameter Spacing length
(m) (mm)
(m)
(m)
15
90
0.8
1.2

HPB

of

righ

Table 3

p io nee
r plot

rig
drillin g

vertical le
n ho
productio

During the excavation of dam foundation with
method of HPB, a pioneer slot should be
excavated firstly in order to provide a space for
drilling rig used for HPB , showed in Figure 3.
The excavation of pioneer slot is always a timeconsuming work, and the drilling of horizontal
pre-split boreholes could be a difficult work
due to the limited work space.

left
ban
k

slop

Since its first application in the dam foundation
excavation of Dongjiang Hydropower Station,
Hunan Province, in 1979, horizontal pre-split of
dam foundation without PL had been used in
many hydropower projects such as diversion
channel of Three Gorges Project, Jinshuitan
Hydropower Station, Zhejiang Province, etc.

1
Bottom
charge
length
(m)
0.92

60

Bench
height
(m)

Continuous
and
decoupling

0.4

Linear
Cartridge charge
diameter density
(mm)
(g/m)
32
480
detonator

Charge
structure

Charge
structure
Decoupling

Le

Ls

nonel tube

charge

stemming

bottom charge

foundation surface

stemming

horizontal pre-split hole

horizontal pre-split hole

Figure 4

charge

Ls

d

charge

stemming

Le

Lb

pioneer slot

production hole

production hole

D

protective layer

charge

D

stemming

Profile of blasting geometry for
HPB

Le: length of charge

D: diameter of bore

Ls:length of stemming

d: diameter of charge

Lb: length of bottom charge

Figure 5

5

Charge structure s of HPB
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and the cushion materials. In general, the
cushion should be set above the foundation
surface, and the cushion length should not be
too long in order to avoid excessive blasting
toes.

2.3 Shallow-hole bench blasting with cushion
at the bottom of hole
In 1982, BC was proposed and then applied to
production excavation of dam foundation
protective layer at Wanan Hydropower Station,
Jiangxi Province. Since then, this method has
been used in several other projects, such as
Dongfeng Hydropower Station, Guizhou
Province, Geheyan Hydropower Station, Hubei
Province, first phase longitudinal cofferdam of
the Three Gorges, etc.

In practices, the bench height is usually less
than 5 m, and the borehole diameter is usually
less than 50 mm, and an initiation method of
hole by hole is required to reduce blasting
vibration.
The typical charge structure used in BC is
shown in Figure 7. The drill-and-blast
parameters of SBC at Ertan hydropower station
are listed in Table 5.

stemming

Lc: length of cushion material

D: diameter of bore

Le: length of charge

d: diameter of charge

Figure 7

Charge structure of BC

2.4 Horizontal smooth blasting
Horizontal smooth blasting has been widely
used in many large-scale water resources and
hydropower projects such as Three Gorges
Project, Xiluodu, Xiangjiaba, etc., due to its
well control of BDZ and high cast ratio .
Decoupling charge is used for smooth blasting.
The quality of the foundation surface depends
mainly on spacing (S) and the overburden depth
(B). S/B≤0.8 is reasonable. In practice,
detonating cord is usually used to ensure the
simultaneous initiation of same delay of smooth
blasting holes.

stemming

Figure 6

nonel tube

Ls:length of stemming

burden

protective layer

cushion
material

charge

Ls

Le

d

cushion
material

The role of cushion material is to cut the peak
pressure of explosion shock wave propagating
along borehole. Generally, the sonic impedance
of cushion material (ρ1C1) is much smaller than
that of explosion products (ρ0C0). When the
detonation wave encounters the interface of
detonation wave and cushion materials, the
reflection and transmission of detonation wave
occur on the interface. As a consequence, the
stress wave peak acting on the bottom of
borehole is reduced.

charge

detonator

Lc

D

The typical blasting geometry for BC is showed
in Figure 6. Cushion materials commonly used
are sawdust, rock debris , polyethylene foam,
bamboo tube, wood, etc. Cushion design
parameters of typical projects are shown in
Table 4.

foundation surface

Profile of blasting geometry for
BC

Required half-cast ratio suggested
DLT5389-2007 is showed in Table 6.

by

Cushion design basically includes three parts,
namely the cushion length, the cushion location
Table 4
Cushion parameters used in typical projects.
Project name
Ertan
Geheyan
Three gorges

Thickness of
Hole
Cushion length
/cm
Cushion material
Rock types
PL/m
diameter/mm
1.0-1.5
38-42
20
Sawdust/ Rock debris Syenite/Basalt
1.5-2.0
38-42
20
Flake limestone
2.5-3.0
42-76
20-30
Sawdust
Granite
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Table 5

Drill-and-blast parameters of BC used at Ertan hydropower station.

Hole
depth
(m)

Hole
Cartridge
diameter Spacing Burden diameter
(mm)
(m)
(m)
(mm)

1.0-2.5

38-42

Table 6

0.5-1.0

0.5-1.0

Rock mass
Intact
quality
Half-cast
＞85%
ratio required

Sawdust/
Rock debris

35

Half-cast ratio required
technical specifications.

by

Relatively
intact

Jointed

＞60%

＞20%

Cushion Charge
length per delay
(m)
(kg)
0.2

10

Charge
structure
Continuous
and
decoupling

been successfully used in Baihetan Hydropower
Station (Hu et al. 2017).
The typical profile of blasting geometry for
BSRC is showed in Figure 10. The material of
shock wave-reflecting device used is concrete
or cast iron ball with a high sonic impedance
values, cushion materials commonly used is
coarse sand. The detailed structure of BSRC is
showed in Figure 11.

The typical profile of the drill-and-blast design
is showed in Figure 8 and its charge structure is
shown in Figure 9. The drill-and-blast
parameters of HSB used at Three Gorges
Project are listed in Table 7.

production hole

Cushion
material

burden

stemming
protective layer

charge
shock
wave-reflecting
device

protective layer

foundation surface
cushion material

buffer hole
smooth blasting
hole

Figure 8

Figure 10 The profile of blasting geometry
for BSRC.

foundation surface

Profile of blasting geometry for
HSB.
nonel tube

stemming
production hole / buffer hole
Le

charge
smooth blasting hole

d

Ls

D

Lb

Ls

d

charge

Le

D

detonator

bottom charge

stemming

charge

Shock wavereflecting ball

detonating cord

stemming

Le: length of charge

D: diameter of bore

Ls:length of stemming

d: diameter of charge

Coarse sand

Figure 11 The structure of BSRC

Lb: length of bottom charge

Figure 9

Charge structure of HSB.

Mechanism of BSRC is to reflect shock wave
energy by arranging a high sonic impedance
ball beneath charge, and to isolate or reduce
vertical energy transmission foundation rock
mass by sand cushion. So , a combined result of
strengthening the lateral and upper breakage
effect and control OF the BDZ and over break
of rock foundation could be obtained.

2.5 Bench blasting with shock wave-reflecting
device and cushion material
Bench blasting with shock wave-reflecting
device and cushion material is an improved
method of BC, a special wave-reflecting device
and cushion material are installed at the vertical
borehole bottom. This improved technique has
7
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detonator
Le

cushion
material

D

Lsc

Ls

nonel tube

stemming
charge
shock wave-reflecting device

d

The typical charge structure is shown in Figure
12. The drill-and-blast parameters of BSRC at
Baihetan hydropower station are listed in Table
8.

Lsc: length of shock wave-reflecting device and cushion material
D: diameter of bore
Le: length of charge
d: diameter of charge

Ls:length of stemming

Figure 12 Charge structure of BSRC.
Table 7

Drill and blast parameters of HSB at Three Gorges Project (permanent ship lock
foundation). (Pan, 1994)
Unit
Hole Hole
Stemming Cartridge charge
depth diameter Spacing Burden length diameter weight
(m)
(mm)
(m)
(m)
(m)
(mm) (kg/m3)

Blasting
hole type
Production
blasting
hole

5

46

0.5

Buffer
hole

5

46

1.0

Smooth
blasting
hole

5

46

1.4

Table 8
Hole
depth
(m)
4.5-5.5

3

1.2

32

0.55

1

1.0

25

0.53

1

0.8

25

Linear
charge
density
(g/m)

Charge
structure
Continuous
and
decoupling
Continuous
and
decoupling

180

stringshaped

Drill-and-blast parameters of BSRC at Baihetan hydropower station.
Hole
Cartridge Cushion Material
diameter Spacing Burden diameter material of SR
(mm)
(m)
(m)
(mm)
90

coarse
sand

1.5-2.5 1.5-2.5 70/60/32

COMPARISON BETWEEN
DIFFERENT BLASTING METHODS

Cast
iron

Lsc
(m)
0.2-0.3

Charge
per
delay
(kg)

Charge
structure

6.9

Continuous
and
decoupling

excavation speed and cost are used to evaluate
those blasting methods.

Blasting excavation process can be speeded up
by the method of BC, but compared to HSP and
HSB, quality of the foundation surface is not so
good, and over break always occurs in the near
adjacent to hole bottom, while under break
could occurs in the middle area between blast
boreholes. As a result, it hasn’t been used in
large-scale hydropower stations in the past
decades.

3.1 Experiment scheme
(1) Layout of field experiments
Three production experiments, including
BSRC, HPB, and HSB, were implemented in
the horizontal dam foundation excavation
(EL.555.0~EL.550.0)
of
Bai-he-tan
hydropower station. The layout of field
experiments is illustrated in Figure 13.

In this section, three different blasting
techniques (HPB, HSB and BSRC) were
adopted in Bai-he-tan dam foundation
excavation (EL.555.0~EL.550.0), Over break,
under break, blast induced damage depth,
8
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1.8m
MS3

BSRC
MS3

P2
MS3

MS3

MS3

Monitoring hole
MS3

MS3

MS3

Zone Ⅰ-1

MS2

MS2

MS2 MS2

MS2

P4
MS2

MS2

MS2

MS2

MS2

MS2

MS2

MS2

MS3
A

C

MS2

B

P3

1.8m

HPB

Acoustic hole
MS3
MS3

MS2

MS5

MS3 MS3

MS2

MS5

MS3

MS2

MS5 MS5

MS3

MS2

MS5

MS3
P1

MS2

MS5

MS3
MS5

MS3

MS3

MS5

HSB

MS3

Blast-hole
MS2

Zone Ⅰ-2

Spark detonator

Figure 14 Layout of the boreholes and
initiation network.

Figure 13 Layout of field experiments.
(2) Design of BSRC

Monitoring
hole

The BSRC experiment was firstly carried out
and detailed blasting parameters are listed in
Table 9. All the boreholes were vertical with
diameter of 90mm and depth 5.0m. The
explosive adopted was rock emulsion
explosive, and the charge length was 3.5m with
diameter of 70/32mm and charge weight of
each borehole in 6.9kg. The stemming length
was 1.5m. The space and burden were both
1.8m.

Borehole
diameter
90mm
Charge
diameter
70/32mm

Shock wavereflecting device

Blasting parameters of BSRC.
Hole
depth
5.0m
Charge
length
3.5m

Space

Burden

1.8m
Charge
weight
6.9kg

1.8m
Stemming
length
1.5m

1m 0.5m 0.5m

Table 9

Vertical
borehole

Foundation
plane
Vibration
sensor

Figure 15 The profile of blasting geometry
for BSRC.
(3) Design of HPB and HSB
HPB is a traditional contour blasting technique.
The pre-splitting boreholes, fired before the
production boreholes, are used to form a
presplit crack in advance to isolate the vibration
and damage caused by production boreholes
and to achieve a smooth contour. HPB is
another contour blasting technique, the smooth
boreholes, fired behind the production
boreholes. Detailed blasting parameters are
listed in Table 10. To form a better foundation,
3~4
contour
boreholes
were
fired
simultaneously, while all the production
boreholes were initiated in sequence with a
detonator between rows or boreholes. Layout of
the boreholes and initiation network of HPB is
shown in Figure 16. The profile of blasting
geometry for HPB/HSB is illustrated in Figure
17.

There are 40 boreholes altogether, with half
energy-relief boreholes and the other
conventional boreholes, which were initiated in
the same blast network. As illustrated in Figure
14 and Figure 15, non-electric millisecond
detonator MS5 and MS3/MS2 were used
between rows and boreholes respectively, and
MS13 was set in all the boreholes except for
borehole A and B (MS9).

9
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Table 10

Blasting
HPB/HSB.

parameters

Hole
diameter
Contour
76 mm
Production 90 mm

Hole
depth
10.0 m
3.5 m
Charge
weight
2.2 kg
5.1 kg

Borehole

Borehole

Space

Contour
Production

0.6 m
1.8 m

of

area was obtained, as shown in Figure 18 and
Figure 19.

Charge
diameter
32 mm
70/32 mm

(a) Whole view

Stemming
1.0 m
1.0 m

(b) Local view

(c) Local view

1.8m

MS3

Q1
MS3

Acoustic hole
MS3 MS3

MS3

MS3

MS3

MS3

MS2

MS2

MS2

MS2

MS2

MS3

MS3

MS3

Figure 18 The foundation surface in BSRC
area.

Q4
MS2

MS2

MS2

MS2

MS2

MS2

(a) HPB

MS3

MS5

Presplit hole

Production-hole
MS2

Q3
MS2

MS5

MS3

Monitoring hole

MS2

MS5

MS3

MS5 MS5

Q2

MS2

1.8m

MS3

MS5

MS3

MS5

MS3

MS5

MS3

MS5

MS3

MS3

MS3
MS5
spark detonator

Figure 16 Layout of the boreholes and
initiation network of HPB.
Monitoring
hole
Production
blast-hole

(b) HSB

1m 0.5m 0.5m

Contour
blast-holes

Foundation
plane
Vibration
sensor

Figure 17 The profile of blasting geometry
for HPB/HSB.

Figure 19 The foundation
HPB/HSB area.

(4) Foundation surface after blasting

surface

in

3.2 Evaluation scheme and experiment result

After the blasting and dam foundation cleaned,
high-pressure water jets were used to clean the
gravel on the surface of dam foundation. The
basic situation of dam foundation in these test

The blasting vibration, damage degree and
flatness of foundation surface were selected as
10
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indexes to
techniques.

evaluate

different

technology cooperation in Yue-yang, China,
was used to detect the acoustic velocity of the
rock mass. The detection work is carried out in
empty holes drilled before blasting, and the
layout of the acoustic holes in each experiment
zone were marked in red circles in Figure 14
and Figure 16.

blasting

The blast vibration of the remained rock mass
under the foundation plane was monitored to
evaluate the disturbance caused by different
blasting techniques. Three vibration sensors,
located at different distance below the
foundation plane, were embedded in the
monitoring hole. The layout of vibration
sensors is shown in Figure 15 and Figure 17.

The damage depth of different blasting
techniques is listed in Table 12.
Table 12

Table 11 lists the monitored PPV of different
blasting techniques. It needs to be stated that
the selection of vibration data should abide by
the principle of single variable as far as
possible, for example, the blast centre distance
and single fire dynamite of the selected data are
both at the same level. Therefore, only the
vibration caused by the contour blast boreholes
close adjacent to the monitoring hole is
presented here.
Table 11
vibration
sensor
1.0m
1.5m
2.0m

BSRC
0.74~0.79

HPB
Left Right
11.2 20.0 35.1
9.5 25.6 20.5
3.1 24.1 16.1

HPB
0.82~0.86

HSB
0.68~0.71

Table 12 indicates that the blast damage of
HPB is more serious than that of BSRC, and
the damage depth of HSB is the smallest among
the three. But the blast depths of different
blasting techniques are located in the same
magnitude.

PPV of different blasting
techniques (unit: cm/s).
BSRC

Damage depth of different
blasting techniques (unit: m).

Foundation flatness of the three differing
blasting techniques after cleaning was
measured by the total station. And the flatness
results were listed in Table 13. As for control of
the flatness, the over and under break values of
the three blasting techniques have little
difference.

HSB
Left Right
15.3 11.3
10.7 7.9
11.7 7.6

Table 13

It can be seen from Table 11, the PPV caused
by HPB is the largest among the three
techniques. The blasting vibration of BSRC and
HSB is roughly at the equal level. That is to say
the blast disturbance towards the remained rock
mass of the BSRC will not exceed that of the
traditional techniques.

Over and under
different blasting
(unit: cm).

break of
techniques

Overbreak
Underbreak
Blasting
technique Maximu Averag Maximu Averag
s
m
e
m
e
HPB
16.4
16.4
-24.4
-18.1
HSB
41.4
7.3
-5.8
-2.9
BSRC
25.7
5.4
-13.3
-5.6

Acoustic detection technology was adopted to
identify the blasting damage degree, and the
damage depth was selected as an assistant index
to evaluate different blasting techniques. The
acoustic velocity is closely related to the quality
of rock mass, therefore, the damage depth can
be identified by comparing the acoustic
velocity of the rock mass after and before
blasting (detailed instruction refers to Lu et al,
2013).

It should point out that, for the BSRC, the
drilling machine CM351 is usually adopted to
complete the vertical drilling work, which is
beneficial to save the drilling time. However,
horizontal drilling work is unavoidable in the
traditional pre-splitting or smooth blasting
technique, and the horizontal drilling machine
Y-100B is always used. The borehole drilling
speed of the CM351 (1.0~1.3minute/m) is
much faster than that of Y-100B (10.0
minute/m). In addition, the orientation and

The intelligent acoustic monitoring system HXSY02B, made by Ao-cheng science and
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depth of vertical holes is easy to control, while
drifting of the drill-pipe is a frequent event
during horizontal boreholes drilling. Therefore,
the BSRC is superior to the traditional
techniques in improving the excavation
efficiency.

Plunge
Plunge
pool
pool

As for the economy aspect, the production of
the shock wave-reflecting device might
increase the expenses. But the explosive filled
in vertical boreholes is fired by the non-electric
detonator, so the cost of detonating cord, used
to fire the explosive filled in pre-splitting or
smooth boreholes, can be saved. Thus, the new
blasting technique will not increase the
economy cost.

Left bank

Figure 20 Application positions.
The rock on the right bank of Bai-he-tan
Hydropower Station is mainly composed of
columnar jointed basalt and the left bank is
mainly brecciated lava. As can be seen from
Fig 21, the foundation surface excavated by
BSRC is smooth, without obvious rock pits or
rock roots. According to the blasting damage
test results, the damage depth of the dam
foundation is preserved without exceeding the
design requirements. The design shape of the
plunge pool foundation is anti-arc. According
to the foundation shape measurement results of
the plunge pool, the shapes of the excavation
surface is consistent with the design documents
and meet the design requirements.

More than forty years of practices in China
shows that, very good BDZ control and high
half-cast ratio can be obtained by HPB and
HSB. But construction progress is restricted by
the excavation of the pioneer slot and drilling
efficiency, and this method is appropriate only
when foundation surface area to be excavated is
relatively small or terrain condition is relatively
favorable. It can be seen from the above
experiment results, using the method of BSRC,
the excavation quality is guaranteed and the
construction progress can be speeded up, thus
BSRC is suggested as a priority method for
dam foundation PL excavation. And the HPB
method is also a good method, if the
construction site does not have the conditions
of BSRC, it is recommended to HPB.
4

Right bank

(a) Right bank

THE APPLICATION OF BSRC
Poor geologic
condition area

The BSRC has been used in the dam foundation
excavation of Bai-he-tan hydropower station,
and the excavation area of right bank dam
foundation has reached 8,000 square meters,
and left bank dam foundation has reached
13,000 square meters, and the plunge pool has
reached 15,000 square meters. shown as Figure
20.

(b) Right bank
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Building inexpensive accelerometer-based seismographs
K. Ray and G. Yuill
Davey Bickford USA Inc.

ABSTRACT
Modern consumer-grade geophone-based seismographs have been found to be the potential largest
source of error when creating empirical blast vibration models. This paper investigates the possibility
of producing a more accurate open-source seismograph using readily available consumer electronics
for less than $100. To test accuracy, the home built seismograph was tested against a NIST calibrated
accelerometer and compared to a modern geophone-based seismograph which typically cost about
$5,000. The researchers created known baseline frequencies to accurately compare the response of
each instrument. The data shows that while it is possible to build an inexpensive seismograph using
off the shelf parts, the results are not currently as accurate as a more expensive commercially available
geophone-based seismograph. Work continues on the project to improve accuracy using different
parts and construction methods.
1 INTRODUCTION

laptop manufactured in the past 10 years.
Therefore, small and inexpensive accelerometers have come available on the market. The
authors decided to use one of the available
accelerometers to see if one could be used to
build a seismograph, if the seismograph was
accurate enough to use for vibration data
collection, and if it could be produced for less
than commercially available geophone-based
seismographs.

In the paper Impacts of Measurement Accuracy
on Three-Dimension Vibration Models (Ray and
Yuill, 2017), the authors discovered that the
largest potential source of error when creating
vibration models is the measurement equipment
itself. According to the Performance
Specifications for Blasting Seismographs
(International Society of Explosives Engineers –
Standards Committee, 2016), instrument
accuracy of up to +/- 5% is acceptable even with
industry accepted coupling standards of the
sensor to the ground. The authors found that this
5% potential inaccuracy of the ground vibration
measurement represented a larger potential error
in a vibration model than other sources of error
considered.

2 TESTING SETUP
For testing the concept, a National Institute of
Standards and Technology (NIST) calibrated
accelerometer was used as the baseline
measurement. The output of this accelerometer
was compared with the output of the concept
seismograph and with the output of a
commercially available, 254 mm/s geophonebased seismograph.

With these results, the authors hypothesized that
a more accurate ground vibration waveform
monitoring could be built using an
accelerometer-based seismograph rather than
geophone-based. Geophones use a moving mass
to record data and can have notoriously
inaccurate response rates at low frequencies.
Accelerometers, on the other hand, tend to have
much more linear response curves down to very
low frequencies (1-2 Hz). Accelerometers have
also become ubiquitous in everyday life being
installed in nearly every smartphone, tablet, and

The concept seismograph was built using an
Adafruit ADXL345 accelerometer chip with a
Raspberry Pi 3 single board computer for data
processing. The ADXL345 is capable of
recording data-rates from 0.1 Hz up to 3.6 kHz,
giving a frequency range of approximately 0.05
Hz to 1,600 Hz, and has variable sensitivities of
2, 4, 8, and 16 g.
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For accelerometer data collection, a program
was written in Python to be executed on the
Raspberry Pi. The program allows the user to
select data acquisition rate, accelerometer
sensitivity, recording time, trigger level, and
pre-trigger time.

manufactured, and attached to the top of a 30 cm
(12 inch) diameter audio speaker. The platform
can accommodate the baseline accelerometer
along with the ADXL345 or the geophone.

The accelerometer chip itself is quite small,
measuring only 25 mm x 19 mm x 3.1 mm. For
ease of testing and handling, a plastic box to
which the accelerometer is attached was 3D
printed.

Two tests provided data for evaluation of the
low-cost seismograph. These two tests, along
with data collected while perfecting and
troubleshooting the system, provided sufficient
data to reach a preliminary conclusion for this
stage of the project.

Figure 1

3 TEST DATA

The first test compared the baseline
accelerometer directly with the commercially
available geophone-based seismograph. The
second test directly compared the baseline
accelerometer with the ADXL345 and
Raspberry Pi seismograph. Because of
limitations with the testing system, exact
replicas of the waveforms from test one and test
two were not possible. Therefore, the raw data
output from Test 1 is not comparable to the data
from Test 2. However, the relationship between
the ADXL345 and the geophone with the
baseline from the respective test can be
analysed.

ADXL345 Accelerometer with
U.S. Quarter for scale.

The output data from each of the recording
devices is in different formats and in different
units. Processing of the data was necessary prior
to analysis to get the data in the same format,
timebase, and units. The time units used are
milliseconds (ms) while velocity units used are
millimetres per second (mm/s). The
commercially available geophone output both
values without any adjustment. A simple export
to a csv file using the included software yielded
the data necessary.
Figure 2

The oscilloscope and Raspberry Pi are not as
simple. Accelerometers output acceleration data
in V/g, so Scilab (Scilab 2017) is used to filter
the acceleration and integrate the acceleration
data and convert to velocity in mm/s. The sample
rate of the oscilloscope is high (10 KHz) so,
Scilab (Scilab 2017) was used to resample each
waveform and output a constant sample rate
signal. The Raspberry Pi provided the most
complicated problem of all. Because the Linux
operating system used to operate the Raspberry
Pi is not a hard real-time OS, the sample rate

Test equipment setup.

The baseline calibrated accelerometer is a 5g
PCB 333B50 connected to a PCB ICP Signal
Conditioner. The accelerometer output is
recorded and viewed on a Rigol oscilloscope.
Output data from the oscilloscope is saved to a
.csv file for analysis.
To test vibration response of the various
instruments, a rudimentary shake table was
developed. A testing platform was designed,
16
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from the test accelerometer is not consistent. To
account for this, the Raspberry Pi was
programed to record at 2,500 Hz, though the
actual output varied by a few hundred hertz
throughout the sample set. The data was then
interpolated and resampled in Scilab (Scilab
2017) to provide a consistent sample rate of
1,024 Hz. For Test 1, the baseline was resampled at 2,048 Hz to match the sample rate of
the geophone.
The amplitudes of the baseline accelerometer
and the commercially available geophone
waveforms in Test 1 are remarkably similar
(Figure 3 and Figure 4). The baseline
accelerometer does have some DC offset
remaining even after the 2Hz high-pass filter is
applied. Comparing the frequency response with
an FFT also shows a similar response in the
frequency domain (Figure 5).
However, Table 1, outlining the time domain
response of individual frequencies, shows some
discrepancies. The 5-7Hz range shows some
fairly large differences, but those are to be
expected in that frequency range with a
geophone. What is not expected, however, is the
discrepancy in the 75-85Hz range. It is not clear
why this discrepancy exists. More research is
needed to determine why the large divergence in
the 75-85Hz frequency response is occurring.
The authors speculate that this may be due to the
phase lag of the moving mass in the geophone,
however, that is not within the scope of this
paper.

Figure 3 Test 1 Baseline Accelerometer
Amplitude Data.
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Figure 4

Test 1 Geophone Amplitude
Data.

Figure 5

Test 1 FFT Comparison.
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Table 1 Test 1 Amplitude Response
Comparison.
Frequency Baseline Geophone
Difference
(Hz)
(mm/s)
(mm/s)
5
0.283
0.309
8.25%
6
0.718
0.757
5.19%
7
0.972
1.003
3.08%
8
1.281
1.299
1.39%
9
1.473
1.508
2.27%
10
1.782
1.827
2.46%
15
1.409
1.443
2.36%
20
0.871
0.880
1.03%
25
0.460
0.454
1.16%
30
0.260
0.269
3.27%
35
0.262
0.268
2.31%
40
0.217
0.221
2.02%
45
0.195
0.198
1.57%
50
0.147
0.153
4.14%
55
0.134
0.139
3.58%
60
0.109
0.110
0.43%
65
0.087
0.091
3.96%
70
0.090
0.088
2.10%
75
0.061
0.072
15.19%
80
0.066
0.083
20.72%
85
0.056
0.064
11.78%
90
0.055
0.058
4.41%
95
0.057
0.058
1.68%
100
0.024
0.023
1.12%

Figure 7

Test 2 ADXL345 Accelerometer
Amplitude Data.

Close examination shows a difference in
response between the baseline accelerometer
and the ADXL345. Examining the FFT
comparison in Figure 8 also reveals
discrepancies in the frequency domain.

The second test compares the amplitude and
frequency response of the ADXL345 with the
baseline accelerometer. The amplitudes of the
baseline accelerometer compared with the
ADXL345 during Test 2 are shown in Figure 6
and Figure 7.

Figure 8

Test 2 FFT Comparison.

Table 2 shows the variances in response between
the baseline accelerometer and the ADXL345 in
real numbers. The results of the testing is
unexpected; detailed analysis will be discussed
in the next section.

Figure 6

Test 2 Baseline Accelerometer
Amplitude Data.
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Table 2 Test 2 Frequency Response
Frequency Baseline ADXL345
Difference
(Hz)
(mm/s)
(mm/s)
5
0.097
0.073
32.71%
6
0.250
0.275
9.20%
7
0.375
0.389
3.69%
8
0.480
0.474
1.29%
9
0.540
0.514
5.05%
10
0.615
0.587
4.77%
15
0.385
0.328
17.28%
20
0.177
0.164
8.02%
25
0.122
0.123
0.72%
30
0.100
0.102
1.83%
35
0.086
0.083
2.65%
40
0.074
0.068
9.92%
45
0.065
0.064
0.75%
50
0.049
0.050
2.07%
55
0.048
0.043
12.11%
60
0.036
0.036
0.65%
65
0.028
0.029
2.42%
70
0.032
0.029
11.20%
75
0.021
0.020
6.73%
80
0.022
0.023
3.28%
85
0.017
0.018
5.18%
90
0.018
0.016
7.61%
95
0.018
0.016
16.86%
100
0.007
0.007
0.25%

Figure 9

Test 1 Geophone Transfer Function.

Figure 10 Test 2 ADXL345 Transfer Function.

For additional analysis, the authors created
graphical representations of the transfer
functions from 5-100 Hz. The transfer function
is calculated in the frequency domain by
dividing the baseline response at each frequency
with the test instrument’s response at the same
frequency. Therefore, the baseline instrument is
a constant value of 1. Multiplying the frequency
response of the test instrument by the transfer
function would result in a perfectly matching
frequency response curve with the baseline
accelerometer. Figure 9 and Figure 10 show the
deviation of response of the geophone and the
ADXL345 from the baseline measurement. The
red line is drawn at 1, which represents zero
difference in response between the baseline
accelerometer and the instrument under test.

The graphs of the transfer functions show
difference in response even more clearly. While
both are imperfect, the geophone shows a much
closer
relationship
to
the
calibrated
accelerometer than does the ADXL345. Both
instruments, however, show a similar error in the
15-25Hz and 65-80Hz zone. The researchers
intend to research this in more detail in the
future.
4 CONCLUSIONS
The output data from the two tests is quite
different than the expectations of the
researchers. Because of the tendency for
accelerometers to have more accurate frequency
response in the lower frequency ranges, the
researchers hypothesized the consumer grade
ADXL345 accelerometer would prove to be at
19
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5 CONTINUING WORK

least as accurate, if not more accurate than the
geophone. This, however, is not what the data
show. The ADXL345 appears to be much less
accurate across a range of frequencies,
especially the lower frequencies.

Research on this topic will continue. The
researchers have already discovered other
consumer accelerometers on the market with
much lower noise. While the range is only +/2.5g, The LIS3DHH has maximum noise of
approximately 65ug. The LIS2DW12 noise level
is approximately 90ug with a range up to 16g.
Both accelerometers will be tested to see if this
decrease in noise will help the response be more
accurate than the ADXL345. Additionally, the
test setup will likely be modified to reduce
testing noise in any way possible.

The ADXL345 waveform has much more noise
than the waveform from the geophone.
Examining the waveforms in Figure 4 and
Figure 7 where the amplitude should be zero, the
geophone response is almost flat while the
ADXL345 shows significant noise where none
should be present. The researchers believe there
are two compounding reasons for this.
First reason for the noise is revealed upon close
examination of the ADXL345 datasheet (Analog
Devices, 2015). The datasheet shows Z-axis
noise of approximately 3.5 Least Significant Bit
(LSB) ms for the recording frequency of
1.6KHz. With a 4mg/LSB scale factor, this
translates into 14mg of noise. Using Equation 1,
14mg of noise translates into 137.3mm/s2 of
noise. Noise in the X and Y axes is slightly
lower.
0.014 ∙ 9801

137.3

Should an accelerometer prove viable, software
development will continue to make an interface
that is useful in the field and field testing will
commence.
6 PURPOSE OF THE RESEARCH
Commercially available seismographs cost
$5,000 - $8,000 USD; therefore, it is expensive
to have many them in inventory. Unfortunately,
vibration models normally require upwards of
30 data points to be statistically significant. If an
operator maintains 5 seismographs, no fewer
than 6 blasting events are needed to develop a
model that is viable.

(1)

Integrating 137.3mm/s2 on a 1,600Hz sample
frequency to convert to velocity a noise of up to
0.043mm/s per sample is calculated.
,

137.3

0.043

Not counting the testing equipment and the time
required to research and write the code, the
researchers only spent $40.00 on the Raspberry
Pi 3 and $18.00 on the ADXL345. The
LIS3DHH can be purchased for around $15.00
and a LIS2DW12 is even less expensive. Should
a viable option be discovered, an accurate
seismograph could be built for less than $100.00
– or fifty-times less than a commercially
available seismograph.

(2)

Referring to Table 2, 0.043mm/s represents a
significant percentage of the response at many
frequencies; in some cases, over 100%. This
amount of noise makes recording any
meaningful data at our testing amplitudes
impossible.

With such a low-cost sensor, significant
quantities of accurate vibration data could be
obtained from a single blast. Very near field
vibration measurements for wall control or presplit blast effectiveness can be obtained without
worry about destroying an expensive piece of
equipment.

The second reason is a potential for noise
filtering and signal processing internally in the
commercially available seismograph. The
researchers have not confirmed this, but internal
signal processing prior to exporting data is not
uncommon.
Despite the unexpected results, the researchers
believe the work is not in vain and plan to
continue research.

The number of low-cost accelerometers and
control boards on the market have the
researchers confident in the possibility to
produce a seismograph for a fraction of the cost
20
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of commercially available units that are just as
accurate and just as reliable.
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The study on remote monitoring management information
system of rotary drill
Y. Duan, D. Xiong, B. Gong, Q. Wang, Z. Yang, M. Wang and H. Chi
Beijing General Research Institute of Mining & Metallurgy, Beijing, China,

ABSTRACT
In view of the low automation and informatization level of the old rotary drill of the mine, the
collection of working status of the rotary drill mainly depends on paper and wireless walkie-talkies
which is very backward. In this paper, we develop the remote monitoring management information
system client software of rotary drill by LabView2005. Remote server database access is realized by
ADO technology. The position of rotary drill on geological map of the mine and the working
condition of rotary drill can be accessed by secondary development of GIS based on MapX. Realtime monitoring of the working condition, working progress, perforation information, operating
parameters and distribution of the rotary drill is realized in the system. The software has the function
of statistics, analysis and data export, which provides reliable data support for the management of
rotary drill. The digital management of drilling information is realized in the system.
1 INTRODUCTION

information client software of the construction
operation of the rotary drill. The system realizes
the digital management of rotary drill
operations, perforation and the main working
parameters of rotary drill, and it provides
technical support for the realization of the digital
mine.

Rotary drill, charging vehicle, electric wheel and
electric shovel are the four major equipment in
the open pit mining. Rotary drill is the main
construction equipment for mining. The level of
its management affects not only the mining
efficiency, but also the blasting effect and the
safety of mine. At present, the advanced foreign
rotary drill of the mine realizes GPS assisted
positioning perforation, real-time monitoring of
key parameters of rotary drill, real-time
identification of drilling lithology, and
wirelessly sending perforation tasks (John et
al,2011; Li, 2014). However, real-time
monitoring, the number of perforations and the
key parameters of most domestic mine rotary
drill are still reported by the manpower with
paper which is very backward. Designers of
blasting, managers of rotary drill cannot grasp
the real-time detailed information of the rotary
drill, leading that the blasting design and the
actual construction on site of the drill cannot
connect and that the refinement of construction
cannot be realized. In view of the above
problems, based on the previous blasting digital
management technology (Duan, 2013; Duan et
al, 2015; Duan et al, 2015), this paper further
develops the remote monitoring management

2 FUNCTIONAL REQUIREMENTS
On the basis of developing a set of client
software and reading data from the database of
blasting integrated management platform, the
system is able to realize the following functions:
Firstly, inquire the current working status of
rotary drill, the working status of all rotary drills
monitored can be checked all day, working
status of rotary drill includes: shutdown,
perforation, lifting of the pole, dropping of the
pole, suspension; Secondly, inquire the working
schedule of rotary drill, show the drilling tasks
and the number of holes that have been
perforated of a single rotary drill, as well as the
details of each hole that have been perforated;
Thirdly, show the real-time working interface of
the rotary drill, observe the real-time working
status of rotary drill including current, voltage,
axial pressure, power, drilling rate, speed,
walking speed, perforation time, perforation
23
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depth and satellite positioning; Fourthly, inquire
the historical data of rotary drill, inquire the
whole working data of rotary drill in the specific
time including number of the rotary drill, GPS
coordinates, positioning mode, walking speed,
perforation depth, perforation time, rotary
current, rotary voltage, output power, motor
speed, shaft pressure and so on; Fifthly, preview
the working position of the rotary drill. The
working position coordinates of each rotary drill
can be showed on geological map of the mine.

before it can be applied. (2) Use the third party
LabSQL. The function of the database operating
function is encapsulated, but the function of
remote access to the database needs to be
developed; (3) Use ADO technology. ADO is
the latest data access technology of Microsoft.
LabView can access database by ADO
technology through the citation of ADO library
files. The database is programmed by ADO
technology in this paper. Click "refnum" - >
"automation reference" with the right mouse on
the front panel of the LabView. The reference to
ADO is realized with the method of creating
nodes. After the reference, the corresponding
operation of the database can be executed by
writing
SQL
statement
through
"CommandText". If the reading instruction is
executed, the result of the query is obtained by
reading the GetString.

3 SOFTWARE DEVELOPMENT
3.1 The choice of developing language
The software for developing remote monitoring
system is C++, VC, C# and so on. On the basis
of the previous research results, we choose the
relatively easy LabView programming language
considering the time and cost of development.
The technology of data exchange between the
LabView software platform and the server is
mature, and the development cycle is relatively
short (Chen & Liu, 2011). LabView has rich
graphic widget, simple graphic programming
language, and good encapsulation of the
underlying function by the developer.
Combining existing data communication
material between LabView and remote server
and LabView's compatibility with third party
plug-ins, we can develop a stable and functional
monitoring system.

3.2.2 Data statistics
After reading the data of the server and
processing the data into an array, the statistics of
the corresponding data can be completed
through the calculation of the data. The
statistical contents completed in the software
are: 1) the number of holes in the current task of
the rotary drill; 2) the number of holes that has
been completed under the current hole task of
the rotary drill; 3) the number of perforations in
a period of time; 4) the number of perforated
meters in a period of time. The number of task
holes and the number of completion holes are
counted by respectively reading the number of
data in the [DesignCoordUpdate] and the
[DrillState] table of the server. The statistics of
the number of holes and the number of meters
are realized by calculating the data in
[DrillState]. The statistical results are shown in
Figure 1.

3.2 Data acquisition and processing
3.2.1 Database access in LabView
programming environment
LabView usually has the following several ways
to access data (Ruan, 2009): (1) Access database
data using NI's additional toolkit LabView SQL
Toolkit. But this toolkit needs to be purchased
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Figure 1

Result of data Statistics
3.3.2 Map conversion

3.3 Real-time distribution map of rotary drill
operation based on MapX

In order to realize the display of the real-time
map of the rotary drill distribution, the
appropriate layer should be selected firstly. The
map file read by MapX is MapInfo. In
combination with the practical application of the
system, the mining area has a more detailed
geological map, which is preserved in CAD file
format. Therefore, we can provide a real and
detailed static base layer for MapX development
through the conversion of two kinds of files. The
dynamic update can be achieved by the addition
of the dynamic layer. The flow of map
conversion in the two formats is: The suffix
DWG format file - > The suffix DXF format file
- > The suffix Tab format file.

In this part, the location coordinates of each
rotary drill and the working status identification
(whether the rotary drill is working or not) is
observed on geological map of the mine. This
function is realized by developing the widget
MapX based on GIS.
3.3.1 Brief introduction of MapX
MapX a programmable widget based on
ActiveX (OCX) technology developed by
MapInfo company in the United States (Su et al,
2012)(MapInfo,2003). The map of MapInfo
format can be displayed through the secondary
development of the MapX widget. It has
functions such as magnifying, narrowing,
roaming and choosing the map, thematic map,
layer control, data binding, dynamic layer and
user layer, graphics generation and editing the
map object and simple query of geographic map.
There are more than 60 main components of the
MapX widget, based on which a more perfect
GIS system can be developed. The general
process of MapX program development is:
Coordinate system settings - > layer addition - >
dynamic layer addition - > attribute and method
invocation.

The DWG file can be converted to the DXF file
through file storage in the CAD software. While
converting the DXF file to the Tab file is more
tedious, we need to apply MapInfo software.
The conversion method in MapInfo software is:
Table -> import file-> select DXF file ->
projection and transformation settings >
complete. We need to pay attention to the
projection setting. Because the coordinate
system of the original map we choose is planar
coordinate system without projection, and the
target map is also the plane coordinate system,
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the choice of projection is Non-Earth (meters).
In practice, the corresponding spherical
projection is selected according to the specific
conditions.

coordinate system can be selected such as
latitude and longitude coordinates, Gauss
spherical coordinate system, 54 spherical
coordinate system, plane coordinate system and
so on. The system is set up as an aspherical
coordinate system, but the boundary of the
coordinate system must be set up. The MapX's
plane coordinate setting program is shown in
Figure 2.

3.3.3 Setting of the coordinate system
After adding the MapX widget, you need to set
up the coordinate system firstly. There are many

Figure 2

Program setup of coordinate system

3.3.4 Addition of the layer

slope and so on. The dynamic layer completes
the real-time update of the drilling machine
working state and position. The static layer can
be implemented by the Add method of the
Layers class of MapX. After the addition of the
layer, the interface is shown in Figure 2.

Users may contact the layer firstly, and the layer
is divided into the static layer and the dynamic
layer. In this system, the static layer is the basic
outline of the whole mine, the contour line, the

Figure 3

Interface of static state layers
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drilling angle is  , and the north is zero degree.
The length of the rotary drill is L. And its width
is W. The nearest distance from the drill pipe to
the edge of the rotary drill is N, as shown in
Fig.4. According to the above parameters, we
calculate (X1, Y1), (X2, Y2), (X3, Y3) and (X4,
Y4). After the coordinate transformation and
unit transformation mentioned above, we draw
the profile model of the rotary drill with VC++.

3.3.5 Addition of the dynamic layer
In order to achieve the performance of real-time,
it is necessary to update the data within a certain
period of time and redraw. In order to reduce the
cost of the system, the dynamic layer is created
on the basis of the static layer, and the updated
graphics are displayed in the dynamic layer.
(1) Creation of the layer
Firstly, create the layer, and then set the layer to
the dynamic layer. Generally speaking, we also
need to set up the coordinate system for the
dynamic layer. Because the coordinate system is
set up when initialization, the dynamic layer
coordinate system is the default coordinate
system. The newly created layer is a blank layer,
and then the data is obtained by communication
with the data, and the dynamic display of the
rotary drill is completed by adding the graph
element on the basis of the latest data.
(2) Graphic element of the rotary drill

Figure 4

Graphic element is the smallest graphic unit that
can be edited in MapX. And there are four kinds
of graphic elements in MapX: linear graphic
element, area graphic element, symbol graphic
element and literal graphic element. The figure
of the rotary drill in this system is linear graphic
element.

Coordinate calculation of drill
contour

Add the path point of the graphic element to the
created Points Class of MapX in the order of
drawing habit, and input Points to the
CreateLine function of the FeatureFactory Class
as parameters. And then create a circular area
graphic element as the rotary drill icon. Combine
the two graphic elements into a linear graphic
element through the CombineFeatures function
of FeatureFactory that is rotary drill graphic
element.

1) Creation of the graphic element
Take the linear graphic element as an example,
we should determine the path point of the line
segment firstly. The shape of the linear graphic
element is directly impacted by the coordinates
and the adding order of the point. Take the rotary
drill as an example, the coordinates obtained
from the database are the coordinates of the drill
pipe, and the coordinates of the four corners of
the rotary drill and the coordinates of the rotary
drill track can be calculated by the length, width
and direction of the rotary drill. Suppose: the
Beijing 54 coordinates of the drill pipe is (x, y);

2) Addition of the graphic element
When the graphic element is created, you need
to add it to the dynamic layer and redraw all the
elements in each program cycle. After judging
the working state of the rotary drill, the colour of
the graphic element is changed accordingly. The
monitoring chart after adding the rotary drill
element is shown in Figure 5.
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Figure 5

Monitor of drill primitive

3.3.6 Tool switching

3.3.7 Interface of the software

In order to facilitate the view of the map and
other operations, MapX has added a number of
small tools including map enlargement / map
shrinking, drag and drop, etc. The switch of the
corresponding tool can be completed through the
message response of the toolbar.

Through the programming above, the client
software for the remote monitoring of rotary
drill is successfully developed. Fig.6 is the main
interface of the software.

Figure 6

Main interface of system

The main interface is divided into menu bar,
toolbar, function bar, view area and status bar.
The menu bar complete two tasks of map update
and version inquiry. The toolbar is the operation
part of the software and it is divided into

operation for the map and export of the data.
Perforation data can be exported to excel.
Function bar is the main part of the software
functions. Different functions can be realized
based on the function of the corresponding part
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of the selected column. The results are displayed
in the view area. The selection of the software
function, the result of data inquiry and the
monitoring interface are displayed in the view
area.
4 CONCLUSION
The
remote
monitoring
management
information system of rotary drill is developed
by LabView 2015 based on the B/S mode. The
system makes it possible for the managers to
view real-time working conditions of the rotary
drill, grasp the key parameters of rotary drill and
make a detailed understanding of every hole
through the internet. The system realized the
function of digital management of drilling
parameters and provided technical support for
the realization of accurate blasting.
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ABSTRACT
With regard to construction projects, engineering supervision, whether from laws and regulations or
in terms of organizational structure, method or means, has formed a relatively perfect supervision
system and operation mechanism. While for blasting projects, its safety supervision is still at the enlightenment stage. In fields like railway construction, mining, urban old dismantling, safety supervision of blasting engineering is either missed, or the true supervision purpose is not realized. This
paper analysed the current status of Chinese blasting supervision from three aspects: 1. Why should
blasting projects safety supervision be established; 2. What is blasting engineering safety supervision; 3. How can we do well in blasting engineering safety supervision. According to Chinese current status, what needs to be addressed urgently is to form standardization system for blasting engineering safety supervision, utilize electronic information technique, big data platform to realize
informatization supervision of safety supervision of blasting projects, to make its management more
professional, standardized and informationized. To form a just, independent, autonomous supervision mode, and maintain the legal interests of construction units, and is beneficial to improving
quality of blasting projects, and to ensuring safe use of blasting materials.
1

INTRODUCTION

Construction project supervision was put into
trial in 1989 in China, and carried out in 1997.
Along with industrial development, the Safety
Regulation for Blasting GB6722 issued by the
State Council in 2003 for Chinese blasting safety supervision, it proposed the work of blasting
safety supervision as regulation for the first
time. In 2014, the Safety Regulation for Blasting further clarified and expanded the scope of
blasting safety supervision, and also clearly defined the main content of blasting safety supervision in the regulation. Thus, it can be seen
that blasting safety supervision need urgently to
be studied and explored if it wants to be legislated, standardized, and professionalized like
engineering supervision

Chinese blasting safety supervision is different
from international construction project supervision. Construction project supervision derives
from the 16th century before the occurrence of
industrial revolution. It’s coming into being,
evolution is accompanied by development of
commodity economy, division of labor based
on specialization in the field of construction,
and socialized production. Till the end of
1950s, along with rapid development of science
and technology, industrial and national defense
construction demands increase, all these project
investment has tremendous risk, and complex
technology, neither investor nor construction
unit can bear the massive loss brought by inadequate investment or mistakes in project organizational management, therefore, before investment, the construction unit need to recruit
experienced consultant to do feasibility study,
so as to make scientific decision, to avoid investment risk, improve investment benefits and
allow supervision system of construction project to tend to mature.

2

PARTICULARITY OF SAFETY
SUPERVISION OF BLASTING
PROJECTS

The safety supervision of blasting projects involved hazardous items. First, we reviewed
some typical explosion cases and cases of engineering blasting accidents. In the early morning
of March 16, 2001, Jin RuChao of Suqian
31
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struction, it is caused by human factors. When
we analyse the causes of accidents, it can generally be divided into human factors and nonhuman factors. Human factors include errors
and defects in blasting technology and construction design, lack of on-site experience and
resilience of engineering technicians, illegal
operation of blasting operators, poor management and unauthorized approval of relevant
management personnel, ineffective supervision
of explosives, and vulnerabilities in the use
process, etc.; non-human factors are external
factors as lightning, static electricity, stray current, detonation equipment and explosive quality. According to the incomplete statistics of the
relevant departments, from December 1984 to
October 2001, among the 74 blasting accidents
in China, 70 accidents were caused by human
factors, accounting for 94.6%; 4 accidents were
caused by non-human factors, accounting for
5.4%. With the development of blasting equipment, in 2008, the fire detonators and fuses
completely withdrew from the engineering
blasting construction, replaced by electric detonators, plastic detonating tube detonators and
electronic digital detonators, and the safety performance of blasting equipment became higher
and higher. Non-human factor safety accidents
are fewer and fewer and almost never happened. This shows that human factors are the
most important cause of blasting accidents, and
that blasting safety accidents caused by nonhuman factors are also related to human factors.

County, Jiangsu Province produced a huge explosion in Shijiazhuang, which was shocked at
home and abroad. 108 people died and 38 were
injured. At 10:30 a.m. on November 16, 2001,
the blasting of a commercial and residential
building in Xining failed and was finally dismantled manually. The key condition for this
case was that he owned explosive devices and
explosives through illegal channels. At about
8:30 on May 19th, 2012, a vehicle carrying explosives entered the construction level of the
Bamianshan tunnel under construction and exploded during unloading. The accident caused a
total of 20 deaths and 4 injuries. Causes of the
accident: (1) Blasting beyond the qualification;
Qinghai Xieli Blasting Engineering Co., Ltd.,
which participated in blasting, is a third-grade
qualification and does not have the conditions
to undertake demolition blasting of this building. (2) The project did not go through bidding;
(3) The regulations are not perfect. (4) There is
a shortage of blasting talent. On November 2,
2004, the Debris Flow Simulation Hall of the
Chengdu Branch of the Chinese Academy of
Sciences was demolished by blasting, which
collapsed after the blasting for 25 hours. Causes
of the accident: (1) The construction unit arbitrarily reduced the amount of charges formulated in the original plan from the original 30g per
hole to 20g, belonging to the arbitrarily changing blasting design plan and organizing the
construction. (2) The lack of talent, only one
blasting engineering technician, did not do a
safety assessment. (3) Unauthorized changes to
the blasting design plan have not been argued
and supervised. At 2:44 pm on July 31, 2010,
Liugou Coal Mining Co., Ltd. of Shanxi Province Yangquan Coal Industry (Group) Co., Ltd.
exploded on the ground and formed a coneshaped earth pit with a diameter of about 12
meters and a depth of about 4 meters. Many
work sheds collapsed, and several buildings
were damaged. It caused 17 deaths, 7 serious
injuries and 68 minor injuries. Why do things
happen in the possession of explosives? The
management of explosive materials at the site
of the blasting construction company is completely out of control.

How to prevent the occurrence of blasting safety responsibility accidents and the safety management of explosives? The Explosive Safety
Regulations GB6722 issued and implemented
by the State Council in 2003 has been implemented for 14 years. What is explosive engineering safety supervision? What is the current
status of explosive safety supervision work?
3

WHY SHOULD BLASTING
PROJECTS SAFETY SUPERVISION
BE ESTABLISHED

Blasting projects is a high-risky industry, and
blasting projects has non-recurring, irreversible
features. When the project is not feasible, it
cannot be returned to its original state; finally it
may result in failure of the project. Once safety

Among the causes of the accident, we can see
that, whether it is the inflow of explosives into
the society or the accident of safety during con32
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4

accidents happen, tremendous loss will be
caused. The blasting experts analyses and
summarizes causes for blasting project accidents as follows: (1) The project does not go
through strict bidding and tendering procedure,
lack of blasting talent, and blasting beyond
qualifications. (2) in process of construction, alter blasting design program and organize construction arbitrarily. (3) Field staff is weak in
safety awareness, the safety distance designed
is not enough, and there is no third party safety
supervision in the field. (4) Safety responsibility accidents caused by violation operation. (5)
loss of blasting material, and quality problems
in blasting materials. It can be concluded from
the causes of safety liability accidents, most of
them are caused by human factors. When we
analyse reasons for accidents, generally it can
be divided into human factor and inhuman factor. Human factors include mistakes and defects
in blasting technology and construction design,
engineering technician’s lack of field experience and strain capacity, operation against rules
by blasting operators, non-strict of management, approval beyond authority, unfulfillment
of explosives supervision, and loophole in process of use; inhuman factors include thunder,
static electricity, stray current, priming material, quality of explosive and other external factors. According to incomplete statistics, accidents caused by human factors account for
94.6%, while inhuman factors account for
5.4%. Human factors are the major reasons for
explosive accidents.

CURRENT STATUS OF SAFETY
SUPERVISION OF BLASTING
PROJECTS

4.1 What is safety supervision of blasting
projects
We must understand what is the safety supervision of blasting projects, and the important position and role of safety supervision in project
construction. Blasting Projects Safety Supervision refers to the safety assessment, dynamic
monitoring management and supervision of the
unsafe behavior of people, the unsafe status of
materials, the protection of the operating environment and the entire construction process
during the construction of the project. It takes
legal, economic, administrative and technical
measures to ensure that construction activities
comply with the state's safety production, labor
protection laws, regulations, and related policies to stop adventurism, blindness, and arbitrariness in construction activities, and supervise the implementation of safety production
responsibility system at all levels and various
safety technical measures. It effectively eliminates hidden dangers of various types of accidents, and control safety within the allowable
risk range to achieve safe production. Safety
supervision is based on the actual situation of
China's construction market and gradually puts
it in line with international standards. Its proposal makes the construction supervision of
traditional engineering projects change from the
initial "three controls" (control of quality, duration, and investment) to the current "four controls" (added security controls). It effectively
curb the occurrence of various types of construction safety accidents. Blasting projects belongs to a high-risky industry, and initiating
explosive device also involves public safety,
therefore it must be strictly controlled. Blasting
operation is a professional and practical activity. It does not only require the operator has certain specialized blasting knowledge, but also
need abundant practical experience. In process
of actual construction, blasting medium may
change anytime, the design program need to be
adjusted constantly to ensure blasting quality
and safety. In behavior controlling safety of
blasting operation, the brand new industry,
blasting safety supervision is introduced gradu-

How to completely eradicate the explosive
safety liability accident and safety management
of explosive objects, the Explosive Safety Regulations GB6722 issued and implemented by
the State Council in 2003 put forward for the
first time explosive safety supervision as regulation and implement it. Then, what is explosive engineering safety supervision? What is
the current status of explosive safety supervision work?
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ally. Aiming at specific blasting engineering,
blasting safety supervision unit, with specialized technical knowledge and design, construction experience, according to national law, regulations, codes and standards, has approved
design documents of blasting operation, and
signed supervision commission contracts legally. It provides specialized technical service by
effectively controlling qualifications of blasting
construction enterprise, blasting operators,
blasting process and use of blasting equipment.
Safety supervision of blasting operation is single target project supervision taking blasting
operation safety of construction stage as its
main target. Carry out full-course supervision
on implementation of program, staff, explosive
materials, technical measures, and safety systems in process of blasting, to put an end to
blasting safety accidents and security control of
explosives. The main work content of blasting
supervision is to control flow direction of initiating explosive device, and safety in explosive
operation. The final purpose is to ensure blasting quality and safety of the project, and management of blasting material in blasting engineering field, staff qualification, track of
explosive, detonator and initiating explosive
device. Ensure no loss, burglary of initiating
explosive device, no safety accidents in blasting
operation, harmful effect of blasting controlled
within allowable scope, and improve investment benefit and social benefit. Blasting safety
supervision has features of social supervision;
its requirement of implementation requires
commission of legal construction unit, signing
written commission contract with construction
unit, and clarifying scope, content, rights, obligations of blasting supervision, so that blasting
supervision enterprise can exercise blasting
safety management within specified scope, and
legally carry out blasting engineering supervision.

trol; manage information, construction contract;
coordinate work relationship among relevant
units, that is, “four controls, two managements,
and one coordination”. However, blasting safety supervision lays particular emphasis on “supervision, and neglects “management”. Most of
engineering supervision work still stays at safety control of project construction stage. We
should neither regard blasting supervision
merely as a function representing public security organ to fulfil explosive material management, and qualification checks, nor regard it as
merely within the scope of public safety management.
4.2.2 No independent third party regulator
Construction engineering supervision has become mature as an independent third party regulator, and operation mode is relatively perfect,
but blasting supervision until now is still undertaken by blasting construction unit. Under current mode, technical level of supervisory staff
is reliable towards all-around grasp of blasting
projects, but hidden danger exists in justice and
equity. In process of blasting engineering supervision, blasting safety supervision unit is
hard to be just and fair, and force and quality
cannot be assured. And this leads to less attention of blasting safety supervision unit on field
supervision, supervisors have weak sense of responsibility. Blasting operation units recommend each other, form secret agreement, coming to power in turn, being athlete as well as
judge, which makes blasting safety supervision
exists in name only, and lack of effective restriction mechanism towards blasting safety supervision.
4.2.3 No quota for standard of collecting fees
of blasting safety supervision
Blasting safety supervision unit has no single
standard for collecting service fee, which depends on agreement between the client and
blasting safety supervision unit. Under the influence of investment budget of client and
blasting operation unit, owner of the project has
no quota budget for blasting safety supervision
project. This toll collection manner results in
forcing prices down blindly on blasting safety
supervision, making the safety supervision of
blasting operation unit maintain at low level,

4.2 Existing problems in current blasting
safety supervision
4.2.1 Limitations of regulation scope of blasting safety supervision
Main content of construction engineering supervision include investment control, construction period control, quality control, safety con34
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supervision unit, and attach importance to
brand effect. Improve overall quality of blasting
supervisors, who should be inter-disciplinary
talent not only know blasting engineering technology, but also understand economy, management, and law, and own abundant practice
experience and good professional ethics. The
supervision units attach importance to staff allocation and training; expand supervision
scope, to adapt to supervision demand of the
whole process.

safety supervision work not in place, insufficient development aftereffect, weak overall
strength, and quality of the whole industry hard
to improve, and cannot fully perform blasting
safety supervision responsibilities.
4.2.4 Degree of informationization not high
Most areas of China are short of informatization research in blasting supervision field, safety supervision does not actively introduce informatization technological management tools,
and has not apply the “big data” into the whole
process of blasting supervision. In many areas,
it still relies on old experience and method to
do business, especially field supervision information cannot be timely conveyed, visible and
controlled, and blasting safety production and
management still has severe hidden danger.
Although some developed areas have already
established dynamic monitoring of blasting supervision and explosive material end management system, some problems are also revealed
in application process: it is only limited to explosive materials management, but neglect the
supervision on quality and safety of blasting
projects; in field information collection, human
factors interfere too much, and when there is
violation against regulations, retroactive investigation is relied on passively to do postmortem analysis.
5

5.2 Scope and content of expanding blasting
safety supervision
Apart from the current work content and responsibility, blasting safety supervision should
also control process, quality, safety, cost of
blasting project, run information and contract
management, coordinating relationship between
construction unit and client through program
design stage, evaluation stage and construction
stage of the blasting project. Blasting supervisor represents government and client, based on
equality, independence, science, integrity, using
advanced means and methods to provide consultations and paid technical services of high
intelligence for clients. Therefore, the current
management mode of blasting supervision must
be completed; top design must be enhanced, to
form a set of standardization supervision system from top to bottom.

HOW TO DO WELL IN BLASTING
ENGINEERING SAFETY
SUPERVISION

5.3 Establish scientific integration of blasting
safety supervision intelligent supervisory
system

5.1 Complete system and mechanism of
blasting safety supervision

Implant the idea of “intelligent informatization
management” into the whole process of blasting safety supervision system, integrating safety supervision, quality supervision, field control
of explosive materials, combining electronic
fence location technique, image treatment,
mode identification and computer visual technology to form scientific and efficient blasting
safety supervision information management
system. By adding intelligent video analysis
module to the monitoring system, filter the useless or interference information from video
frame in the field with the help of strong data
process ability of computer, identify automatically staff and behavior of breaking the rules,
analyse and extract video source, location mod-

Stripping blasting safety supervision from prevailing blasting operation units, register and set
up professional blasting safety supervision enterprises, an legal entity with independent management, accounting, and assuming sole responsibility for its profits or losses, becoming a
market subject of clearly established ownership, clear reasonability, scientific management, and self-development. Functional government departments have rights to set up
blasting supervision, approval of qualification,
and assessment of performance. The departments enhance supervision and assessment, encourage large-scale development of blasting
35
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Problems in Blasting Projects and Countermeasures. Engineering Blasting, 14(3),
pp.82-84
Zhao, K. (2010) Underwater Reef Explosion
and Blasting Safety Supervision of AB Sections of Channel of the Cezi Island. Blasting,
27(2), pp. 74-76

ule, key and useful information of field data,
judge abnormal situations in blasting operation,
and send out warning or trigger other actions by
the fastest and optimal methods, thus effectively carry out advance warning intelligent field
supervision system. To realize reliable control
without blindness, allowing supervision departments to manage highly efficiently and rapidly.
6

CONCLUSIONS

Along with the implementation of Chinese “the
Belt and Road” (Silk Road Economic Belt,
Maritime Silk Road in the 21st Century) strategy and speeding up of the step of urbanization
construction, which has brought scarce opportunity and challenges for blasting safety supervision industry. Blasting safety supervision industry must acclimatize itself to the big strategy
of international development of times, integrate
the large pattern of economic development,
take on due responsibilities, propel comprehensive, overall process of reform and innovation
of working concept, management mode, operation mechanism, industrial standard, professional skill, and work flow. Only with reform
and innovation, making the dominant role and
responsibility of blasting safety supervision
prominent, follow scientificity and independence of blasting safety supervision, establish
standardized, professional, normalized, informationalized blasting safety supervision system, strengthen promotion and utilization of
new technology, new process, improve professional management level of safety supervision,
can better fulfil duties of blasting safety supervision, ensure quality and safety of blasting
projects, maintain legal interests of construction
and blasting units, can service, scientificity, independence, and fairness of supervision work
develop steadily and healthily.
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Lowering cost of mining with wireless detonators, the latest
initiation innovation
M. Lovitt and N. Pereira
Orica

ABSTRACT
The innovation of WebGen initiation system is in the delivery of electronic timing to blasts without
wires in the blast hole. It eliminates the biggest failure mechanism of initiation systems, in wires and
tubes. It also has major safety and productivity benefits. True wireless detonators, where there is no
physical connection (wire/tube) between the firing transmitter and the receiver in the primer of explosives, eliminates risks and processes in Sublevel Cave mining and also dilution in Sublevel Open
Stopping trials, but the opportunities for innovation in mining methodologies are wider than these.
This paper explores new mining methods where the mining process has been adapted to realize the
benefits that true wireless initiation systems can bring to lower mining costs while increasing security
and safety of explosive use. New mining methods are being developed to sustainably exploit resources of an orebody. These developments can be driven from orebody characteristics, but also can
be driven by opportunities that Orica’s latest wireless initiation system brings, whereby no physical
connection (wire or tubing) is present and no “hook-up” process is needed. Once the explosives are
charged into the blast holes, the blast charges can be isolated from access through permanent stemming or distance from access. This eliminates the high-risk process of tying in from the blasting cycle.
The charging processes can now be easily automated, thereby excluding personnel from hazardous
environments, reducing labor costs and the mining cycle times can be shortened increasing productivity. New methodologies will be discussed with reference to wireless initiation’s impact on mining
costs, security and safety. Initial applications have been underground based but new manufacturing
techniques and development of the product will see this initiation system used in all areas of mining
including surface, demolition, underwater and deep well applications.
1

INTRODUCTION

re-moves the physical link between a firing system and the detonators. Without the constraints
imposed by physical connections, wireless blasting can enable improvements in operator safety
and mine productivity. More than 95% of present problems with initiation systems resulting
in misfires are due to the wires linking the detonators to the firing controller.

The introduction of Orica's Wireless Electronic
Blasting System, signals a step-change in inhole initiation and a decisive step on the path towards full automation of drill and blast operations in the future.
The system consists of a consumable detonator/primer assembly, a secure data integrity system and a secured firing transmission system.
The firing system uses low frequency (through
rock), Magnetic Inductance that communicates
with specific individual groups of detonators,
while all other groups re-turn to a sleep mode.
(Wicks and Lovitt 2017)

It eliminates the exposure to high risk activities
such as hooking up initiation wires immediately
be-fore blasting and running an initiation communication system. It also enables new mining
methods and blasting techniques which aim to
deliver, faster loading cycles, lower cost of production of the final product and faster development. It also offers more flexible blasting, while
improving reliability & management of the blast
process.

Electronic initiation is not something new, but
this delivery of the electronic initiation is as it
37
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3

Blasting has been difficult to automate due to the
system complexity needed to connect and fire
the charges. This initiation system specifically
has engineered out the complexity, reduced the
processes while retaining almost all the functionality of the best initiation systems.
2

SAFETY

3.1 Safety Integrity Rating



WEBGEN™ 100 SYSTEM

The system provides for groups of in-hole primers to be wirelessly initiated by a firing command that communicates through rock, water
and air. This re-moves the constraints often imposed by the requirement of a physical connection to each primer in a blast.



In a world first for explosive initiation systems, Orica WebGen™ 100 has received a
Safety Integrity Level 3 (SIL3) certification.
In July 2017 the system obtained certification, through TÜV Rheinland, a global
leader in independent inspection, safety testing and certification services.
A SIL 3 component running continuously is
classified as having a safety critical failure
less than 1 in 100 billion devices, this is the
highest level that can be practically achieved
for a commercial blasting product.

3.2 Blast Codes

Low frequency magnetic induction waves are
widely used in underground mining for PED
(Personal Emergency Device) systems, where
communication is one-way from a large surface
transmitter to receivers carried by each miner
underground. This is due to the signal being able
to penetrate the ground.

The system is setup to be dependent on group,
arm and firing codes. Codes are issued to the
mine or areas of the mine such that blasts, areas
and mines are unique. Individual groups of detonators (a blasting event/packet) have a unique
encrypted code. This code will be used to
“wake” the specific blast packet up. Arm and firing codes are used to blast that specific group at
that specific mine. Code management ensures
that these codes are retired after use, such that
the same codes cannot be duplicated in the mine
at the same time.

The system uses a similar approach, where signals are generated by a transmitter and received
by each primer prior to a blast. The primers are
encoded with their group ID and delay time just
prior to charging, with this data ‘stored’ in the
receiver and not in the detonator.

4

The primer goes into standby mode soon after
charging where it wakes up every few minutes
to check for a wake-up signal. If a blast is
planned, a wake-up signal goes out to all primers, which are then synchronized and, if in the
group to be fired, will go in-to armed mode. The
firing command is a second unique signal adding
an additional layer of security to the system.

APPLICATIONS

The first generation of this wireless electronic
blasting system, it is not intended to replace conventional initiating systems, but rather provide
another tool to address current industry challenges.
Initially designed for underground applications, this system can reduce the exposure of
people in higher risk environments, delivers significant productivity gains and increases reliability with less misfires, production delays and
eliminating the need to re-drill.

The network to transmit the firing signal is only
energized at firing times when mine clearance of
personnel is assured thereby offering a basis of
safety to the system. The codes are secured and
managed to ensure the best security and control
of the firing process. Network strength monitors
give feedback on the blasting area and are monitored from the firing control room where the
blast and mine clearance are controlled.

4.1 Sub Level Cave Mining
This wireless system offers a significantly safer
solution than current practices and has the potential to support a Sub Level Cave (SLC) operation
to move more material per shift and lower overall cost per ton. The challenges faced in SLC
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make it an ideal candidate for wireless technology.

without any impact to production through misfires or delays to the process.



Calculations, confirmed by independent consultants, have identified that there is potential that
the system can produce a 3 - 10% improvement
in EBIT, which for a 6 Mtpa operation could result in increasing AUD$20 - 60M pa EBIT.






Enables Safe Pre-charging: This eliminates
the need to work near rill or the brow.
Reduce the impact of brow loss: Rings can
be fired even if the collar region is unstable
Ribs and Bridges: Reduced with more reliable initiating system and bulk explosive performance
Hole Dislocations or Loss: Reduction in underperforming blast holes due to lead damage or dislocation
Flow & Recovery: Reliable initiation provides more uniform fragmentation and improves ore flow and recovery.

4.2 Development Starter

Initial trials conducted at Glencore’s Ernest
Henry Mine (‘EHM’) have identified that the
system worked as designed. (Liu 2017) No misfires were detected in 30 blast rings with detailed
seismic and flow monitoring. They deduced that
the system was able to be implemented across
the 6Mtpa mine with the potential of 60-80 precharged rings.

Figure 2

Using this system as a starter detonator will support sites firing 100’s of development headings
with the best, most secure and controllable system available. Offered as a direct use solution or
in parallel to a production blasting service, this
usage of the system requires wires only from the
receiving unit (close to the blast) to the detonator
initiating the tunnel round. The system will reduce central firing system maintenance and reduce mine clearance times.

On 2 specific rings the brow had broken back
and no access to the next ring was considered
safe. Normally these next rings would have been
abandoned and the flowing ring would have
been fired with double the burden. As the
WebGen™ system was used in these rings, they
were fired as per normal with no poor blasting
outcomes.






Figure 1

Isometric of use of starter use in
tunneling

Sublevel Caving has limited or
no access to the front blast ring
which has safety risk implications

Eliminate safety and security risk of electric
detonators
Reduce misfires due to circuit problems
Reduce mine clearance window
Reduced costs: Eliminate firing circuits and
maintenance, reduced hardware and installation
Eliminated development hook-up process
increasing productivity.

This starter system can be issued with the other
development explosive products such that the
complete development charge up, including
starter system, can be completed in a single process. The detonator that is initiated to fire the development blast is well secured from impact hazards and can only be initiated when the specific
firing network is turned on after mine clearance.

EHM engineers acknowledged the success of the
trial which was to confirm the safety of not having to access the draw-points to perform the
hook up. They also realised improved recovery
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4.3.1 Temporary Pillar for Dilution and
Underbreak Control

Mines no longer must deal with electric detonators and permanent wiring networks in active areas to fire them. Maintenance and reliability issues are significantly reduced. Security of
product is assured with dedicated equipment and
easy to use protocols that make the detonators
unusable anywhere except at the mine. Full
traceability ensures stock levels and security of
product.

A medium to narrow vein gold long hole open
stoping operation using a retreat uphole mining
method will have a certain length of stope (opening) allowable, dictated by geotechnical constraints, to be a stable opening for the life of the
stope. Once this stope has been extracted the
stope is filled with a cemented fill or a dry rock
fill. The firing direction during the blasting of it
is away from the access and this requires remote
mucking which is lower productivity compared
to conventional mucking. The fill operation provides passive support for the walls, which means
that it does not provide active stresses to adequately support the hanging and footwalls for the
next following stope. Some mines, in poor
ground leave pillars to actively support these
walls and minimize dilution, but this ties up ore
in these pillars with high cost of recovery that
could render them uneconomic.

Some mines are using electronic starter detonators to secure their firing systems and eliminate
electric detonators from their operations and this
system supports that with a cheaper, easier to
maintain wireless connection between the transmitter and the development heading, such that
all blasts can be controlled from the control
room firing point at a network hub.
4.3 Temporary Pillars in Open Stopping
Temporary pillars, pre-charged using the system, can take a variety of forms to solve mining
issues of safety, dilution and productivity. Later
these pillars can be blasted without the usual rework or re-entry making it now possible to leave
isolated pillars where no access is possible. This
approach can increase the production rate, reduce mining costs and increase profitability. It
does this by streamlining blast “packets” and
creating temporary pillars that can either actively carry out regional support or provide brow
and hanging wall protection for the next blast.
Long term this can have a significant impact on
net present value of the resource.

Figure 3

If the next stope is commenced directly after the
filled stope, large dilution could occur due to the
stability of the hanging and foot walls. Now an
active support pillar is left between stopes,
which can now be recovered using the wireless
blasting system which can be charged at the
same time as the second stope (Figure 4). Now
the second stope can be fired and recovered. The
pillar can now be fired without reentry and the
firing direction is towards the extraction point
making the mucking process quicker. The final
volume can then be filled for the process to move
to the next ore block. Examples of this have reduced dilution from over 60% to less than 20%
representing a significant improvement in profitability.

Changing the stope sequence and including
these temporary pillars can impact






Long Section of a Gold Room an
Pillar Mine with Fill

Production rate and recovery
Reducing dilution and increasing recovery
Reducing the stope open time influencing dilution and ground support costs
Extraction of stranded pillars without
additional development costs
Charge consecutive blasts in the same
charge process such that the second blast
can be initiated immediately after the
mucking of the first blast has been
completed.
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4.3.2 Temporary Pillar for Productivity and
Safety

Trim blasting is used in the surface mines to
limit damage to the walls of a pit. It is now an
easy technique to use underground with this revolutionary initiation system. The main part of the
stope can be charged with conventional initiation systems leaving a protective skin of rock, or
a more stable shape. This material blasted can be
mucked out to a point where this “trim blast” is
unconfined. This trim shot can be fired without
re-entering to charge, as the blast is precharged
and ready to be fired. The trim shot is fired at a
normal firing window to be mucked out to complete the recovery of the full stope.

Safety is the priority of any worksite and like the
SLC example, open stopping operations have a
“brow” exposure that demarcates the change
from a controlled work environment to the uncontrolled “open stope” where no personnel access is allowed. Mines have used bunds to protect workers from potential rock falls in the open
stopes, as the energy of rock falling in the stope
can result in rock ejection into the work area behind the brow.

Weak hanging walls or paste exposures can be
protected to limit dilution. On the other hand,
hard to blast out shapes can be well relieved before the final stope shape is cut to limit underbreak. Obviously there needs to be blast hole
coverage and orientation to carry out this process
but the figure shows that it could be a complete
ring that is a trim blast or the final hole or two in
a ring that would be precharged. Any impact on
under or over break has huge financial impact on
an operation as they impact recovery and grade
reconciliation.

Figure 5

Two blast packets in a narrow
open stope mine charged at the
same time eliminating brow exposure issues

Having the next blast packet pre-charged (as in
Figure ) with the wireless system at the same
time as charging the earlier blast, with conventional initiation systems, means that there needs
to be no reentry to charge the next blasting
packet. As soon as the first blast has been
mucked out, the second blast can be fired without any reentry needed, other than to continue
mucking. This also removes any impact of hole
dislocation on charging and the need to re-drill
due to lack of access to blastholes already
drilled. Especially where some operations need
to have significant delay between the finish of
the mucking of one blast packet and the firing of
the next due to redrilling, ventilation changes,
seismicity and re-entry issues.

Figure 4

Figure 6 shows that the initial blasts in a stope
are small, due to void availability issues, which
results in low productivity. Once the void of the
stope has been increased larger blasts can be
taken, giving higher productivity. Underground
operations reduce their number of blasts to increase productivity, now separate blast packets
can be charged in the same charge process. The

Trim Blasts fired after main stope
to improve outcomes
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later firing ones, charged with WebGen™ to
eliminate the need to re-enter, having a significant impact on productivity.

nectors). The process of connecting the explosive wires to a distant initiating system is a manual process that must be managed carefully to
avoid risk of damage or unplanned detonation.
Normally the tie up process to fire blasts only
commences on the day of blasting to meet a preset firing window. The sequence of blast event
firings is normally dictated by broken stock requirements for the digging fleet however careful
consideration must be made to ensure one blast
does not interfere with another due to the exposure of connections on the surface.

Figure 6

A truly wireless blast initiation system will impact the process of blasting in surface mining
conducted today, this will deliver not only
safety, cost and efficiency improvements for on
bench activities but also drive productivity improvements through the mining process. The
following sections outline some of these areas in
more detail;

Typical productivity of an open
stope versus the red dot blast
packet size (Dall’Armi et al 2004)

4.3.3 Automation in Underground
Opportunities
Automation in mining is a huge opportunity for
mining to control the safety and environmental
exposures as well as the cost implication from
labour. The major limitation around automation
in blasting process is around the physical connection all other products require to be initiated.
The major risks of explosives relate to caring for
those physical links between the initiation controller and the detonators they control.
WebGen™ eliminates all these hazards and allows for proximity encoding and long sleep time
use.

4.4.1 Reduced hazards for on bench personnel
Management of the initiation system during
loading and tie up is manual, requiring personnel
to conduct these activities on bench.
People are exposed to hazards from environment
conditions such as sun, snow, rain and dust as
well as other mining risks such as working near
highwalls and crests.

4.4 Surface Blasting Applications

Specifically, during the blasthole loading and
stemming process the current downline
wires/tubes must be carefully managed by personnel to protect them from damage and potential slap snap and shoot occurrences from the interaction of vehicles and downlines. Personnel
will manually hold each downline during the
loading and stemming process as well as supervise the movement of vehicles between
blastholes, and as such personnel are exposed to
heavy vehicle interactions.

In surface mining the rock is blasted in general
with bulk explosive which are placed into
blastholes. The blastholes are initiated through
the use of detonators (downlines) which are
placed into the blasthole, during the tie up process these downline detonators are connected to
a firing system by explosive wires (surface con-

Using a wireless initiation system, the loading
and firing process for blasting will be more efficient, require less labour than conventional initiation systems, which in turn reduces the total
hazard exposure time for on bench activities.
The drivers behind on bench efficiencies will be
discussed in further detail in this paper.

The SIL3 certification demonstrates the security
and reliability that the system has, enabling machinery to be designed to carry out the charging
process without the need for complex connection to initiation systems. The wireless system
will be developed to carry out most applications
underground from development, to stoping to
high hang-up bombing needed to keep mines
running.
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Wireless initiation systems no longer have a
need for a physical connection between the detonator down the hole and the firing system on
surface. Downline protection is not required and
thus this in turn drives two important safety factors for on bench personnel. Firstly, there is no
longer a requirement for personnel to manually
protect downlines during loading and stemming
and/or supervise the movement of heavy vehicles between blastholes thus reducing the exposure of personnel to heavy vehicle interactions.
Secondly, in relation to nonelectric initiation
systems, wireless initiation systems eliminate
the risk of heavy vehicle interactions (Figure 7)
with downlines causing snap, slap and shoot exposure.

Figure 7

Figure 8

Sources of Downline damage
during loading process

Often in surface mining the mine employs methods such as in Figure , to protect the downlines
from damage during stemming to reduce the risk
of downline damage, this process step does impact the time taken for bench stemming.

On bench blasthole loading activities showing people interactions
with equipment

4.4.2 Reduction in sources of misfires
Misfires either detected before or after firing are
undesirable in surface mining - they pose a
safety risk of unplanned detonation during the
excavation process, and as a result productivity
is normally ad-versely impacted when mining
through these areas which are typically dug during daylight hours at re-duced dig rates.

Figure 9

Downline management during
stemming process

During the on bench tie up process the surface
connections need to be correctly clipped into the
downline as seen by Figure . The shotfirer or
blaster also must follow a predetermined pathway based on the firing sequence. Human error
either with the clipping of connections or incorrect following of the correct pathway can lead to
single and multiple misfires during the blast.

Conventional initiation systems have inherent
risks of misfires during the loading and stemming process, predominately driven by downline wire/tube damage as seen in Figure 8.
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Figure 10 Surface tie up process with nonelectric systems

Figure 11 Back up priming technique used
with electronic detonator systems

Wireless detonators are lowered into blast holes
using a tether strap connection that plays no role
in the communication pathway from the firing
point and the detonator itself. There are also no
surface connections in a wireless blasting system
thus eliminating the tie in process. As a result,
misfires from downline damage or human error
in surface connections are eliminated with a
wireless blasting system.

The nonelectric back up is consumed during firing of the blast and is surplus costs if not used.
As wireless detonators are not subject to downhole damage dur-ing the charging process, it is
expected that this re-dundancy is not required
and thus back up priming costs can be eliminated.
Efficiency of on bench activities are a focus on
many surface mines due to high cost of labour
and the critical nature of blasting to the downstream min-ing process. Thus, efficiencies can
be gained then this in turn can lead to less labour
being required to complete the blasting process.
A recent study into surface mines in Australia
demonstrated as per Table 1, that a significant
proportion of on bench labour efficiencies could
be gained using a wireless blasting system.

4.4.3 Cost efficiencies for on bench loading
activities
Surface blasting activities can be both more efficient and reduce cost elements with the use of
a wireless blasting system.
Electronic detonator systems are employed
across many of the large-scale surface metal
mines around the world. To reduce the consequences of wire damage during the loading and
stemming process many mines employ a backup priming technique. A nonelectric downline as
per Figure is used as a redundant back up system
if the electronic detonator is not communicating
and thus has the potential to misfire during the
firing process

Table 1

Time in motion study result of on
bench activities for a surface
mine

An extrapolation of this impact to the same surface mining group demonstrated by Table 2 that
wireless initiation through the elimination of offsiding and tie in processes would reduce labour
on bench.
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Table 2

Change in blast crew requirements using wireless initiation

Another important measure of on-bench efficiency is the ability to increase blasted volume
for the same about of labour employed. One area
that this is possible with wireless blasting will be
in increased bulk explosive and stemming loading productivity, as there will be no need to stop
this process and hand over the bench to surface
tie in practices, resulting in average increased
loading capacity of 10-20%.

Figure 12 Typical surface mine blasting sequence with impact from highwall stability
The blast scheduling process is to ensure broken
inventory is in front of the digging fleet as can
be seen in the Figure , however with a non-wireless blasting system the schedule must also consider factors such as one blast impacting another.
One blast should not be fired above a preloaded
blast on the bench below or adjacent due to potential fly rock, resulting in sub-optimal mine
scheduling as fleet must be transported between
non-connecting blast areas.

4.4.4 Flexibility in blast scheduling and firing
windows
Many surface operations have pre-set firing windows per day to enable consistent management
of disruption to the mining fleet. Because of this
it is important that the blasting will occur during
the firing window period, with blast delays resulting in direct lost mine productivity. In some
instances, blasts are rescheduled to the next firing window which can impact on blasted inventory in front of digging equipment. Broken inventory in front of a digging fleet is important to
productivity as it delivers consistency of dig areas with less interruptions for trimming between
blasting ground within the mine.

Loaded blasts adjacent to highwalls have the risk
of wall slippage entering the blast zone which
can cut off access to loaded blastholes resulting
in misfired areas.
Improvements to blast scheduling and thus mining sequencing can be achieved through a wireless blasting system as once a hole is loaded and
primed with wireless detonators it will not be
impacted by events such as flyrock or highwall
slippages.

There are many causes for blasts not achieving
the firing window - the tie in process itself is
time consuming, problems can be encountered
such as communication errors with electronic
detonators or tie in process is stopped due to impacts from weather events. With wireless blasting systems once a blasthole has been primed
and loaded, the detonator is waiting ready for the
wireless network to communicate with it for firing, and as there is no tie in process, firing windows can be more easily achieved.

5

SUMMARY

The mining industry has an opportunity to improve costs, efficiencies and productivity
through the implementation of wireless blasting
systems as discussed. Wireless blasting systems, such as WebGen™ 100, can be an enabler
to step change in new mining techniques and be
a pathway to automation. These two areas that
are still to be explored, will be subject of another
paper.
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The use in the applications, presently in the underground, have started the wave of innovation
to drive mining operations to be firstly safer and
then working on productivity and cost reduction.
The innovation of this wireless detonation system is that it can facilitate the use of electronic
detonators in a safe and reliable system that will
be easy to automate. It eliminates the greatest
impediment to safety, reliability and automation,
which is the wires or tubes to communicate the
detonation signal. The SIL 3 rating sets new
standards in safety, reliability and security of an
initiation system.
Future developments will adapt this system to
give features that will be needed to suit specific
mining applications.
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Blasting technique for optimizing the comprehensive cost of
mining and mineral processing
X. Li, Z. Xu, D. Zhang and L. Guo
School of Mining Engineering, University of Science and Technology Liaoning, Anshan, China

ABSTRACT
In order to improve the comprehensive benefits of a mining-mineral processing complex, the influence of fragmentation and internal damage degree of fragment on crushing and grinding energy consumption was studied, finding out the proper blast fragmentation of ore and rock. Moreover, by increasing the degree of damage inside the fragments, the cost of crushing and grinding is reduced. The
influence of blasting effect on the cost of crushing and grinding was found based on uniform experimental design. Numerical simulation of ore fragments with different fragment size and internal damage degree is carried out by using the discrete element method, and the influence of blast fragmentation and internal damage degree of fragment on the crushing and grinding energy consumption was
studied. By establishing the optimization model of comprehensive cost of mining and mineral processing, the fragmentation distribution and internal damage degree of different minerals in the lowest
comprehensive cost of mining and extraction are obtained. The specific blast design is used in different mining areas, and the fragmentation effect is controlled by means of blasting, so as to achieve the
goal of synergetic energy saving between blasting and crushing-grinding.
1

INTRODUCTION

help to improve the comprehensive benefit of a
mining-mineral processing complex.

In China, there are many technical problems
such as high energy consumption and low
overall efficiency and so on existing in a miningmineral processing complex. Affecting by
international mining industry which has been in
a continued depression, the mining situation of
China is pretty serious. In order to lower the cost
of energy consumption in a mining-mineral
processing complex, cutting production costs
and improve the overall efficiency, it is
necessary to take both mining and mineral
processing into consideration. Blasting is the
first important part in controlling the total cost
of mining and mineral processing and the cost of
drilling and blasting operation only takes up
6.67% to 10% of the total cost. However, the
blasting effect will directly affect the production
efficiency and energy consumption of shovel
loading, transportation, crushing and milling.
Therefore, the study on the impact of the
damage degree on the crushing and grinding of
the mine energy from the degree of the bursting
block and the internal damage of the debris will

According to the comprehensive optimization of
mining and mineral processing theory (Scott
2002), when comprehensively optimizing
mining and mineral processing designs, people
need to consider ore body characteristics,
economic optimization, the whole chain from
ore to final products. The effects that ore
characteristics have on mining efficiency and
grinding efficiency and the importance and
necessity of field test. The theory (Adel 2017)
defines Mine to Mill (M2M) as: Through the
overall optimization from mining to grinding, to
achieve the mineral crushing powders using
minimum energy consumption. Yuan (2011)
thinks that the integration system of
underground mining and beneficiation should
first consider the filling-extraction ratio. The
critical grade to achieve a balance between
mining and filling is a significant indicator to
evaluate whether the system is perfect.
Nowadays, most of the researches on M2M in
China are aimed at the integration system of
underground mining and beneficiation (Tang
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2015; Sun 2010; Lu 2015), and only a small
number of experts have proposed the concept of
"Crushing substitute by blasting", for the
comprehensive optimization of mining and
mineral of open-pit mines. This study, first of
all, through the numerical simulation analysis of
influence blasting fragmentation and internal
damage degree of fragment factors, and then in
the north mining area of Anqian Mining Co.,
Ltd. doing blasting crater test, analyzes the
influence of the blasting parameters on
mechanical crushing and grinding efficiency
rule. According to the numerical simulation
results and the test data, it establishes the
formula for calculation of ore crushing and
grinding energy consumption and forms
formulas for calculating the total cost of the
crushing and grinding.

In order to evaluate the blast fragmentation and
the internal damage degree in an easy way, this
paper uses the following two evaluation index:
First, the average fragment size (d50): the size
that correspond to 50% passing in the fragment
size curve.
Second, average damage factor in fragments
(Da): The average value of the microscopic damage factor in each broken fragment. The larger
the number is, the more serious is internal minute cracking, which causes fragments to be broken easier.
2.2 Analysis of influence factors
This study discusses the influence of powder
factor, initiation sequence, burden-to-spacing
ratio and loaded constitution on the blast fragmentation and the damage degree of the fragments respectively.

2 ANALYSES ON THE INFLUENCE
FACTORS OF BLASTING BLOCK
DEGREE AND INTERNAL DAMAGE
BY NUMERICAL SIMULATION

2.2.1 Powder factor

2.1 Bench blasting model and evaluation
index establishment

In this simulation study, there are six groups of
powder factors: 1.96 kg/t, 0.71 kg/t, 0.42 kg/t,
0.28 kg/t, 0.18 kg/t and 0.12 kg/t. By means of
statistical analysis of the simulation results, the
fragment size distribution curves for different
powder factors are obtained (shown in Figure 2).
Thus, the relationship between the average damage factor in fragments and the powder factor is
obtained (shown in Figure 3). From Figure 2,
readers can see that with the increase of fragment size, the passing rate gradually increases
up to 100%. When the powder factor is small
(0.18 kg/t, 0.12 kg/t), the curve is concave.
When the powder factor is large (1.96 kg/t, 0.71
kg/t, 0.42 kg/t), the curve is convex. When the
powder factor is moderate (0.28 kg/t), the curve
is linear. What’s more, from Figure 2, readers
can see that the larger the powder factor is and
the more even the blasting fragment is, the
smaller the overall size is. When the powder factor is about 1.96 kg/t, the largest fragment is
about 0.22 m. When the powder factor is 0.12
kg/t, the largest fragment is 3.85 m. From Figure
3, it can be seen that when the powder factor increases, the average damage factor increases basically linearly. When the powder factor increases from 0.12 kg/t to 0.71 kg/t, the average
damage factor increases from 0.03 to 0.17.

By means of Continuum-based Discrete Element Method software, this study conducts numerical simulation. To reduce the simulation
calculation of the bench blasting and to make
summaries in an easier way, this study will be
carried out based on the horizontal section
model and vertical section model. The schematic diagram of the horizontal section model is
in Figure 1(A). In this model, d represents borehole diameter, a borehole spacing, b spacing of
rows and B is the burden for the first row of
holes. The schematic diagram of the vertical section model is in Figure 1(B). In this model, H is
the bench height, θ the slope angle, L the borehole depth, L2 the loaded length, d the borehole
diameter, b spacing of rows and B is the distance
from the center of the first row of holes to the
bench edge.
B

d
H

a

b

B

(A)

Figure 1

L
¦È

L2

d
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Horizontal section model and
vertical section model.
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Figure 2

Fragment size distribution curves
for different powder factors.

Figure 5

From Figure 4, it can be seen that the blasting
effect of the 5 types of initiation is: the hole-tohole initiation > the row-hole delay MS blasting > the oblique initiation > the row delay MS
blasting > the simultaneous initiation. The shape
of fragment size distribution curves for the first
three initiation methods are almost the same.
The largest fragment size is about 1-2 m. However, the average fragment size (d50) of the
oblique initiation is larger than that of hole-tohole initiation and the row-hole delay MS blasting. The shape of fragment size distribution
curves for the row delay MS blasting and the
simultaneous initiation are almost the same. The
largest fragment size is about 3-4 m, but the average fragment size of the former is obviously
smaller than the latter.
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Figure 3

The relationship between the average damage factor in fragments
and the powder factor.

2.2.2 Initiation sequence
This study simulates five different initiation sequences A, B, C, D and E. They represent the
hole-to-hole initiation, the row-hole delay MS
blasting, the oblique initiation, the row delay MS
blasting and the simultaneous initiation.
Through the statistical analysis of simulation results, the fragment size distribution curves for
different initiation sequences (as shown in Figure 4) and the corresponding relationship between the average damage factor in fragments
and the different initiation sequences were obtained (as shown in Figure 5).

Figure 4

The average damage factor for
different initiation sequences.

From Figure 5, the average damage factor in
fragments is 0.044 for hole-to-hole initiation
and 0.14 for the simultaneous initiation. Under
different initiation sequences, the regularity for
changes of average damage factor stay nearly
the same with the regularity for changes of average fragment size.
2.2.3 Burden-to-spacing ratio
In the simulation, there are two kinds of initiation sequences: hole-to-hole initiation and the
row delay MS blasting, six kinds of spacing pattern parameters such as 9.0 m×4.7 m, 8.5 m×4.9
m, 8.0 m×5.3 m, 7.5 m×5.6 m, 7.0 m×6.0 m, 6.5
m×6.5 m and so on are used. Through the statistical analysis of simulation results for the holeto-hole initiation, evaluation index values in Table1 are obtained. In addition, when using the
row delay MS blasting, evaluation index values
in Table2 are obtained.

Fragment size distribution curves
for different initiation sequences.

From Table 1, it can be seen that when using
hole-to-hole initiation, the more even the holes
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2.2.4 Loaded constitution

are set, the better the blasting effect is. What’s
more, when the burden-to-spacing ratio is 1, the
damage and breakage effect is at its best. However, as a whole, the difference of the damage
and breakage effect for different spacing pattern
parameters is not great.
Table 1

Spacing
Pattern
Parameters
9.0 m ×
4.7 m
8.5 m ×
4.9 m
8.0 m ×
5.3 m
7.5 m ×
5.6 m
7.0 m ×
6.0 m
6.5 m ×
6.5 m

In the simulation, there are five kinds of deck
charging constructions been discussed. The
tamping is 2 m in length, the distances of tamping to the bottom of the hole are 0-2 m (lower
part), 2-4 m (lower middle part), 4-6 m (middle
part), 6-8 m (upper middle part) and 8-10 m (upper part).

Evaluation index values for different burden-to-spacing ratios
using hole-to-hole initiation
Spacing
Ratio

Average
Fragment
Size

Average
Damage
Factor

1.92

0.115 m

0.173

1.71

0.113 m

0.174

1.51

0.113 m

0.177

1.33

0.111 m

0.174

1.16

0.110 m

0.173

1.00

0.109 m

0.180

In the five deck charging constructions, the rule
of changes that the average fragment size
changes with the position of tamping is shown
in Figure 6, the rule of changes that the average
damage factor in fragment with the position of
tamping is shown in Figure 7. From Figure 6, it
can be seen that the change of the average fragment size is small almost 13 cm when the tamping is in the lower, lower middle part and middle. The average fragment size increases rapidly
to 17 cm when the tamping is in upper and middle upper part. It can be seen from Figure 7 that,
with the upward movement of the tamping, the
average damage factor in the fragment shows a
gradual decrease with the upward movement of
tamping. Based on the above analysis, the best
blasting effect can be obtained when the tamping is 4-6 m (middle part) away from the bottom
of the hole.

From Table 2, it can be seen that under the same
burden per hole, when using the the row delay
MS blasting, the average fragment size keeps decreasing and the average damage factor keeps
increasing with the density index increasing. All
the evaluation index values show that the appropriate increase of hole spacing and the reduction
of row spacing (i.e., to increase burden-to-spacing ratio) can improve the blasting effect.

Spacing
Pattern
Parameters
9.0 m ×
4.7 m
8.5 m ×
4.9 m
8.0 m ×
5.3 m
7.5 m ×
5.6 m
7.0 m ×
6.0 m
6.5 m ×
6.5 m

Average fragment size/cm

Table 2

17

Evaluation index values for different burden-to-spacing ratios
using row delay MS blasting
Spacing
Ratio

Average
Fragment
Size

Average
Damage
Factor

1.92

0.126 m

0.161

1.71

0.134 m

0.160

1.51

0.146 m

0.158

1.33

0.148 m

0.156

1.16

0.162 m

0.155

1.00

0.178 m

0.152

16

15

14

13

12
lower

lower middle

middle

upper middle

upper

The Position of Tamping

Figure 6
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The rule of changes that the average fragment size changes with
the position of tamping.
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0.074

Table 3

Loaded constitution of blastholes
in each group

Group
Number

Group
1

Group
2

Group
3

Group
4

Blasthole
Number

1#, 5#

2#, 6#

3#, 7#

4#, 8#

Single
Charge
Weight

1.5 kg

2 kg

3 kg

4.3 kg

No

No

Yes

Yes

1.11 m
1.10 m

1.05 m
0.98 m

0.86 m
0.93 m

0.93 m
0.93 m

0.070
0.068
0.066
0.064
0.062
0.060
0.058

lower

lower middle

middle

upper middle

upper

The Position of Tamping

Figure 7

The rule of changes that the average damage factor changes with
the position of tamping.

Coupling
Conditions

3 THE BLASTING CRATER TEST
3.1 Experimental Scheme Design

OverHeight

The blasting crater test is conducted on the 48 m
platform located in the north mining area of the
Anqian Mining Co., Ltd.. The ore is hematite.
There are a total of 8 blastholes. The borehole
diameter is 140 mm and the borehole depth is
1.2 m. The borehole spacing is 5-6 m. The blast
pattern is shown in Figure 8.

3.2 Experimental Result
After the blasting, clear the gravel in the potential crater zone. Then, measure the visible radius
and visible depth of each blasting crater and
count the average value of the measurement data
form two holes in the same group, the relationship between the average visible radius, depth
and the charge weight is obtained (shown in Figure 9). It can be seen from the Figure that with
the increase of the charge weight, the average
visible radius and depth are on a gradual increase, but the speed is slowing down. When the
charge weight increases from 1.5 kg to 4.3 kg,
the average visible radius increases from 0.8 m
to 1.7 m and the average visible depth increases
from 0.3 m to 0.8 m.
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5.3 m

5.0 m
5.5 m

6#

3#

5.3 m

5.2 m

7#
N

4.7 m

E

8#

1.8

The blast pattern.

0.9

The average visible radius/mm

Figure 8

4#

The above mentioned 8 blastholes are divided
into four groups. The loaded constitution of
blastholes in each group are shown in Table 3.
In the test, choose 2# emulsion explosive, use
detonator with shock conducting tube to initiation, with 8# electric blasting cap in the bottom
of a hole, and adopt 10 nonels to do short-delay
blasting. The ignition order is Group 1, Group 2,
Group 3 and Group 4.

1.6

0.8
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The average visible radius
The average visible depth
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The average visible depth/mm

Average Damage Factor
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0.3
1.5

2.0

2.5

3.0
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Charge Weight/kg

Figure 9

The change rule that the average
visible radius and depth changes
with the charge weight.

Pick up 25 kg fragments from each group to
screen, and the screen sizes are 63.0 mm, 53.0
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mm, 37.5 mm, 20.0 mm and 10.0 mm respectively. According to the screening results of different groups of blasting fragments, the fragment size distribution curves for four different
groups of charge weight are plotted. See Figure
10 and Figure 11. It can be seen from the Figures
that with the increase of charge weight, the damage degree of the fragments in the blast area
gradually increases, but the average fragment
size decreases gradually. When the screen size
is 63.0 mm, with the increase of the charge
weight, the passing rate increase almost linearly.

1150

Energy Consumption/J

1100

Passing Rate/%

50
40

0
30

40

50

60

1.5

2.0

2.5

3.0

3.5

4.0

4.5

After crushing the ores to be below 2 mm, dividing the 25 kg of ores into 16 equal parts and taking one part from the 16 parts, in this part, 150 g
is measured for screening. The aperture sizes are
1 mm, 0.28 mm, 0.154 mm and 0.075 mm and
the screening results are calculated. The particle
size distribution curves of different charge
weight are plotted, as shown in Figure 13. According to the Figure, the particle size distribution curves under the four different charge
weight are basically consistent, and the average
crushing size d50 is about 0.3 mm.
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Figure 12 Relation between the energy consumption and charge weight
when crushing the ores to be below 2 mm.
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Figure 10 Fragment
size
distribution
curves for four different groups
of charge weight.
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Figure 13 The particle size distribution
curves after crushing the ore to
be below 2 mm (before grinding).

Figure 11 The passing rate of 63 mm screen
size in different charge weight.
3.3 Ore mechanical crushing and grinding
energy consumption and efficiency analysis

Taking 500 g from the ore sample which is
crushed to be below 2 mm under different
charge weight respectively for grinding and the
grinding time should be 3 min, 5 min, 10 min
and 30 min respectively. After being in the settled time, 100 g of the sample should be taken
out for screening. Sampling and screening from
different charge weight should be done for 2
times. The aperture sizes should be 1 mm, 0.28
mm, 0.154 mm and 0.075 mm. Under different
grinding time, the corresponding screening
curve of each charge weight is shown in Figure
14. It can be seen from Figure 14 which when

After calculating the blast fragmentation under
different charge weight, the sieving ores above
10 mm are put into the crusher and are crushed
to ores which are below 2 mm. The crushing energy consumption of different charge weight is
shown in Figure 12. It can be seen from Figure
12 that with the increase of the charge weight,
the energy is used to crush the ores to be below
2 mm is decreasing gradually, but the speed is
slowing down.
52

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Da     ln (Q   )

the grinding time is the same, the larger the
charge weight is, the overall mineral powder
size is smaller. After grinding for 10 min, the
proportion of mineral powder which size is less
than 75 um achieves to 90%. After grinding for
30 min, the proportion of mineral powder which
size is less than 75 um achieves to 99.6%.
85

where:
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is the powder factor (kg/t)

(3)

By the means of blasting and mechanical crushing-grinding, a specific volume of iron ore to a
mineral powder of size L, the change rule of the
energy consumption of the mechanical crushing-grinding part with the powder factor is
shown in formula 4:

97

95

Q

G f 1  (1  Da )G f 0

1.0

Aperture Size/mm

(A)

is the average damage factor

Assuming before the blasting, the average fracture energy of rock mass in the blast area is Gf0;
after the blasting, the microscopic damage was
found in fragments. Thus, the fracture energy in
fragments after the blasting becomes:

90

70

Da

α, β, γ are undetermined coefficients

80
75

(2)

1.0

Ec &m 

(D)

3G f 1V
L

 Eb

(4)

Figure 14 The curves of the sieving mineral
powder under different grinding
time: (A) 3 min; (B) 5 min; (C) 10
min; (D) 30 min.

where:

4

Put the formulas in (1)-(3) into (4) and a new
formula can be formed as follows：

Ec&m is the energy consumption of the
mechanical crushing-grinding (J).

THE OPTIMIZATION MODEL OF
THE INTEGRATED MINING AND
MINERAL PROCESSING

Ec &m 

According to numerical simulation and experimental data analysis results, the relational expression between the average fragment size (d50)
and the powder factor can be established as the
following:
d 50  aQ b d

is the average fragment size (m)

Q

is the powder factor (kg/t)

d

is borehole diameter (m)

a, b

are undetermined coefficients

L



3G f 0V
aQ b d

d50 (5)

According to the research result, as for the typical open pit iron mine in Anshan, a usually is set
at 0.05, b usually is set at -2.2, α is set at 0.126,
β is set at 0.0676, γ is set at 0.0591 and the borehole diameter is usually 25 cm.

(1)

Assuming that the total volume of the original
iron ore layer that needs blasting is 10,000 m3,
the mineral powder of size L is 40 μm and the
initial fracture energy of the iron ore is 200 J/m2,
then the corresponding relation between the mechanical crushing-grinding energy consumption
and the powder factor is shown in Figure 15. It
can be seen from the Figure that with the increase of the powder factor, the general energy
consumption of the mechanical crushing-grinding is becoming small, but the speed is slowing
down.

where:
d50

31     ln(Q   )  G f 0V

The relational expression between the average
damage factor (Da) and the powder factor can be
established as the following:
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According to formulas (6) and (9), the change
rule that the blasting cost and the crushinggrinding cost change with the powder factor can
be concluded. Assuming Mp is 4.0 yuan/kg and
Md is 80 yuan/m, Me is 1 yuan/KWH and ρr is
3.3 t/m3, ρp is 1100 kg/m3 and α is 0.8, ξ is 2.5%,
other parameters are the same as above. Then,
when blasting-crushing-grinding 10,000 m3 of
iron ores, the change rule that blasting cost, mechanical crushing-grinding cost and the total
cost change with the powder factor is as shown
in Figure 16. It can be seen from the Figure that
with the increase of the powder factor, the blasting cost is increasing linearly and the crushinggrinding cost is decreasing, but the speed is
slowing down. However, the total cost of the
blasting-crushing-grinding is on a decrease first
but then is on an increase. When the powder factor is 0.35 kg/t, the total cost of blasting-crushing-grinding reaches the lowest point.
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0.5

1.0

1.5

2.0

2.5

3.0

-1

Powder Factor/kgꞏt

Figure 15 The corresponding relation between the mechanical crushinggrinding energy consumption
and the powder factor.
The cost of blasting is mainly coming from the
explosives and drilling. Assuming the unit price
of explosives is MP (yuan/kg) and the unit price
of drilling is Md (yuan/m). The density of iron
ore is ρr (t/m3) and the loading density is ρp
(kg/m3). The borehole diameter is d (m). The ratio of the length of the tamping to loaded length
is α. The powder factor is Q. Then, when blasting the iron ore layer in specific volume V (m3),
the relation between the blasting cost and the
powder factor is:

4  rVQ(1   )
Md
 p πd 2

180
160
140

4
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M b   rVQM p 

200

(6)
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Figure 16 Relations between the powder
factor and the cost.

(7)

5 CONCLUSION

To make a conclusion on the influence that the
powder factor, the initiation sequence, the burden-to-spacing ratio and the loaded constitution
have on the blast fragmentation and the damage
degree in the fragments, among them, with the
increase of the powder factor, the blast fragmentation gradually decreases. The average damage
factor in the fragments is in a linear relationship
with the powder factor. With the increase of the
powder factor, the damage degree in the fragments increases gradually. When the burden per
hole stays the same, if using hole-to-hole initiation, the burden-to-spacing ratio has no great influence on the damage and breakage effect. If
using the row delay MS blasting, with the in-

(8)

Put formulas in (6) and (7) into (8) and a new
formula can be formed as follows:
3 1  cQ）G f 0V 3G f 0V
（

（
）
L
aQ b d
Me

3.6 106 

The Cost of Crushing and Grinding
The Total Cost
The Blasting Cost

80

0

When converting the energy consumption of
mechanical crushing-grinding into electricity
consumption and assuming the unit price of per
KWH is Me (yuan/KWH), then the cost of mechanical crushing-grinding is:

M c＆m 

100

20

If the comprehensive energy utilization rate in
the mechanical crushing-grinding is ξ, the total
energy consumption of the actual mechanical
crushing-grinding is as follows:

Ec&m  r  Ec&m / 

120

(9)
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crease of the burden-to-spacing ratio, the damage and breakage effect will gradually increase.
When using deck charging construction with the
tamping in the middle part of two column
charges, the best blasting effect can be obtained.

(Project No. 2016YFC0801603) and National
Natural Science Foundation of Liaoning (Grant
No. 20170540456).

The blasting crater test is conducted in Anqian
Mining Co., Ltd. and the fragmentation, energy
consumption and grinding efficiency of different charge weight are analyzed. The experimental results show that the larger the charge
weight is, the smaller the average fragment size
is and the greater the damage degree is. The
smaller the energy consumption which is used in
crushing-grinding different sizes ore to mineral
powder.
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Prediction of Run-of-Mine particle size distribution and
grinding circuit performance using blast hole drilling data
C. Paredes, V. Jokovic. and S. S. Kanchibotla
Julius Kruttschnitt Mineral Research Centre, Sustainable Minerals Institute, The University of
Queensland, Brisbane, Australia

ABSTRACT
Modelling the post blast particle size distribution (PSD) is key to evaluate and optimise blast
designs. The basic inputs to any blast fragmentation model are the blast design, explosive properties
and rock mass properties (rock strength and structures); the first two are determined with a high
degree of certainty but the rock properties are typically obtained from the Block Model and thus
represent an interpolated value from exploration core geotechnical tests. The density of samples and
the interpolation process of geotechnical values do not necessarily represent the behaviour and
variability of the rock properties in an accurate manner. At the bench scale, an alternative indicator
of the rock strength (UCS) with a higher density of samples can be obtained by extracting the
Measuring While Drilling Data (MWD) and applying known correlations between MWD and UCS.
The potential of MWD as an estimator of rock strength has been widely shown in the literature, and
MWD strength indicators have been applied in case studies to minimise bit wear, estimate optimal
powder factor and delineate orebody boundaries in open pit mining. This study compares the
outcomes of the Crushed Zone Model (CZM) for a simulated open pit bench blast using UCS data
from the Block Model and an estimated UCS value calculated from real measuring while drilling
data. The structural data and other rock properties obtained from the Block Model, the blast design
and explosive properties remain the same for both scenarios, thus isolating the impact of a better
strength characterisation. The advantages of the higher resolution strength estimator provided by the
MWD data are explored for blast fragmentation simulation and grinding performance prediction.
1

INTRODUCTION

model are obtained from the testing of cores
from exploration and infill drilling. Feed size
distribution is usually obtained from sieving of
belt cuts samples or image analysis. Feed size
can also be estimated from blast models using
the mean values of in-situ rock mass properties
(such as density, structure and strength) from
the block model, blast design parameters and
primary crusher settings.

A good understanding of rock mass
characteristics and how they influence the
performance of key processes in the value chain
is fundamental to predict, control and improve
the efficiency of mine to mill value chain. The
key characteristics that impact the performance
of downstream processes are:




Grade and Mineralogy
Fragmentation or Size
Hardness

The raw data in a block model is obtained from
laboratory testing of cores obtained from
exploration drilling or later infill drilling. The
spacing of exploration holes can be up to 100150 m and infill drilling can be up to 25-50 m.
Therefore, the sample density might not be
representative of the rock mass properties at the
bench scale. The rock properties in between the
sample points in a deposit are estimated using
an interpolation process (e.g. Kriging). One of

Grade of mill feed is typically obtained from
the mine geological block models which are a
3D interpolation of assay data collected from
the testing of samples from exploration drilling
or grade control drilling or blast hole sampling.
Mineralogy and hardness data in the block
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Feed size or fragmentation has a direct
influence on the performance of most
downstream
processes.
The
oversize
fragmentation in the run of mine can impact
excavator and primary crusher productivity.

the central assumptions of the method is that
the variables being interpolated are additive.
Otherwise the estimations are not valid
(Panagiotou, 1998). In the case of rock
breakage properties, this assumption is not
necessarily valid.

Ore hardness and feed size influence the
performance of autogenous (AG) and semiautogenous (SAG) mills (McKee et al., 1995;
Morrell and Valery, 2001). AG and SAG mills
operate better when they are fed with a bimodal distribution: lots of fines (-15 mm),
some coarse rocks (+100 mm) and very little
intermediate size (25-75 mm).

An alternative approach to rock mass
characterization is using the Measuring While
Drilling (MWD) data from blast hole drills.
Modern blast hole drills can collect the MWD
data automatically during the drilling process
and transmit to the mine databases almost in
real time using the fleet control management
network of the mine, thus generating a very
sample-intensive map of data. Multiple studies
in the literature have shown the correlation
between MWD data and rock strength
parameters for rotary drilling in open pit mining
(Teale 1965, Peck 1986, Yin et al., 2000,
Hatherly et al., 2015); MWD techniques have
also been applied in blast design (Lebel 1984,
Segui and Higgins 2002, Rai et al., 2016). The
main advantages of using MWD for rock mass
characterisation are:




lower cost
real time data acquisition and
better representation of rock
variability at bench scale.

Generally feed characteristics is estimated from
the data obtained from the laboratory testing of
samples from exploration drilling, hence its
quality and representativeness is not adequate
to plan, control and optimise the downstream
processes.
3

Multiple studies in the fields of petroleum,
tunnelling and mining engineering have
examined the use of MWD data from rotary
and percussive drills as a proxy to hardness and
structures in the rock mass (Morrell and
Morrison, 1996, Lucifora and Rafezi, 2013, Rai
et al., 2015).

mass

In this study, the authors propose an approach
wherein an MWD-based proxy for rock
strength is used to predict the feed size
distribution and grinding circuit performance.
2

ROCK CHARACTERISATION USING
MWD

Rock properties using MWD can be estimated
either by explicit relationships or by models
based on artificial intelligence (AI). The latter
is a “black box” approach that will receive
MWD inputs and estimate a given rock
property using advanced computational
methods with no governing equation, whilst the
former employ theoretical considerations or
empirical correlations to develop an equation
that relates MWD with a given rock property.

IMPACT OF FEED
CHARACTERISTICS ON
DOWNSTREAM PROCESS
PERFORMANCE

Grade is the fundamental characteristic of feed
and is usually estimated based on assays of
valuable minerals from exploration drilling
and/or
from
grade
control
drilling.
Identification of valuable mineral associations
and the presence of deleterious and penalty
minerals is important to achieve the final
concentrate quality. Understanding the extent
of liberation at specific grind sizes is necessary
to establish optimum grind size to flotation feed
and regrind strategies to maximize flotation
recoveries.

The
following
section
describes
the
development of the estimation of rock
properties using MWD data from rotary tricone
drilling using explicit theoretical and empirical
models. AI techniques are excluded in this
study
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3.1 Estimation of Rock Strength using MWD
Somerton Index

with the specific energy in comminution
processes defined by the three theories of
comminution, synthetised by Hukki (1962).

Somerton (1959) found that the Uniaxial
Compressive Strength (UCS) is not an adequate
measure to fully represent the relationships
between drilling variables; hence, he derived a
new semi-empirical index for drilling strength
of rocks (Sd) from dimensional analysis and a
set of laboratory data as:

It has to be noted that the energy spent during
drilling is not only related to rock properties but
to the drilling process as well. SE might be
sensible to operator’s drilling strategy and
experience, therefore an appropriate data
filtering and processing procedure is paramount
for the use of SE in rock strength
characterisation.

(1)

In order to employ the specific energy as an
indicator of rock strength, a constant size
distribution for drilling chips has to be
assumed, because the same rock can show a
higher drilling specific energy due to a
reduction in the cuttings size. In that respect,
Teale (1965) noted that the best indicator of
rock strength is the minimum SE (SEmin),
which can be achieved using the optimal
drilling thrust and rotational speed. The use of
minimum SE also avoids misleading high
energies resulting from extremely low
penetration rates (see equation (2)).

where,
c
Sd
Weff
N
ROP

= diameter-dependent constant
= drilling strength [psi]
= effective thrust [lbf]
= rotation speed [RPM]
= rate of penetration [in/min]

Specific Energy
From the basic mechanics motion for a rotary
drill Teale (1965) derived the equation for
specific drilling energy (SE):
2

Rock Quality Index

(2)

The Rock Quality Index (RQI) was developed
during the 1970’s in Canada by Mathis (1975)
in an unpublished report. The main idea behind
the concept is that for a fixed drilling method
and constant RPM, the ratio between the weight
(or hydraulic pressure) on bit and the
penetration rate is indicative of the rock quality;
therefore, this ratio can be used as a Rock
Quality Index (RQI). Several site studies
undertaken by Leighton (1982) and Lebel
(1984) proved that for each rock domain in an
open pit mine a representative RQI could be
determined as a strength parameter with a good
correlation to optimal powder factor for
blasting. The RQI showed a good correlation
with rock strength but did not convey enough
information to be linked to rock structures
(Lebel, 1984). Rai et al. (2016) updated the
concept using dimensional analysis and
proposed a modified equation:

where,
SE
W
T
AB
N
ROP

= specific energy of drilling [MPa]
= thrust [MN]
= torque [MNm]
= blast hole area [m2]
= rotation speed [RPM]
= rate of penetration [m/min]

The specific energy of drilling has been widely
applied for rock recognition and drilling
optimization (Scoble and Peck, 1989; Dupriest
and Koederitz 2005). SE represents the energy
spent by the drilling machine divided by the
volume of drilled rock; it is comprised of
breakage energy (energy spent to create new
surfaces) and energy losses (vibrations, heat,
etc.). Most studies implicitly assume that the
energy losses are approximately constant and
the variations in SE would reflect changes in
rock strength. The specific energy of drilling as
defined by Teale (1965) is not to be confused
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∙

∙

Designation (RQD). While an empirical
multivariate correlation can be useful to
optimise the drilling operation on a particular
site, they are always specific to the site or
machine employed to deduct them, thus have
no general application in the field of rock
characterisation using MWD.

(3)

/

where,
RQI

= Rock Quality Index [Nmin/m]
= site-specific constant
W
= thrust [N]
T
= torque [Nm]
N
= rotation speed [1/s]
ROP = rate of penetration [m/h]

Rock Structures
The presence of discontinuities in the rock mass
introduces responses in the drilling parameters
that usually manifest in a sharp variation in the
dependent variables in drilling (ROP/Torque)
as well as less pronounced changes in the
independent parameters (RPM and W). These
changes in measured drilling parameter can
depend on the aperture of the fractures (Barr,
1984). Scoble and Peck (1987) showed that the
ROP peaks recorded in blast hole drilling could
provide a better measure of fracture frequency
and RQD than core logging: the MWD
technique showed improved fracture detection
and eliminated the drilling and core handling
induced fractures.

Other models
The study of drilling performance led to
empirical correlations between drilling data and
rock properties much earlier than the MWD
technology was developed. Rabia (1985)
defends the use of empirical correlation models
over the Specific Energy to evaluate drilling
performance.
Maurer (1962) summarized the knowledge in
the field of drilling performance estimation and
derived a generalized equation for the
relationship between drilling parameters and a
rock drilling property (Sr) for rotary drilling
under perfect cleaning conditions:
∙

Schunnesson (1996) developed an MWD-based
RQD estimation for a tunnel in Sweden and
showed that the presence of fractures not only
changes the average drilling variables but also
increases their spread.

(4)

where,
D
k
Sr
W
N
ROP

Smith (2002) showed that the vibrations data
from blast hole drilling can enhance the
identification of fractures or rock contacts but
this information is not always captured in
standard commercial MWD systems.

= drilling diameter [in]
= proportionality constant
= rock constant
= thrust [lbf]
= rotation speed [RPM]
= rate of penetration [in/min]

It can be shown that if the removal of drill
cuttings is efficient, equations (2) and (4) are
equivalent and the rock constant Sr is
proportional to the square root of SE. Maurer’s
study also proposed an equation for non-perfect
cleaning in a similar fashion to (4) but with
variable exponents for N, W and D.

MWD data from rotary blast hole drilling has
been employed in open pit mining to detect
individual open and partially open fractures and
to calculate fracture frequencies or fracture
count (Babei Khorzoughi et al., 2018). The
accuracy of the technique depends of the rock
strength (UCS) and the dip of the fractures,
with lower detection rate for discontinuities
with higher dip and softer rock.

Most empirical studies present a variation of (4)
(Kahraman,1999; Ataei et al.,2015) or a linear
regression of ROP using N,T,W, flushing
conditions and rock properties such as UCS,
brittleness,
density
or
Rock
Quality

The techniques of detection of fractures or
estimation of rock structures using MWD are
still in an exploratory stage and to the best of
the author’s knowledge have not been
employed in a large scale trial on any mine site.
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Grinding Circuit Performance

1996) or Drop Weight Test. The JKMRC
researchers have integrated blasting models
with the crushing and grinding models to
incorporate the impact of run of mine PSD
(ROMPSD) on grinding circuit performance
(Figure 1) (Kanchibotla et al., 1998; Kanchibotla et al., 1999, Morrell and Valery, 2001).

The first attempt to incorporate an MWD-based
proxy for rock hardness was explored at
Highland Valley Copper (Simkus and Dance,
1998). Contours of “Aquila Hardness” (a
calibrated MWD measure proprietary of Aquila
(Anon., 1998) cited in (Simkus and Dance,
1998) were averaged over a bench and
imported into the fleet management system.
The authors highlight the possible benefits of a
combination of this hardness with an online
particle size monitoring system in mill
operation and control, but no correlations
between the grinding performance and the ore
MWD hardness are shown in their work.

A variety of modelling approaches have been
used to describe the rock blasting process and
to predict fragmentation. They range from
highly computationally intensive numerical
models to reasonably simple empirical models.
The main limitation of most numerical models
is the amount of computational power and time
required to simulate production blasts. Hence,
empirical and semi empirical models are more
popular to predict blast outcomes from
production blasts.

Eloranta (2003) found a poor correlation
between a Grind Index and the rate of blast hole
drilling and attributed the poor correlation to
the presence of bedding planes and the inability
of MWD to detect them.
Research conducted at Carmen de Andacollo
Mine has shown a weak correlation between the
Drop Weight Index (DWi) (Morrell, 2004)
derived from exploration cores and SE
calculated from blast hole drilling.
To this date, very few studies have shown a
conclusive direct correlation between an
MWD-based indicator of rock hardness and
grinding performance. Some of the possible
reasons for this poor correlation are:




4

Figure 1

Proposed approach for grinding
circuit simulation

One of the most popular models to estimate
PSD from production blast is the Kuz-Ram
model. It combines the mean blast particle size
modelled by Kuznetsov (1973) with the work
of Rosin and Rammler (1933) to obtain a full
post blast PSD (Cunningham, 1983). The
research at the JKMRC showed that the
standard Kuz-Ram model underestimates fines
and developed different approaches to improve
fines prediction (JKMRC, 1998).

Very few studies have focused on
understanding the direct relationships
between the blast hole MWD parameters
and corresponding standard ore grinding
characteristics such as Bond Work Index or
JK Drop weight parameters or SAG
grinding index.
Most studies tried to directly correlate blast
hole MWD data with grinding circuit
performance using production data without
considering the variations in feed size
distribution due to blast design changes,
blending ratios and primary crusher
settings.

One of the approaches is the crushed zone
approach developed by Kanchibotla et al.
(1999) and the other is a two component model
developed by (Djordjevic, 1999). Both these
models assume that fragmentation in a blast
takes place in two different mechanisms: 1)
creation of new fractures and 2) liberation of
existing fractures, therefore, estimate the coarse
end and fines end of particle size distribution

PROPOSED APPROACH

The current method to predict plant throughput
incorporates the ore characterization test such
as SAG Power Index (Starkey and Dobby,
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4.2 Estimation of SAG grinding hardness using
MWD

separately. Both models estimate the coarse end
of the size distribution similar to the KUZRAM with slight modifications in rock factor
estimate.

The JKMRC drop weight tester is one of the
standard testing methods used by the industry
to determine the grindability of ore in SAG
mills. In this test a number of ore particles are
broken at different impact energies and specific
input energy (Ecs) and breakage intensity (t10) is
described as a power-law relationship (NapierMunn et al., 1996) shown in the equation 1.

A new approach of using MWD data to predict
the SAG mill performance is proposed in this
paper (Figure 1). The approach uses MWD
based proxies to:




Predict the ROMPSD using the JKMRC
crush zone blast fragmentation model. The
inputs to this model are MWD based proxy
strength, structural characteristics of block
model and actual blast design parameters.
ROMPSD is then fed to the JKMRC
crushing and SAG mill models to predict
the grinding circuit performance. The feed
hardness is derived from MWD based
proxy strength.



t10 (%)  A 1  e  bEcs



(6)

where,
t10
Ecs
A
b

4.1 Estimation of UCS using MWD
The MWD database containing GPS location,
depth, ROP, RPM, T and W for 113 holes is
filtered for outliers and non-drilling conditions
(rod retraction, jams, etc.). The nominal drilling
length is 16.5 m for a 15 m bench, the data at
the beginning (first 2 meters) and the end
(beyond bench height) of blast holes is also
removed to account for blast pre-weakening
and end-of-hole biases.

= percentage of progenies that are
smaller than 1/10th of original size
= specific input energy (kWh/kg)
= limiting value of t10
= parameter that defines the steepness
of t10 – Ecs curve

A detailed description of this test is given by
(Napier-Munn et al., 1996). The product of
drop weight test parameters A×b, has been
employed widely as an indicator of SAG
grinding hardness.
In the proposed approach, the SAG grinding
hardness for each hole is estimated in following
steps.

The specific energy was calculated using
equation (2) for each data point measured at an
interval of 2 seconds (representing 1 to 5 [cm]
along the hole depending on the ROP). The
outliers of specific energy are filtered so that
the extreme values for SE that might be caused
by fractured zones are excluded. The minimum
specific energy for each hole is recorded. The
average of SEmin (
) was calculated for all
the holes in a bench and calibrated against the
average UCS from the block model (
.
The MWD-based UCS (
is estimated
for each hole using the equation:

1. The MWD based UCS for each hole is
estimated using the equation 5.
2. The corresponding point load index for
each hole is estimated as UCS/24 following
Broch and Franklin (1972)
3. The SAG hardness (A×b) for each hole is
then estimated using the empirical
regression fit developed at JKMRC from a
large database of Drop Weight Test results
and Point Load Index (IS50) results
(JKMRC, 2002) as per Figure 2.

(5)
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parameters and the block model-based
parameters for the same ore could be compared.
5

Figure 2

The MWD data from a copper mine is used to
demonstrate the potential of the proposed
approach using MWD proxies and standard
approach of using block model (BM) data.
MWD data was captured from two Atlas Copco
Pit Viper rigs operating with 10⅝ [in] tricone
bits, then the proposed new approach was
employed to estimate the SAG circuit
performance using solely block model (BM)
data and a combination of block model RQD
and MWD-based strength.

Axb estimation from strength
data from JKMRC (2002)

4.3 Estimation of grinding circuit performance
A typical crushing and grinding circuit for an
open pit mine was modelled using the JKMRC
crushing and grinding models embedded in the
JKSimMet software. The grinding circuit
contained a primary crusher and SAG mill in
closed circuit with a recycle/pebble crusher
(Figure 3).

Figure 3

CASE STUDY USING SIMULATIONS

5.1

Comparison of ore hardness
estimates from MWD proxies and
BM data

Figure 4 shows the A×b contours estimated
from hole-by-hole data from BM and MWD
based proxies. The position of the blast hole
collars is shown in the first panel for reference.
The results clearly show that the hardness
contours derived from MWD based proxies has
more resolution than the data from the block
model.

Grinding Circuit Configuration

Initially, the parameters for the SAG model and
Crusher model were fitted based on survey
data. The ROMPSD and A×b parameter were
calculated for each hole separately based on
and
(see sections 0 and 0)
and used as input in the crushing and grinding
simulations. It has to be noted that the SAG
model requires both A and b parameters, so a
fixed A value of 90 was employed to then
calculate the b value as A×b/90; this value was
chosen because the ore was soft (A×b≈70). The
SAG mill load in all simulations was kept
constant in order to preserve the same grinding
conditions inside the mill; this was achieved by
adjusting the throughput. In this way, the
results of simulations for the MWD-based

Figure 4

Axb Model contours for Block
Model (up) and MWD data
(down)

The MWD estimation indicates specific “hot
spots” with very high A×b (very soft rock) and
patches of medium rock, while the BM predicts
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two zones of soft and medium rock with no
local peaks. The observed standard deviation
for A×b is 40 and 18 for MWD and BM
estimations respectively. The F-test shows the
difference in variances is significant with a
99% of confidence.

performance, whereas fines percentage has a
direct impact on SAG mill performance.

5.2 Comparison of ROMPSD estimates from
MWD proxies and BM data
ROMPSD for each blast hole within the bench
was estimated using the blasting parameters
listed in Table 1.
Table 1

Blast Parameters for Simulations

Parameter
Value
Bench height [m]
15
Drill length [m]
16.5
Burden [m]
6.2
Spacing [m]
7
Hole Diameter [mm]
270
Stemming [m]
7
Explosive
ANFO
Explosive density [kg/m3]
0.82
Powder Factor [g/ton]
262
Velocity of Detonation (VOD) [m/s] 3500

Figure 6

5.3 Comparison of SAG mill performance
estimates from MWD proxies and BM data
A simple crushing and grinding circuit was
used to compare the mill performance estimates
from MWD proxies and BM data. The SAG
mill load in all simulations was kept constant in
order to preserve the same grinding conditions
inside the mill; this was achieved by adjusting
the throughput. In this way, the results of
simulations for the MWD-based parameters and
the block model-based parameters for the same
ore could be compared. All the design and
operational parameters such as grate opening
and SAG filling were kept constant.

The ROMPSD estimates (oversize and fines)
also shows a higher resolution with MWDbased proxies compared to the data from the
block model as seen in Figure 5 and Figure 6.

Figure 5

Fines Prediction for BM (up) and
MWD (down)

The ROMPSD estimates and SAG hardness
parameters (A×b) derived from the MWD
proxies and BM data were used in the JKMRC
crushing and grinding simulator JKSimMet, to
predict SAG mill performance. The main
output from the grinding simulations is the
SAG throughput and SAG P80, defined as the
size to reach 80 % cumulative PSD of the SAG
mill discharge product. The rock grinding
media (percentage of ore above 100 mm) and
the pebbles in the SAG feed (particles between
25-75 mm) were also analysed due to their
relevance to the grinding process.

Oversize Prediction for BM (up)
and MWD (down)

The percentage of oversize material in a blast
has a direct impact on loading and hauling
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The number of simulations performed and the
key results for the SAG simulations are
presented in Table 2.

with higher percentage of fines in the
ROMPSD the MWD estimations (red and
yellow zones in Figure 6).

Table 2

SAG Simulation Statistics
BM MWD
Number of simulations
9
13
μ 2506 2487
Throughput [tph]
σ
107
153
μ
9.22 9.13
P80 [mm]
σ
0.83 1.06
μ
26.6 25.3
Pebbles [%]
σ
0.50 2.45
μ
48.1 47.5
Grinding Media [%]
σ
0.54 1.62

The simulation results show no significant
difference in the average (µ) throughput
estimates using the BM values and MWD
proxies. However, a significantly higher
standard deviation (σ) was estimated with the
MWD proxies. Similar observations can be
made for the SAG P80, percentage of pebbles
and grinding media.

Figure 7

5.4 Potential application to predict short term
performance of SAG mill
One of the objectives of using the MWD based
approach is to predict, control and optimize
mill performance in the short term. The SAG
mill performance estimates from each blast
hole were used to understand the impact on
SAG mill performance on an hourly basis. A
simple eastward digging direction (left to right
as indicated by the arrow in Figure 7) and direct
feeding to the primary crusher were assumed in
the estimation of the throughput and P80 of the
SAG mill (Figure 8).

A multivariate regression model was built for
throughput and P80 using the outputs from SAG
simulations (Equations 7 and 8).
779
328

114
/

/

343

SAG Throughput Model for BM
(up) and MWD (down)

(7)
(8)

where
Tput
A×b
F20

= SAG throughput [tph]
= Drop Weight Test SAG hardness
= Size to reach 20% of the cumulative
ROMPSD [mm]
= Size to reach 80% of the cumulative
P80
SAGPSD [mm]
It is important to note that these regression
equations are empirical and limited to the data
and should not be considered as general
equations. The above regression equations were
used to estimate the SAG throughput for each
blast hole using the inputs from BM and from
MWD proxies. The results show that the net
difference in throughput estimates between BM
data and MWD proxies can be up to ±500 [tph]
or equivalent to ±20 % (Figure 7). The areas
where MWD data predicts a higher throughput
(red zones in Figure 7) match closely to zones

Figure 8
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Modelled SAG Throughout and
SAG P80 performance estimated
for the entire bench
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As expected, the SAG throughput and P80
estimated based on the block model data is
fairly constant over time compared to the
estimates based on the data from MWD
proxies. For example, in a 12 hour shift shown
in Figure 9, MWD data predicts spikes in
productivity at 2nd, 5th and 11th hour into the
shift. In a fully integrated mine, this
information could be used to make changes in
the operating parameters of the SAG mill to
better accommodate the predicted changes in
ore hardness and feed size. In most cases the
downstream processes (ball mill and flotation
circuits) impose restrictions on the maximum
throughput for the SAG mill. For example, if
the blue line in Figure 9 represents the
downstream constrain (at 2750 tph), the spikes
in production observed at 2nd and 11th hour
could not be achieved. However, the operator
could change the SAG operating parameters to
grind finer at limited throughput to maximise
recovery from downstream performances.
Similarly, if there is advance information that
the throughput may drop during the 6th hour
due to less fines in the feed, the operator may
implement strategies to blend some high fines
ore from ROM stockpile during that time to
increase throughput.

following limitations before it can be tested at
mine sites:





Source of variability in MWD data
Calibration and validation of MWD-based
Strength Indicators
ROMPSD estimates
Limitations of grinding models

The source of variability in the MWD dataset
needs to be properly understood before
correlating them with rock characteristics.
Some of the variations may be due to operator
ability, bit wear or machine parameters rather
than due to rock characteristics. It is therefore
important to understand the implication of these
input factors and develop methods to normalize
them so that only variations in MWD due to
rock characteristics are captured.
The use of SEmin as the MWD rock strength
estimator is only a starting point and has not
been tested. Other strength indicators such as
the Sommerton Index, RQI or AI methods
could also be tested in the future, provided they
are calibrated adequately against operational or
experimental data. The SEmin was selected for
this study, because the literature suggests it is a
better indicator of strength than other
parameters (Teale 1965).
The crush zone blast fragmentation model
presented in this paper estimates ROMPSD for
each blast hole and does not take into account
the variations due to energy distribution and
rock properties.

Figure 9
6

The SAG model presented in the paper was
operated under a constant filling because of its
limitation to represent the change in breakage
energy at different filling levels. In a real
operation, if the rock hardness or feed size
changes, the filling level will change. The
grinding circuit operator would then adjust the
operating parameters in a dynamic manner to
maintain the SAG filing at the optimum level.

Modelled SAG Throughout and
SAG P80 for a 12-hr shift

DISCUSSION

The main purpose of this paper is to show the
potential benefits of using MWD based proxies
to predict grinding circuit performance
compared to the standard approach of using the
data from block models. This approach is still
in its infancy and needs to address the

7 CONCLUSIONS
The potential of real MWD data to better
capture rock variability has been highlighted in
this study. The preliminary results show the
potential to calibrate MWD proxies to predict
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feed characteristics (PSD and hardness) and
mill performance (throughput and grind size)
on a bench scale. This research is still in its
infancy but if this approach is proven, then it
can be integrated with the fleet control system,
using load-by-load information to predict,
control and optimise the mill performance on a
short term basis.
8 FUTURE WORK
The key assumption in most research
attempting to predict crushing and grinding
performance using MWD is that the drilling
parameters convey information about the
breakage during drilling which can be used as a
proxy for the breakage process at the
comminution stages. Despite progress in the
field, there is no definitive conclusion that this
assumption is true.
In order to validate prediction of grinding
circuit performance using MWD, a laboratory
scale trial integrating drilling and comminution
is proposed. A paired drilling-comminution
laboratory program would provide a controlled
environment to eliminate most of the noises
that obscure a correlation in field studies such
as bit wear, operator bias, material tracking and
blending.
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Estimation of blast Induced damage of saturated rib-pillars in
Large Diameter Blast Hole (LDBH) stope
D. Deb, S. Mohanto and Y. K. Gujjala
Department of mining engineering, IIT Kharagpur 721302

ABSTRACT
Prediction of rock mass damage induced by underground stope blast in mines is crucial when dealing
with large scale production as in Large Diameter Blast Hole (LDBH) stoping method. The present
study deals with investigation of blast induced damage in the surrounding rib pillar in an underground
mine. Transverse method of stoping is used for ore extraction with stope and rib pillar width of 20 m
with varying length. Ring hole blasting is carried out for a burden of 3.5 m having hole diameter of
165 mm. About 3.9 tonne of explosive is used for a single slice of ore, thereby imposing threat to the
rib pillar which maintains the stability of the existing underground structures. The main objective of
this study is to determine the extent of damage developed onto the supporting rock mass in saturated
and unsaturated rock conditions. Dynamic blast load is applied in the blast holes as pressure boundary
condition which is generated based on blast simulated data in pre-existing blasting software. The
delays in the blast hole are also maintained as per practical field condition. Graddy-Kipp continuum
damage theory is applied in the simulation in order to estimate the damage induced in rock mass due
to blast load. A numerical study is later carried out on how the blast damage is varying in presence
of no-fluid condition compared to water filled rock-mass. Water saturation is attained using Biot’s
theory of consolidation for continuous porous media. Physical discontinuities such as joints and
cracks are incorporated using equivalent rock mass properties into the 2D-FEM model. Stability indicators are evaluated in terms of velocity and damage induced in the rock mass surrounding zone of
stope blast. Based on the above study using numerical modelling, some useful conclusions are drawn,
which will enhance the safety of underground structures.
1

INTRODUCTION

of complexities involved in conducting such
tests.

Safety and stability of underground structures
including pillars in mines are often endangered
when the rock mass is subjected to large production blast in LDBH stope. Often, a damage zone
is induced in the rock mass, which includes micro cracks, spalling, even V-shaped notches due
to excavation or underground blasting. Predicting responses of rock mass against blast loading
is a complex phenomenon and involves understanding of factors such as rock properties, orientation of discontinuities, extent of weathering,
confining pressure in rock, blast parameters etc.
Explosion due to blast induces multiple reflections of shock wave and channeling of wave in
the rock mass which further complicate the problem. Experimental investigations to understand
the response of pillars subjected to blast load in
underground mines is also cumbersome because

Many studies have been conducted to study the
blast induced damage on underground structures. The response of rock mass subjected to
blast loading depends on factors such as overpressure induced by blast and peak particle velocity (PPV). Different empirical equations have
been developed based on laboratory experiments
and field measurements for various mine and
tunnel scenarios (Ozer 2008; Wei et al., 2009;
Ramulu et al., 2009; Deb and Jha, 2010; Jian and
Zhou, 2012; Xia et al., 2013; Yugo and Shin,
2015; Singh et al., 2015). Ma et al., (1998) investigated a continuum damage model for rock
mass failure to analyze the damage zone, displacement and plastic zone due to underground
blast by comparing experimental and numerical
results. It is found that the extent of blast induced
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and the Graddy & Kipp (1979) tensile damage is
applied in the model Hence, two different conditions i.e. unsaturated and saturated conditions
are taken into consideration. The analyses results obtained have been studied for (1) velocity
and (2) damage induced in the surrounding rock
mass including the adjacent rib pillar. These numerical results provide a reference for the damage on the rib pillar due to production blast.

damage depends not only on the in-situ stress
state, but also on the explosive types, such as
ANFO and emulsion explosives. Andrieux et al
(2003) estimated the blast induced damage using
vibration contour in rock (VCR) software, which
plots vibration contours using the HolmbergPersson equation. It has been also observed that
shock waves travel faster in saturated rock mass
as compared to dry rock condition (Berta, 1994;
Guldemeister et al., 2011, Babanouri et al.,
2013). Zhu et al., (2014) numerically simulated
a 2D model considering the dynamic stress redistribution estimate the induced damage zone
around the excavation under different lateral
pressure coefficients. Yang et al. (2017) carried
out a 2D numerical simulation to investigate the
rock damage induced by dynamic stress redistribution and blast loading. It is observed that the
extent of rock damage increases with increase in
in-situ stress levels and excavation dimension.
The numerical and experimental results show
that the dynamic stress disturbances influences
the evolution and extent of excavation damage
zone (EDZ) around deep tunnels (Yan et al.,
2015; Yang et al., 2015). It is still unclear to
what extent blasting affects the extent of damage
zone in underground. Thus, to fully understand
the formation of damage zone, it is significant to
numerically study the blast induced damage on
underground structures. However, 2D nonlinear
dynamic analyses for blast induced damage with
multiple holes considering production blast in
underground mines is rather unavailable in literature.

Figure 1

2

Google earth map of Malanjkh
and open pit and underground
mine.

GEOLOGY OF MINE SITE

Malanjkhand Copper mine is located at 90 km
north-east of Balaghat district in Madhya Pradesh, at an altitude of 576 mRL. It is an open pit
copper mine and is the single largest copper deposit of India with nearly 70 % of country’s reserve. It contains ore reserves and resources of
221 Mt with 1.31% copper. The Malanjkhand
deposit is associated with a large, mineralized
quartz reef, which is approximately 2200 m
long, 60 m wide and extends vertically over 600
m. The geology of the Malanjkhand area consists of basement complex and weakly metamorphosed sedimentary rocks of the Chilpi ghat series. Copper mineralization at Malanjkhand is
hosted by the quartz reef, and mineralized granite. The quartz reef is also intruded by an aplite
body in the central part of the deposit, along part
of shear plane, thereby, dividing the orebody
into two parts. Hence, two separate underground
mines i.e., North and South mine are proposed
to be developed; although, it is a single open pit.
The average thickness of the orebody is 60 m,
dipping towards east at an angle of 70.

The specific objectives of the present study are
to develop a 2D finite element model to simulate
the effect of ring pattern stope blast on adjacent
rib pillar with in-house developed numerical
code. Two cross sections have been considered
at different depths from the drill crosscut. The
rock medium i.e. orebody is modelled using Eulerian elements. Blast load may generate strain
rate up to 104/s in the surrounding rock medium.
Blast load profile obtained from simulation of
ANFO explosive in rock medium is applied on
the blast hole surface. Since the study area receives an annual rainfall of 2000 mm every year,
it is expected that the rock mass will be partially
or fully saturated during the monsoon season.
Water saturation in the numerical procedure is
brought about by Biot’s consolidation theory

Currently, open pit mine is in operation and development work is being conducted in the under-
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spacing to the powder factor in underground
blast is given by:

ground mine. The open pit mine will be operative up to a depth of 240 m below the surface.
The present depth of open pit mines is 228 m.
Malanjkhand underground copper deposit has
the potential to produce 4.5-5 Mt per annum.
Figure 1 shows the google earth image of
Malanjkhand open pit and underground mine.
The access to the underground deposit below ultimate pit is by decline and shaft from the surface. A 40 m solid vertical pillar is left below the
ultimate pit as crown pillar, maintaining the stability of the underground mine. The stope height
for the first level will be 60 m followed by 75 m
for the subsequent lower levels with crown pillar
thickness of 12 m in between two subsequent
levels. LDBH stoping method will be adopted
for ore extraction along transverse direction to
the strike of the orebody. The stopes will be developed by driving drill crosscut, extraction
crosscut, trough crosscut and extraction drive.
Stoping operations will be carried out in sequential manner and the void stopes will be hydraulically backfilled before mining the adjacent secondary stopes. Two prominent set of joints
prevail in both orebody and waste rock. The average geological strength index (GSI) of the
Malanjkhand mine site varies between 60 and
70. The crosscuts, drives and brow of extraction
crosscuts will be supported with rock bolt, cable
bolt, wire mesh, w-strand etc.
3

B×S =

L×Mc
H×K

(1)

Where
B = nominal ring burden (m)
S = nominal toe spacing (m)
L = length of explosive column (m)
H = average hole length for ring drilling (m)
Mc = explosive mass per unit length (kg/m)
K = powder factor (kg/m3)
D = explosive diameter (m)
It is assumed that the powder factor is 1 kg/m3
for all calculations. Explosive charge per unit
length is considered to be 20 kg/m for 165 mm
diameter blast holes and 2 kg/m for 54 mm diameter blast holes as practiced in Khetri and
Kolihan mines, India. Substituting the values in
the above equation and assuming ring burden to
be 1.4 times the toe spacing, the nominal ring
burden and toe spacing are found to be around
3.5 m and 5 m respectively. Figure 2 shows the
schematic details of proposed blast design for 60
m stope height respectively with stope width of
20 m. A ring of 14 holes will be drilled below
the horizontal plane of the drill drive at an interval of 8 – 12 degrees. The first 3 holes from the
horizontal plane on either side are 57 mm in diameter; whereas the number of large diameter
blast holes (165 mm) are 11. Hence, a ring of
first 3 holes (57 mm diameter) on either side
from the horizontal plane are repeated at a distance of 1.75 m from the main ring. The large
diameter holes extend up to a vertical depth of
41 m; and horizontally up to an extent of 8 m on
either side from the central axis of stope.

BLASTING AND CHARGING
PATTERN

The stopes of the underground mine will be extracted by LDBH method. In this method, ring
holes are drilled from a central point in the drill
crosscut and radiate outwards to the boundary of
ore block being mined. Large diameter holes of
105 – 165 mm are drilled from the drill crosscut
in ring pattern. For the present study, 20 m stope
width has been considered. The drill diameter is
not varied for holes except 3 near horizontal
holes in either side. The spacing-burden ratio is
normally assumed to be 1.2 for ring hole blasting; but it can be as high as 1.6. In normal ring
blasting, good fragmentation and fairly high
powder factors are required. A powder factor of
1 – 1.2 kg/m3 would suit a dense, strong rock in
underground stope blasting (Hustrulid and Bullock, 2001). The formula relating the burden and

Due to radial charging of long radial holes, there
will be varying powder factor with the maximum
near the collar and the minimum at the toe portion. This results in poor fragmentation of
blasted ore, which may require secondary blasting up to 10 – 20% of blasted ore muck. This
causes low productivity and higher cost on account of drilling and blasting. Since ring holes
are to be drilled for production blasting of
stopes, differential charging of holes should be
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carried out to avoid serious overcharging and to
maintain the powder factor throughout the entire
stope height. All the long radial holes are
charged few meters away from the collar in an
attempt to make a uniform powder factor
throughout the blasted ore. In addition, differential charging minimizes the damage to the surrounding rib pillars which maintain the stability
of the underground structures.
The uncharged length (stemming length) should
not exceed two-thirds of the length of the blast
hole (Hustrulid and Bullock, 2001). The minimum stemming length is kept around 3 m from
the collar; whereas 1.5 m plug is maintained at
the bottom of the blast hole to prevent the outflow of explosive from the hole above the
trough.

Figure 3

Schematic diagram showing concentric rings Ai for 20 m stope
width.

The amount of charge (Ci) in each concentric
ring is calculated using specified powder factor
(K) burden (B) and area of each concentric ring
(Ai).
The charge length in each concentric ring is calculated to maintain the specified powder factor.
The actual amount of charge is also calculated
based on the assumption that the uncharged
length should not be more than two-thirds of the
hole length.
Figure 2

Schematic diagram showing blast
design for 60 m stope height and
20 m stope width.

Several differential charging patterns can be obtained using different permutations for a specified drilling pattern. But a more homogeneous
charging pattern will give better results in terms
of fragmentation and production. Figure 4 shows
the differential charging pattern for 20 m stope
width. The variation of powder factor with and
without differential charging for 20 m stope
width is shown in Figure 5.

The powder factor approach is used to determine
the charge pattern. Each 3.5 m slice of stope is
divided into concentric rings (Ai) with each successive ring of radius 5 m higher than the previous ring (except A1 whose radius is 10 m) as
shown in Figure 3 for 20 m stope width. Point O
is the central point from which all the concentric
rings are drawn; whereas Ai represents the area
of the individually concentric rings respectively.

It is observed that powder factor varies between
1.2 and 2.7 kg/m3 when the blast holes are
charged without differential charging. It is maximum near the collar of the hole and keeps on
decreasing towards the toe. The varying powder
factor explains the fact for uneven or poor fragmentation of the blasted ore as well as severe
damage to the surrounding rib pillar. However,
with differential charging, a uniform powder
factor of 1 – 1.3 kg/m3 can be maintained for all
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concentric rings for given blast design parameters with 20 m stope width. This uniform powder
factor will result in better fragmentation of
blasted ore eliminating the need of secondary
blasting, reduce explosive consumption, increasing productivity, decreasing drilling and blasting
costs and may also lessen the damage to surrounding pillars.

Figure 7

Figure 4

From this analysis, it can be inferred that for production requirement of 16,700 tonne/day with
20 m stope width, 4 numbers of rings are required to be blasted per week. The total amount
of explosive consumption per ring is around 3.9
tonne and the maximum explosive charge per
delay is about 730 kg.

Differential charging pattern for
(a) 20 m stope width with (b) section AA' (Model 1) and (b) section
BB' (Model 2).

Figure 5

Graphical plot showing variation
of powder factor (20 m stope
width).

Figure 6

2D blast model along section AA'
(Model 1).

2D blast model along section BB'
(Model 2).

4

2D NUMERICAL BLAST MODEL

The 2D finite element model of rock medium i.e.
orebody is prepared using Eulerian elements as
it is useful for simulations with large deformation and stress in the element. Two cross sections AA’ (Model 1) and BB’ (Model 2) at a
depth of 15 m and 40 m from the roof of drill
crosscut are considered to study the effect of
damage on the surrounding rib pillar at different
locations as shown in Figure 4. Along section
AA’, there are a total of nine blast holes which
include four holes with stemming material.
Whereas, for section BB’, all the five holes have
ANFO explosive in it. To reduce the computational time, only half portion of the cross sections are considered as they are symmetric along
the vertical axis at the middle of the stope. Figure 6 and Figure 7 show the 2D models along
cross section AA’ and BB’ respectively. The delay interval between each hole is 25 ms i.e. 0 ms
for the left blast hole followed by 25 ms for the
next blast hole towards the right and so on. To
simulate the damage due to blast, the model is
densely discretized around the blast holes; however, the mesh density decreases towards the
model boundaries, where almost no damage is
expected. A total of 2661 and 4352 elements are
generated for model 1 and model 2 respectively.
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5

POROUS MEDIA GOVERNING
EQUATIONS

2

A fully saturated porous media is modelled following Biot’s (Biot, 1941) consolidation theory.
In general, porous media can be modelled using
u-p, u-w and u-U governing equations as vividly
outlined in the paper written by Zienkiewicz and
Shiomi (1984), where u, w and U represents rock
displacement, relative fluid displacement and
absolute fluid displacement respectively. The
dynamic equilibrium and generalized Darcy
flow equations for the solid-fluid mixture can be
written as:
⋅

0
0

(8)
(9)

(2)

Where, V12= (λ+2μ+α2 Q)/ρ and V22=μ/ρ are primary and secondary wave velocities, λ and μ being Lame’s constants; (un) ̇and (uτ) ̇ are the normal and tangential rock velocities at the infinite
boundary edges, similarly (wn) ̇and (wτ) ̇ are the
normal and tangential relative fluid velocities.
σn, στ and p.

(3)

7

where σ is the total stress tensor, b is the body
force, u and w represents rock matrix displacement and relative fluid displacement vectors respectively, p is the fluid pressure and K is the
permeability matrix. Here dot over variables
represent time derivatives; α and Q are related to
material parameters which can be expressed as
following:
(5)
(6)
where, Ks and Kf are the bulk moduli of the solid
and pore fluid, respectively; Kd is modulus of the
solid skeleton.
6

BLAST PRESSURE PROFILE

Simulations allowing accurate description of explosive detonation and explosive-rock interactions are more suitable for the cases that consists
of only single or few blast holes. If such simulation is applied to real mining practices, which
consist of more number of blast holes, it will present considerable challenge for model meshing
and computation. Semi-empirical formulae and
detonation theories have been developed to estimate the peak pressure exerted on the blast hole
by researchers (Starfield and Puglies, 1968;
Persson et al, 1993). The present study adopts
the blast pressure profile obtained from simulation in ANSYS AUTODYN software considering 165 mm diameter blast holes with ANFO explosive surrounded by orebody as rock medium.
Figure 8 shows the blast pressure profile applied
to the surface of the blast hole with time.

(4)

1

(7)

BOUNDARY CONDITION

Infinite boundary condition is applied on all the
edges of the model except EF and FG as shown
in Figure 6 and Figure 7. Dynamic analysis requires an absorbing boundary in the model to
dissipate the stress waves reflecting back from
the boundaries. Displacement based absorbing
boundary condition is incorporated into the
model based on the algorithm presented by Akiyoshi et al. (1994). These absorbing boundary
conditions are equivalent to the viscous boundary in the fundamental mode. The impedance in
time domain applied at the boundary can be written as:

Figure 8

Blast pressure profile.

This time varying pressure is applied in the blast
holes considering equal charge distribution.
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8

DAMAGE MODEL

Cg is the crack growth speed of the material. The
effective tensile strain  given by (Melosh,et al.,
1992) is:

Rock mass subjected to impulse loading undergoes time dependent tensile fragmentation.
Modelling this damage behavior in the rock under such loading was studied in detail by Grady
and Kipp (1979). An improved version of the
damage algorithm based on local tensile strain
and inherent flaw concept is given by two parameters (k, m) Weibull distribution. A scalar
damage parameter D, (0 ≤ D ≤ 1) is used to stress
upon onset of damage. An approximate differential form of D is:
dD1 3 (m  3) 13 m 3

 
dt
3

   max

 min  ( Ak )1 m

(10)

8 Cg 3 k

(12)

where σmax is the calculated maximum positive
principal stress, and K and G are the bulk modulus and shear modulus respectively. Accumulation of damage begins when effective strain exceeds a threshold value  min :
(13)

where A is the area of the 2D element. The scaling of the tensile stress is done in the principal
stress space and then transformed to the global
coordinate space.

where α is a material constant calculated from
three material fracture parameters k, m and Cg.



4 

K  G
3 


(11)

(m  1)(m  2)(m  3)

Table 1. Material properties used in numerical analyses.
Rock Type
Orebody
Stemming

9

Density 
(kg/m3)
2690
2000

Compressive Strength
of intact rock ci
(MPa)
144
-

Tensile Strength
of intact rock ti
(MPa)
12
-

MATERIAL PROPERTIES

Young's modulus
of rock mass Em
(GPa)
8.461
0.15

Poisson's
ratio
0.16
0.25

6.44e+25 and 7 and crack growth rate is taken as
1300 (Grady & Kipp, 1979).

The material properties of the orebody considered from the analysis are shown in Table 1. The
mechanical properties of the intact rock are determined from laboratory experiments. Physical
discontinuities such as joints and cracks are incorporated using equivalent material properties
estimated from GSI, depth from ground surface,
uniaxial compressive strength of intact rock (ci)
and Young’s modulus of intact rock (Ei) using
Rocscience software (2002). Porosity for the
orebody is estimated to be around 12%, whereas
permeability both in x and y direction is taken to
be 1.02e-09 m3s/kg; Bulk modulus of the grain
matrix is taken as 1e+20 Pa and that of fluid is
taken as 2.10e+09 Pa. Material damping is
achieved using Rayleigh damping parameter;
damage parameters for the ore body (granitic
rock type) include Weibull k and m parameter as

10 RESULTS AND DISCUSSIONS
In this section, results obtained from the dynamic analyses are presented in terms of velocity and damage zones in the rock mass surrounding the zone of stope blast. The results obtained
are then compared for the saturated and unsaturated conditions.
10.1 Velocity in the surrounding rock mass
Figure 9 and Figure 10 show the magnitude of
velocity vector plots with time elapsed after the
left hole is blasted for model 1 and model 2 respectively. Results are obtained at point X (Figure 6 and Figure 7), which is 3.5 m inside the
stope from the first round of holes The results
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are shown in terms of magnitude; where the
magnitude of velocity u is expressed as
u = u 2x  u 2y

thus, higher magnitude of velocity as also mentioned in Berta (1994).
10.2 Damage in the surrounding rock mass

(14)

Figure 11 and Figure 12 show the rock damage
contour profile for model 1 and model 2 respectively. As expected, the damage zone extends
more for unsaturated rock mass towards solid
rock side. Water saturation increases damping
force and reduces intensity of stress level. In
practice, a row blasting should not disturb the
blast holes in the next row located about 3.5 m
away. It is evident from the contour plot that the
damage does not extend to the next row of hole,
which is 3.5 m away from the first row in both
the models for the saturated condition. For the
unsaturated condition, the damage value around
the second round of blast holes varies between
0.1 and 0.2, which may not affect the blast holes.
The damage, however, extends to a distance of
1.5 -2.0 m around the vicinity of blast hole with
value ranging between 0.75 – 1.

where ux and uy are x and y directional velocities
respectively. Hence, all the values are positive.
This location is taken because the burden for the
next row of blast holes is 3.5 m, and hence they
should not be disturbed or damaged. It is observed that velocity at point X for both models
have higher values for saturated condition as
compared with unsaturated rock mass. The maximum percentage increase in magnitude of velocity for saturated condition for saturated condition for model 1 is 66 % more as compared to
saturated condition; whereas for model 2, the
maximum percentage increase is 67%.

Figure 9

Velocity at point X for model 1.

Figure 11 Damage contour profile for
model 1 in (a) unsaturated condition and (b) saturated condition.
Figure 10 Velocity at point X for Model 2.
It can be attributed to the fact that the unsaturated rock mass consists of void, pores, fractures; whereas in case of saturated rock mass,
these voids are saturated with water and act as
medium for propagation of shock energy,
thereby, resulting in reduced attenuation and
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extraction in underground metal mines. These
large scale production blast induces damage in
the pillars surrounding the blast zone which
maintains the stability of the underground structures. The present study aims at estimating the
velocity and extent of damage zones induced by
production blast in the rib pillars under saturated
condition. Two dimensional finite element analysis of rock mass subjected to blast load has been
performed with Eulerian elements using inhouse developed numerical code. Following
conclusions are drawn based on the results of
studies.
1. Differential charging in the ring holes has
considerably reduced the explosive consumption in the individual holes and also resulted in maintaining the powder factor between 1 and 1.3 kg/m3.
2. Magnitude of velocity is found to be higher
for saturated condition as compared to unsaturated condition. It can be attributed to
the fact that void or pore in the rock mass
are saturated with water and act as a continuous medium, thereby resulting in reduced
attenuation.
3. Extent of damage zone is more in case of
unsaturated condition as compared with the
saturated condition which can be attributed
to the additional damping due to water in
pore spaces.
4. The damage does not extend to the next row
of hole, which is 3.5 m away from the first
row in both the models for the saturated
condition. For the unsaturated condition, the
damage value around the second round of
blast holes varies between 0.1 and 0.2,
which is nominal.
5. The damage observed does not extend to the
surrounding rib pillar in both the models.
However, there is minimal damage in the
corners due to tensile stress generation due
to reflection of waves from the free surface.

Figure 12 Damage contour profile for
model 2 in (a) unsaturated condition and (b) saturated condition.
Damage or fracture in the box shown in Figure
11 shows that near the free surface area, fragmentation size may not be within the desire limit
for the saturated condition. It can be attributed to
the fact that delay interval between the two blast
holes is 50 ms since the hole in between two
charged holes is filled with stemming material.
However, this may not occur in real case since
the rock will break in the longitudinal direction
which is not considered in this simulation. Rock
spalling around the corners is observed for both
the models. The contour also shows that damage
does not extend to the surrounding rib pillar in
both the cases. Therefore, the study suggests that
rock fracture and damage may not affect significantly even if rock mass is fully saturated.
It may be prudent to mention here that blasting
operation in fully saturated condition would be
difficult since blast hole may get filled with water. For both unsaturated and saturated condition, this study has assumed similar detonation
pressure to be generated due to blasting and will
be applied to the blast hole wall. However, in reality, explosive performance may be deteriorated due to presence of water in the blast hole
and if the same explosive is loaded, it may lead
to boulder formation between holes.
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ABSTRACT
The fracture patterns of granite cylinders having diameter of 228 mm and length of 300 mm and
different boundary conditions were investigated in blast experiments. Conclusions are made from
strain measurement and from studying the post-blast specimens. Five specimens were tested, all
with a centric vertical borehole (14 mm) and an explosive charge (PETN) of weight approximately
5.5 g. The granite was placed inside 300 mm long encasing steel tubes to model different lateral
(radial) boundaries. Three types of boundary were used: fully confined boundary, gravel-confined
boundary and free surface. The borehole expansion and the crushed zone extension on the crosssection of the specimens were studied. Diameters of expanded borehole in the range of 14.9 mm to
21.0 mm and a crushed zone between 18.6 mm and 27.7 mm were determined. The largest fracture
range was determined for the gravel-confined boundary specimen. The two specimens with free
boundary formed different extents of fragmentations. Strain variations measured in the confining
steel showed the repeatability of the experiments and displayed the influence of different
boundaries.
1

INTRODUCTION

fractured zone (Zhang 2016). These three zones
are important for the fracturing and
fragmentation of the rock, and affect the
profitability of the mining. Fine fragments
produced in blasts are generated predominantly
in the crushed zone close to the borehole, while
coarser fragments are generated in the fractured
zone further away from the borehole
(Kanchibotla et al. 1999). From model blasting
tests, as well as full-scale blasts, researchers
have developed different models to predict the
degree of fragmentation (Djordjevic 1999;
Kanchibotla et al. 1999; Hall and Brunton
2002; Ouchterlony 2005).

Rock blasting is essential in rock engineering
works, especially in mining and tunnelling.
Detonation of explosives involves a very rapid
chemical reaction following the shock wave
front. As a result, rock material surrounding the
explosive is subjected to extremely high
pressures. The loading process of explosive
energy has been employed for fracture and
fragmentation of hard rock for several decades.
However, current rock blasting practice is
primarily designed by empirical observation. In
order to make blasting arrangements more
efficient and reliable, we should improve the
knowledge on rock fracture characteristics
under various loading and boundary conditions.

In blasting operations, a free surface parallel to
the borehole axis and sufficient space for
swelling nearby are two significant factors for a
satisfactory result, such as good fragmentation
of rock (Zhang 2016). The free surface
contributes to the rock fractures since the

The rock material affected by blasting may be
divided into three zones: the borehole
expansion zone, the crushed zone and the
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outgoing compressive wave is reflected from
the surface as a tensile wave. Field and
Ladegaard-Pedersen (1971) conducted blast
experiments on block specimens of Perspex and
concluded that the reflected tensile stress wave
from the free surface controls the length and
direction of radial cracks. Using dynamic
photoelastic
analysis,
Fourney
(2015)
concluded from model blast experiments that
the P-wave spreading out from borehole
initiates cracks from flaws near the free surface,
which soon arrest until the S-wave arrives and
reinitiates the cracks along the radial direction.

fracture patterns of laboratory specimens, in
order to provide general insight into the
fracturing
process.
Small-scale
granite
cylinders were subjected to blast loading in an
explosion chamber. The cylindrical granite
specimens were placed into steel tubes (Figure
1) and the gap between the granite and the tube
were either filled or left empty to model the
different boundary conditions. The blast
process was monitored by strain recordings
from strain gauges attached on the steel tubes.
The post-blast specimens were collected to
observe the borehole expansion, the crushed
zone extension and the general fragmentation,
and strain curves were constructed.

The swelling space is essential for successful
rock blasting. After the rock is fractured,
swelling space lets the fragmented volume
expand and forms the new free surfaces for
subsequent initiations in multi-hole delayed
blasts. It also provides the possibility of
fragment collision (Zhang 2016) and further
fragmenting. Johansson and Ouchterlony
(2011, 2013) conducted blast experiments on
casted grout specimens to investigate the
influence of confinement on specimen
fragmentation
and
concluded
that
a
confinement made the fragmentation coarser,
compared to the case with free surface. For
multi-row blasts Winzer et al. (1983) argued
that more oversize rock fragments were formed
from the first blasthole row than from the other
rows. The swelling space of the rock in front of
the first row was large (unlimited), and the
fragments can move freely, thus much kinetic
energy contributes to further fragmentation in a
limited way. Zhang (2016, 2017) proposed that
the kinetic energy of fragments should be
utilized for a secondary fragmentation of the
rock mass in open pit and underground mining.
It was suggested that a part of the muck pile
from the previous blast should be kept as a
barrier in front of the new face (bench and
ring), with a clearance providing free surface,
swelling space and the barrier for the fragment
collisions. From the above literature, it is clear
that the tensile stress wave from free surface
contributes to fragmentation, while the free
boundary represents a disadvantage with
respect to the secondary fragmentation.

2

EXPERIMENTS

The test cylinders for the experiments were
made of a fine-grained granite rock from
Fangshan District (Beijing, China). Five
specimens are reported in this paper. The grain
size of this granite is in the range of 0.05 mm to
0.7 mm, the rock density is 2.74 g / cm3,
Young’s modulus is 44 GPa and Poisson’s ratio
0.23. The uniaxial static compressive strength
of granite is 84 MPa, while the static tensile
strength is 6.3 MPa determined from Brazilian
tests. The granite cylinders had a diameter of
228 mm and a length of 300 mm, as shown in
Figure 1. Four specimens were placed inside a
steel casing, consisting of a 300 mm length of a
steel tube. The tube had an external diameter of
300 mm and a wall thickness of 16 mm. Figure
1 shows the specimen geometry, defines the
borehole and charge dimensions, and shows the
strain gauge arrangement. One uniaxial strain
gauge (350 Ohm) was mounted on the lateral
surface of the steel tube to measure the
circumferential (hoop) strain. The strain signals
were recorded by a 24-bit isolation data
acquisition device (LTT24, LTT Labortechnik
Tasler GmbH), which was integrated with
signal conditioning of a quarter-Wheatstone
bridge. The logging frequency was 4MHz. As
shown in Figure 1, each specimen had a centric
borehole with the diameter of 14 mm and a
length of 200 mm. The specimens had similar
charge weights, approximately 5.5 g PETN.
Exact charge weights, charge lengths and
charge densities for the five specimens are
listed in Table 1.

The objective of this paper is to examine the
influence of various boundary conditions on the
86

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

As indicated in Figure 1, the 20 mm gap
between the granite cylinder and the steel tube
was either filled or remained empty to model
different boundary conditions. Three types of
boundary conditions were sought simulated: (1)
the gap was filled with cement grout to achieve
a fully confined boundary, and the estimated
impedance ratio between the granite and grout
was equal to 1.16; (2) the gap was filled by
inserting crushed rock (gravel) with particle
sizes 8 mm and 18 mm in equal mass ratios,
dip-painted with a blue colour to be able to
determine possible crushing and distinguish
gravel from broken granite, to simulate
boundary restraints between full confined and
semi-confined; (3) no fill around the granite
cylinder specimen, i.e. free lateral surface. Here
one granite was placed inside the steel tube
cylinder without any concrete or gravel fill in
the gap, and a sheet of 3 mm thick rubber was
lined around the inside of the steel tube as
cushion for the fragmenting granite. The other
free surface test was performed without steel
tube, i.e. no constraint. Images of the specimens
with the fully confined boundary and the
gravel-confined boundary are shown in Figure
2. The specimens were placed vertically on the
floor inside the explosion chamber with the
recording devices on the outside.

The diameter of the charge was chosen to be 8
mm and the decoupling ratio of the borehole
diameter to the charge diameter was thus 1.75.
Granular PETN was used, filled in a plastic
pipe with internal diameter of 8 mm and wall
thickness of 0.5 mm. A 20 mm long piece of an
acrylic glass tube (PMMA) with external
diameter of 14 mm was used as lining in the
borehole in order to centre and fix the plastic
pipe with the charge.

Table 1

Figure 1

Explosive charge parameters and
boundary
conditions
for
specimens

Charge
Specimen weight
(g)
1
5.61
2
5.47

Schematics of specimen.

In the borehole, the detonator for the charge
was placed at the top of the explosive and
cement grout was used as stemming above. The
detonators had a length of 50 mm and diameter
of 7 mm. An enamel wire was placed between
the detonator and the explosive to trigger and
synchronize the recording device with the
initiation of the detonator. Here, the high
pressure ionized the insulated layer of the wire
and caused a short circuit which through a
purpose-designed trigger box initiated the
recordings.

3

3

5.52

4

5.46

5

5.50

Charge Density
Boundary
length of PETN
condition
(cm)
g / cm3
12.25
0.91
fully confined
12.05
0.90
fully confined
gravel12.55
0.88
confined
cushion and
12.20
0.89
tube
completely
12.10
0.90
free

RESULTS

As shown in Table 1, Specimen 1 and
Specimen 2 had the cured cement grout fill
between the granite cylinder and the encasing
steel tube. This we defined as a condition of
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“fully confined” boundary condition on the
granite cylinder surface. The stress waves from
the explosion are partially reflected and
partially transmitted on the boundaries between
the materials, and the encasing steel provides a
ductile and unbreakable casing for the
exploding specimen and also defines the
physical free surface of the specimen. After the
explosion, both Specimens 1 and 2 remained as

Figure 2

whole but cracked bodies within the steel tubes.
Specimen 3 had gravel fill in the 20 mm gap,
and fragmented into large piece, which were
held together by the intact steel tube. Some
particles of the surrounding gravel fill were also
fractured. Specimens 4 and 5 with free lateral
surface developed quite intense fragmentation
(Figure 4).

(a) Specimen 1 cast out with cement grout between granite and steel tube to
simulate confined boundary (b) Specimen 3 with gravel-fill between granite and
steel casing to simulate partially confined boundary.

For Specimens 1 and 2, the post-blast boreholes
were filled with a mixture of epoxy and
fluorescent green powder. After the epoxy had
cured the specimens were carefully cut across
the cylindrical axis to be able to observe the
cross-sections of the blasted granite and
borehole. The specimens were cut at height
approximately 180 mm from the specimen
bottom, i.e. 80 mm above the bottom of the
borehole (Figure 1). After Specimen 3 was
blasted, the loose fragments and the gravel at
the top were removed, revealing the crosssection and its damage at the horizontal level
about at 160 mm below the top surface of the
specimen.
Accordingly,
the
borehole
expansions and the near charge damage of
Specimens 1, 2 and 3 could be studied. The
cross-sections are shown in the photographs in
Figure 3. A millimetre scale is provided in the
bottom of each photo. Circles are drawn with

dashed lines in the photographs, where the
inner circle (diameter Dexp) indicates the
visually determined size of post-blast borehole.
From this the borehole expansion due to the
blast may be calculated. The outer dashed circle
(diameter Dcr) indicates the determined size of
the crushed zone. From Figures 3a and 3b it is
seen that the borehole keeps it shape and the
diameter is only increased by approximately
one millimetre compared to the initial diameter
of 14 mm. The surface of the expanded
borehole is rough (uneven surface around the
circle). The diameter of the expanded borehole
was taken as the average of the determined
maximum and minimum diameters. The
resulting determined diameters of the expanded
borehole are 14.9 mm and 15.2 mm for
Specimens 1 and 2, respectively. This similarity
in borehole expansion corresponds well with
the similar charge and boundary condition.
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Figure 3c shows the post-blast Specimen 3. The
borehole can visually be identified from the
area filled with the fine fragments, defining a
diameter of Dexp=21.0 mm. This indicates that

Figure 3

this gravel-fill-confined granite specimen
developed a larger borehole expansion, enabled
by the compressible gravel fill.

(a) Specimen 1 cut 80 mm above borehole bottom, (b) Specimen 2 cut 80 mm
above borehole bottom, (c) Specimen 3 at 40 mm above borehole bottom.
radial cracks in Specimen 3 reached the
boundary.

According to the characteristics of the fractures
formed around the blasthole, the crushed zone
is defined as the zone adjacent to the post-blast
borehole (Zhang, 2016) where the rock is
crushed and shattered. Figures 3a and 3b show
that the granite in the crushed zone has a
texture obviously different from the outer
undisturbed zone. Intensive radial cracks and
some tiny circumferential cracks were formed.
Here, the diameter of the crushed zone was
defined by the circle fitted to the extension of
the outermost circumferential cracks. For
Specimens 1 and 2, the diameters of the
crushed zone were determined to 19.5 mm and
18.6 mm, respectively. For Specimen 3, since
the granite in crushed zone was intensely
shattered, and although material was removed
in order to reveal the cross-section in Figure 3c,
it was clear that the boundary of the crushed
zone had a larger diameter, here determined to
be Dcr=27.7 mm. Comparing Specimen 3 with
Specimens 1 and 2, the crushed zone has
similar tendency as the borehole expansion.
The more flexible gravel-confined boundary of
Specimen 3 caused a larger extension of the
near field fractures. In addition, it is clear from
the photos that the more rigidly confined
Specimens 1 and 2 with cement grout fill had
less radial cracks outside the crushed zone.
Most of radial cracks (about 8 cracks) in
Specimens 1 and 2 did not reach the boundary
of the granite specimen, while most of the

Specimens 4 and 5 with the free granite
cylinder surface developed severe fractures and
fragmented into several hundred pieces. The
pieces of the post-blast specimens were
gathered as shown in Figure 4. No particle size
analysis was performed, but as the photos show
the specimens fractured into quite similar sized
pieces. One difference is that Specimen 5
produced some comparatively larger fragments
(up to 10cm) as identified by dashed circles in
the photo in Figure 4b. Note that the specimen
in Figure 4a is more zoomed than that in Figure
4b, and rulers are placed with the fragments to
give a reference. Furthermore, recall from the
previous that Specimen 4 was inserted into the
steel tube with a 3.0 mm rubber sheet as
cushion, while Specimen 5 had the completely
free lateral cylinder surface. The rubber acted
as a slightly flexible cushion to the collision
between the fragments and the inner wall of the
steel tube, and the collision energy may, to
some extent, have improved the degree of
fragmentation for the pieces of Specimen 4.
Moreover, all pieces of Specimen 4 were
smaller than those largest of Specimen 5. It thus
seems as the rubber did not effectively cushion
the fragments from the collisions with the steel
tube.
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3.1 Strain results

3) were filtered by applying a low-pass filter of
50,000 Hz, while the signal from the gauge on
the granite surface was filtered using a low-pass
filter of 200,000 Hz. The four filtered strain
curves are showed in Figure 5. In the figure, the
strain curves start at 0 seconds, which
corresponds to the exact time of the detonator
initiation. Since the curves are filtered, the start
points of the curves are not necessary at strain
equal to zero. As seen from the curve reaching
the highest strain magnitude, which represents
the circumferential strain measured directly on
the surface of the granite Specimen 4, the strain
curve terminates at 2.64 × 10-4 s, when the
strain gauge was broken. The strain gauges
attached on the steel tubes survived the whole
recording periods (the entire blast).

The strains measured on the steel tubes were
analysed for Specimens 1, 2 and 3, which had a
confinement. The analysis revealed that the
strain gauges mounted on the steel tubes of
specimens 4 and 5 were not successful, i.e. they
did not capture meaningful signals, and these
are thus omitted. In addition to the strain
gauges on the steel tubes, one strain gauge was
mounted on the surface of the granite Specimen
4 in an attempt to measure the circumferential
strain on this specimen. The positions of the
strain gauges on the specimens are listed in
Table 2 (height is measured from bottom).
There was a considerable noise in the measured
strain signals. Therefore, the signals from the
gauges on the steel tubes (Specimens 1, 2 and

Figure 4

Figure 5

Photos of post-blast specimens.
Specimens 1 and 2 had the same charge weight
(5.5 g) and the same fully confined boundary,
and as we see from Figure 5 they developed
quite similar strain histories. The maximum
strains were between 2700 and 3100 microstrain (με). The times before the maximum
strain are basically the same. The strain curve
for Specimen 3 is obviously different, showing
a low magnitude and a late response time. The
strain curves of Specimens 1 and 2 display a
smooth rise to the peak followed by a
descending part, while for Specimen 3 the
curve has a limited rise followed by a

Strain results of specimens 1-4.
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fluctuation and a levelling out and fluctuation at
a plateau (marked in the plot). The average
strain at the plateau is 710 με in the time range
from 3.2 to 4.7 × 10-4 s. As Specimen 3 had the
gravel-fill, it was allowed to undergo a limited
expansion in radial direction as it fractured. The
granite fragments were pushed towards the
gravel and cracked some of the piece of the
gravel and caused circumferential deformation
and hoop strains in the steel tube. Uneven
gravel compaction and crushing probably
occurred. Strain values are listed in Table 2.
Comparing Specimens 1 to 3 it is clear that the
gravel layer in the gap between the granite and
steel tube significantly decreased the blast load
spreading out and the straining of the confining
steel.
Table 2

Specimen
1
2
3
On granite:
4

expansion. However, as some radial movement
of the exterior surface of the granite cylinder of
Specimen 3 is allowed by compaction of the
gravel fill, it is believed that this has
contributed to some of the measured borehole
expansion from the blast. The deformation of
the rock material in the expansion region is
associated with very high energy consumption
(Kutter and Fairhust 1971). Zhang (2016)
summarized from published investigations that
the borehole enlargement in rock blasting may
vary between 17 % and 29 % of the initial
borehole diameter.
5

The single-borehole blasting experiments on
granite cylinders with different boundary
conditions have led to the following
conclusions:

Strains measured on steel tubes
or granite
Position of
gauge mm
(Hgauge)
158
155
150
134

1) Two specimens simulating fully confined
boundary (grout and steel casing) developed
limited fractures around the initial 14 mm
diameter borehole, causing a post-blast
borehole diameter of 14.9 mm and 15.2
mm, and crushed zones of diameter 18.6
mm and 19.5 mm. The specimen with
gravel-confined boundary formed a larger
fracture region, where the expanded
borehole and the crushed zone diameters
were 21.0 and 27.7 mm, respectively.
2) The two specimens with free lateral surface
formed severe rock fracturing and
fragmentation, compared with the confined
specimens.
3) The strain in the steel tube confining the
gravel supported specimen was much less
than for the cement grout casted encased
specimen, and the fluctuations in strain
were relatively more prominent.
4) The boundary conditions significantly
affected the fracture patterns of the granite
cylinders.

The
maximum Time ×10-4 s
strain ×10-3 ε
3.1
1.04
2.7
1.08
0.7 (average)
3.2~4.7
5.6

0.78

In Figure 5, the strain curve measured on the
granite surface of Specimen 4 displays a fast
rise and a quick unloading. The maximum
strain is 5600 με, i.e., much greater than the
strains on the steel tubes. The strain history of
this specimen indicates that the initiation of
fractures led to a rapid stress release in the
region near the gauge due to cracks, with an
earlier initial response time than those of
Specimens 1 and 2.
4

CONCLUSION

DISCUSSION

The rock material at the borehole wall is
subjected to an extreme loading in the blast,
and this causes the borehole expansion. Here,
the rock material is in a hydrodynamic state,
where the shock pressures greatly exceed the
compressive strength of the rock, and shear
stresses have no relevance (Kisslinger 1963;
Kutter and Fairhust 1971). For test specimens
1, 2 and 3, having the same charge weight, one
could expect a similar sized borehole
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ABSTRACT
Understanding the mechanical properties of rock mass is one of the most challenging aspects of the
study of blast induced damage since the rock is subject to high strain rate loading condition. The
major component of rock damage occurs right after the propagated compressive stress wave gets
reflected from a free face to produce tension. The paper focuses on the high strain rate behavior of
Laurentian granite using strain rates obtained by explosive Hopkinson bar and split Hopkinson bar
experiments. The first is accomplished using an explosive-attenuator assembly as the impact
mechanism. To examine the strain wave characteristics, several strain gauges were mounted along
the rock sample. Thus attenuation along the sample as well as incident and reflected pulses could be
determined at every point of the sample. By having the location of the tensile spall, the tensile
strength of the sample under different strain rates was achieved. The effect of the reflections in the
vicinity of the detonation point was investigated and experiments were modified accordingly. In the
second case of the Split Hopkinson bar, a variety of strain rates were accomplished in dynamic
Brazilian types of experiments. Experimental results were analyzed and the effect of loading rate on
the strength of the rock specimen was investigated.
1

INTRODUCTION

material is going to be different than that of a
static or quasi-static loading.

For decades the mining industry has been using
commercial explosives to break and fragment
the in situ rock in order to further process it.
The rock breakage using explosives occurs due
to two major phenomena, the propagation of
the stress wave from the initiation point into the
rock medium, and the expansion of the
detonation products or gasses (Hustrulid, 1999).
It is the effect of the stress wave that generates
the radial cracks around the blast hole and also
the parallel cracks to the free face which
subsequently turns the in situ rock to a cracked
medium (Olsson and Nie, 2002). The
expanding gasses contribute to the propagation
of previously formed cracks and move the
damaged rock to form a rock pile (Whittaker et
al. 1992). The study of rock behavior which is
subject to blast loading is of high importance in
order to provide mining engineers a better
understanding of how the rock breakage occurs.
One should keep in mind that blast loading is a
dynamic process and the response of the

Once the compressive stress wave traveling
outwards from the blasthole reaches the free
boundary, it reflects and becomes a tensile
wave traveling into the rock. It is due to the
effect of this tensile wave that the cracks
parallel to the stress-free boundary form and
consequently the rock slabs detach from their
original form (Whittaker et al. 1992). It is the
Hopkinson’s mechanism that describes the
spalling phenomenon. Hence, dynamic strength
parameters are of relevance in rock blasting.
The dynamic tensile strength of rocks plays a
substantial role in estimating the response of it
to blast loading.
One method to estimate the dynamic tensile
strength is by using the Hopkinson’s
mechanism. Kubota et al. (2008) estimated the
dynamic tensile strength of sandstone using
rock specimens of 60 mm diameter and 300
mm length. The specimen was subjected to
dynamic loading at one end using an explosive
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material along with a PMMA pipe filled with
water as an attenuator. By changing the length
of the attenuator they were able to introduce
different strain rates into the sample. The
reflected wave on the other side of the sample
caused tensile cracks in which their location
could be used to calculate the tensile strength.
For Kimachi sandstone the dependency of
dynamic tensile strength to the strain rate was
estimated as σ
4.78 ε0.33. Sang et al.
(2003) compared the static and dynamic tensile
strength of Inada granite and Tage tuff and
investigated the dynamic tensile strength under
different strain-rates. In the literature, the
difference between the dynamic and static
tensile strength has been reported in many
places. Bacon (1962) used a pendulum to send
a sharp pulse into the rock sample and reported
the dynamic tensile strength of up to 4 times the
static one. Rinehart (1965) stated the difference
can be explained considering the fact that the
microcracks and flaws in the rocks would have
less opportunity to engage in fracturing process
under dynamic loading, and by increasing the
loading rate this opportunity even gets smaller,
which results in higher strength. In his report,
the difference between static and dynamic
tensile strength was in the order of 6-10 times.

have
discussed
some
fundamental
modifications on the SHPB test to send a better
pulse shape into the rock in order to reach stress
equilibrium in the sample. They used a copper
disc along with a rubber disc as a pulse shaper
attached to the incident bar, in order to be able
to send a ramped pulse rather than a
conventional rectangular pulse. Xia et al.
(2008)believe this leads to much better force
balance in the sample. Xia et al. (2017)
performed a series of tests on Laurentian
granite in order to investigate the dynamic
tensile strength. In their experiments, they were
able to reach the loading rate of 3000 GPa/s
which showed the strength increase of up to 4
times in comparison to the static tensile
strength of Laurentian granite.
This paper investigates the strain rate
dependency of the tensile strength of
Laurentian granite by using both of the methods
mentioned above in order to understand the
differences of two methods and how the results
obtained from one are reproducible by using the
other method. The challenges associated with
each method like the effect of axial wave
reflections in the vicinity of the detonation
point in Hopkinson’s bar test and also precise
super-positioning of the waves in the SHPB test
has been discussed.

Dynamic Brazilian disc test is another method
for determining the tensile strength of rocks
indirectly. The test is done using the Split
Hopkinson Pressure Bar (SHPB), which is
named after John Hopkinson. The General
apparatus has three main parts: a striker bar,
incident bar, and the transmitted bar where the
Brazilian disc sample is placed between the
incident and the transmitted bars. The striker
bar can be driven using a gas gun or a
pendulum hammer where the latter has the
capability to introduce lower strain rates than a
gas gun driven SHPB. Zhu et al. (2015) used a
pendulum hammer driven SHPB and tested
samples under intermediate strain rate loading
of 5.2 to 12.9 s-1. In a blasting process, the
rock is subjected to strain rates ranging from
10-4 to 103 s-1 (Grady and Kipp1980; Chong
et al. 1980) Depending on the structure of the
machine and the loading method, the Split
Hopkinson pressure bar is capable of exerting
strain rates in the range of 10 to104 s-1. (Ross
et al. 1989; Wang et al. 2006). Dai et al. (2010)

2

EXPERIMENTS

2.1 Hopkinson’s bar tests
Laurentian granite was selected for this test
which is considered as a fine-grained,
homogeneous and isotropic granite (Dai and
Xia 2009) The grain size of Laurentian granite
which varies from 0.2 to 2 mm makes it a
suitable rock sample for both Hopkinson’s bar
and split Hopkinson pressure bar tests. Table 1
shows the summary of mechanical properties of
Laurentian granite.
For the purpose of Hopkinson’s bar test,
samples were drilled having the diameter of 26
mm from a block of Laurentian granite. Due to
limitations in the coring machine, the maximum
achievable sample length was about 300 mm.
The rock samples were then machined on both
ends in order to have a smooth and
perpendicular surface to the axis. In order to
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minimize the effect of axial wave reflections in
the vicinity of the detonation point, one end of
each sample was covered by a grout cylinder
having an external diameter of 100 mm and a
Table 1
Density
(g/cm3)
2.65

length of 50 mm. The effect of axial wave
reflections and the resulted damage on the pulse
shape will be discussed later. Figure 1 shows
the Hopkinson’s bar sample configuration.

Summary of mechanical properties of Laurentian granite
Uniaxial
Compressive
strength (MPa)
210

Static Tensile
strength (MPa)

Young’s
Poisson’s P-wave Velocity
Modulus (GPa)
Ratio
(mm/ms)

15.2

65

Figure 2
Figure 1

Hopkinson's bar sample

0.24

4200

Configuration of gauged samples
of Hopkinson’s bar

In order to improve the quality of the signals
recorded by the gauges, the entire rock sample
was covered by foam. The covering material
must have a very low impedance to prevent
wave contamination throughout the sample
length. Once connected to the data acquisition
system, the sample was hanged vertically and a
detonator was glued to the end of it. Four
samples were shot using this configuration and
the incident and reflected pulses were recorded
from all the gauges. The experiment set up is
shown in Figure 4.

The Hopkinson’s bar experiment was carried
out in two separate steps. The purpose of the
first step was to read the incident wave
properties at different distances from the
detonation point on the surface of the rock
sample. Considering the P wave velocity of the
Laurentian granite and the incident pulse shape,
the wave length was expected to be long
relative to the length of the sample, therefore,
the properties of the tensile wave in the vicinity
of the reflection point would not be achievable.
To overcome the issue, it was decided to use an
extension of the rock sample glued to the free
end. By having such configuration, it would be
possible to separate the incident and the
reflected pulses in a much better fashion and
yet study the attenuation properties of the
incident wave in a longer distance from the
detonation point. By having the extended part,
the overall sample length was 600 mm. Four
samples were prepared and eight strain gauges
were installed along each sample. The installed
gauges were 5 mm long, had a resistance of 120
ohms, and a gauge factor of 2.11. The sample
configuration is provided in Figure 2. The
gauges were then connected to the data
acquisition system

500

peak Strain (µE)

400
300
200
100
0
0

100

200

300

400

500

Distance form the point of detonation (mm)

Figure 3

Compressional
stress
attenuation properties

wave

The second step in the Hopkinson’s bar test
carried out without mounting gauges on the
samples and they were called blank samples.
The aim of this step was to come up to a sample
length, where the same incident pulse from the

.
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same explosive that was applied in the first
step, creates a single crack in the sample. The
incident wave traveling along the sample
attenuates and this attenuation relationship was
achieved from the previous step. The idea here
was to achieve a distance in which the stress
wave attenuated to an optimum range, where it
creates only one crack near the free end of the
sample and the remaining of the pulse after
causing the crack is not strong enough to create
second crack. The amplitude of the reflected
wave in the single crack position is available
from the first step of the experiment where the
long samples were used to record the wave
properties while traveling along the sample.
Therefore, the tensile stress at the crack
position can be considered the tensile strength
of the rock sample under the specified strain
rate. In this step, eight samples were prepared
in which the length of the samples was selected
to be 240 mm according to the attenuation
properties of the stress wave and considering
the static tensile strength of the rock specimen.
Figure 3 shows the attenuation of the wave
traveling within the rock sample.

were connected to the data acquisition system.
The bars used in this experiment are stainless
steel with a diameter of 19 mm. The sample
was sandwiched between the incident and the
transmitted bars. In order to absorb the energy
of the traveling stress

2.2 Split Hopkinson pressure bar test
The SHPB system used in this study has a gas
gun that accelerates the striker bar. The striker
velocity was measured using piezoelectric film
sensors located in the path of the striker bar.
Two strain gauges were mounted in the middle
of the incident and the transmitted bars and

Figure 5

Figure 4

Compressional
stress
attenuation properties

wave

The apparatus of a split Hopkinson pressure bar system

wave at the end of the transmitted bar, ballistic
gel was cased in a 100 mm diameter pipe and
fixed to the chassis of the machine with 50 mm
distance from the end of the transmitted bar.
The schematics of SHPB is shown in Figure 5.

In order to keep the consistency of the study,
the samples used in this experiment were cored
from the same rock block where Hopkinson’s
bar samples were taken. The sample diameter
as suggested by Zhou et al. was 26 mm (Zho et
al. 2012).
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3

The thickness of the specimens should not
exceed the diameter of the steel bars in order to
have a full contact surface between the
specimen and the steel bars. The thickness of
16 mm was selected to both fulfill the diameter
to thickness ratio, and also having a full contact
situation. The surface of the specimens were
smooth and perpendicular to the axis, the sides
should also have a right angle to the face and be
free of any irregularity (Zho et al. 2012).

3.1 Results of Hopkinson’s bar experiment
The shape and the specification of the incident
pulse from all the gauges on the samples were
collected and studied. Once the crack locations
of the blank samples were achieved, the data
from the gauge that was mounted on the nearest
location to the position of the crack was
retrieved Figure 6 shows the results of the pulse
readings in the vicinity of crack location from
four experiments. As shown in this figure, the
pulses have similar characteristics like the
loading rate, the shape, and the maximum value
as they were shot using the same detonator.

The test was carried out starting from low
pressure loading of the gas gun. The loading
pressures ranged from 30 to 300 psi, providing
the striker velocity of 3 to 30 m/s. For each
striker velocity, 4 tests were performed in order
to produce reliable results.

0

Once the strain signals were captured, the
incident, reflected, and the transmitted strain
values can be read from the data acquisition
system. The dynamic forces on either side of
the specimen are as follows:
(1)

P2(t )=AE(εt(t))

(2)
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Where P1(t) is the force history interacting on
the incident bar-sample interface and P2(t) is
the force history interacting on the sampletransmitted bar interface. εi(t), εr(t), εt(t) are the
incident, reflected, and the transmitted strain
histories respectively. Therefore, the tensile
stress history of the sample can be achieved as
σt(t)= (P1(t)+ P2(t))/πDT

0

-100

Strain (µE)

P1(t)=AE(εi(t)+εr(t))

RESULT

-400

Figure 6

(3)

Experiment 1
Experiment 2
Experiment 3
Experiment 4

Time (ms)

The compressional stress wave at
the crack location

Figure 7 shows the crack locations on the blank
samples, the cracks happened in 25 to 35 mm
from the free end of the sample. The selected
pulses represented strain rates in the range of
29.2 to 32.8 s-1 which shows a very low scatter
as they were all calculated at the same location
on the rock. Once the time history of the pulse
was extracted, it was reflected at the free end.

Where σt(t) is the tensile stress history of the
specimen and D and T are the diameter and the
thickness of the sample respectively. Once σt(t)
extracted, the peak of the graph can be
considered as the tensile strength of the sample.
The loading rate can also be achieved by
measuring the slope of the elastic region of the
σt(t) graph. By having the Young’s modulus of
the sample this loading rate can be reported as
the elastic strain rate in the sample.
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recorded the compressional incident strain εi(t)
and also the reflected tensile strain εr(t). The
time difference between εr(t) and εi(t) in Figure
9 is the time in which the incident wave passes
the gauge, travels to the incident wave-sample
interface, reflects partially as a tensile wave,
and then travels backward until it passes the
gauge again. The second gauge (Figure 9,
Down) records the compressional wave that
transmitted from the sample into the
transmitted bar εt(t). In order to analyze the
rock strength, all three of these waves should
transform and synchronize to time zero. In
order to extract the driving load on the incident
bar-sample interface, εr(t)+ εi(t) should also be
drawn.

Figure 7

Crack locations on the blank
samples

The incident and the reflected pulses were
superimposed to calculate the maximum stress
level at the crack position. The reason for this is
based on the assumption that the crack occurs
when the peak of the tensile stress wave
reaches the crack position [4]. In order to know
the exact reflection time, one should use the P
wave velocity of the rock in order to know how
long the wave traveled from the reflection point
to the crack position. Figure 8 shows the
configuration of the pulses in the crack position
of the rock sample.
Once the strain values achieved, the tensile
stress occurring on the rock in the crack
position can be derived using
σt=Eεt

(4)

Where σt is the tensile stress, E is the Young's
modulus, and εt is the tensile strain. The
average tensile strength of the Laurentian
granite was reported to be 20.5 MPa under the
strain rate of 31 s-1.
3.2 Split Hopkinson pressure bar
The strain recordings from the gauges mounted
on both the incident bar and the transmitted bar
were analyzed. Figure 9 shows the stress wave
histories. The gauge on the incident bar has

Figure 8
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Configuration of the stress waves
at the tensile crack position
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SHPB system
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Figure 10 shows the results of the wave superpositioning. Once the super-positioning was
done for each experiment, using Equation 3 the
stress history of the sample can be achieved as
provided in Figure 11. As illustrated in this
figure, the elastic loading region (the dashed
part of the curve) was selected to calculate the
dynamic loading rate. This loading rate was
then converted to strain rate using the static
elastic modulus of the rock sample. The peak
point in this curve was selected as the dynamic
tensile strength of the specimen.

-40

Time (ms)

Figure 11 Stress history of the sample in
SHPB system
As illustrated in Figure 12, results of both Split
Hopkinson pressure bar tests and Hopkinson’s
bar tests are provided. The diagram shows the
tensile strength of Laurentian granite under a
wide range of loading rates. The results
obtained from Hopkinson’s bar tests are
consistent with the results of Split Hopkinson
pressure bar tests at the strain rates near 30 s-1.
The results obtained from strain rates of under
10 s-1 are very close to the static Brazilian test
results. The strain rates in the vicinity of 50 s-1
could increase the dynamic tensile strength to
more than three times of its static value.
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difficult to achieve. In order to minimize the
effect of axial reflections, the first 50 mm of the
rock samples were covered with grout to
compensate the damage zone. It was realized
the grout extension leads to the creation of
much cleaner pulse as it virtually eliminates the
damage buildup due to the side reflections.
Figure 14 shows the created pulses with or
without the grout extension in the vicinity of
the detonation point.

Tensile strength (Mpa)

60
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0
0
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40

50

60

Strain Rate (1/s)

4.2 Precise wave super-positioning of SHPB
experiments

Split Hopkinson pressure bar test
Hopkinson's Bar Experiments
Static Brazilian Disc test

In order to analyze the results of SHPB
experiments and calculate the applied forces on
the incident bar-sample interface, the incident
εi(t) and the reflected εr(t) waves should be
added together. To achieve this, it is necessary
to translate both waves to time zero. The
challenge was to pick a point in each wave and
consider it as the arrival time of the wave to the
gauge location. The CUSUM method was first
used to monitor the curve change in order to
synchronize the rise time of both the incident
and the reflected waves to time zero. The result
of εi(t)+εr(t) should have a rise time similar to
the

Figure 12 Tensile strength of Laurentian
granite under static and dynamic
loading conditions
Figure 13 shows the broken rock samples under
loading rates varying from 7 s-1 to 55 s-1. As
illustrated, the compressional damage zone on
the sides of the samples gets longer by applying
more dynamic loading rates.

100

Strain (µE)

0

Figure 13 Broken rock samples of SHPB
experiment
under
different
strain rates (a):10s-1 (b):20 s-1
(c):30 s-1 (d):40 s-1 (e):45 s-1
(f):50 s-1 (g):55 s-1
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4.1 Pulse shaping in Hopkinson's bar
experiment
One of the challenges in conducting the
Hopkinson’s bar experiment was the ability to
create a clean pulse with a steady strain rate and
a peak point without irregularities like the ones
illustrated in Figure 5. However, due to the
creation of axial reflections in the vicinity of
the detonation point, which eventually formed
the compressional damage zone, this was
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Figure 14 The stress wave in the sample
without grout extension (Up),
with grout extension (Down)
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transmitted pulse εt(t) and result in a pure
compressional wave. This was considered as an
additional constraint to the analysis. In Figure
15, the pulse shown at the top was the result of
super-positioning of the incident and the
reflected waves considering the specifications
of the transmitted wave εt(t). The pulse at the
bottom was created using the CUSUM method
without considering the pulse shape constraint
which resulted in a tensile component in the
beginning which is not consistent with the
physical phenomenon in which the sample was
under pure compression during the experiment.

bar tests and Hopkinson’s bar tests. A wide
range of loading rates varying from 7 s-1 to 55
s-1 was applied using SHPB. The tensile
strength under low dynamic loading rates was
very close to that of static tensile strength while
the strength values achieved under higher
dynamic loading rates were more than three
times the static values. The results of
Hopkinson’s bar tests were consistent with
those achieved using SHPB test under the same
strain rates.

These improvements would lead to better
characterization of the dynamic behavior of
rocks and to calibrate the numerical models or
empirical relations in future works.
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Blast induced overbreak control in roadway tunnels of
Himalayan rocks in India
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ABSTRACT
Blast induced overbreak is a severe side effect in tunnelling projects, which are excavated by
drilling and blasting methods. The construction projects have to pay 30-40% of extra price for the
excessive overbreak quantities. The overbreak also leads to increase the duration of project which
has got unnecessary indirect cost implication as the back filling by concrete is very costly and time
consuming. Therefore, practice of proper controlled blasting techniques play a vital role in
economic construction as well as timely completion of construction projects. However, the general
controlled blasting techniques need to be tuned to the site specific application to get maximum
results in control of overbreak. CSIR- Central Institute of Mining & Fuel Research carried out
extensive investigation on control of overbreak and increase of pull for the tunnels of National
Highway road projects in heterogeneous rockmass of Himalayan Formations. One such project in
Chenani Nashri Tunnelway Limited (CNTL) at Udhampur-Srinagar Highway Project, which is one
of the longest roadway tunnels in India with 9.0 km length. The project consists of a Main tunnel
and an Escape tunnel with 13mdiameter and 6mdiameter respectively. The effect of various
parameters like rock, explosive and blast design were thoroughly investigated with regards to extent
of overbreak. Studies were conducted on various governing parameters like blast design of contour
holes, delay numbering and sequence, joint orientation/foliation, blast design of production holes,
stemming practice and drilling angle of contour holes for the assessment of their effect on blast
induced over break. It was found that the foliation of joints, with respect to the tunnel axis,
predominantly influence the extent of overbreak. It is generally considered that the blast design of
contour holes play a significant role in control of overbreak. However, from several trail blasts it
was noticed that the blast design of cut holes and penultimate row of contour holes play equal role
as contour holes. It was also found that the overbreak is inversely proportional to the area of cross
section of tunnels for given tunnelling conditions. Application of in-hole delay blasting technique in
cut holes and smooth blast design of penultimate back holes reduced the overbreak from 0.5m to
0.1m, which is up to 90% reduction in both the main-and escape tunnels. It was observed that
effective practice in-hole delay technique and smooth blasting, in contrast to conventional blasting,
resulted in saving of 21-39 % of overall cycle time of tunnelling. The reduced cycle time resulted in
substantial bearing on the economics of the project. The In-hole delay blast reduced the peak
particle velocity of vibration by 45-50%, which is directional proportional to the rock mass damage
in the sides and roof of the tunnel.
1

INTRODUCTION

has got inherent disadvantages of damage and
overbreak. Though, overbreak enhances total
cost of tunneling to a level of 15% or even
more of the scheduled cost of construction,
construction manual guidelines allows a
magnitude of 15–20 cm over-break in crown
and 10–15 cm overbreak along sidewalls to
avoid confrontation for payment be-tween
contractor and client and at the same time

Drilling and blasting is the most common
method for excavation of rock, in-spite of
destructive in nature. This is because of low
capital investment and possesses the
characteristics of high progress rate for
underground excavation works (Hallvard
Holen, 2002). The drilling and blasting method
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The paper, here, discusses and analyzes the
extent of overbreak for two tunnels excavated
in National highway road tunnels of Himalayan
formations. These two tunnels include Main
tunnel with dimensions of 15m width and
6.75m height and Escape tunnel with 5.8m
width and 6.15m height. In these two sites
excavated profile and magnitude of over-break
was determined with the help of laser profiler.
The influencing parameters on overbreak and
con-trolling measures are discussed in detail in
the following sections.

facilitate drilling along periphery row for
subsequent
rounds
(Korea
Highway
Corporation, 2000, Blasting Technology, 1990
and Cunningham and Goetzsche, 1990).
Overbreak either occurs immediately after
blasting or with duration of time i.e., either
dynamic or quasi-static type. The quasi-static
type of over-break is caused with lapse of time
of excavation and is generally caused by redistribution of stresses and loosening or
weakening of filling material between two
blocky rock masses. This type of overexcavation is the result of interaction between
improper sequence of excavation, excavation
profile or shape and/or inadequate application
of support with respect to in situ stresses or
poor assessment of rock mass quality. Uniaxial
Compressive Strength, Joint Plane Spacing,
Joint Plane Orientation, Joint Plane Aperture
and filling material between joints) contribute
towards controlling damage or overbreak in in
situ peripheral rockmass, an effective blast design with proper charge parameters and
initiation sequence should be implemented to
minimize the impact of detonation pressure on
uncontrollable parameters in magnifying the
magnitude of overbreak ( Liu and Katsabanis,
1993, Scoble et al., 1996, Lewandowski et al.,
1996, Dunn and Cocker, 1995 and Hallvard
Holen, 2002, Ramulu et al, 2010).

2

DETAILS OF EXPERIMENTAL SITE

The new Highway link project between
Udhampur and Srinagar is one of the recent,
most important Indian projects planned for the
connection of the Kashmir valley with the
whole Indian transportation network. The
Government of India has entrusted the National
Highways Authority of India (NHAI) with the
responsibility
of
the
“Rehabilitation,
Strengthening and four Laning of Chenani to
Nashri Section of NH-1A (new alignment)
including 9.0 km long tunnel (2 lanes) with
parallel escape tunnel. In particular, the most
important structure along the Project layout is
the Chenani – Nashri Tunnel at the section
between Udhampur and Banihal. This is a
single-bore tunnel for bidirectional traffic, with
a parallel escape tunnel. This project is located
in the Doda district of Jammu & Kashmir state
in India.

The blast-induced overbreak is measured
radially and is expressed in meter. The
overbreak and the underbreak are often
measured volumetrically in m3 of in situ rock
mass over or under-broken. These may be
expressed in per cent of the designed volume.
However, in most of the projects in India, the
permissible limit of overbreak has been defined
in terms of width and height of tunnel. The
Swiss Society of Engineers and Architects
defines the permissible overbreak limit as 0.07
x A, where A is the tunnel area or 0.4 m
whichever is less (Innaurato et al., 1998).
Irrigation Department of Maharashtra, India
decided no payment for additional excavation
beyond 0.1 m of the designed contour of a
tunnel (Irrigation Dept., Govt. of Maharshtra,
India, 1998). Rock mass damage due to
repeated blasting in jointed rocks is extensively
studied and correlated with rock quality index
(Q) by Ramulu et al (2009).

The project area lies in Western Himalayan
region in a sector of Himalayan collisional belt
known as sub Himalayas. This tectonic domain
is bounded toward south by the Himalayan
Frontal Thrust or Main Frontal Thrust (HFT or
MFT) and the Main Boundary Thrust (MBT) to
the north (Figure 1). These main thrusts as well
as most of the belts and units of this NW region
of Himalaya orogen show a regional strike of
NW-SE to WNW-ESE with moderate to steep
dips either towards north or the south. Within
the regional geology context, the project
Chenani – Nashri Tunnel will cross the rocks
belonging to the Murree formation (Oligocene
– Miocene). This lower tertiary sedimentary
rocks consists on molasse sediments,
representing the filling of foreland basin
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(foothills of the Himalayan Range), an area
where the sedimentary record of material
eroded from the mountain belt is preserved.

The rock mass characterization was done by
both Geological Strength Index (GSI) and Rock
Mass Rating (RMR).

Legend:
MCT: Main Central Thrust;
STDZ: South Tibetan Detachment Zone;
MBT: Main Boundary Thrust;
HFT = MFT: Main Frontal Thrust.
Figure 1 Himalayan orogenic belt showing potential Himalayan source rocks for the
sediments of the foredeep.
3

TRIAL BLASTS WITH
CONTROLLED BLASTING

Explosive charge quantity per hole was varying
from hole to as per the type of hole and depth
and burden and rock type. The governing
parameter to calculate charge per hole was the
specific charge, which was decided as 2.3
kg/m3 for Escape tunnel and 1.4 kg/m3 for Main
tunnel. The charge concentration used was
approximately 1 kg/m and 0.8 kg/m in Escape
tunnel and Main tunnel respectively. The
specific charge for Escape tunnel was more due
to its less cross sectional area and more
confinement. Nonel shock tubes were used as
initiating system for firing of blast holes. The
cut portion of all the blasts was initiated by
short delay series and remaining portion was
initiated by long delay series. The average
specific charge at Escape tunnel and Main
tunnel was 2.0 kg/m3 and 1.2 kg/m3
respectively. Near-field peak particle velocity

Test blasts were conducted to assess and
control the overbreak at the CNTL tunnelling
project at both Escape tunnel and Main tunnel.
The main objectives of test blasts were to
minimize the overbreak by smooth blasting
application and to get maximum pull per round
without damaging the rock mass. Before
modifying the prevailing patterns, two blasts
were conducted with the existing blast designs
and monitoring all the parameters including
ground vibrations for the purpose of better
comparison of blast results of proposed
optimization. Atlas Capco drills were used for
drilling operations for making blast holes of 45
mm diameter and cartridged emulsion
explosive was used for trial blasts. The
explosive charging was done manually.
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(PPV) of vibration was monitored to assess the
damage levels as blast induced damage is
correlated with PPV (Holmberg, 1979; Oriard,
1982). The PPV at a distance of 50m was 8.86
mm/s and 7.08 mm/s for Escape tunnel and
Main tunnel respectively. Blast details and blast
results recorded during the trial blasts with
prevailing blast pattern are given in the Table1. Tunnel profile with undercut and overbreak
with prevailing blast pattern are shown in
Figure 2.
Table 1

3) Increase of explosive charge in cut holes by
0.39-0.5kg to get more pull per round.
4) Explosive charging in rib holes was kept as
0.59 kg
5) Reduction of explosive charge by 0.39kg
for the penultimate crown holes as they also
play crucial role in control of damage and
overbreak.

Details of trial blasts and results
with prevailing blast pattern at
CNTL tunnelling project

Location
Rock
Type/condition
Depth of blast
round
Specific charge
Specific drilling
Avg. Pull
Overbreak:
Half Cast
Factor (%)
Vibration (peak
particle
velocity) at 50
m distance
Cycle time of
blasting round

Trial Blast No.
1:
South Portal,
Escape Tunnel
GSI=50;
RMR=61

Trial Blast No.
2:
South Portal,
Main Tunnel
GSI=45;
RMR=47

3m

2.5m

2.3 kg/m3
2.46 m/m3
2.5-2.75 m
Up to 0.4m

1.4 kg/m3
2.40 m/m3
2-2.2m
0.3-0.5m

25-30%

25-30%

8.86 mm/s

7.08 mm/s

20.75 hours

18.5 hours

Escape tunnel

Main tunnel

Keeping the above observations in view the
following changes were made in the explosive
charge pattern of the existing blast practice of
Escape and Main tunnels:
1) Charging of contour blast holes with mild
charge concentration (combination of
Cartridge and Detonating fuse) by leaving
dummy holes regularly as and when it is
required.

Figure 2 Tunnel Profile with undercut and
overbreak with prevailing blast
pattern at Escape tunnel and
Main tunnel
After the initial test blasts and blast results were
analyzed and the following observations were
made on the existing blast pattern and practice:
i)

2) Reduction of explosive charge by 0.5 kg for
the holes adjacent to contour holes as they
also play crucial role in control of damage
and overbreak of sides and roof.
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Half cast marks (half barrels), the
indications of controlled blasting are rarely
visible with the present blast practice even
at good rock mass conditions, which is a
cause of concern for accelerated and
productive tunnelling progress.
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ii) The law of smooth blasting i.e.
Spacing/Burden < 0.8 was ignored to
follow for contour holes, which is essential
for getting smooth profile.

overbreak by implementing smooth blasting.
The tunnel blast pattern at both Escape and
main tunnels was modified by reducing the
explosive charge in contour holes with an
objective of getting smooth blast results. The
blast patterns of optimised blast designs of both
Escape tunnel and Main tunnel are given in
Figures 3 and 4.

iii) The contour holes at weak rock require to
be charged with alternative holes by leaving
dummy holes in between.
iv) The specific charge used for main tunnel (>
1kg/m3 and Escape tunnel (> 1.5 kg/m3
seems to be excessive, which may also be a
contributing factor to the overbreak.
v) The charge control was not taken care of
penultimate contour row (last but one
crown holes) as it also induces rock mass
damage. It should be less than 0.75 times
the charge of its previous delay.
vi) The contour blast hole charging requires a
site specific and rock specific approach to
properly control the overbreak, which was
by and large missing at the site. Blast holes
should not be charged uniformly, wherever
the weak and strong rocks co-exist, mainly
at contour holes.

Figure 3a Controlled blast pattern for
Escape tunnel of CNTL. Blasthole
geometry for 3m depth at the
tunnel face. The Roman numbers
indicated are delay series. (Not to
Scale)

vii) Bottom corner holes and bottom holes/
lifters are often undercharged and as a result
underbreak/undercut is taking place at both
the tunnels.
viii) The explosive with 80% strength is
invariably used for all the blast holes. It is
suggested to apply the explosive with 60%
strength for the contour holes of both the
tunnels for getting very good smooth
blasting effects.
ix) There should be 4 number of relief holes,
which are essentially required for the
successful burn cut pattern.

Figure 3b Controlled blast pattern for
Escape tunnel of CNTL. Burn cut
blast pattern for Escape tunnel.

Based on the blast results of prevailing blast
pattern, a total of 6 trial blasts were conducted
with modified blast pattern, to control

107

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Figure 4a Controlled blast pattern for Main tunnel of CNTL, ITNL, J&K. Blasthole
geometry for 3m depth at the tunnel face. The Roman numbers indicated are delay
series (Not to Scale)
iii) Vibration intensity (peak particle velocity)
at 50m distance from blast face was 2.5
mm/s, which is very less from the point of
rock mass damage.
iv) The initial shotcreting took just 15
minutes, which otherwise used to take
about 30+ minutes
v) The average pull per round was 2.4m,
which was 96% of hole depth.
The smooth blasting certainly has got
productive bearing on all the consequent unit
tunnelling operations like excavation, concrete
back filling and supporting etc. The blast
results of modified pattern at both Escape
tunnel and Main tunnels are shown in Figure 5
and Figure 6, respectively. The design
modifications for every blast for control of
overbreak are mentioned in the Table 2. Details
of blast performance improvement with
modified controlled blast pattern are mentioned
in the Table 3. The improvements were
calculated based on the quantified blast results

Figure 4b Controlled blast pattern for Main
tunnel of CNTL, ITNL, J&K.
Burn cut blast pattern for Main
tunnel.
The following blast results were observed with
the above changes at Main tunnel blast round:
i)

Overbreak was reduced substantially and
smooth profile was visible at the overt and
ribs.

ii) The average overbreak at LHS of face was
0.3m and at RHS of face it was 0.2m
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of existing blasting practice and the modified
blasting practice.

Half casts of blast
holes
Smooth profile
Left side wall profile

Figure 5 Smooth profile with modified
controlled blast pattern at Escape
tunnel

Half casts of blast holes
Right side wall profile
Figure 6 Profile with visible half casts with
modified controlled blast pattern
at Main tunnel
Table 2

Details of trial blasts and results with modified controlled blast pattern at CNTL
tunnelling project

Location
Rock
classification
Specific charge
Specific drilling
Avg. Pull
Overbreak
Half Cast Factor
(%)
PPV of vibration
intensity at 50m
distance
Cycle time of
blasting round

Trial No. 3
South Portal,
Main Tunnel
GSI=50
RMR=61
1.2 kg/m3
2.46 m/m3
2.3m
Up to 0.2 m

Trial No. 4
South Portal,
Escape Tunnel
GSI=45
RMR=58
1.6 kg/m3
2.46 m/m3
3m
Up to 0.2 m

Trial No. 5
South Portal,
Escape Tunnel
GSI=45
RMR=54
1.7 kg/m
2.46 m/m3
3m
Up to 0.1 m

Trial No. 6
South Portal,
Escape Tunnel
GSI=45
RMR=54
1.8kg m
2.46 m/m3
2.8 m
Up to 0.1 m

Trial No. 7
South Portal,
Main Tunnel
GSI=45
RMR=47
1.2 kg/m3
2.46 m/m3
2.5 m
0m

30%

60%

60%

75%

50%

3.94 mm/s

3.81 mm/s

5.06 mm/s

2.25 mm/s

3.56 mm/s

12.75 hours

15.50 hours

15.25 hours

15.60 hours

14.25 hours
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4

DISCUSSIONS ON OVERBREAK
CONTROL

overbreak is 25-30% more for the Escape
tunnel than Main tunnel, which clearly indicate
that overbreak is inversely proportional to the
area of cross section of tunnels.

From the trial blasts with controlled blasting, it
was found that the orientation of joints with
respect to tunnel axis, predominantly influence
the extent of overbreak. Therefore, differing
explosive charge concentration towards the
joint inclination and across the joint orientation
would result in better control of overbreak,
rather than uniform charging. It is generally
considered that the blast design of contour
holes play a significant role in control of
overbreak. From all the above explained trail
blasts it was noticed that blast design of cut
holes and penultimate row of contour holes
play equal role as contour holes. For given
similar conditions it was observed that the
Table 3

Application of in-hole delay blasting technique
in cut holes smooth blast design of penultimate
back holes reduced the overbreak by 40-90% in
both main tunnel and escape tunnel. It was
observed that good smooth blasting, in contrast
to conventional blasting, resulted in saving of
21-39 % of overall cycle time of tunnelling.
The reduced cycle time resulted in substantial
bearing on the economics of the project. The
In-hole delay blast reduced the peak particle
velocity of vibration by 45-50%, which is
directional proportional to the rock mass
damage in the sides and roof of the tunnel.

Details of blasts performance Improvements with modified controlled blast pattern
at CNTL tunnelling project.

Blast result

Blast 3

Blast 4

Blast 5

Blast 6

Blast 7

Specific charge
Specific drilling
Pull
Overbreak (Reduction):
Half Cast Factor (%)
PPV intensity at constant distance
Cycle time of blasting round

Nil
2%
Nil
40%
5%
44.4 %
39 %

20%
25%
27%
70%
90%
57%
22 %

20%
18%
27%
80%
92%
43%
23 %

10%
18%
27%
90%
95%
75%
21 %

Nil
2%
8%
90%
82%
50%
36 %

5

CONCLUSIONS

mass damage in the sides and roof of the
tunnel. Therefore, it very clear from the studies
that the site specific smooth blast design
judicious charge distribution with respect to
joint inclination is the effective method of
controlling overbreak. The new controlled
blasting practices fulfilled the objectives of
minimum
overbreak
and
maximum
pull/progress for the prestigious CNTL project
of national importance.

The study clearly indicates that application of
site specific smooth blast pattern is very
important to provide smooth tunnel profile
which is essential for the ongoing NATM
method. The smooth blasting has got
tremendous bearing on performance of all the
subsequent tunnelling operations like scaling,
dressing, chiseling, shotcreting, supporting and
mucking. It was observed that effective practice
in-hole delay technique and smooth blasting, in
contrast to conventional blasting, resulted in
saving of 21-39 % of overall cycle time of
tunnelling. The reduced cycle time resulted in
substantial bearing on the economics of the
project. The In-hole delay blast reduced the
peak particle velocity of vibration by 45-50%,
which is directional proportional to the rock
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Near-field energy distribution in wall control blasting – An
engineering approach
P. Couceiro, J. Pascual and M. Lopez Cano
MAXAM Terra Solutions, Madrid, Spain

ABSTRACT
A simple engineering model based on near-field energy distribution approach is proposed to account
for the potential damage in wall control blasting. The critical damage limit is assumed to be the strain
energy associated with the internal elastic deformation energy of the material. Based on this criterion,
a relative potential damage index is established to assess blast damage in rock masses. In addition,
some further assumptions are taken regarding to the phenomena, the proposed model relates important parameters of the problem such as impedances, charge geometry, explosive energy and elastic
properties of the material to estimate the peak particle velocities (PPV) around of the blasthole, which
is easily measurable in near-field vibration campaigns in order to fit the attenuation factor.
1 INTRODUCTION

and explosive parameters, such as impedances,
charge geometry, velocity of detonation, explosive energy and elastic properties of the material,
in a simple engineering model, is of great interest. In this line, the present work improves the
near-field energy distribution model presented
by Couceiro et al. (2017) by coupling it with the
elemental Heelan waveform solution presented
by Blair and Minchinton (2006). This improvement allows better prediction of the spatial energy distribution along an infinite and homogeneous rock mass due to a finite charge length.

Near field vibration analysis is commonly used
to assess blast damage in rock masses. Many empirical, analytical and numerical methods are
currently in use. Among them, the most popular
empirical approach so for is the well-known
Swedish method developed by Holmberg and
Persson (1979) for near-field vibration predictions. However, many researchers have reported
some intrinsic limitations in the HolmbergPersson model such as the incorrect integration
of the vibration contribution from each elemental charge fraction, which makes this model
essentially a time independent approach (Villaescusa et al. 2004). An important improvement
in near-field vibration analysis has been presented by Blair and Minchinton (1996, 2006)
and Blair (2015). They have introduced an accessible model based on Heelan solution coupled with the standard charge weight scaling
laws and even including the effect of wave’s reflection phenomena (Blair 2015).

2 ROCK MASS DAMAGE BY BLASTING
The definition of overbreak can be understood as
the breakage, dislocation and/or reduction in the
rock mass quality beyond the design perimeter
of the excavation (Oriard 1982; Forsyth and
Moss, 1991). Scoble et al. (1997) resume the review of damage criteria based on vibration levels carried out by Singh (1993), where several
investigators (Langefors and Kihlstrom 1978;
Calder 1977; Oriard 1982) concludes similar
ranges of peak particle velocities as damage criteria. Hence, the critical damage limit can be established in terms of peak particle velocity by
the following relationship (Persson 1997):

Although important explicit or implicit assumptions and simplifications are incorporated in any
empirical or analytical model, an appropriate
near-field ground vibration analysis should still
be capable to assess the overbreak or extent of
blast damage in wall control blasting (Saiang,
2008). Thus, the incorporation of important rock

(1)
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3 NEAR-FIELD ENERGY
DISTRIBUTION MODEL

where is the critical or limit peak particle velocity; is the axial stress; is the rock density
and
is the seismic velocity of the material.
This relationship is useful as a first estimation of
the damage criteria by taking into account the
strength and elastic properties of the material.
On the other hand, Onederra (2005) indicates
that complete fracturing is closer to four times
the value of the critical peak particle velocity
(Persson et al. 1994; LeBlanc et al. 1995;
McKenzie et al. 1995).

The energy released during the detonation process is the source of all phenomena involved in
blasting rocks. Under certain assumptions and
simplifications, this available energy can be partitioned into several zones, where they can be
grouped into at least three regions known as
shock, heave and losses energies. Following this
simplification, the amount of energy consumed
in each zone is strongly simplified by an idealized detonation isentropic expansion curve combined with a specific rock volume confinement,
which is dominated by certain geotechnical and
mechanical characteristics (Lownds 1991).
However, only a portion of the total available energy in the borehole would actually be used to
induce damage in the rock mass. In this line, the
distribution of the radiated energy can be of
great practical interest since it can be used to assess the explosive’s distribution in the rock mass
and how much potential damage it can supposed
to the slope walls in a near-field space.

Alternatively, the rock mass damage could be
estimated by using the strain energy associated
with the compressive or tensile strength of the
rock mass. According to Persson (1997), the
strain energy associated with a stress wave is the
internal energy contained in the material in the
form of elastic deformation energy. The strain
energy, for a simple compressive or tensile
wave, is given by
1
2

(2)

where is the strain energy per unit of mass of
rock; is the rock density; is the elastic modulus (Young’s modulus); and
is the axial
stress.

The proposed energy distribution approach,
based on the radiation of the shock energy over
the rock mass, rises as a simple alternative
method to compare the potential blast damage
between different explosive’s configurations.
This engineering approach is not aimed to deal
with the complexes involved during the energy
transmission phenomena. Instead, it is based on
a simple relationship between the available explosive’s shock energy and impedances in order
to estimate the energy density distribution per
unity of rock mass. This estimation is then related to the strain energy in the rock mass and,
finally, with the peak particle velocity.

Thus, Equations 1 and 2 can be used to establish
a simple comparison between the strain energy
generated by the blasting vibration in a certain
distance from the charge axis with the strain energy at the breakage limit (tensile or compressive strength). Hence, the relative potential damage index
could be defined as the ratio
between the averaged radiated energy density
and rock strain energy:

However, the original model (Couceiro et al.
2017) is essentially a static approach since it
does not take into account the influence of the
velocity of detonation and propagation time of
pulses waves generated by each charge segment
in the conformation of the peak particle velocity
in a specific point of interest (Hustruild 1999;
Onederra and Esen 2010). Reducing this limitation, the current near-field blast energy distribution model improves its prediction capacity by
using the full elemental waveform superposition
in order to predict the total horizontal, , and

(3)
where
is the strain energy generated by the
blasting vibration in a certain distance from the
charge axis and
is the strain energy at the
breakage limit. According to the Equation 3,
when the relative potential damage index
is
equal or higher than 1, the expected damage is
highly probable. On the other hand, values
smaller than 1, means less risk or no damage at
all.
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vertical, , components of the particle velocity
at any point of interest. Therefore, even including these additional improvements, the proposed
model continues to be a friendly engineering
methodology to assess and control the potential
damage and even to be expanded as a tool to
model breakage and fragmentation, without entering in the merit to attempt to convey the fundamentals of blast wave propagation and its
complex interactions in the surrounds, such as
those influences generated by free surface reflections and others.
3.1 Peak particle velocity estimation
The diagrammatic representation of the borehole
geometry is used to compose a simple mathematical expression for the radiated energy due to
an explosive column of length in a hole of radio embedded in a medium of infinite extent
(Figure 1). Then, the overall charge length is
discretized in several smaller pieces, counting a
total of elements. Each elemental charge m of
length ∆ is assumed to radiate energy into the
rock mass and contain the following amount of
available energy:
∆

Figure 1

Coordinate system and nomenclature used in the Heelan model
(based on Blair and Minchinton
(2006) and Blair (2015)).

During the detonation process, a portion of this
available energy is transmitted to the rock mass
confining the explosive. The maximum immediately transmitted energy
to the rock can be
obtained by:
4

(4)

where
is the total available energy in one elemental charge (kJ);
is the explosive’s shock
energy (kJ/kg); is the borehole radii (m) and
is the explosive density. In the present model,
the shock energy is defined as the work done
from CJ detonation state to the equilibrium borehole state.

(5)

is the explosive energy in a ∆ fracwhere
tion;
is the transfer function;
and
are the impedance of explosive and
rock, respectively;
and
are the explosive
and are the velocity
and rock densities and
of detonation and seismic (compressional or
shear wave) velocity of the rock, respectively;
Thus, once established the energy immediately
transmitted to the rock, a site specific attenuation
function can be applied in order to radiate the
explosive energy through the rock space by:
(6)
where is the borehole radio (m); and are
fitting parameters;
is the distance (m) from
the charge fraction
,
to the observed
point
,
given by
.
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Equation 6 is dependent of the explosive energy,
impedance of explosive and rock, explosive density, hole diameter and the position of interested.
The choice of the attenuation factor is critical,
and can be obtained by an adequate fitting over
a set of experimental near-field vibration data.
Since this approach uses both compressional or
shear wave velocities, Equation 6 can be written
specifically for
and
directions as
(7a)
(7b)
and
where
considering as
,
,
ities);
parameters.

Figure 2

are given by Equation 5
or (P and S-wave velocand
are the fitting

Schematic diagram of the volume
calculation for an elemental
charge m.

Finally, an estimation of the peak particle velocity can be performed by combining Equations 1,
2 and 8 leading to the following relationship:

On the other hand, the evaluation of the radiated
energy in terms of energy density seems to be
more suitable since it is frequently used in rock
crushing and fragmentation studies (Persson
1997). An approximation can be done by assuming the radiated energy
divided by the mass
of rock around of the charge at a distance
.
Then, the average radiated energy density assumes the following form:

1

2

(9)

where is the peak particle velocity at the distance
; is the average radiated energy density per unity of mass; is the elastic modulus
and
is the rock density. Thus, peak particle
velocities in the
and
directions,
or
, can be estimated using the compressional
or shear wave velocities.

(8)
is the average radiated energy density
where
per unit of mass; is the volume of rock in a
distance of
; is the rock density. The volume estimation is another critical parameter in
this model. For simplicity, the volume associated with mth elemental charge is assumed to be
a sphere of radio
(Figure 2), similar to Kleine
(1988).

3.2 Heelan model – spatial energy distribution
Since an estimation of the peak particle velocity
is established, a strategy to spatially distribute
the energy released from a cylindrical charge
source is needed. The previous version of this radiated energy distribution model (Couceiro et al.
2017) was intrinsically similar to the traditional
Holmberg and Persson model (1979) and, as a
consequence, was plagued with the same limitations. One of these limitations is the impossibility to predict the radiation of the vertically polarized shear wave (SV) as dominant vibration
portions at an angle of 45º (Blair and Minchinton
1996). In order to minimize this intrinsic limitation, the current radiated energy distribution
form has been improved by incorporating the
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spatial structure of the elemental Heelan waveform model developed by Blair and Minchinton
(2006).

velocities of P-wave and S-wave, respectively.
Finally, was defined by Blair and Minchinton
(2006) as the traditional scaling peak particle velocities

Heelan (1953) developed an analytical solution
for the radiation energy from a cylindrical source
of finite length, where clearly shows the existence of shear waves propagation. Based on this
model, Blair and Minchinton (2006) presented
an altered version of Heelan model to ensure that
each elemental Heelan waveform has a peak particle velocity given by a simple scaling distance
law. In this model, the vector peak particle velocity is obtained by an appropriate superposition of all elemental scaled Heelan waveforms.

(14)
where K, A and B are the usual site constants.
For more detail about the foundation of the
Heelan model (1953), see Blair and Minchinton
(1996, 2006).
In the proposed near-field energy model, can
be defined as both the average radiated energy
density or the peak particle velocity given by
Equations 8 and 9, respectively. Hence, depending on what magnitude is desired to use, the following expressions are given

Thus, the normalized elemental wave shape,
, is given by Blair and Minchinton (2006) as
2

(15)

(10)

1

or

where is the dimensionless time variable, defined as
, being the dimension time;
and are constants. Based on this definition, the
th
dimensionless time associated with the
charge element is given by
1

∆

1

2

(16)

In the case of Equation 16, assume the value of
P-wave or S-wave velocities. Thus, one can specifically have the peak particle velocities from
and
directions. Then, is written as
or
.

(11)

is the normalized factor, which assume values
of 0.9910 and 0.0455 for
3 and
6, respectively. In this paper, the seed wave resulted
from
6 is used throughout.

Finally, the waveform superposition equations
for 16 from all charge elements are described
as:

Thus, the altered Heelan model proposed by
Blair and Minchinton (2006) was defined as

sin

1

2

cos

(12)

(17)
cos

cos

sin 2

(13)

(18)

sin

Once the total horizontal, , and vertical, ,
components of the particle velocity at the point
of interest are obtained, the vector waveform can
be estimated by using the following equation:

where
and
are the dimensionless P and
S waves travel time, including the elemental
charge fraction delay times.
is the Heaviside step function where
0 if
0 and
0 if
0.
has the
same definition;
and
are the rock seismic

(19)

117

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

4

RESULTS

the weightiness of the square of the errors (Hamming 1973). The process considers the spatial
position of field measurements and relevant geometries in order to find the best fit model parameters. However, the elemental wave shape is
not fitted in this study and all solutions assume
the following wave parameters
6 and
10000.

The proposed energy distribution model is compared with the scaled Heelan model (Blair and
Minchinton 2006). For that purpose, a set of experimental results presented by Homberg and
Persson (1978) (Hustrulid 1999) is used to compare both models. All results are given in terms
of vector peak particle velocity, unless otherwise
stated. In the current study no boundaries are
considered. Since the energy model is sensible
to the explosive parameters, additional results
for different densities and velocity of detonation
are also presented. For the case of the scaled
Heelan model (Blair and Minchinton 2006), the
original version uses a single weigh scaling law
to predict de peak particle velocity in
and
directions. In this investigation, however, an
alternative configuration with two independent
scaling laws is used to predict the peak particle
velocity in each direction. Additionally, results
of radiation pattern in a symmetrical space with
the explosive charge centered at (0,0) is also presented.

Table 1

Experimental field data
(Hustrulid 1999)

PPV (mm/s)

P1
1520

P2
693

P3
130

Distance (m)

13.2

27.0

49.0

Depth (m)

-6.2

-5.35

0(1)

(1)

Assumed.

4.2 Model comparisons
The experimental field data is used to fit the
near-field energy distribution model. The energy
pattern radiation is shown in Figure 3. The vector peak particle velocities are presented in terms
of mm/s, where isolines of PPV are shown from
500mm/s to 4000mm/s. In order to proper represent the field experimental data, the non-linear
fitting procedure forced the model to quickly attenuate S-waves in comparison with P-Waves.
This behavior is consistent with the numerical
and experimental results found by Triviño et al.
(2009), although here this behavior is even
stronger. In their study, simulations of the radiation patterns from a single and column charge
were carried out considering a vicious damping
behavior of the material. According to them, this
was in line with the wave attenuation theory,
which states that for a given frequency and the
same propagation distances, S-waves travel a
larger number of attenuation cycles as a consequence of the lower S-wave velocity compared
to P-waves (Triviño et al. 2009).

4.1 Model Fitting Procedure
An important stage of wall control blasting strategies consists in conduct a campaign of nearfield vibration measurements. These experimental data are examined and normally are used
to fit the candidate near field vibration model.
Thus, in order to check the applicability of the
proposed energy distribution model, a non-linear
fitting procedure is carried out in order to obtain
site-specific parameters for a set of experimental
field data. This possibility is illustrated with
some field experimental data from Aitik mine in
Northern Sweden, presented in Table 1 (Hustrulid 1999; Homberg and Persson 1978). The explosive is an aluminized TNT-based water gel
with a density of 1450kg/m3 and velocity of detonation of 4800m/s, in a 250mm diameter. The
material properties are assumed to have a density
of 2640 kg/m3, elasticity modulus of 60 GPa and
P and S-wave velocities of 4000 m/s and 2309
m/s, respectively.
The fitting process is based on a non-linear minimization of the total sum of absolute residues.
Differently of the traditional minimum least
square method, the minimum absolute residues
decrease the impact of possible outliers due to
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data is fitted with the double-scaled Heelan
model. Figure 6 shows the radiation pattern from
the double-scaled Heelan model. As can be appreciated, the result is very similar to the energy
distribution model presented in Figure 3. Interestingly, the double-scaled Heelan model also
forces faster S-waves attenuation in comparison
with the traditional version of the model when
fitted to the data. This behavior seems to be an
inevitable consequence of better representation
of the considered field experimental data and is
in concordance with Triviño et al. (2009) finds.

0
50

(a)

Vector PPV (mm/s) radiation patterns from energy distribution
model considering the site fitting
parameters.

70
0

Figure 4 shows the radiation patterns emitted
from a single element of charge of 0.2m, considering the fitted site-specific parameters. Significant differences are observed when compared
with the original scaled Heelan model (see Figure 7). The main difference is a result of higher
P-waves amplitudes, decreasing the S/P ratio.
However, although the lobes at 45º are strongly
attenuated, the S-waves still play a significant
role in the PPV computation, as shown in Figure
4.

300

Distance (m)

Figure 3

(b)

The same fitting procedure was performed for
the scaled Heelan model. Two simulations were
carried out. The first simulation was done with
one single scaling law while the second one was
performed considering independent scaling laws
for each direction ( ,
), referred here as
double-scaled Heelan model. Figure 5 shows
the radiated pattern for the scaled Heelan model
with a single scaling law. As expected, the radiation shape is in line with the results of Blair and
Minchinton (2006) because it is only a function
of the ratio of P and S wave velocities. Since the
source of the peak particle velocity in both directions is given by the same equation and parameters, the vertically polarized S-wave causes large
lobes at angles of 45°. However, if we allow independent scaling laws in each direction, the relative S/P ratio can be significant reduced. Indeed, that is the case when the experimental field

Figure 4
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(c)

PPV radiation patterns from a
single element of charge for the
energy distribution model, considering the site fitting parameters. (a) vector peak particle velocities; (b) Horizontal particle
velocities; and (c) Vertical peal
particle velocities.
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(a)

100
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The scaled Heelan model predictions for the vector PPV (mm/s).
The borehole is represented in the
left side.

(b)

(c)

0

40 0

0

Figure 5

50

Figure 7

Figure 6

PPV radiation patterns from a single
element of charge for the original
scaled Heelan model. (a) vector peak
particle velocities; (b) Horizontal
particle velocities; and (c) Vertical
peal particle velocities. Units in
mm/s.

Figures 7 and 8 show the radiated pattern from a
single element of charge for the original and
double scaled Heelan Model. As expected, the
original model presented the typical Heelan
shape since it only depends on the S/P velocity
ratio (Figure 7). The double-scaled Heelan
model is very similar to the energy distribution
model, as can be perceived when comparing Figure 8 and Figure 4. However, the double scaled
Heelan model predicts stronger vertically polarized S-wave (SV) in comparison to the energy
distribution model but still smaller than original
scaled Heelan model. Thus, the advantage of the
double scaled Heelan model is the possibility to
better account different attenuation in different
directions.

The double scaled Heelan model
predictions for the vector PPV
(mm/s). The borehole is represented in the left side.
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Figure 9 shows the attenuation curves at -6.0m
for the energy distribution and both original and
double scaled Heelan models. As can be seem,
the best prediction curves are given by the energy distribution and double scaled Heelan
model. The original Heelan model under-predict
vibration levels at larger distances although
gives good prediction at closer distances. On the
other hand, the energy distribution and double
Heelan models are capable to give very good
prediction in both closer and larger distances.

2

Peck Particle Velocity (m/s)

Experimental field data
Energy Model
1,5

Double Heelan Model
Original Heelan Model

1

0,5

0

(a)

0

10

20

30

40

Distance (m)

Figure 9

The peak particle velocity versus
distance curves for the energy distribution model, original and
double scaled Heelan models.

4.3 Potential damage Index

(b)

Figure 8

Once the radiation pattern of peak particle velocities is determined, the potential damage can be
assessed by taking into consideration the
strength of the rock in comparison with the radiation pattern of energy. In this regard, Figure 10
shows the vector peak particle velocities profiles
at different distances and depth in relation to the
borehole position. The energy distribution
model predicts higher PPVs nearby the blasthole
in comparison with the double scaled Heelan
model. In other words, for a given rock strength,
the energy distribution model would predict
higher damage than the Heelan model. However,
despite of these differences, the engineering
damage assessment strategy is the same: compare the radiated energy against the strength of
the rock.

(c)

PPV radiation patterns from a
single element of charge for the
double scaled Heelan Model. (a)
vector peak particle velocities; (b)
Horizontal particle velocities; and
(c) Vertical peal particle velocities. Units in mm/s.
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0

damage limit, additional issues could be addressed during the wall control blasting design
in order to decrease the potential impact to the
walls.

13.0m
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Figure 10 Vector PPV at different distances: 13.0m, 6.0m and 4.5m.
Solid lines are the energy distribution model; dashed lines are
the double-scaled Heelan model.
The borehole is represented in the
left side.

Figure 11 Potential damage index for the
rock compressive (solid line) and
tensile (dashed line) strength.
High density explosive is used.

One simple engineering strategy is established
defining the relative potential damage index ,
which is the ratio between the averaged radiated
energy density and rock strain energy. This relationship can be used to spatially assess the potential damage of a given blasthole configuration
and rock strength. Based on rock characteristics,
the strain energy at the breakage limit can be
estimated using Equation 2 and, consequently,
the potential damage index. For that aim, it is assumed a compressive and tensile strength of 150
and 17 MPa, respectively. For this rock configuration, the strain energies are estimated to be
71.02 J/kg and 0,912 J/kg, for compressive and
tensile strength, respectively.
Figure 11 shows the compressional and tensile
damage index for the aluminized TNT-based
water gel with a density of 1450kg/m3 and velocity of detonation of 4800m/s, in a 250mm diameter, using the energy distribution model. In
this configuration, it is expected to damage by
compressional stresses up to 5m away from the
blasthole while residual tensile damage could
reach distances up to 15m. However, at this distance, it is not necessarily a breakage damage
process but a dislocation and/or reduction in the
rock mass quality. By evaluating this potential

Figure 12 Potential damage index for the
rock compressive (solid line) and
tensile (dashed line) strength.
Low density explosive is used.
Furthermore, an additional simulation is performed assuming a lower explosive density and
velocity of detonation. This intends to check the
potential impact of this new configuration beyond the design perimeter. For that purpose, it is
assumed an explosive density of 820 kg/m3 and
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Forsyth, W.W. and Moss, A.E. (1991). Investigation of development blasting Practices,
Canmet MRL, 91 143 pp.
Hamming, R. (1973). Numerical Methods for
Scientist and Engineers. New York:
McGraw-Hill.
Heelan, P. A. (1953). Radiation from a cylindrical source of finite length. Geophysics, 18,
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Holmberg, R. and Persson, P. A. (1979). Design
of tunnel perimeter blasthole patterns to prevent rock damage. In: Proc of 2nd Int. Symp.
on Tunnelling. London: Institution of Mining
and Metallurgy, pp. 280 – 283.
Hustrulid, W. A. (1999): Blasting Principles for
Open Pit Mining, Volume 1. A. A. Balkema.
Kleine, T. H. (1988). A mathematical model of
rock breakage by blasting, PhD. JKMRC-The
University of Queensland, Queensland, Australia.
Langefors, U. and Kihlstriim, B. (1978). The
Modem Technique of Rock Blasting. 3rd ed.
John Wiley & Sons.
Leblanc, T., Heilig, J. and Ryan, J. (1995). Predicting the Envelope of Damage from the
Detonation of a Confined Charge. In: Proc. of
6th High-Tech Seminar on the State of the Art
in Blasting Technology Instrumentation and
Explosives Applications, Massachusetts,
USA, pp. 225–291.
Liu, Q. and Katsabanis, P.D. (1993). A theoretical approach to the stress waves around a
borehole and their effect on rock crushing. In:
Proc. of 4th Int Symp on Rock Frag by Blasting - Fragblast-4. Vienna, Austria: pp. 9-16.
Lownds, C. M. (1991). Energy Partion in Blasting. Third Annual High-Tech Seminar: Stateof-the-Art Blasting Technology Instrumentation and Explosives Applications.
Mckenzie, C., Scherpenisse, C., Arriagada, J.
and Jones, J. (1995). Application of Computer Assisted Modelling to Final Wall Blast
Design. In: Proceedings of the EXPLO’95 –
A Conference Exploring the Role of Rock
Breakage in Mining and Quarrying, Brisbane,
Australia, pp. 285–292.
Onederra, I. and Esen, S. (2010). An alternative
approach to determine the Holmberg-Persson
constants for modelling near field peak particle velocity attenuation. International Journal
for Blasting and Fragmentation. Vol. 8 (2),
pp. 61 – 84.
Onederra, I. A. (2005). A fragmentation model
for underground production blasting, PhD.
Julius Kruttschnitt Mineral Research Centre,
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velocity of detonation of 4100 m/s. As expected,
Figure 12 shows that the potential compressive
damage is reduced to 2m while the tensile damage, to 12m. Further investigation can be performed by changing hole diameter, geometries
and even the explosive initiation point (bottom
or top prime initiation) in order to assess the best
blast design.
5

CONCLUSIONS

The proposed near-field energy distribution
model is an engineering approach to predict both
peak particle velocity and strain energy around
the blasthole. The model allows independent
source of energy to predict the peak particle velocities in
and
directions. Consequently,
the results of radiation pattern with the energy
distribution model could be different from those
obtained with the original scaled Heelan model.
However, these differences may rise as a consequence of the model’s ability to reproduce real
field experimental data. On the other hand, the
critical damage limit is assumed to be the strain
energy associated with the internal elastic deformation energy of the material. Based on this criterion, the relative potential damage index in
rock masses is established. Thus, the proposed
near-field energy distribution model can be used
to assess the potential damage in wall control
blasting design. Finally, further work is currently in progress in order to improve the attenuation parameters and also to incorporate the effect of free-surface reflections, as stablished by
Blair (2015).
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Assessment and control of backbreak using near-field
vibration signatures in dragline bench blasting
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Indian Institute of Technology (Indian School of Mines), Dhanbad, India

ABSTRACT
Dragline bench blasting in Dudhichua and Nigahi projects of Northern Coalfields Limited (NCL) is
a major activity contributing 13 MT and 15.52 MT of coal per annum respectively. This production
is realized through blasting in overburden rocks with multiple rows (8-10 nos.) and holes per row
(18-20 nos.) for obtaining a dragline cut measuring, typically, 80m in width and 200m in length. Due
to the large scale production blasts being carried out backbreak of the order of 10 m is observed,
which is a cause of concern. Experiments were conducted in both the projects to acquire near-field
vibration signatures using two Triaxial Borehole Geophones planted at distances of 30 m and 40 m
from the last row perpendicular to the free face and located midway. In-situ P-wave velocity profiles
were recorded using 24-channel seismic refraction tomography for competency mapping of the rock
mass of the different benches where draglines were deployed. Suitable charging scheme and delay
configurations were suggested for minimizing backbreak based on the near-field ground vibration
signatures.
1

INTRODUCTION

blast site, it can be best understood and assessed
using near-field ground vibration signatures.
Backbreak may lead to problem of highwall
damage and induce cracks on the location of the
next blast. These cracks generally lead to wastage of explosive while charging as the explosive
can seep through the cracks leading to high specific charge (kg/m3). Backbreak also leaves
loose hanging rocks from the final wall, which
the dragline excavates, further distorting the final wall and damaging the teeth of dragline. This
has led to higher maintenance and lower productivity of dragline, the key cost-centre of the project.

Mining industry is largely dependent on drilling
and blasting technique of excavation, which is
popular due to its applicability in different
geo-mining conditions and its cost-effectiveness. Higher ground vibration, flyrock and airoverpressure are key environmental concerns of
any mining project. Apart from these environmental impacts, there are also technical problems caused by large blasts such as, poor fragmentation, overhangs, backbreak, endbreak,
settlements in highwall, toe formations and difficulty in obtaining a clean cut due to inadequate
drop and movement of burden.

2

In a blasting event, typically, 20-30% of energy
is estimated to be used in fragmentation i.e. useful work (Pal Roy, 2005). The rest 70-80% is
wasted in the form of blast-induced vibration,
airblast, flyrocks, heat, light and noise (Konya
and Walter, 1990). These wasted energies physically manifest in the form of backbreak (close
to the blast patch) and are the cause of concern
in dwellings (far from the blast patch, if not controlled within permissible limits). Since backbreak is caused in the immediate vicinity of the

ROCK DAMAGE AND NEAR-FIELD
VIBRATION MONITORING

To understand rock damage, it is important to
understand wave propagation from blasting and
analysis of shock waves induced by blasting
thereby acquiring information about the loading
conditions at the source. Several theoretical, analytical and a few field-scale measurements of
blast-induced damage are reported (Trivino and
Mohanty, 2013). Theoretical works include
Heelan (1953), Tubman et al. (1984), Meredith
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3.2 Nigahi Project

et al. (1993), Blair and Minchinton (2006), Blair
(2007), which describe stress waves generated
from cylindrical charges. White and Sengbush
(1963), Vanbrabant et al. (2002), Trivino and
Mohanty (2009) and Trivino et al. (2012) employ wave analysis to understand the workings
of strain waves. Trivino et al. (2009) used numerical methods to estimate blast damage from
stress waves. Ouchterlony et al. (1999 and 2001)
and Olsson et al. (2002) investigated the blastinduced damage by crack measurements in granite blocks (lab scale) and bench blasting. Hustrulid et al. (1992) modified the Favreau (1969)
model and presents an empirical model which
gives PPV values taking into account explosive,
rockmass and geometrical parameters.

Nigahi Project is an opencast mine of NCL
located in the Sidhi district of Madhya Pradesh
and forms a part of Singrauli coalfields. It is located to the west of Jayant Project and to the east
of Amlohri Project. The nearest railway station
is Singrauli and is 45 km from project site. It
stands out as a hilly plateau with elevations of
about 400-450 m above mean sea level. The
rocks are of Lower Gondwana formation. There
are four coal seams viz. Turra, Purewa (Top,
Bottom and Combined) seams having thicknesses 13-17 m, 11-12 m, 7-9 m and 1-4 m respectively. The direction of strike is E-W. The
dip of coal seam is 1-4 in the northerly direction.
The average stripping ratio is 1:3.68. Nigahi Project produces around 15.52 MT of coal per annum (Singh, 2004).

PPV based rock damage estimation models
proposed by different researchers are shown in
Table 1. Several researchers have attempted to
relate PPV with blast induced damage as mentioned in the above table. However, there is scarcity of data relating near-field PPV with rock
damage (backbreak) in dragline bench blasts.
Thus, an attempt is made in this work to investigate the phenomena and establish relevant relationships.

The overburden strata being handled by four
draglines above the Turra Coal seam comprises
of jointed rockmass, cavities, hard bands and
water bearing strata and totals a thickness of
around 28m.

3 SITE DETAILS
The investigations were carried out in two projects of NCL, a subsidiary of Coal India Ltd. viz.
Dudhichua and Nigahi Projects.
3.1 Dudhichua Project
Dudhichua Project is an opencast mine in NCL
producing non-coking coal mainly power of
grade since 1975. It is located partly in the district of Singrauli in Madhya Pradesh and partly
in the district of Sonebhadra in Uttar Pradesh. It
is surrounded by Khadia mine in the East and
Jayant Mine to the West. The nearest major railway station is Singrauli station about 30 km. The
rocks are of Lower Gondwana formation. There
are three coal seams viz. Purewa Top, Purewa
Bottom and Turra having thicknesses of 5-9 m,
9-12 m and 17-22 m, respectively. The strike direction is E-W. The dip of coal seam is 1°-3° in
the northerly direction. The total leasehold area
of the mine is 24.64 km2. The mine produces
around 13 MT of coal per annum (Singh, 2004).
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Figure 1

An overview of Dudhichua
project

Figure 2

An overview of Nigahi project
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The stratification of the overburden varies from
thick soft layers to thin hard layers, e.g. 10m of
coarse-grained sandstone (UCS around 3.4
MPa) and 0.5m of alternate shale and sandstone
(UCS around 16 MPa). Such a variegated stratification makes production blasting difficult
leading to higher specific charge (kg/m3), higher
specific drilling (m/m3), irregular face profiles,
backbreak, higher blast-induced vibrations and
poor fragmentation. Due to the large scale blasts

in dragline benches, the backbreak is also large
and is of the order of 10 m. Backbreak values
typically ranged from 6.5 m to 9.8 m. The maximum charge per delay and total charge per
round varied from 974.5 kg to 7996 kg and
29,800 kg to 3,34,040 kg respectively posing
ground vibration issues as perceived by residents
located in the range of approximately 1000 m to
5000 m distance from the blast site

Table 1 PPV based rock damaged estimation models
Author
Edwards and
Northwood (1960)
Bauer and Calder
(1970)
Langefors and
Kihlstrom (1973)
Holmberg (1982)
Oriard (1982)
Rustan et al.
(1985)

Hustrulid et al.
(1992)

Yang et al. (1993)
Meyer and Dunn
(1996)

Bogdanoff (1995)

Blair et al. (1996)
Persson (1996)

Key Points
PPV of less than 50 mm/s would have low chance of damage to nearby dwellings.
No fracturing of intact rock for PPV less than 254 mm/s. For PPV in the range of 254635 mm/s, possible sliding due to tensile breakage will occur. Strong tensile breakage
and some radial cracking will occur for PPV in the range 635-2540 mm/s. Complete
breakage of rock mass will occur for PPV greater than 2540 mm/s.
PPV in the range of 305 mm/s to 610 mm/s leads to the generation of fresh cracks and
rock fall respectively in unlined tunnels.
Found that when PPV exceeds 700 mm/s cracks are induced or enlarged in a granite
rockmass.
Most rockmass suffer damage at PPV levels exceeding 635 mm/s.
Used Holmberg and Persson’s model. For smooth blasting PPV ranged from 300-900
mm/s. An extrapolation of 0.5 m gave a PPV range of 100-1000 mm/s. The damage
with 700 mm/s extends to 0.1 m. The observed damage by direct methods is 0.5 m,
which suggests that PPV for damages can be higher than 700-1000 mm/s.
An empirical model was developed for acquiring PPV values considering rockmass,
explosive and geometrical component based on the model proposed by Favreau
(1969).
1.2247
where, V= Near-field PPV (m/s); P= Explosion pressure (Pa); c= P-wave velocity of
rock; ρ= rock density (kg/m3); R= distance of point of interest from charge centre (m);
r= radius of cylindrical hole (m)
Used Holmberg-Persson’s model at Queen’s University blast site. The actual damage
data with the field related closely with theoretically estimated values.
Used Holmberg-Persson’s model at Perseverance Nickel Mine in Australia. Damage
threshold PPV was found to be 600 mm/s and minor damage above 300 mm/s.
Documented near-field acceleration monitoring in an access tunnel at distances between 0.25 m and 1.0 m outside tunnel perimeter holes. The vibrations were filtered
with high and low pass filters for reducing noise and signal clarity. Acceleration trends
were integrated with time to get near-field PPV levels. PPV, in the assumed damage
zone was found to lie between 2000 to 2500 mm/s.
Developed a dynamic finite element model to assess damage zone.
Showed that difference in time of arrival of elemental waves from different parts of
charge can be neglected because the effective parts of elemental waves arrive at a point
almost simultaneously.
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Proposed a new damage criteria based on rock parameters and PPV:

Yu and Vongpaisal (1996)

Murthy and Dey
(2003)

McKenzie and
Holley (2004)
Dey (2004)
Raina et al. (2010)

Singh and Roy
(2010)

where,
Dib= blast damage index; V=vector sum of peak particle velocity, m/s; = density of
rock, g/cc; Cp= P-wave velocity, km/s;
= dynamic tensile strength, MPa; Kr= site
quality constant= (RMR-ground support adjustment)/100. Dib values range from 0 to
2. Dib greater than 2 indicates major caving.
Reported a vibration predictor equation which includes the effect of free face in tunnel
blasts and used PPV extrapolation method to arrive at threshold levels of overbreak.
The threshold PPV for overbreak in a tunnel through basaltic formations exceeds 2050
mm/s.

where, V=PPV (mm/s); R= distance (m); W= maximum charge per delay (kg); SF=
stiffness factor (burden/hole length) ratio; K and α are site constants.
Reported that threshold PPV exceeds 700 mm/s for intense damage, 400 mm/s for
significant damage; 350 mm/s for open cracking and 300 mm/s for fine cracking in
wall blasting.
Investigated threshold level of PPV for overbreak in fine development drivages of Qindex between 6 to 8 and found PPV in range of 700-1200 mm/s.
Presented an exhaustive literature on blast induced damage (BID) and found that crack
depth estimation using ultrasonic method gives fairly good accuracy upto a depth of
50 cm.
Recommended threshold limits of vibration for different types of structures. This is
based on the actual structural response of cracking/damage in the test structures. The
structures were constructed for test purpose. The dominant frequencies were divided
into three categories: <15 Hz, 15-30 Hz and >30 Hz.
Proposed an overbreak prediction model consisting explosive, rockmass and blast design parameters:

Dey and Murthy
(2012)

27.91

0.97

1.59

1.89

where, A0= % overbreak, qp= perimeter specific charge (kg/m3); cp= P-wave velocity;
=Poisson’s ratio; AF= advance factor (m/m); fc= confinement (m/m2).

4

RESEARCH METHODOLOGY

of the rockmass (i.e. seismic profiling, examination of borehole sections) will lead to a better
charging scenario (Jimeno et al., 1995). Assigning proper delay (effective row to row delay pertinent to the rockmass) would also reduce degree
of backbreak because effective delay decides the
dynamic (instantaneous) free faces of the blast.
If the dynamic free face is not properly developed then it leads higher confinement and backbreak. The causes of backbreak are shown diagrammatically in the Figure3. Backbreaks can
potentially cause highwall instability and hole
collapse while drilling. They also lead to wastage of explosive energy in the cracks leading to
higher specific charge (kg/m3). Backbreaks also

For defining the study domain the following key
factors for backbreak were identified from
among a host of factors (Konya and Walter,
1990), namely, stiffness of bench, overcharging
and improper delay sequence.
Stiff benches (i.e. benches having low bench
height and high burden) increase the confinement in the last rows. So, the explosives tend to
break behind the last rows. Over/under charging
is a fairly common problem because rockmass
is generally not mapped for its competency.
Charging when carried out with understanding
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leave loose hanging rocks from the final wall
and distort the face leading to teeth damage,
higher maintenance and low productivity of
draglines. The dragline availability and utilization in these mines ranged from 64.52% to
80.85% and 35.60% to 70.09% respectively.

Figure 3

Figure 4

Plan view of the placement of geophone sensors

Figure 5

Elevation view of the placement
of geo-phone sensors

Causes of backbreak

4.1 Near-field vibration monitoring
To study the blasting impact on dragline
benches, near-field vibration monitoring was
carried out for obtaining the ground vibration
signatures in Dudhichua and Nigahi projects of
NCL. Two Triaxial Borehole Geophones, viz.
High Frequency (velocity range upto 2540 mm/s
and frequency range, from 30 Hz to 1 kHz) and
ISEE Compliance (velocity range upto 254
mm/s and frequency range from 2 Hz to 250
Hz) were used for near field vibration monitoring. The High Frequency sensor was placed at a
distance of three times burden i.e. at a distance
of 30 m from the last row of holes midway of the
blasting patch perpendicular to the free face. The
ISEE Compliance sensor was placed 10 m behind the High Frequency sensor, therefore, 40 m
from the last row of holes. Blasts were varied in
their drilling pattern, charge quantities, delay
configurations. These blasts were monitored to
examine and analyze the influence of blast induced vibrations on backbreak. The placement
of sensors is shown in both plan and elevation
below in Figures 4 and 5.

The purpose of placing the first sensor at a
distance of 30 m is to understand the impact
transmitted by the blast to the highwall. The purpose of installing the second sensor at a distance
of 40 m is to understand the attenuation characteristics of near-field wave propagation. Placement of sensors in field is shown in the Figure 6.

Figure 6
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The near-field vibrations monitored varied from
337.02 mm/s to 839.71 mm/s and dominant frequency varied from 2 Hz to 49.50 Hz.

Seismic velocity method is not a direct indicator
of lithological unit but depends on stiffness/compactness of material. Therefore, the
stiffer/ compacted material has high velocity as
compared to loose material. Thus, based on the
velocity distribution of the primary waves, the
interpretation about the subsurface boundary between firm bed rock and intermediate loose formation was inferred. A typical field layout of
seismic profiling of a dragline bench in Nigahi
project is shown in Figure 9. Figure 10 shows the
in-situ P-wave profile of a dragline bench in Nigahi project. A weighted average of P-wave velocity profile was used for analysis purpose. The
characteristically different identified layers with
respect to P-wave velocity are shown in Table 2.

4.2 Backbreak Measurement
Backbreak measurement was carried out using
scaled photography. Backbreak was measured in
three places behind the last row, two at the edges
and one in the centre. Photographs were taken
keeping a scale and an arithmetic mean was calculated for a final backbreak value of a blast.
Backbreak measurement is shown in Figure 7.
Field scaled photographs were used for backbreak measurement as shown below in Figure 8.

Figure 7

Backbreak measurement in field

Figure 9

Figure 8

Seismic refraction tomography at
Nigahi project

Further, geological sections of boreholes gave
valuable insights to the nature and stratification
of dragline benches. A typical tabulated representation of a borehole section of Nigahi project
is shown in Table 3. Table 3 shows the lithology
and their corresponding compressive strength
(σc), tensile strength (σt) and shear strength ( )
in megapascal (MPa).

Scaled field photography of backbreak measurement

4.3 Seismic Refraction Tomography (SRT)
Seismic survey was conducted at Singrauli area
for getting knowledge of bed rock depth and
velocity variation towards capture the geological
heterogeneity. In-situ P-wave characteristics
were recorded using 24-channel seismic refraction tomography for competency mapping of the
rock mass of the different benches wherein draglines were deployed. Further, the geological
borehole sections and their geotechnical properties were used to identify the different strata.This
characterized the rockmass of the dragline
benches.

Figure 10 P-wave profile of Nigahi project
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Table 2

Layer

Layer-1

Layer-2
Layer-3

Table 3

P-wave velocity profile for Nigahi

Cpi
(m/s)

7001400
14002000
20002700

Average
Depth of
Interpreted
layer from
Lithology
surface
(m)
Fractured/
0 to 5
joint rock
mass
Moderately
5 to 12
massive
rock mass
12 to 22

Lithology of Dragline bench in
Nigahi project

Thickσc
Lithology
ness, m
(MPa)
Coarse
5.3
grained
3.43
sandstone
Medium
7.65
grained
6.69
sandstone
Fine
2.55
grained
13.43
sandstone
Medium
5.2
grained
6.69
sandstone
Fine
0.75
grained
13.43
sandstone
Coarse
1.15
grained
3.43
sandstone
Medium
3.05
grained
6.69
sandstone
Course
3.2
grained
3.43
sandstone
Fine
1.15
grained
13.43
sandstone

Massive
Rock mass

The values presented in Table 3 are arithmetic
mean of several samples with standard deviation
ranging from 30%-70% in UCS values while the
standard deviation in tensile strength ranged
from 35%-60%, not being proportional.
Seismic index was calculated using Table 2 as
follows:
∑
∑

/

σt
(MPa) (MPa)
1.07

1.47

1.42

2.06

1.72

1.86

1.42

2.06

1.72

1.86

1.07

1.47

1.42

2.06

1.07

1.47

1.72

1.86

The obtained P-wave velocity values and mechanical strength of different rock layers in the
dragline bench are in close agreement as shown
in Table 3.
5

ANALYSIS AND DISCUSSIONS

A total of 12 blasts were monitored with the
layout of sensors as shown in Figures 3 and 4
and backbreak measurements were taken from
scaled photography. Peak vector sum data points
were plotted against square root scaled distance.
Peak vector sum of only geophone 1 was chosen
as the parameter for analysis because in several
blasts the Peak particle velocity (PPV) for geophone 2 (Figure 3 and 4) was exceeding the max-
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imum value i.e., 254 mm/s. This resulted in clustering of data points rendering it opaque to any
interpretation. These exceeded values were not
considered for analyses. It was observed that in
most of the cases the vertical component of vibration recorded by geophone 2 was exceeding
the maximum value of the sensor. The cause for
this variation can be attributed to the large column length of the charge close to the sensor
leading to a higher value of vertical component.

Persson (1978) equation considering every elemental charge to be having an effect in near-field
vibration intensity and found the predictions
were reasonably accurate. Since the exceeded
vertical PPV values of geophone 2 could not be
used in analysis, therefore, the transverse and
longitudinal PPV values were plotted against
square root scaled distance. The plots of transverse and longitudinal PPV versus square root
scaled distance are shown in Figures 12 and 13,
respectively.

1000

Transverse PPV, mm/s

y = 214.66x‐0.20
R² = 0.50
0,50

1,00

Figure 12 Transverse PPV vs. square root
scaled distance for geophone 2
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50
0
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R² = 0.58

0,00

0,50

1,00

Square root scaled distance,

0
0,00

0,20

0,40

0,60

0,80

1,50

Square root scaled distance, m/kg1/2

y = 264.12x‐0.88
R² = 0.50

800

300
250
200
150
100
50
0
0,00

Longitudinal PPV, mm/s

Peak vector sum, mm/s

Therefore, peak vector sum (PVS) of geophone
1 was chosen as it would yield a better trend of
data points. Vibration attenuation is best understood using scaled distance. Scaled distance is
the ratio between distance of monitoring and
square root/cube root of maximum charge per
delay depending on charge configurations. If the
source of vibration is cylindrical, then attenuation is best understood by square root scaling
law (Devine, 1962; Devine and Duvall, 1963)
and if the source is spherical then attenuation
is best understood by cube root scaling law (Ambraseys and Hendron, 1968). The trend of PVS
vs. square root scaled distance for geophone 1 is
shown in Figure 11.

1,50
m/kg1/2

Figure 13 Longitudinal PPV vs. square root
scaled distance for geophone 2

1,00

Square root scaled distance, m/kg1/2

Figure 11 Peak vector sum vs. square root
scaled distance

The backbreak values were also plotted against
PVS to appreciate the impact the maximum vibration intensity has on the rear part of the dragline blast patch. Peak vector sum (instead of true
vector sum) was chosen because it gives an idea
of the maximum impact a blast can inflict on the
rockmass behind the blast patch. True vector
sum is the vector sum at the time where the maximum of T, V, or L occurs. True vector sum
gives a true picture of the combined effect of all
the three components of vibration but peak vector sum although having no physical meaning
(because all the peaks are occurring at different
times) gives an estimate of the maximum damage the vibration can inflict. It was found that the

The above curve shows a steadily decreasing
trend as expected in any vibration attenuation
with coefficient of determination of 0.50. The
reason for the outliers can be attributed to incompatibility of square root scaling law to nearfield vibration monitoring. Since the cylindrical
charge column is very close to the monitoring
sensor, the attenuation characteristics in this situation would be different as compared to any
far-field monitoring situation wherein squareroot and cube-root scaling give a good fit. Dey
and Murthy (2012) modified the Holmberg132
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Backbreak, m

trend is linearly increasing as shown in Figure
14.
12
10
8
6
4
2
0

velope (backbreak) caused by blast will be relatively larger for rocks with higher P-wave velocities (Dowding, 1985).
Stiffness of bench (ratio of burden to bench
height) gives an idea of amenability to breakage
by blasting. A blast hole may be considered as
surrounded by vertical beams and blasting offers
to break these beams by flexure. Therefore, blast
induced damage can be appreciated from the
bench stiffness values. A plot of backbreak versus bench stiffness is shown in Figure 16.

y = 0.006x + 4.77
R² = 0.70
0

200

400

600

800

1000

Peak vector Sum, mm/s

Backbreak, m

Figure 14 Backbreak vs. peak vector sum

Backbreak, m

A coefficient of determination of 0.70 is obtained. The linearly increasing curve indicates
that blast-induced vibration is one of the many
reasons for backbreak. The reason for obtaining
an average fit in this case, is possibly due to
rockmass variations, delay induced effects and
explosive (SME) quality variations. To account
for these variations, in the above-mentioned parameters, a multi-variate regression model was
developed.The backbreak values were plotted
against weighted P-wave velocity (seismic index) as shown in Figure 15.

12
10
8
6
4
2
0

y = 22.30x + 0.97
R² = 0.72
0

0,2

0,4

0,6

Bench Stiffness, m/m

Figure 16 Backbreak vs. bench stiffness
Stiffer materials are difficult to break by flexure
and slender materials are easier to break by flexure. Therefore, if the burden is high (bench is
stiff) then the explosive energy is unable to
break the burden, so the explosive energy is
channeled in the rear portion of the blast patch
creating higher backbreak. The plot shown in
Figure 16, which shows a reasonable linearly increasing relation of backbreak with bench stiffness, supports this explanation.

12
10
8
6
4
y = 0.0161x ‐ 30.68
R² = 0.83
2
0
2250 2300 2350 2400 2450 2500 2550

A multiple linear regression was carried out with
peak vector sum, rockmass parameter (seismic
index) and blast design parameter (bench stiffness) against backbreak and a good relation was
obtained with coefficient of determination (R2)
of 0.84. The empirical model proposed is as follows:

Sesimic Index, m/s

Figure 15 Backbreak vs. Seismic index
In the above plot, backbreak values of only those
blasts were taken which were in the close vicinity to the seismic profiling area as they represent
the rockmass competency while evaluating
backbreak. The coefficient of determination of
0.83 is observed. This trend shows that higher
the seismic index higher is the backbreak. This
is due to the fact that for the same blast-induced
dynamic stress, rocks with higher P-wave velocity will carry blast-induced vibration faster and
for longer distances. Therefore, the damage en-

0.003

0.001

11.24

where,
BB = Backbreak (m); PVS = Peak vector sum
(mm/s); SI = Seismic Index (m/s); BS = Bench
stiffness (m/m).
In regression, null hypothesis is ‘no relation
exists between the dependent and independent
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variables’. If P-value is less than 0.05, then the
null hypothesis is to be rejected. Therefore, for
any regression process to be valid the P-value
needs to be less than 0.05. The P-value of this
regression model was found to be less than
0.001. t-value is the ratio of the coefficient of the
variable to its standard error. The standard error
gives an estimate of the standard deviation of the
coefficient. It can be understood as a measure of
precision with which the coefficient of the variable is being measured. The t-value of all the
parameters lie beyond the interval [-2, 2]. The
t-values are shown in Table 4.
Table 4

Figure 17 Actual backbreak vs. predicted
backbreak

t-values of the parameters used in
multiple linear regression

Parameter
Peak vector sum
Seismic index
Bench stiffness

The linear relation of backbreak and peak vector
sum was used to arrive at threshold values of
peak vector sum, as shown in Figure 14.

t-value
2.29
2.12
2.08

0.006

BB = backbreak (m); PVS = peak vector sum
(mm/s).

Sensitivity analysis was carried out to get an idea
of contributions of the three variables used in the
multiple variable regression linear model. Table
5 shows the contributions of the parameters in
the regression model.
Table 5

Followed by the maximum charge per delay was
arrived at using the attenuation equation as
shown in Figure 11.
.

Respective contributions of various parameters

Backbreak
(Theoretical)
5.26
(Min value)
9.29
(Max value)

264.12

0.001 SI

11.24
BS

0.84

2.28

2.14

2.52

2.5

4.27

√

PVS = Peak vector sum, mm/s; R = distance of
monitoring; W = maximum charge per delay, kg

Parameters
0.003
PVS

4.77

The above mentioned rockmass parameter (seismic index), blast design parameter (bench stiffness) and peak vector sum were considered and
maximum charge per delay was arrived at. Suitable modifications were suggested for production blasting in dragline benches. The modifications suggested are shown below in Table 6.

It is observed from the table that the contribution
of peak vector sum varies from 0.84-2.52, seismic index varies from 2.28-2.50 and bench stiffness varies from 2.14-4.27. This shows that the
contribution is highest for bench stiffness and
lowest is for seismic index.

The implementation of the below mentioned
modified pattern yielded a backbreak of 5.5 m at
a peak vector sum of 255.73 mm/s which is
lower than any of the observation data points.
This actual observed value of backbreak was
compared with the predicted value and it was
found to be close.

The plot shown in Figure 17 shows that backbreak and predicted backbreak have reasonably
close resemblance.
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Table 6

Comparison of previous and
modified pattern for dragline
production blasts

Parameter
Burden, m
Spacing, m
Hole diameter, mm
Hole depth, m
Number of holes
Charge per hole, kg
Maximum charge per
delay, kg
Total charge per
round, kg
Row to row effective
delay, ms/m of effective burden
Hole to hole delay,
ms
6

tor sum, weighted seismic velocity of the dragline bench (rockmass parameter) and bench stiffness (blast design parameter). Using the attenuation equation for near-field vibrations and
backbreak analysis, suitable charging scheme
and delay configurations were suggested for production blasts of dragline benches. The suggested modification yielded lower backbreak.

Previous
10
12
311

Modified
8
10
269
30
81
96
1990
1575

3980

945

161,190

151, 200

14

18

17

25
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CONCLUSION

Large scale production blasts use a huge amount
of explosives around 51022 kg-377068 kg. Such
large amounts of explosives generate high intensity of vibrations and inflict damage to the rockmass. Damage was observed in the form of backbreak which typically vary from 6.5 m to 9.8 m.
An attempt is made in this work to closely assess
the vibration signatures generated by production
blasts in dragline benches. There is hardly any
record of near-field vibration monitoring in production blasts in dragline benches. This study indicates that large intensity of vibrations in the
range of 337.02 mm/s to 839.71 mm/s is inflicted on the high wall of dragline benches from
such large scale blasts. Such vibrations of higher
order inflict large backbreak on the rear part of
the bench face. Peak-vector sum of the vibration
levels yields a fairly good fit with square root
scaled distance; however, a better fit may be acquired if elemental charge is considered. The
backbreak values show a direct proportionality
with the peak vector sum values which indicate
that near-field vibrations play an important in
backbreak creation and PVS acts as a good predictor for backbreak estimation. The backbreak
values are showing good relation with peak vec-
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Measurement While Drilling (MWD) technology for blasting
damage calculation
J. van Eldert, H. Schunnesson, D. Johansson and D. Saiang
Luleå University of Technology, Sweden

ABSTRACT
For all underground excavations it is important to reduce both blasting induced damage and the
blast-induced Excavation Damage Zone (EDZ). Except for the operational parameters, the
geomechanical conditions of the rock mass have a significant impact on the amount of over-break
in tunnel constructions. Today, direct measurements of the EDZ are difficult to perform and are
therefore not commonly done at construction sites. This paper investigates the application of
Measurement While Drilling (MWD) technology to predict the extent of the EDZ, using data from
four Swedish tunnel excavations. The depth of this zone is determined by Ground Penetration Radar
(GPR), P-wave velocity measurements and Rock Quality Designation (RQD) for drill cores. The
correlation between MWD, operational parameters and EDZ was evaluated using multiple linear
regression. The study shows that the EDZ is heavily influenced by rock mass conditions but also by
operational parameters. Furthermore, the EDZ depth based on GPR measurements, can be
reasonable well predicted using MWD data.
1

INTRODUCTION

1996; Van Eldert 2017). Furthermore, the EDZ
macro fractures can be measured in rock mass
slices (Olsson et al. 2009), through drill cores
or with borehole cameras (Van Eldert et al.
2016). Micro fractures can be determined with
the dispersion of GPR wave energy (Ericsson et
al. 2015) and by measuring the P-wave velocity
decrease (Eitzenberger 2012). A method to
estimate the damage zone, defined by the
longest fracture, has been presented by (Olsson
and Ouchterlony 2003, and Olsson et al. 2009).
This method takes into account the explosive
properties, operational factors, e.g. explosive
type and diameter, hole diameter, initiation
system, hole spacing and water in the drill holes
and to some extent the rock mass properties,
e.g. P-wave velocity, fracture toughness and
natural fracturing.

In Scandinavia, tunnels are mainly excavated
by drilling and blasting, which is an effective
excavations method in hard rock. The blasting
however, induces damage to the rock, that can
be divided in over-break and the Excavation
Damage Zone (EDZ) (Siren, et al. 2015) that
both are influenced by geological, design and
excavation parameters (Ibarra et al. 1996;
Olsson and Ouchterlony 2003; Olsson et al.
2009; Mohammadi et al. 2017). Despite the
efforts to reduce the blast-induced damage
through optimization of the design and
excavation parameters, the EDZ is still
inevitable (Ibarra et al. 1996; Ericsson et al.
2015).
A number of observational methods are
available to estimate over-break and the EDZ,
e.g. theoretical damage tables in project
requirements (AMA anläggning 17: allmän
materialoch
arbetsbeskrivning
för
anläggningsarbeten), Peak Particle Velocity
(PPV), operation cycle times, muck tonnages,
and Cavity Monitoring Systems (CMS)
measurements (Ibarra et al. 1996; Lizotte et al.

In recent times, data-driven techniques have
been used in tunnelling projects, to estimate
rock mass quality and altering the design and
excavation parameters depending on the rock
mass conditions. These techniques include
charge logging (Ericsson et al. 2015) and
Measurement
While
Drilling
(MWD)
technology (Schunnesson et al. 2011, Van
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Eldert et al. 2016). MWD technology means
that a number of parameters (hole depth,
penetration rate, feed pressure, percussion
pressure, rotation pressure, flushing pressure,
rotation speed and flushing flow) are measured
at defined sampling intervals along each
production bore hole. Each data point
represents a finger print of the rock mass and
can be sampled at intervals down to 2 cm (Van
Eldert et al. 2017). The measured parameters
can also be used to calculate parameters such as
Hardness or Fracturing, or “Rock Quality”
(Schunnesson 1996, 1998; Van Eldert et al.
2018).

2.2

All tunnel walls where manually mapped for
rock types and fractures.
Drilling of ø48-51 mm, horizontal core holes
into the tunnel walls were done to characterise
the blast damage. Figure 1 show the collaring
locations of all 49 drill cores in all four tunnels.
Eight drill cores were drilled at the garbage
collection depot (Figure 1A), six in the access
tunnel and two in the cavern, eight in ramp
tunnel 214 (Figure 1B) and thirteen in ramp
tunnel 213 (Figure 1C) at the Stockholm bypass
and twenty in the Äspö HRL TAS04 tunnel
(Figure 1D). All drill cores were logged for
rock type and RQD.

In this paper the possibility to used MWD to
characterize the rock mass conditions and to
provide an indication of the extent of blasting
damage, are presented. The study is based on
three different excavation sites in central
Sweden.
2

Field Data Collection

A. Garbage Collection Depot

METHODOLOGY

The sites used in this study were: an access
tunnel to an underground garbage collection
depot in central Stockholm; two ramp tunnels
to the Stockholm bypass; and an experimental
tunnel at Äspö Hard Rock Laboratory (HRL).
At these sites, MWD data, GPR data and Drill
Cores (DC) were collected. The latter were
analysed for RQD and the diametrical P-wave
velocity to estimate the extent of the EDZ.
Multiple linear regressions were used to try to
correlate the MWD parameters with the
acquired EDZ depth.

C. Stockholm bypass Tunnel 213

2.1 Measurement While Drilling
The MWD data were filtered and normalized,
as discussed by Schunnesson (1996, 1998),
using the supplier’s software packages
(Sandvik’s iSure V7.0 and Atlas Copco’s
Underground Manager (UM) V1.6) and Matlab
code. Variations in the Hardness and Fracturing
indicators were used to select the locations
from where core drilling was done, in the
Access Tunnel and the two ramp tunnels in the
Stockholm bypass. In the TAS04 tunnel, the
drill cores were drilled at approximately 3 m
spacing along the tunnel walls. Based on the
known location of the DC, the MWD values
were determined.

B. Stockholm bypass Tunnel 214
D. Äspö HRL TAS04 Tunnel

Figure 1
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Location of diamond core holes
(red dots) in the four tunnels.
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The P-wave velocity was measured every 2 cm
along all drill core and then plotted versus the
core length. Close to the tunnel surface the
velocity is lower but increases with increasing
distance from the tunnel surface. The distance,
at which the velocity reaches the rock mass
natural (in-situ) P-wave velocity (threshold), is
interpreted as the extent of the EDZ.

Sweden. Figure 2 shows the layout of the
construction (Karlsson 2014). The rock mass
mainly consists of fine-grained granite and
gneiss. An Atlas Copco XE3 rig was used for
the excavation, drilling ø48mm drill holes at an
average specific drilling of 1.60 m/m³. The
contour holes were spaced 45-50 cm apart, and
were charged with emulsion 0.350 kg/m string
charge with 0.4 kg bottom charge (Orica
Civec). The rounds were initiated with an
electronic blasting system (Orica eDev2).

GPR was measured, with Malå GS equipment
and 1.6 GHz antennas, along 34 lines on the
accessible tunnel walls at 2 cm measurement
intervals.
During the tunnel mapping attempt was made
to differentiate between natural fractures and
blast induced ones. By comparing mapped
fractures or fracture zones with GPR data,
locations with both mapped fractures on the
tunnel wall and clear GPR fracture response
was considered as natural fractures. If the only
appear in the GPR data they were considered to
be blast induced (Karlsson 2015, ÅF 2016, Van
Eldert 2017). The extent and depth of these
blast-induced fractures was used as an
indication of the depth of the EDZ.
2.3 Multiple Linear Regression

Figure 2

Multiple Linear Regressions were used to
investigate the correlation between the
collected field data and the selected MWD
parameters. The aim was to predict the EDZ
depth based on charge concentration,
penetration rate, feed pressure, rotation speed,
water flow rotation pressure, rock cover (tunnel
depth), tunnel area and contour hole spacing, as
well as the Atlas Copco Hardness and
Fracturing indicators. F-statistics were used to
quantify the correlation between the used
parameters. The impact of the blast initiation
system, electronic or pyrotechnical, was
considered but could not be numerically
quantified.
3

Access Tunnel and underground
garbage
collection
depot
(Karlsson 2014).

3.2 Subterra Stockholm Bypass Tunnels
The Stockholm Bypass consists of 21 km of
new roads, of which 18 km will be located
underground as tunnels (Norberg, Markstedt &
Thörnqvist2005). The construction of the first
access and ramp tunnels started in 2015 in
Skärholmen in Stockholm, see Figure 3.
The rock mass is mainly a gray, medium to
large-grained gneiss with intrusions of granite
and pegmatite. Some zones of weaker material,
e.g. graphite and weathered rock, were also
observed in the site investigation (Arghe 2016).
The 97-119 m² tunnels was excavated with an
Atlas Copco WE3 rig, drilling ø48 mm drill
holes with a specific drilling of 1.44 m/m³. The
contour holes were spaced 50-90 cm apart and
charged with 0.350 kg/m string emulsion and
0.4 kg bottom charge (Forcit Kemiiti 810). In
this case, pyrotechnical detonators were used
(Austin Powder).

TEST SITES

3.1 Veidekke Garbage Collection Depot
Access Tunnel
The Veidekke Access Tunnel is a 50 m long, 60
to 76 m², tunnel connected to a cavern for
underground garbage collection for household
waste in Norra Djurgården in Stockholm,
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Figure 3

Stockholm bypass and Tunnel 213 and Tunnel 214 (Illustrations courtesy of
Trafikverket.

3.3 SKB TAS04 at the Äspö HRL

granodiorite (Ericsson et al. 2015). The contour
holes were spaced 40-50 cm apart and were
charged with a 0.350 kg/m string emulsion and
0.5 kg bottom charge (Forcit Kemiiti 810). The
blast initiation was performed with an
electronic blasting system (Orica i-kon VS).

In 2012 several new tunnels were excavated at
the 410 meter level at Äspö Hard Rock
Laboratory (HRL), the underground research
facility of the Swedish Nuclear Fuel and Waste
Management Co. (SKB) close to Oskarshamn,
see Figure 4. The excavation was performed as
a showcase for best-practices in Drill and Blast
tunnelling. Therefore, it took place with great
care, quality assurance and quality control
(Ericsson et al. 2015).

Figure 4

4

RESULTS

4.1 Field Data
When drilling the rounds in the tunnels the used
rigs are navigated and all recorded MWD data
are aligned with the tunnel line coordinates.
The GPR measurements on the other hand
where recorded along profiles on the tunnel
walls. In order to calibrate the GPR data with
the detailed located MWD data, the bottom
charge was used as an indicator. This was
possible, since the bottom charge had a
significant higher specific charge and was
clearly visible in the GPR measurements (see
Figure 5).
The dotted line in Figure 5 shows the estimated
blast damage at the first part of the left wall in
the TAS04 tunnel. The depth of the damage
zone is at the string charge (blast hole pipe)
between 8 and 12 cm. At the bottom charge, at
the end of the drill holes, the GPR reflections
goes much deeper into the rock mass (30 to 40
cm), indicating a more extensive damage zone.

Äspö HRL (Courtesy of SKB).

A new Sandvik DT920i rig drilled the rounds
with ø48 mm drill holes. The average specific
drilling in the eight rounds was 4.04 m/m³. This
36 m long and 19.7 m² tunnel has mainly bin
excavated in fine-grained granite, diorite and
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End of round 0
Figure 5

End of round 1

End of round 2

GPR- and drilling data at the left wall of TAS04 tunnel
In Figure 6 the depth of the GPR reflection at
the location of all 49 drill cores, are presented.
The depth varies from 12 cm up to over 40 cm
into the tunnel wall.

Figure 6

The extracted drill cores were drilled in rock
types ranging from large phenocryst pegmatite
to fine-grained granite and foliated gneiss, see
Figure 7. The length of the drill cores was from
40 cm up to a maximum length of 168 cm.
RQD was determined for all cores, and the
RQD ranges from 0% (natural crushed rock) to
98%, see Figure 8. The black separation lines
with in the bars in Figure 7 display fractures
observed during the core logging. In general a
decreasing fracture density along the core was
registered. The closer to the tunnel wall the
more fractured the rock, see Figure 7.

GPR depth measured at the
collaring location of all 49 core
holes in all three sites. The
different rock types for all
responses are also presented.
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Figure 7

The collected diamond core samples at the garbage collection depot (8), Tunnel
213 (13), Tunnel 214 (8) and TAS04 tunnel (20). The black separation lines with in
the bars indicated observed fractures.
4.2 P-wave measurements
Diametric P-wave measurements were done for
all cores with enough quality. Some parts of the
cores were heavily fractured and could not be
measured. According to the theory the P-wave
will be lower close to the tunnel wall where the
rock has been affected by blasting. With
increased distance from the tunnel wall the rock
mass conditions will be more and more
undisturbed resulting in a higher P-wave
velocity. The distance from the tunnel wall to
the transition point where the P-wave velocity
is no longer affected by the excavation, is
defined as the estimated EDZ.

Figure 8

In Figure 9 the average P-wave velocity for
each excavation site is presented. For the
Stockholm by-pass tunnels the trend above is
clearly seen, and the distance from the tunnel
wall where undisturbed rock is reached is
around 20 cm. For the garbage collection
despot, the same EDZ depth is seen even
through the trend is not as clear as for the
Stockholm by-pass. For the Äspö TAS04 tunnel

RQD of different rock types at
the three sites measured in the 49
drill cores.
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4.3 Multiple Linear Regression

the trend is not seen, which may depend on the
exceptional care taken during excavation.

The correlation between the recorded MWD
data and measured extent of the blasting
damage was investigated with Multiple Linear
Regression. The aim was to predict the extent
of the damage zone based on the MWD
parameters. In addition to the MWD parameter,
design parameters, i.e. planned contour charges
for the collar (0.0 kg/m), pipe (0.35 kg/m) and
bottom (1.2 kg/m), rock cover, cross section
area and the contour spacing of each tunnel
section was also included, see Table 1.

In Figure 10 the P-wave velocity based EDZ
depth from all 49 investigated core are
presented. The individual values have a
significant variation from 2 cm up to 46 cm,
which indicates that the influencing background
condition vary significantly.

The GPR blasting damage depth shows a
relative good correlation with both raw MWD
data and the design parameters (R²: 0.673),
displayed in Table 1. The most significant
parameters based on the p-Value (<5%) are
flushing
water
flow
(0.4%),
charge
concentration (0.7%), rock cover (1.6%),
rotation speed (2.5%) and tunnel area (3.1%).
The application of the calculated MWD
parameters, Table 2, shows also a good
correlation between the GPR blasting depth, the
MWD and design parameters (R²: 0.578),
although the significance of the input
parameters is rather low (p-Value>5%).
Figure 9

The P-wave velocity damage depth shows a
significantly lower correlation with the input
parameters than for the GPR based damage
depth, for both the raw MWD data (R²: 0.363,
Table 1) and the calculated MWD parameters
(R²: 0.107, Table 2). The statistical model also
failed to identify significant input parameters
for the correlation with the P-wave velocity
damage depth.

Average P-wave velocities in the
drill cores.

The RQD along the drill hole displays a
medium correlation for both the raw MWD data
(R²: 0.338, Table 1) and the calculated MWD
parameters (R²: 0.359, Table 2). The p-values
show a high significance of the design
parameters, i.e. tunnel cross section (1.4% and
4.0%), rock cover (1.5% and 4.7%) and charge
concentration (4.8% and 3.0%), and for the
feed pressure for the raw MWD parameters
(4.8%), as is displayed in Table 1 and Table 2.

Figure 10 Depth of the EDZ based on the
P-wave velocities of different
rock types at the three sites
measured in the 49 DC.
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Table 1

Multiple Linear Regression, the factors, and significance of the input parameters
(Raw MWD parameters).

Raw MWD
(Intercept)
Charge
Concentration
Penetration rate
Feed Pressure
Rotation speed
Water Flow
Rotation Pressure
Rock Cover
Tunnel Cross
section
Contour Spacing
Table 2

7.111
-0.044
0.220
0.135
0.155
-0.091
-0.021

0.007
0.063
0.057
0.025
0.004
0.425
0.016

-0.584
0.020
-0.054
0.064
-0.019
-0.029
0.019

0.870
0.498
0.721
0.300
0.792
0.871
0.160

-0.212
-0.001
0.008
0.001
0.003
-0.001
0.001

0.048
0.180
0.048
0.625
0.112
0.908
0.015

-0.070
-2.932

0.031
0.836

0.089
11.843

0.071
0.446

0.004
-0.177

0.014
0.706

Multiple Linear Regression, the factors, and significance of the input parameters
(Calculated MWD parameters).

Calculated MWD
(Intercept)
Charge
Concentration
Hardness
Indication
Fracturing
Indication
Rock Cover
Tunnel Cross
section
Contour Spacing
5

GPR
R²: 0.673 P-wave decrease
R²: 0.363 RQD
R²: 0.338
Factor
p-Value
Factor
p-Value
Factor p-Value
-15.022
0.427
-13.476
0.543 -0.450
0.465

GPR
R²: 0.578 P-wave decrease
R²: 0.107 RQD
R²: 0.359
Factor
p-Value
Factor
p-Value
Factor p-Value
82.491
0.105
-10.229
0.714 -0.429
0.605
16.792

0.286

-3.143

0.681

-0.440

0.030

-0.804

0.442

0.177

0.850

-0.011

0.685

-0.018
-0.095

0.997
0.262

1.877
0.049

0.595
0.315

0.018
0.003

0.863
0.047

-0.348
-13.288

0.256
0.643

0.169
13.674

0.294
0.532

0.010
0.044

0.040
0.946

DISCUSSION

P-wave velocity (Figure 9, Table 1 and Table
2). The extended damage zone based on the Pwave velocity for the Stockholm bypass tunnels
(Figure 9) may be explained by the use of
pyrotechnical detonators instead of electronical
detonators that was used in the contour holes at
the other tunnel sites, giving less extensive
blast damage. This is also in line with
observations made by Olsson and Ouchterlony
(2003) and Ouchterlony et al. (2009).

The measured blast damage zone based on GPR
data, P-wave velocity and the RQD show a
large variation. However, the data still show
that the blast damage are significantly
influenced by the charge concentration (e.g.
Figure 5, more extensive damage at the bottom
charge) and the contour hole spacing see Table
1 and Table 2. This is in agreement with studies
previously conducted by Olsson and
Ouchterlony (2003) and Ouchterlony et al.
(2009). The study further indicates an effect of
the blast damage zone by the initiation system
and the contour hole spacing, in particular the

The collected blast damage data may also
indicate an effects of rock mass texture (grain
size) on the extent of the blast damage. The
large grained pegmatite shows less macro
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fractural damage (RQD) but more extensive
micro fracture damage (P-wave velocity
decrease). The fine grain granite on the other
hand sustained more macro fractural damage
(lower RQD) but less micro fracture damage
(P-wave velocity decrease), see Figure 8 and
Figure 10. These differences might be
explained by the required fracturing force in
grains and on grain boundaries (Howarth and
Rowlands 1987).

to a lower extend for the blast damage based on
P-wave velocity and RQD.
ACKNOWLEDGEMENT
The authors wish to thank Veidekke Sweden,
Subterra Sweden, and SKB (Swedish Nuclear
Fuel Co.) for providing the MWD data used in
this study as well as assistance with the
collection of the diamond drill cores. The
authors acknowledge BeFo (Rock Engineering
Research Foundation) and Swebrec (Swedish
Blasting Research Centre) for their financial
support for this study.

The statistical analysis showed that there are
correlations between MWD and the measured
excavation damage, especially indicated with
the GPR. Here the coefficient of determination
was 67.3% for the raw MWD parameters and
57.8% for the calculated MWD parameters. For
the other methods, medium correlations were
found (Table 1 and Table 2).
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Analysis on components and characteristics of seismic waves
induced by horizontal smooth blasting
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ABSTRACT
During the dam foundation excavation of Baihetan hydropower station in China, an onsite experiment
was conducted to investigate the seismic waves induced by the horizontal smooth blasting. Meanwhile, a numerical model was also developed to further study the generation mechanism and components of seismic waves induced by smooth blastholes. Results indicate that the wave component is
closely associated with the relative location of source to site. The P-wave component is ignorable
everywhere at the same plane of smooth blastholes, but its contribution is equally important somewhere outside the plane of smooth blastholes. For the horizontal smooth blasting, the R-wave forms
at the adjacent zone of the blasting source, and it grows gradually and develops to be an identifiable
feature at about 0.5λR. The S- and R-waves are both the dominant components, the R-wave dominates
in the horizontal direction, but the vertical velocity associated with S-wave is a bit higher than Rwave. It is recommended that detailed analysis on components and characteristics of seismic waves
be completed before predicting and controlling blast vibration.
1

INTRODUCTION

an analytical solution of a spherical pressurized
cavity, indicating that only P-wave is beamed
out by the spherical source. Graff (1975) had
proved that only P-wave is generated from a cylindrical pressurized cavity of infinite length.
Heelan (1953) discovered that the P- and Swaves are both of primary origins that are simultaneously radiated from a finite length of
charge. Other solutions of a short charge were
also provided by Jordan (1962), Abo-Zena
(1977) as well as Blair (2007). For the extended
charge, the solutions can be summed along the
entire length of the column, provided that the
contribution of each short element is delayed according to explosive velocity of detonation
(VOD) (Blair and Minchiton, 1996; Blair,
2010). Results from these researches all imply
the existence of P- and S-waves. Besides, various experiments were also implemented to investigate the seismic waves generated by cylindrical charges (Vanbrabant et al., 2002; Triviño
et al., 2012).

The blast vibration, as is always considered as
the major concern, has been a confused problem
that can never be ignored. The prediction and
control of the blast vibration keeps as a burning
issue no matter in the past, nowadays, and in the
future. Many researches either focusing on the
prediction of the peak particle velocity (PPV)
(Yan and Yuen 2015; Khandelwal and Singh
2013), or on the frequency characteristics (Singh
and Roy 2010; Yang et al 2016; Zhou et al 2016)
have sprung up in the past. As is well accepted,
the blast vibration is the combined results of
body waves (longitudinal and transverse waves,
designated as P- and S-waves respectively) and
surface waves (Rayleigh wave, designated as Rwave) (Dowding 1996). However, due to the
poor knowledge of blast-induced seismic waves,
the wave-type correlated prediction and control
method is almost vacant in the preset regulations. This study is an attempt to reveal the characteristics of blast-induced seismic waves.

The predecessors’ studies help enhancing the
understanding of the seismic radiations. But the
components, relative amounts, and propagation

The previous studies mainly focused on the seismic radiation pattern. Favreau (1969) presented
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and attenuation characteristics of different
waves etc. are still not well revealed. Nevertheless, the components and characteristics of seismic waves are affected by many factors, such as
the variety of blasting sources and boundary
conditions, and the relative location of source to
site etc. In this paper, during the dam foundation
excavation of Baihetan hydropower station, a
field blasting experiment was conducted to investigate the seismic waves induced by the horizontal smooth blasting. Meanwhile, a numerical
model was also developed to further study the
generation mechanism, components and characteristics of seismic waves induced by smooth
blastholes. At last, based on the experimental
and numerical results, the components at different locations and the contributions of different
waves were discussed and evaluated.
2

METHOD OF WAVE COMPONENTS
IDENTIFICATION

Figure 1

As is known to all, different types of waves will
be generated during blasting (Ainalis et al.,
2016). The first group of waves travelling within
the medium is known as body waves, which can
be classified into two types: the longitudinal
wave (compressional wave) and transverse wave
(shear wave). The faster of the two is often
termed as Primary wave (designated as P-wave
for the letter P) and the slower is termed as Secondary wave (designated as S-wave). Another
group that travels along the free surface is surface waves, such as Rayleigh wave (R-wave)
and Love wave (Q-wave).

Illustration of polarization characteristics of different seismic
waves

The analytical relationships, based on the elastic
wave theory (Achenbach 1973), to calculate the
speeds of P- and S-waves are shown in Eq. (1)
and Eq. (2).
CP 

  2


(1)

CS 




(2)

Where λ is the bulk modulus, μ is the shear modulus, and ρ is the density of the medium. For the
R-wave, its speed is determined by the Rayleigh
(1885) equation. The speed of R-wave can also
be approximated by a simple relationship
(Achenbach 1973), as expressed in Eq. (3).

The main discrepancies of these waves lie in the
polarization characteristic and travel speed in the
medium. The dilation associated P-wave is further termed as compressional wave for its no rotation. The particles of P-wave move parallel to
the direction of propagation, so it is longitudinally polarized. The S-wave, also called shear
wave, is transversely polarized, because its particle motion is perpendicular to the direction of
propagation. While the R-wave is usually regarded as the coupling results of P- and SVwaves (Aki and Richards, 2002), and its particle
motion at the surface is a kind of retrograde ellipse. An illustration of the polarization characteristics of different seismic waves is shown in
Figure 1.

CR 

0.862  1.14
CS
1 

(3)

Where, ν is the Poisson’s ratio. For most rocks,
the Poisson’s ratio approximates to 0.25. Then

C  3C

S
the speeds of these waves satisfy P
and CR ≈ 0.92CS. Thus, the P-wave is the fastest
among the three and the S-wave is the secondary
arrival wave, while R-wave is slightly slower
than S-wave.
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Qiaojia county of Yunnan province, in the southwest of China. It is the second step of the four
hydropower stations (Wudongde, Baihetan,
Xiluodu and Xiangjiaba) in the downstream of
Jinsha River. The total installation capacity is
16,000MW, which is the largest one under construction in the world at present. The dam is a
double curvature arch dam with the maximum
height of 289.0 m. Based on the dam foundation
excavation of Baihetan hydropower station, a
specially designed blasting experiment was implemented to investigate the seismic waves induced by smooth blast-holes.

As was stated above, an alternative method to
identify the wave components is to analyze the
particle motion trajectory. Take the source of
surface load as an example, Figure 2 illustrates
the trajectory of different seismic waves. As the
seismic waves travel in different speeds, they
will be sufficiently separated in the time space if
the observation point is far enough. That is to say
the motion trajectory will change with the arrival
of different waves. Hence the approximate arrival time of each wave can also be determined by
the inflection point in the trajectory. Detailed
procedures of wave components identification
are described as follows: (1) Collection of original blast vibration data (velocity time-histories),
(2) Baseline correction to eliminate signal shifts,
(3) Numerical integration to obtain displacement
time-histories, (4) Plotting the particle motions
in displacement space, and (5) Analyzing the
particle motion trajectory.
P-wave

S-wave

3.2 Blasting design and field test
As is presented in Figur 3, 32 horizontal smooth
blastholes were drilled to complete the excavation of the remaining 1.0 m thick rock mass.
Four vibration monitors were installed to record
the blast vibration during the smooth blasting.
The relative location of the observation points to
the blast-holes are shown in Figure 4, with three
of them (#1~#3) located at the same plane of the
smooth blastholes and one of them (#4) located
3.5m above the smooth holes. The 32 blastholes
were not fired simultaneously but divided into 8
delays by the millisecond detonator MS5 (110
ms). The firing sequence is illustrated in Fig. 3,
and the blasting parameters and the charging
structure are respectively presented in Table 1
and Figure 5. The horizontal distances of the vibration monitors (#1~#4) to each delay of the
blastholes are listed in Table 2.

R-wave

Surface load
Observation point
Ground surface

Figure 2

3

Illustration of particle motion
trajectories of different seismic
waves

EXPERIMENTAL STUDY ON
SEISMIC WAVES INDUCED BY A
SMOOTH BLASTING

3.1 Site description
The experiment site under consideration, Baihetan hydropower station, is located at the border of Ningnan county of Sichuan province and
Table 1
Blast hole
diameter
76 mm

Drilling and blasting parameters of in the experiment
Hole depth

Spacing

9.0 m

0.6 m

Charge diameter
32 mm
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Linear charing density
220 g/m

Charge
weight
2.2 kg

Steming
length
1.0 m
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Figure 3

Design of smooth blasting and set up of blast vibration monitoring
#4

5m

5m
#3

#2

2.5 m

10 m
#1

1.0 m

Blasting zone

Observation
point

Smooth
blast-holes
Rock mass

Rock mass

Figure 4

Cutaway view of blast vibration monitoring
Stemming

φ32 emulsion

9.0 m

Detonating cord
Bamboo chip

1.0 m

Figure 5

Typical charging structure of smooth blastholes

Table 2

Horizontal distances of the vibration monitors to each delay of smooth blastholes

Vibration monitors
#1
#2
#3
#4

Ⅰ
10.9
15.9
20.9
18.3

Ⅱ
12.7
17.7
22.7
16.5

Ⅲ
14.8
19.8
24.8
14.4

Horizontal distance (m)
Ⅳ
Ⅴ
17.2
19.6
22.2
24.6
27.2
29.6
12.0
9.6

The tri-axial transducer was used to monitor the
blast vibration, and the instrument TC-4850,
made in Chengdu Zhongke measurement and

Ⅵ
22
27
32
7.2

Ⅶ
24.4
29.4
34.4
4.8

Ⅷ
27.4
32.4
37.4
1.8

control incorporated company in China, was employed to record the signal. Figure 6 presents the
blast vibration monitoring system.
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Figure 6

Figure 7 plots the typical blast vibration timehistories at #2 observation points. There are
eight clear vibration signals separated in the time
axis. The arrival time of each signal is coincident
with the millisecond detonator MS5. They respectively represent the blast vibrations induced
by the eight blasts Ⅰ~Ⅷ. To facilitate the description, the blast vibration induced by the first
delay (Ⅰ) at #1 observation point is numbered
as #1-Ⅰ hereinafter.

Blast vibration monitoring system: (a) Tri-axial transducer; (b)
Recording instrument

3.3 Test results
(1) Typical blast vibration time-history

Vertical Velocity (m/s)

0.04

Ⅰ

0.03

Ⅱ

Ⅵ

Ⅳ

Ⅲ

Ⅶ

Ⅴ

0.02

Ⅷ

0.01
0
-0.01
-0.02
-0.03
-0.04
0

Figure 7

200

400

600

Time (ms)

800

1000

1200

Typical blast vibration time-histories
should be noted that the vertical dashed line on
the waveform or the inflection point on the trajectory is not the absolute boundary of S- and Rwaves. The coda of the S-wave and the front of
R-wave are unavoidably overlapped, for the vibration monitors are not far enough. Therefore,
the letter S or R merely represents the dominant
wave component at the associated time space.

(2) Seismic waves at the same plane of smooth
blast-holes
Figure 8 plots the typical blast vibration waveforms (#2-Ⅴ) at the same plane of smooth blastholes. The dashed line on the waveforms represents the arrival of R-wave, which was identified
by analyzing the particle motion trajectories (see
Fig. 8(d)). It should be noted that ur and uz respectively denote the horizontal radial displacement and vertical placement hereinafter. Several
particle motion trajectories associated with other
observation points are also plotted in Figure 9. It
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(c) Vertical velocity; (d) Particle motion trajectory
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Particle motion trajectories associated with the blast vibration measured at the
same plane of smooth blast-holes: (a) #I-III; (b) #3-Ⅰ; (c) #I-VIII; (d) #2-IV
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As the vibration monitors #1~#3 are all located
at the same elevation with the blasting source,
the particles associated with P-wave travel in
horizontal direction, while the S-wave mainly
polarizes in vertical direction and R-wave travels as an ellipse. It can be concluded from Figure
9 that almost no P-wave can be found but the oscillations associated with S- and R-waves are

clearly presented on the particle motion trajectories. Figure 10 gives an illustration of the comparison of PPV induced by S- and R- waves,
where 24 groups (3×8) of data are included. It
indicates that the horizontal velocity induced by
R-wave is higher than that induced by S-wave.
While the vertical PPV associated with S-wave
is a bit higher.

Figure 10 Comparison of PPV induced by S- and R- waves at the same plane of smooth
blastholes: (a) Radial PPV; (b) Vertical PPV
(3) Blast vibration outside the plane of smooth
blastholes
Figure 11 plots the typical blast vibration waveforms (#4-Ⅱ) outside the plane of smooth blastholes. Another two particle motion trajectories
are also plotted in Figure 12. As the vibration
monitor (#4) here is located 3.5m above the
blasting source, the P-wave travels in quadrant 1
and 3, while the S-wave travels in quadrant 2 and
4. Fig. 12 indicates that the P- , S- and R-waves
are all non-negligible, and the P-wave component is more important than the S- and R-waves.
As was stated above, the wave components are
closely associated with the relative location of
source to site.
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Figure 11 Blast vibration associated with #4-Ⅱ: (a) Radial velocity; (b) Tangential velocity;
(c) Vertical velocity; (d) Particle motion trajectory
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Figure 12 Particle motion trajectories associated with the blast vibration measured outside
the plane of smooth blast-holes: (a) #4-III; (b) #4-VI
4

NUMERICAL STUDY ON
GENERATION OF SEISMIC WAVES
INDUCED BY SMOOTH BLASTING

studied in this section via the numerical simulation with LS-DYNA software.
4.1 Model and simulation approach

The experimental results described above display the components and characteristics of the
seismic waves induced by a smooth blasting.
However, limited by the rare observation points
and some degree of the wave superposition between each delay, the generation of seismic
waves and the evolution of different waves are
still not well revealed. It is, therefore, further

Based on the smooth blasting experiment in Baihetan hydropower station (as shown in Figure
13(a)), a three-dimensional (3D) model measuring 150 m × 100 m × 50 m (length × width ×
height) was developed to simulate the third delay (Ⅲ) of the smooth blast-holes. To improve
the computation efficiency, only 1/2 of the cu-
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boid was constructed, on the basis of the symmetric property of this problem. Except for the
free boundary at the top surface, the non-reflecting boundary was enforced to other surfaces to
eliminate the wave reflecting effect. Meanwhile,
in order to reveal the generation of seismic
waves, an infinite model measuring 150 m × 100
m × 100 m (length × width × height) was also
developed, based on the above semi-infinite
model. It needs to be stated that the infinite
model means no free surface is contained, while
the semi-infinite model contains one free surface
at the top side (see Figure 13(a)). The infinite
boundaries were replaced by the artificial nonreflecting boundaries (see Figure 13(b)), as is a
commonly used method in numerical simulation. On the other hand, the infinite model here
serves as a standard calculation condition, where
no R-wave is included.

An equivalent method for simulation of the
multi-holes blasting is to find an elastic boundary, to which the blasting load is applied as an
initial boundary condition. This method, as is
verified to be feasible and efficient by (Lu et al.,
2011) was adopted in this simulation. For the
smooth blastholes, the equivalent blasting load
should be exerted to the area that is consist of the
connecting line of blast-hole centers and the
blast-hole axis, as shown in Fig. 13. The equivalent pressure P can be obtained through Eq. (4).
P

2b
Pb
s

(4)

According to the Chapman–Jouguet theory
(Henrych, 1979), the detonation pressure can be
estimated by Eq. (5).

0D2
P0 
 1

(5)

Where P0 is the detonation pressure, ρ0 is the explosive density, D is the detonation velocity, and
γ is the specific heat ratio. It is well accepted that
the explosion pressure that is exerted on the
blasthole wall is approximate to one-half the detonation pressure (Konya and Walter, 1991). The
blasthole pressure, thereby, can be estimated
through Eq. (6).

0 D2
Pb 
2   1

(a)

(6)

Elastic
boundary

B

100 m

This pressure is for coupled charges. For decoupled charges, the blast-hole pressure should be
modified as Eq. (7).
D

2

0D 2  a 

P
 b
 
2   1  b 
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  0 D 2      a  2 v
 Pb  
 Pk
 
b
 2    1 


A
C

(7)

The first version in Eq. (7) is suitable for small
decoupling ratio, while the second one for large
decoupling ratio. Where a is the charge radius,
Pk is the critical pressure of explosion gases, ν
the thermodynamic parameter of explosion
gases, and t is the time. The time-history of the
blasthole pressure adopted in this numerical simulation is expressed as Eq. (8) (Jong et al., 2005;

(b)
Figure 13 Illustration of the numerical
model: (a) Semi-infinite Finite Element Model (FEM); (b) Geometry of infinite model
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Yilmaz, 2013). Figure 14 gives an illustration of
the pressure time-history, where tr is the pressure
rising time, and β is the damping coefficient.

4.2 Wave components analysis
(1) Comparison of stress wave fields
The snapshots of stress wave in the infinite and
semi-infinite models are presented in Figure 16.
For the infinite model (Figure 16(a)), two groups
of stress wave with differing speeds travel outwards from the blasting source. They are respectively P- and S-waves. While for the semi-infinite model (Fig. 16(b)), except for the travelling
of P- and S-waves, another type of wave that
travelling along the free surface also appears on
the snapshot. It is the R-wave, whose energy
mainly concentrated near the free surface.

(8)

Pb



Pressure

Pb  t   4 Pb e   t

tr

2

e

2 t



Time

Figure 14 Pressure time-history exerted to
the blasthole wall
The 2# emulsion explosive, with density 1000
kg/m3 and detonation velocity 4000 m/s, was
adopted in the smooth blasting experiment. The
blasting zone is mainly composed of basalt, with
density 2530 kg/m3, Yong’s modulus 40.0 GPa
and Possion’s ratio 0.22.
Figure 16 Comparison of stress wave fields
in infinite and semi-infinite models

Velocity (cm/s)

Figure 15 shows the velocity time-histories from
the numerical simulation and the measured blast
vibration. It is encouraging that the numerical
blast vibration waveforms, including the amplitudes, frequencies and duration, agree well with
the measured ones. This demonstrates that the
numerical approach stated above is feasible and
capable of reproduce the smooth blasting.
2.5
2
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0
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(2) Wave components at typical observation
point
To further analyze the wave components, the
typical blast vibration velocity time-histories
and the associated particle motion trajectories
are respectively plotted in Fig. 17 and 18. The
waveforms and trajectories are recorded at the
same location D (r = 19.2m) in the infinite and
semi-infinite models (see Fig. 13). It is obvious
that the waveforms, including the wave components, amplitude of each component, and the duration, are very different. For the horizontal blast
vibration, the P-wave amplitude is much higher
than S-wave, and the duration in the infinite
model is relative longer due to the later arriving
R-wave. But for the vertical blast vibration, the
S-wave components are relative higher and the
S- and R-wave components overlap between
each other, hence the vertical velocity durations
in the infinite model is similar to that in the semiinfinite model.

Measured signals
Simulated waveforms

0
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40

Time (ms)

60

80

Figure 15 Comparison of numerical blast
vibration waveforms with measured ones
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Figure 18(a) also indicates that the P-wave components at point D are ignorable, while the significance of S-wave is clear, especially in the
vertical direction. The P-wave mainly polarizes
in horizontal direction, while S-wave travels in
vertical direction. Therefore, the horizontal velocity associated with P-wave is negligible to
that of R-wave in the semi-infinite model (see
Figure 18(b)). Nevertheless, the vertical amplitudes of S- and R-waves are of similar level. The
blast vibration lagging behind the pink dashed
line that represents the arrival of R-wave is the
combined results of S- and R-waves, thus it is
marked as S/R.
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Figure 17 Comparison of waveforms in infinite and semi-infinite models: (a) Waveforms in
infinite model; (b) Waveforms in semi-infinite model
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Figure 18 Comparison of particle motion trajectories in infinite and semi-infinite models: (a)
Trajectory in infinite model; (b) Trajectory in semi-infinite model
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Figure 19 gives the evolution of particle motion
trajectories against the horizontal distance r at
the ground surface (in semi-infinite model). The
associated trajectories at the same location in the
infinite model are also included. For the trajectories in the infinite model, the displacements associated with P-wave (the horizontal displacements) are lower than those of S-wave (the
vertical displacements) in about two orders of
magnitude. This implies that the P-wave is ignorable at the same plane of the smooth
blastholes. But for the trajectories in the semi-
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infinite model, the horizontal and vertical displacements are in the same order, meaning that
the contributions from S- and R-waves are
equally significant. As was stated above, for the
observation points located at the same plane of
the smooth blastholes, the horizontal blast vibration is mainly caused by R-wave, while the vertical vibration is the combined results of S- and
R-waves. For the generation of R-wave, it can be
concluded that the R-wave forms at the adjacent
zone of the blasting source, and it grows gradually and develops to be an identifiable feature at
about 0.5λR.

4.3 Wave components evolution
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Figure 19a Wave components evolution against radius distance r: r = 1.2 m
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Figure 19b Wave components evolution against radius distance r = 4.8 m
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Figure 19c Wave components evolution against radius distance r = 8.4 m
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Figure 19g Wave components evolution against radius distance r = 80.4 m
ducing the concept of equivalent elastic boundary, the smooth blasting can be simplified as a
Lamb problem (Lamb, 1904; Graff, 1975) (a
kind of surface source problem). Woods (1968)
has presented that the R-wave contains 67 percent of the input energy, the S-wave 26 percent,
and the P-wave only 7 percent, based on the
Lamb solution. This shows some accordance
with the numerical blast vibration at the same

4.4 Discussion
The comparison of wave components in the infinite and semi-infinite models help revealing
the generation of seismic waves induced by
smooth blastholes. It tells us the P- and S-waves
can be emitted by the blasting source, while the
R-wave only forms at the free surface. By intro-
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plane of smooth blastholes. It should be pointed
that the partition of energy provided by Woods
is just suitable for the waves on the free surface.
However, the measured blast vibration outside
the plane of smooth blastholes contains significant P-wave component. Figure 20 gives an illustration of comparison of wave components at
different locations in the infinite model. It indicates that the wave components on/outside the
plane of smooth blastholes are very different.
The P-wave components outside (either above or
below) the plane of smooth blastholes are comparative to S-wave. It is recommended that great
attention be attached on the relative location of
source to site before analyzing the wave components. Moreover, this study advocates that detailed analysis be completed before predicting
and controlling the blast vibration.
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Figure 20 Comparison of wave components at different locations: (a) Wave components at the
same plane of smooth blastholes (A); (b) Wave components above the smooth
blastholes (B); (c) Wave components below the smooth blastholes (C)

ing source, and it grows gradually and develops to be an identifiable feature at about
0.5λR.
3) The S- and R-waves are of equal significance
to the ground blast vibration in the horizontal
smooth blasting. The R-wave dominates in
the horizontal direction, while the vertical velocity associated with S-wave is a bit higher
than R-wave. This seems to tell us the dominant wave component is orientation related.

The numerical results indicate that, for the horizontal smooth blasting, the P-wave components
are ignorable everywhere at the ground surface,
while the S- and R-waves are both the dominated
components. The contributions of S- and Rwaves to the ground blast vibration are of equal
significance. In addition, the measured data in
the smooth blasting experiment (see Figure 10)
shows that the R-wave dominates in the horizontal direction, but the vertical velocity associated
with S-wave is a bit higher than R-wave. This
seems to tell us the dominant wave component
is orientation related.
5

The present study merely made a try to display
the wave components and characteristics of seismic waves induced by the smooth blasting. The
seismic waves induced by many other blasting
sources need to be further studied. On the other
hand, the propagation and attenuation laws of
different waves will be investigated at the next
stage.

CONCLUSIONS

The wave components and characteristics of
seismic waves induced by the horizontal smooth
blasting were investigated both experimentally
and numerically. Some conclusions can be
drawn as follows:

6
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1) The wave components are closely associated
with the relative location of source to site.
The P-wave components are ignorable everywhere at the same plane of smooth blastholes,
but its contribution is equally important
somewhere outside the plane of smooth
blastholes. It is recommended that great attention be attached on the relative location of
source to site before analyzing the wave components.
2) For the horizontal smooth blasting, the Rwave forms at the adjacent zone of the blast-

7

REFERENCES

Abo-Zena A. M. (1977) Radiation from a finite
cylindrical explosive source. Geophysics
42(7):1384-93.
Achenbach J. D. (1973) Wave propagation in
elastic solids. North-Holland Publishing Co.
164

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Lamb H. (1904) On the propagation of tremors
over the surface of an elastic solid. Philosophical Transactions of the Royal Society of
London, 203(359-371): 1-42.
Lu W., Yang J., Chen M. and Zhou C. (2011) An
equivalent method for blasting vibration simulation. Simulation Modelling Practice &
Theory, 19(9):2050-2062.
Rayleigh L. (1885) On Waves Propagated along
the Plane Surface of an Elastic Solid. In: Proceedings of the London Mathematical Society, s1(17):4-11.
Singh P. K. and Roy M. P. (2010) Damage to
surface structures due to blast vibration. Int J
Rock Mech Min Sci 47(6):949-961.
Triviño L. F., Mohanty B. and Milkereit B.
(2012) Seismic waveforms from explosive
sources located in boreholes and initiated in
different directions. J Appl Geophys 87:8193.
Vanbrabant F., Chacon E. and Quinones L.
(2002) P and S Mach waves generated by the
detonation of a cylindrical explosive charge Experiments and simulations. Fragblast
6(1):21-35.
Woods R. D. (1968) Screening of Surface
Waves in Soils. Placement and Improvement
of Soil To Support Structures, pp, 407-435.
Yan W. M. and Yuen K. V. (2015) On the proper
estimation of the confidence interval for the
design formula of blast-induced vibrations
with site records. Rock Mech Rock Eng
48(1):361-374.
Yang J., Lu W., Jiang Q., Yao C., Jiang S. and
Tian L. (2016) A study on the vibration frequency of blasting excavation in highly
stressed rock masses. Rock Mech Rock Eng
49(7):2825-2843.
Yilmaz O. and Unlu T. (2013) Three dimensional numerical rock damage analysis under
blasting load. Tunnelling & Underground
Space Technology Incorporating Trenchless
Technology Research, 38(9):266-278.
Zhou J., Lu W., Yan P., Chen M. and Wang G.
(2016) Frequency-dependent attenuation of
blasting vibration waves. Rock Mech Rock
Eng 49:1-12.

Ainalis D., Kaufmann O., Tshibangu J. P., Verlinden O., Kouroussis G. (2016) Modelling
the source of blasting for the numerical simulation of blast-induced ground vibrations: a
review. Rock Mech Rock Eng 50(1):1-23.
Aki K. and Richards P. G., (2002) Quantitative
Seismology, 2nd ed. Sausalito, California:
University Science Books.
Blair D. P. and Minchinton A. (1996) On the
damage zone surrounding a single blasthole.
In: Proceedings of the 5th international symposium on rock fragmentation by blasting.
Balkema, Rotterdam, pp 121-130.
Blair D. P. (2007) A comparison of Heelan and
exact solutions for seismic radiation from a
short cylindrical charge. Geophysics
72(2):E33-E41.
Blair D. P. (2010) Seismic radiation from an explosive column. Geophysics 75(1):E55-E65.
Dowding C. H. (1996) Construction vibrations,
vol 610. Prentice Hall, Upper Saddle River,
NJ.
Favreau R. F. (1969) Generation of strain waves
in rock by an explosion in a spherical cavity.
J Geophys Res 74(17):4267-80.
Graff K. F. (1975) Wave motion in elastic solid.
Heelan P. A. (1953) Radiation from a cylindrical
source of finite length. Geophysics
18(3):685.
Henrych J. (1979) The Dynamics of Explosion
and its Use. Elsevier Scientific Publishing
Company, New York.
Jong Y., Lee C., Jeon S., Cho Y. D. and Shim D.
S. (2005) Numerical modeling of the circularcut using particle flaw code. In: 31st Annular
Conference of Explosives and Blasting Technique, Orlando, CO., USA, CD-ROM.
Jordan D. W. (1962) The stress wave from a finite, cylindrical explosive source. J Appl
Math and Mech 11(4):503-51.
Khandelwal M. and Singh T. N. (2013) Application of an expert system to predict maximum
explosive charge used per delay in surface
mining. Rock Mech Rock Eng 46(6):15511558.
Konya C. J. and Walter E. J. (1991) Rock Blasting and Overbreak Control. National Highway Institute, U.S. Dept. of Trans. Federal
Highway Administration Office of Implementation.

165

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

166

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Evaluation of the impact of blast induced vibrations on human
habitat at the excavation of a huge dam foundation in China
P. Yan1,2, S. Luo1,2, L. Yuan1,2, T. Zhou3, W. Lu1,2, M. Chen1,2 and G. Wang1,2
[1] State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan
University, Wuhan 430072, China;
[2] Key Laboratory of Rock Mechanics in Hydraulic Structural Engineering Ministry of Education,
Wuhan University, Wuhan 430072, China
[3] China Three Gorges Projects Development Co., Ltd. Beijing 100000，China

ABSTRACT
It is of great significance to evaluate the impact of blast vibrations on human habitat. This paper is
based on six months of field investigations in the Bai-he-tan hydropower station. Firstly, a special
vibration control standard is proposed, which makes the impact of blast vibrations acceptable to
houses and the residents. Combining the presented damage criterion with the monitored PPV distribution, the influenced zone can be divided into three sub-zones: scaled distance D < 40 m/kg1/2, D =
40-80 m/kg1/2 and D > 80 m/kg1/2, which can be defined as the influenced zone, slightly influenced
zone and uninfluenced zone. In addition, the influence of blast vibrations on nearby residents can also
be evaluated with the new standard, and the whole influenced zone can be divided into three subzones:
severe-annoyance, light-annoyance and perception zone. Both the construction company and local
residents gave positive comments on this influence degree assessment, which indicates that the recommended criterion is suitable for evaluating human response to nearby blasts. Nevertheless, this
specific criterion needs more field tests and verifications before extended to other sites.
are more than 400 m, as the slope angles are
within 45°-75° (Yan et al. 2016). Bench blasting
is adopted to remove the heavily weathered surface layer to obtain solid dam foundation. There
are two villages located near the construction
site, having a total population about 2000. Fig.1
shows the spatial location relationship between
excavation blasts and local villages on the top of
the right bank. The nearest village, named
Shang-hong-yan, has about 300 families and a
total population of about 1100. The shortest distance from the blasts to nearest house is only
about 50-100 m. So blasting effects local residents and houses and cannot be completely
avoided. Therefore, it is of great significance for
local residents and construction enterprises to
evaluate the impact of blasting on the surrounding residential structures and residents.

1 INTRODUCTION
Nowadays, blasting is widely used for rock excavation in infrastructure constructions. For surface blasting near cities or residential areas,
blast-induced vibration, air overpressure (including blast noise), fly rock and dust are four
main principal public nuisances (Dowding 1996;
Gad et al. 2005; Zhang et al. 2003). Blast vibrations may scare nearby residents and damage
structures near the blasting source. Therefore,
blast-induced vibrations should be controlled
strictly during blasting near residential areas
(Yan et al. 2010; Lu et al. 2012; Ma et al. 2013).
The Bai-he-tan Hydropower Station with a total
installed capacity of 16.0 million kW is located
in the middle part of the Jin-sha River in China
where the heights of natural slopes on both sides
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Figure 1

in detailed investigation of the vibration distribution and attenuation in the influenced area,
and determining a reasonable vibration regulation for human settlement, which should
properly describe the impact of blasts vibrations
both on humans (especially on people's feelings)
and residences. This paper presents results of a
detailed field investigation on the effect of blast
vibrations on local residential structures and local people during excavation of the dam foundation of the Bai-he-tan Hydropower Station. After
investigating the construction site and surrounding villages for 6 months, a new zoning and classification scheme for the impact extent of blast
vibrations on the houses were evaluated, and a
regulation was recommended. In the meantime,
the feasibility and safety of the regulation, which
are based on the existing environmental and
blasting vibration standards, that affect the
safety and annoyance of human beings have
been examined in field inspections and surveys.

Overview of the dam foundation
and local villages

Blast induced vibrations have been studied in
many countries from the 1920s, such as the
USA, Russia (and the former Soviet Union),
England, Germany, et al. (Langefors et al. 1958;
Edwards and Northwood 1959). From the 1980s
and later on, both the PPV and frequency were
used as damage criterion and some common
used stand-ards have been developed (CA 23
1967; Siskind et al. 1980; Dharet al. 1993; DIN
4150 1999). The assessment of adverse effects
from vibrations (including the continuous and
transient vibrations) on humans starts much
later, during 1990s (Yan et al. 2017). In the nearzone of a surface blast or bomb explosion, the
intensive vibration may cause physiological
damages to human’s body, while in the middleto-far zone of a blasting source, the vibration attenuates rapidly to a lower level, which can lead
to people’s annoyance. And only the peak value
of blast vibrations was considered, the frequency
has not been considered in the impact assessment of vibrations on buildings (Dowding
2000). Human’s reactions to blast vibrations is
difficult to be evaluate quantifiably because of
its subjective characteristic (Kuzu & Ergin
2005). The human body has been proved to be a
“good seismic detector” but a “poor measuring
device”. Vibrations can be noticed and people
react to blast-induced vibrations at levels that are
significantly lower than the damage or cracking
thresholds (Siskid et al.1980; Kuzu & Ergin
2005), which is also the reason of why there are
so many complaints of cracking at particle velocities below the most restrict standard (Dowding 2000).

2

REGULATIONS ON BLAST
VIBRATIONS

2.1 Recommended criterion for residences
Table 1 and Fig. 2 summarize some representative regulations on vibrations from blasting. It
can be noted that these threshold values differ a
somewhat from each other except the American
standard in high frequency (>40 Hz). The Chinese standard on adobe buildings is the strictest
one, the limiting PPVs at different frequency
ranges are all smaller than those of other standards (Yan et al. 2016)

To sum up, the key to assess the impact of blast
vibrations on the surrounding environment lies

.
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Table 1 Blast-induced ground vibration regulations in different countries (excerpts).
No.

Protecting objects
Loess cave dwellings, adobe buildings

1

Brick houses, large non-seismic
block buildings
Modern homes, dry-wall interiors

2
Older homes
Civil buildings which are not belong
to proprietor
Proprietary civil buildings with limited service life
Houses, low storey residential buildings, general commercial buildings

3
4

Industrial buildings
5

Residential buildings
More sensitive buildings than above

PPV （cm/s）
0.15-0.45 (DF＜10 Hz); 0.45-0.9 (DF
within 10-50 Hz); 0.9-1.5 (DF within 50100 Hz).
1.5-2.0 (DF＜10 Hz); 2.0-2.5 (DF within
10-50 Hz); 2.5-3.0 (DF within 50-100 Hz).
0.5-1.88 (DF＜4 Hz);1.88 (DF within 4-15
Hz);
1.88-5 (DF within 15-40 Hz); 5.0 (DF>40
Hz).
0.5-1.25 (DF＜3 Hz);1.25 (DF within 3-10
Hz);
1.25-5 (DF within 10-40 Hz); 5.0 (DF>40
Hz).
0.5 (DF<8 Hz); 1.0 (DF within 8-25 Hz);
1.5 (DF>25 Hz).
1.0 (DF<8 Hz); 1.5 (DF within 8-25 Hz);
2.5 (DF>25 Hz).
1.9 (DF>15Hz).
2.0 (DF＜10 Hz); 2.0-4.0 (DF within 10-50
Hz); 4.0-5.0 (DF within 50-100Hz).
0.5 (DF＜10 Hz); 0.5-1.5 (DF within 10-50
Hz); 1.5-2.0 (DF within 50-100Hz).
0.3 (DF＜10 Hz); 0.3-0.8 (DF within 10-50
Hz); 0.8-1.0 (DF within 50-100 Hz).

Regulations
China National Standard (GB6722-2014,
2014)

USBM Standard
(Siskind et al. 1980)

India CMRS, (Dhar et
al. 1993)
Australian Standards
(CA 23,1967)
Germany Norm (DIN
4150,1999)

*DF means dominant frequency, Hz.

Figure 2

Table 2
No.
1
2
3

Comparison of regulations on blast vibrations
in different countries.

In fact, the vibration regulations in different
countries are always controlled in a conservative way, because of the risk of not being social acceptable and the influence of blast vibrations on humans. So, a specific vibration
regulation should be proposed based on considering the specific blasting environment for
a given excavation site. For blasting excavation of right abutment slope of the Bai-he-tan
Hydropower Station, the limiting PPVs can
be conservatively assigned based on the Chinese standard on adobe buildings and calculated thresholds, as shown in Table 2 (Yan et
al. 2016).

Regulations on vibrations for residences at the construction site of Bai-he-tan project.

Types of local houses

DF ≤ 10 Hz
Mud-brick houses
0.15-0.45
Rough-brick house
0.45-0.90
Cosmetic-brick house
1.50-2.00
*DF means dominant frequency, Hz.

Peak particle velocity (cm/s)
10 Hz <DF≤50Hz
0.45-0.90
0.90-1.50
2.00-2.50
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DF>50Hz
0.90-1.10
1.50-2.00
2.50-3.00
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(1980) at all response levels on humans. The implementation of USBM standard in Nigeria indicated that this criterion is suitable for assessing
people’s responses to surface blasting (Afeni &
Osasan 2009).

2.2 Human response to vibrations
Some suggested guidelines from different researchers on human reaction and annoyance to
vibrations are shown in Table.3. It can be seen
from Table 3 that：(1) According to Oriard
(1980), there are no sig-nificant differences between continuous and transient vibration thresholds for all levels of people’s response. Only the
annoyance and strongly perceptible thresholds
of the former (continuous vibration) are little
lower than the latter (transient vibration).(2) The
vibration thresholds recommended by USBM
and that given in the standard ISO22631 for environmental vibrations are nearly identical, and
both are much stricter than those of Oriard et al.
Table 3

No.

Suggested criteria on human response to vibrations.

Effects on humans

1

Physiological damage

2

Severe /Tolerance

3

Annoyance

4

Noticeable

Table 4

However, the frequency is not considered in the
existing standards on human response to vibrations. So, based on the basic work on human response to environmental vibrations (the Standard ISO22631; Dong & Zhu 2004), a new
standard can be established by using the analogy
method, the results are in Table.4. (Yan et al.
2017). It considers both the influence of vibration amplitude and the frequency

Danger
Risk
Threshold
Very disturbing
disturbing
Strongly perceptible
Distinctly perceptible
Barely
perceptible

PPVs (mm/s) recommended
by Oriard (1980)

U.S.B.M
Standard
(mm/s)

Continuous
vibration
101.6-254.0
50.8-101.6
25.4-50.8
17.8-25.4
5.1-17.8

Transient
vibration
101.6-254.0
50.8-101.6
30.5-50.8
25.4-30.5
10.2-25.4

/
/
/
7.62-25.4
2.54-7.62

2.5-5.1

2.5-10.2

0.76-2.54

0.8-2.5

1.5-2.5

0.25-0.76

0.25-0.8

0.25-1.5

0.08-0.25

ISO22631(1997),
thresholds from environmental vibration
(mm/s)
PPV
Average
range
PPV
63.7111.5
159.2
19.9-63.7
7.96-19.9
1.59-7.96

41.8
14.0
4.8

0.16-1.59

0.9

0.03-0.16

0.1

Suggested safety criterion based on human response to vibrations.
No.

Effects on human

1

Peak particle velocity (mm/s)
<10 Hz

10-50 Hz

>50 Hz

Physiological damage

50.9-78.0

78.0-95.5

95.5119.4

2

Severe / Tolerance
threshold

15.9-23.9

23.9-27.9

27.9-39.8

3

Annoyance / Disturbing

1.59-2.39

2.39-6.37

6.37-7.96

4

Noticeable / Perceptible

0.03-0.08

0.08-0.11

0.11-0.16

It can be concluded from Table 4 that the humans
body can notice a vibration of about 0.03-0.16
mm/s and begin to feel annoyance at 1.6-8.0
mm/s depending on the frequency, which are

consistent with the general knowledge: the human body can percept vibration on the order of
0.2 mm/s with clearly perceptible levels at 1.0
mm/s (Siskid et al. 1980; Kuzu & Ergin 2005).
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The presented criterion on human response in
Table 4 is also compared with several existing
regulations on vibrations for residencies, see
Fig.3.

Figure 3

natural slope shape, a representative blast design
is shown in Fig.4.
The pre-splitting blast scheme is adopted to decrease the blast damage on the surrounding rock
mass. The production blast holes are fully
charged (no decoupling), while decoupled
charges are used in the buffer and pre-splitting
holes. Table 5 gives blast parameters for this
bench. Non-electric millisecond delay detonators are adopted.
In order to evaluate the human response in the
influenced village zone, the distribution of blast
vibrations should be determined first. Thus, tens
of long-term vibration monitoring points are selected, they are distributed basically evenly in
the village at different distances from the blasting source, such as less than 100 m, 100-200 m,
200-300 m, 300-400 m and larger than 400 m.
Some of them are shown in Fig.5 (a). The blast
vibrations are monitored by using the TC-4850
Vibration Meter, as shown in Fig.5 (b).

Suggested criteria on human response to vibrations compared
with residence cracking thresholds.

Fig.3 reveals that people’s annoyance threshold
(the level when people starts to feel uncomfortable) is less than the vibration threshold to cause
mud-house cracks in the whole frequency domain. People’s lowest tolerance vibration level
is about twice as large as that of the residence
cracking Level 2 of the Standard DIN 4150.
3

FIELD TESTING AND ASSESSMENT

3.1 Blasting scheme and parameters
The bench blast design parameters are determined by many field experiments to control the
blast impact on nearby structures and to ensure
the time schedule for the project. For every
round, the blast area size varies depending on the
Table 5
No.

1
2
3

Figure 4

Typical pre-splitting bench blast
design (m).

Typical parameters for bench blasting in rock slopes.

Hole type
Pre-splitting hole
Buffer hole
Production
blast hole

Blast-hole parameter
Hole diLength Spacing
ameter
(mm)
(m)
(m)

Stemming
length
(m)

Charge parameter
Charge Single-hole
Maximum explosive
diameter
charge
weight per delay
(mm)
（kg）
(kg)

90

10.0

0.8

0.5

32

4.5

18 - 30

90

10.0

1.8

1.2

70

18.0

36 - 54

90

10.0

3.0

1.5

70

30.0

54 - 90
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Figure 5

Field monitoring of blast vibrations. (a) Monitoring scheme, only some monitoring points are shown in this size-limited picture; (b) A representative monitoring point.

These monitoring points are generally installed
outside the foundations of selected houses, and
after every blast, the peoples responses have also
been documented to verify our empirical criterion.
3.2 Site monitoring results
During the excavation of the right bank slope of
Bai-he-tan project, a total of 40 bench blasts
were monitored and 277 effective measuring
points investigated. This corresponds to 831 vibration records on 3 orthogonal directions.
PPVs of recorded vibrations versus scaled distance are presented in Fig.6 for different dominant frequency ranges: below 10 Hz and within
10-50 Hz. The floor and top threshold vibration
values for mud-brick houses are also given in
Fig.6 for reference. In addition, the obtained vibrations with DF over 50 Hz are too few to get a
reliable attenuation formula, the result is not presented.

Figure 6
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PPVs versus scaled distance: (a)
DF≤10 Hz, (b) 10 Hz<DF≤50 Hz.
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Figure 7

53% and 9% of all the monitored vibrations
respectively, which means that 91% of monitored vibrations are lower than 50 Hz in DF.
This frequency band may cover the natural
frequency of local residences.
3) For vibrations with DF below 50 Hz, the
monitored PPVs attenuate rapidly with increased scaled distance. However, some vibrations exceeds the up-per threshold damage limit at small distances (about 20 - 60
m/kg1/2 or 100-300 m). In between the lower
and upper limit at larger distances (about 6080 m/kg1/2 or 300 - 400 m) and below the
lower limit at further increased distances. It
means that local residences at a scaled distance less than 80 m/kg1/2 (or real distance
400 m, estimated with Q = 24 kg) may be
damaged.

Monitored vibrations in the horizontal-radial direction.

The following conclusions can be drawn from
Fig.6:
1) Most of the monitored PPVs are distributed
in the scaled distance range of 20-120
m/kg1/2. Combined with the average charge
weight in single delay in pre-split blasting,
24 kg (see Table 1), the distance can be estimated to 100-600 m.
2) Vibrations with DF below 10 Hz, within 1050 Hz and over 50 Hz constitute about 38%,
Table 6

The radial vibration (horizontal) is given in Figure 7 to assess the response of local residents,
detailed results on vibrations at the three monitoring directions are presented in Table.6 for further assessment.

Results from vibrations at the three monitoring directions.

Vibration direction
Horizontal-radial
Horizontal-tangential
Vertical

Dominant frequency

Distribution of peak particle velocity (PPV)

9%

< perception
4%

Perception - Annoyance
64%

Annoyance - tolerance
32%

> tolerance
0%

89%

11%

6%

67%

27%

0%

85%

15%

4%

70%

26%

0%

5-15 Hz

else

91%

It can be seen from Figure 7 and Table 6 that the
most (about 96%) of the monitored vibrations
can be noticed by humans, and nearly 90% of
them are in the frequency range of 5-15 Hz,
which just contains the most sensitive vibration
frequencies (4-8 Hz) to humans body. It indicates that the monitored vibrations in the influenced village have the potential to cause damage
to several kinds of organs of humans if the vibration magnitude reaches a certain level. Even
low vibrations can lead to annoyance of people.

(a floor threshold, means people begin to feel annoyance), and in meantime all the monitored
PPVs are less than the humans annoyance upper
threshold, which means the monitored vibration
may only have 30% chances to make people feel
uncomfortable, but all of them can be tolerable
by most people according to the presented criterion. 64-70% of the monitored vibrations can
only be perceptible but their influences on local
residents can be ignored.
On the other hand, many PPVs also locate upon
the cracking threshold of mud-brick houses indicating minor damage to local residences.

Both Figure 7 and Table 6 shows that about 2632% of monitored peak particle vibrations
(PPVs) exceed the humans annoyance threshold
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decreased. Because there is also about 11.1% vibrations exceed the floor vibration thresholds,
this subzone can be defined as the slightly influenced zone.

3.3 Impact assessment
Table 7 illustrates the statistical distribution of
recorded PPVs in the three subzones mentioned
above, and the results do also support this subzoning scheme.

There is no PPV exceeding the floor limit at a
scaled distance > 80 m/kg1/2 (> 400 m), which
indicates that residences in this zone may be totally undamaged by induced vibrations.

For every dominant frequency range, PPVs over
damage thresholds (upper limit vibrations) are
only monitored at a scaled distance less than D1
(< 40 m/kg1/2, or 200 m). Summing the 3 frequency ranges together, about 8.0% of the recorded PPVs exceeds the upper limits of allowed
vibrations, and 28.6% of the recorded PPVs are
within the lower and upper limit. It indicates that
buildings or residential structures at a scaled distance < 40 m/kg1/2, especially the mud-brick
houses in this zone, may be damaged.

Thus, the whole blast-influenced zone can be divided into three sub-zones: the influenced zone,
slightly influenced zone and uninfluenced zone
corresponding to the scaled distance < 40
m/kg1/2, within 40-80 m/kg1/2 and > 80 m/kg1/2
respectively.
Moreover, about 85-91% of all monitored vibrations are within the dominant frequency range 515 Hz. In this frequency range, vibration thresholds corresponding to human perception, annoyance (including 2 levels: floor-annoyance and
severe-annoyance), and tolerance can be selected as 0.16 mm/s, 2.4 mm/s, 8.0 mm/s and
24.0 mm/s respectively, see Table 4.

However, within the scaled distance interval 4080 m/kg1/2 (D1-D2, 200-400 m), no vibrations
over the damage threshold has been recorded for
all 3 frequency ranges, and the percent of vibrations within the floor and upper limit PPV
threshold reduces to 11.1%. Most vibrations
(about 38.9%) monitored in this zone locate below the floor PPV threshold. It means the vibration impaction in this area has been significantly
Table 7
The statistical distribution of recorded PPVs.
Dominant
Frequency (DF)
<10Hz
10-50Hz
>50Hz
Total Rate

Vibration
Threshold
<0.15 cm/s (floor limit)
0.15-0.45 cm/s
> 0.45 cm/s (upper limit)
<0.45 cm/s (floor limit)
0.45-0.90 cm/s
> 0.90 cm/s (upper limit)
<0.90 cm/s (floor limit)
0.90-1.50 cm/s
> 1.50 cm/s (upper limit)

Scaled Distance (m/kg1/2)
<40
40-80
>80
0.6%
6.4%
3.7%
10.3%
8.7%
0.0%
*6.4%
*0.0% *0.0%
4.0%
25.7%
1.1%
17.3%
2.4%
0.0%
*1.5%
*0.0% *0.0%
3.7%
6.8%
0.5%
1.0%
0.0%
0.0%
*0.1%
*0.0% *0.0%
44.8%
50.0%
5.2%

Notes: the data with “*” means the percent of vibrations over the damage threshold.
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Total Rate
10.7%
19.0%
*6.4%
30.8%
19.7%
*1.5%
10.9%
1.0%
*0.1%
100.0%

36.1%
51.9%
12.0%
100.0%
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this, some of the structures are old, and have not
been maintained sufficiently. On the other hand,
the practical situation is very complicated and
the vibrations coming from the blasting source
carries much information of their transmitting
paths. Responses of humans to vibrations may
vary with ages, genders and educations, even the
mood or spirit situation.

Figure 8

The investigation results indicate that, in the
zone of which scaled distance is less than 40
m/kg1/2, the residences were commonly damaged to some extent: some mud blocks fell from
the wall; some roof tiles fell off; many plaster
bridges fractured (external wall cracked and existed cracks expanded); glass windows broke
and some old buildings even collapsed. Nearly
no blast-induced cracks were observed after
blasting at a scaled distance > 80 m/kg1/2. The
de-tailed result of the field investigation is given
in Table 8, as well as the statistical results of
monitored vibrations.

Distribution of monitored vibrations versus scaled distance. The
maximum charge weight per delay is within 18-22 kg (the presplitting blast), so the real distance corresponding to 20-220
m/kg1/2 is about 50-600 m.

The distribution of monitored peak vibrations
versus scaled distance (D) including vibration
thresholds is shown in Fig.8.

During the field test lasting about 6 months, several positive house owners were selected to report their perception to the vibrations from every
blast. Their houses cover the three main types of
local residences: adobe houses (or mud-brick
homes), rough-brick houses and cosmetic-brick
houses with different ages which can represent
the whole village. These owners are all males aging between 35-60 years old, the women and
children are not included for uncontrolled reasons. A summary of the investigation is given in
Table 9.

It can be seen from Fig.8 that most monitored
peak vibrations can be noticed by humans up to
a scaled distance of 220 m/kg1/2 (600 m), which
indicates that humans body is sensitive to
ground motions, especially the low frequency
vibrations (5-15 Hz). But all vibrations are much
less than the human tolerance threshold, and it
means they can be tolerable by most people.
According to Fig.7, the monitored PPVs above
the severe human annoyance threshold corresponds to a scaled distance < 120 m/kg1/2. Between 120-220 m/kg1/2 all monitored vibrations
are below the severe human annoyance threshold.
4

It can be seen from Table 9 that the results from
human response to vibrations at different distances is generally consistent with that shown in
Fig.7. This indicates that the empirical standard
recommended in this paper is reasonable to some
extent, and the assessment of human response to
blast vibrations in the Shang-hong-yan village
near the Bai-he-tan project seems also suitable.
Obviously, the extension of this criterion also
needs to be further verified at different blasting
sites, even from different countries.

VERIFICATION

In order to verify the vibration monitoring results and the proposed standards, we carried out
extensive field investigations. However, on the
one hand, most buildings in the Shang-hong-yan
village, are full of cracks, which can be mainly
attributed to some natural factors, such as winds,
rains, drought and deformation of house foundation, even common daily activities. Apart from
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Table 8

Classification of the area influenced by blast vibrations.
Scaled
distance
D
(m/kg1/2)

Influenced
zone

Estimated
real distance (m)

Ratio of
PPVs over
the upper
limit PPV

Ratio of
PPVs within
the floor and
upper PPV

Influenced
zone

< 40

200

8.0%

28.6%

Slightly influenced zone

40 - 80

200-400

0.0%

15.5%

Uninfluenced
zone

> 80

>400

0.0%

0.0%

Table 9
No.

1

Owner’s
Name

Xu Z.W.

House types

Distance from blasting source

Mud brick
house

100-200 m
(40-70 m/kg1/2)

Mud-brick
house

100-200 m
(40-70 m/kg1/2)
200-300 m
(70-120 m/kg1/2)
>300m
(>120 m/kg1/2)

2

3

Yu C.Y.

4

Liang
S.R.

Mud-brick
house
Mud-brick
house

5

Zhu
Y.C.

Rough-brick
house

100-200 m
(40-70 m/kg1/2)

Liang
S.G.
Wei
B.X.

Rough-brick
house
Rough-brick
house
Cosmetic-brick
house
Cosmetic-brick
house

200-300 m
(70-120 m/kg1/2)
>400 m
(>160 m/kg1/2)
200-300 m
(70-120 m/kg1/2)
>400 m
(>160 m/kg1/2)

7

Some cracks on adobe buildings expanded; many plaster bridges fractured; some broken buildings collapsed; some cracks emerged on
brick buildings; some glass windows
broke
A few plaster bridges fractured on
adobe walls; a few new cracks can be
observed in the house roof; some
glass windows crazed
No evident damages can be observed

Investigation of human’s response in their houses.

Wu
Y.G.

6

Damage degree of residences

8

Xu Z.F.

9

Chen
Z.X.

Monitored vibration
Vibration Frequency
(mm/s)
(Hz)
10.0-12.0

10-50

3.0-8.0

10-50

8.0-11.0

10-60

3.0-8.0

10-50

3.0-8.0

5-35

2.0-7.5

5-35

8.0-11.5

10-40

3.0-8.0

5-35

2.0-4.0

5-35

3.0-8.0

5-35

2.0-4.0

5-35

Human response

House damage

Very annoyance

External
wall cracking

Lightly annoyance
Very annoyance
Lightly annoyance
Lightly annoyance
Lightly annoyance
Very annoyance
Lightly annoyance
Lightly annoyance
Lightly annoyance
Lightly annoyance

No change
Some tiles
falling
No change
Window
cracking
No obvious
influence
External
wall cracking
Wall corner
cracking
No obvious
influence
Wall corner
cracking
No obvious
influence

Notes: the distance from monitored houses to the blasting source varies due to the advancing blasting
workface during the long-term monitoring.
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CONCLUSION

In this paper, the influence of blast vibrations on
nearby ancient villages caused by the construction of large hydropower station is studied. For
surface blasting near residential areas, damage
caused by blast vibrations on local residences are
expected and the human response may be an
equally significant factor.
In the present study, a grading and zoning evaluation scheme was introduced to assess the vibration impact caused by blasting. In addition,
this paper tries to suggest a new criterion for human response to blast vibrations. The presented
criterion is established based on existing continuous environmental vibration standards, and especially the influence of vibration frequency on
humans body has been considered and introduced to improve the single-factor (peak particle
velocity) standard recommended by USBM.
This blast vibration assessment results has been
submitted to the local government and the construction company, and has been used as one of
the main foundation for establishing the construction impact compensation standard. However, the new criteria proposed in this paper to
prevent the damage or impact of blast vibration
require more on-site testing and verification.
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ABSTRACT
Drilling and blasting has been a preferred method of rock excavation world-wide. Blasting
inevitably causes damage to the peripheral rock mass, which culminates in the form of overbreak
and damaged zone. Damage or overbreak not only endangers the safety of structure and cost
escalation but also delayed completion. Too large damage zone endangers the safety of the front
line workers due to reduction of stand-up time especially for poor rock mass. Functionality and
post-construction performance of structures get affected due to large extent of damage zone, if not
taken care in time. Field investigations were carried out at five different Himalayan tunnels to
formulate an empirical equation for predicting blast-induced overbreak for wide range of rock mass
quality wherein Q values ranged between 0.03 and 17.8. The proposed equation involves
parameters like specific charge, perimeter charge factor, maximum charge per delay, rock mass
quality (Q), advancement and confinement factors. These parameters are readily available at the site
without any difficulty. Nearly 113 experimental blasts were monitored and data so collected were
used to formulate an index termed as scale effect (Si), which is the ratio of tunnel cross-sectional
area and block size of rock mass. It is revealed that when Si becomes greater than 4, the range of
overbreak lies between 8 and 25%. The paper presents details of the field investigations, rock mass
characterisation and optimised blast design to achieve the safe and productive blasting operation for
critical excavation in Tehri Pumped Storage Plan Project. A detailed discussion and analysis of
impact of the blasting operation through geotechnical instrumentation data is also given in details in
this paper.
1

INTRODUCTION

minimum excavation line of the designed
periphery from where rock blocks/slabs detach
from the rock mass. It is a measure of difference
in excavation between ‘as designed profile’ and
‘as excavated profile’. Overbreak varies from 5
to 30% which incurs significant cost and
increases cycle time of the tunnelling operation.
Overbreak assessment in tunnels assumes
greater importance to minimize cycle time
operation and optimisation. Usually host of
geotechnical parameters, blast design and
operational parameters and explosive properties
influence it. Overbreak may also occur due to
the effect of the ground conditions and the
nature of excavation being adopted (Ibarra et al.,
1996). The factors influencing the smoothness
and softness of the perimeter can be classified
into four categories viz. drilling accuracy,
perimeter hole spacing and loading (charging),
treatment of first row in-holes and geology

Drilling and blasting method (DBM) is globally
used for rock excavation due to low investment,
cheap explosive energy, easy acceptability
among the stakeholders, possibility of dealing
with different shapes and sizes of openings and
reasonably faster rate of advancement in a
suitable geotechnical mining condition. This
makes DBM a preferred method of rock
excavation (Innaurato et al., 1998; Verma et al.,
2018).
DBM inevitably damage surrounding rock mass
due to formation of network of fine cracks
leading to safety and stability problems. Rock
mass damage zone surrounding an underground
opening consists of overbreak zone (failed
zone), damaged zone and a disturbed zone. The
three zones of damage are shown in Fig 1. The
overbreak zone represents the zone beyond the
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2

(Macknown, 1984). Zone immediately beyond
the overbreak zone is damaged zone. The
damaged zone is a zone of influence around
tunnel beyond the overbreak zone. The
irreversible changes in the rock mass properties
take place in this zone due to the presence of
fine networks of micro-cracks and fractures
induced by the blasting and excavation process.
This zone is characterized by deterioration in
mechanical and physical properties and increase
in transmissivity properties. The disturbed zone
is a zone in the rock mass immediately beyond
the damaged zone where changes in the rock
mass properties are insignificant and reversible.
This zone is dominated by changes in stresses
and hydraulic permeability.

FIELD INVESTIGATIONS

Field experiments were carried out to look into
the insight of these influencing parameters at
five tunnel construction sites. These sites are
integral parts of three major hydroelectric
projects located in Himalaya. They include
Access Tunnels (AA10R and AA7) from Pump
Storage Plant (PSP) of THDC India Limited at
Tehri, Head Race Tunnel (HRT) of SingoliBhatwari Hydroelectric Power Project (SBHEP)
at Rudraprayag, HRT and Bypass Tunnel (BPT)
of Tapovan Visnhnugaad Hydroelectric Power
Project (TVHEP) at Tapovan. The data was
obtained from 113 blasts undertaken at such
construction sites. Detailed site description is
presented in a research paper Verma et al.,
(2018). Rock mass characterisation, blast
vibration monitoring, overbreak assessment and
estimation of damaged zone were carried out for
each blast. Figure 2 shows photograph of head
race tunnel of Singoli-Bhatwari Hydro project
site at Rudraprayag.

Overbreak as well as damaged zone has
significant impact on the project cost,
construction period, safety and performance of
the underground structures. In the case of the
civic tunnels, damaged zone can adversely
affect the stability of the structure and hence
they need to be accounted for while designing
support system for openings.

All experimental blasts were closely monitored
and all drilling related data, especially perimeter
holes and holes in the penultimate row and their
corresponding depths were collected. Charge
loading parameters such as explosive
consumption in a hole, total charge, initiation
sequence, maximum charge per delay were
recorded meticulously. All the blasts were
conducted out using 40 mm cartridge emulsion
explosives and non-electric initiation system.
Pull obtained in each round was obtained after
surveying of tunnel profile and advancement.
Factors on advancement and confinement were
calculated for each blast to represent different
features of underground excavation. The data
parameters, which were collected, are described
below.

In light of the above observations, field
investigations were carried out at the sites of
five hydroelectric projects to assess various
aspects of overbreak resulting in blasting. Using
data obtained from the field, an empirical
equation has been developed to estimate the
overbreak (%) during construction of civic
tunnels.

 Specific charge (q) (kg/m3): It is defined to
be the ratio of total quantity of explosive
and volume of broken rock.
 Maximum charge per delay (W) (kg): It is the
maximum quantity of explosive fired in a
delay series or within 8 ms.

Figure 1 Blast induced rock mass damage
zone around an underground
opening

180

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

 Perimeter charge factor (qp) (kg/m3): Similar
to specific charge, it is the quantity of
explosive used in perimeter holes and the
volume of rock corresponding to burden of
the contour holes.

Overbreak is the volume of rock outside the
minimum excavation line removed during
excavation operations (IS: 19401, 1996).
Conventionally, overbreak is expressed in
percent of theoretical rock volume produced in
each round of blast. In the present study, it has
been measured using total station survey
equipment after each round of blast covering
wide range of Q values. Table-1 shows the
general information and various rock-strength
parameters. Figure 3 shows experimental
investigations of rock core samples in the
laboratory.

 Advancement factor (Af): It is ratio of pull (l)
and hole depth (d) in a blast round.
 Confinement factor (Cf): It is ratio of hole
depth (d) and cross-sectional area of tunnel
(a).
Rock mass quality index, Q (Barton et al. 1974)
is used for rock mass characterisation. This
system of rock mass characterization has been
recommended specifically for tunnels and
caverns with an arched roof. It is observed that
Q-system is a preferred method of rock mass
classification for civil construction such as
tunnels and caverns for various purposes like
support design and engineering classification of
rock mass. In Q-system, Stress Reduction factor
(SRF) is one of the parameters which accounts
for active stresses during construction of an
underground opening and that is why Q-system
has been selected for rock mass characterisation
in the present study.

Figure 2 Photograph showing Head Race
Tunnel
of
Singoli-Bhatwari
Project, Rudraprayag

In all the experimental sites, Q ranges from 0.03
to 17.8 indicating that the suggested method
could be applicable to a wide range of rock
mass under non-squeezing ground condition.
Table 1

Geotechnical Properties of Rock in Experimental Tunnels (L&T-SBHEP, 2007;
PSP, 2007; NTPC, 2006; NTPC, 2010)

Sl. No

Experimental Predominant Rock
Tunnel Site
Type

σt
MPa

Vp
m/s

E
MPa

Data
Set

Vcr
mm/s

Range of Q

1
2
3

HRT SBHEP
HRT TVHEP
BPT TVHEP

6.71
8.7
12.4

3267
5400
6200

12600
27900
55500

27
30
20

1739.8
1683.8
1754.5

0.8 - 1.1
0.03 - 1.68
2.7 - 11.1

4

AA7 PSP

4.3

5400

10500

24

221.65

3.6 - 4.3

5

AA10R PSP

7.2

6000

12700

12

340.15

6.8 - 17.8

Quartz Biotite Schist
Augen Gneiss
Quartzite
Phyllitic Quartzite
Thinly Bedded (PQT)
Phyllitic Quartzite
Massive (PQM)

Notations: σt: Tensile strength, Vp: P-wave velocity, E: Young Modulus; Vcr: Critical peak particle velocity; SBHEP:
Singoli-Bhatwari Hydroelectric Project; TVHEP: Tapovan Vishnugaad Hydroelectric Project, Tapovan; PSP: Pump
Storage Plant, Tehri
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Chakraborty et al., 1998). As the size of opening
increases, the specific charge reduces. In
openings having large cross-sectional area,
higher specific charge indicates availability of
surplus explosive energy. The surplus unutilized
explosive energy is converted into blast
vibration causing higher overbreak.
Blast induced damage to the surrounding rock
mass, either in the form of overbreak or
damaged zone or both, depends significantly
upon the quality of rock mass. Figure 6 shows
the variation of overbreak with the rock mass
quality, Q. It may be noted from Figure 6 that
the average overbreak is highest for the lower
class of rock mass which, then decreases with
the increase in rock mass quality. In case of
good rock mass, the average overbreak value
reduces approximately by 6%.

Figure 3 Laboratory investigation of rock
core samples obtained from the
experimental sites
3

ANALYSIS

The data were analysed to identify the influence
of different parameters in the prediction of
overbreak (%) induced by blasting. The average
and maximum overbreak were correlated with
the maximum charge per delay, W. The
variation of overbreak in respect of maximum
charge per delay is shown in Figure 4. It is
evident from this figure that the maximum
overbreak increases with the increase in
maximum charge per delay in more than 20%
cases in 25-30 kg range. Whereas, average
overbreak increases approximately 13% cases
beyond 30 kg of maximum charge per delay.
The difference of average and maximum
overbreak increases with the increase in
maximum charge per delay indicating the
predominance of higher maximum charge per in
overbreak scenario around underground
openings.

Figure 4 Variation of observed overbreak
with maximum charge per delay,
W

The variations of average overbreak with
specific charge, q, is shown in Figure 5. The
commonly used specific charge lies in the range
of 1.2 to 2.0 kg/m3 which corresponds
overbreak in the order of 10 - 12%. There is
increase in overbreak with the increase in
specific charge beyond 2.0 kg/m3. The specific
charge greater than 2.5 kg/m3 may result in
overbreak as high as 20% and more. Earlier
studies showed that a tunnel of cross-sectional
area less than 20 m2
Figure 5

requires specific charge greater than 2.0 kg/m3
due to higher confinement (Olofsson, 1990;
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underground excavation (Maerz, et al., 1996,
Ibarra et al., 1996, Dey and Murthy, 2012).
Higher perimeter charge factor (qp) gives rise to
greater overbreak. utilized is calculated using
Overbreak caused by perimeter charge factor
can be reduced by optimum advancement in a
blasting round. This is due to the availability of
better free face and lesser burden on the
contour holes. Greater advancement may
reduce negative impacts of perimeter charge
factor on overbreak in a round of blast. It does
not mean long tunnel round will reduce
overbreak. For example, say in a blast round
having hole depth of 3.2 m, an advancement of
3.0 m will probability cause lesser overbreak as
compared to a blast round with only 2.5 m pull
in a same rock mass condition.

Average Overbreak (OB), %

20
15
10
5
0

< 0.1

0.1 - 1.0

1-4

4 - 10

Rock Mass Quality Index, Q

10 - 40

Figure 6 Variation of average overbreak
with rock mass quality index, Q
Figure 7 shows the variation of average
overbreak with the ratio of perimeter charge
factor and advancement factor (qp/Af). The term
qp/Af measures the optimal utilisation of
explosive energy and progressive enlargement
of the tunnel. It is established that charging in
perimeter holes have significant impact on
resultant overbreak around an underground
opening. Ibarra, (1996) observed that perimeter
powder factor (charge factor) is directly
proportional to the overbreak and underbreak.
Analysis of observed data from the
experimental blasts shows that the ratio of qp/Af
is even better correlated with overbreak in
underground construction (Figure 7).
30

Another aspect of blast induced damage as
revealed in Figure 7 is that a better advancement
in a blast round will optimally utilise the
explosive energy and hence damage to the rock
mass will be reduced. Higher advancement
enhances the utilization of explosive energy in
productive work, i.e. breaking and displacement
of rock pieces. The unutilized explosive energy
would otherwise be converted into seismic
waves and the resultant effect will be higher
vibration impacts in the surrounding rock mass.
This has been observed by undertaking blast
vibration measurement is the five experimental
tunnel sites referred in this study. Better
advancement also provides free face to contour
holes. In tunnel blasting, better advancement
ensures sequential initiation of holes and
progressive initial cut which ensures less
damage to the surrounding rock mass.

OB(%) = 6.52 (qp/Af) + 0.78
R² = 0.75

Overbreak (OB),%

25
20
15
10
5
0

0,0

1,0

2,0

qp/Af

3,0

4,0

Figure 7 Plot of observed overbreak (%)
and qp/Af
The parameter qp is a measure of the explosive
quantity used for breaking rock mass in contour
area. It has been widely used to study damage
to the surrounding rock mass due to blasting in
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10% (Figure 9) The range of overbreak was
found to be greater than 25%for 'scale index' of
4 and above. Whereas, the range of overbreak
lies between 4 and 12% for 'scale index' lower
than 4 and it lies between 8 and 25% for 'scale
index' greater than 4.

OB(%) = 0.64 (100*Cf /Q) + 7.51
R² = 0.90

Average Overbreak (%)
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3

Normalised Confinement Factor, (Cf / Q)*100

Figure 8 Plot of average overbreak versus
normalised confinement factor
(Cf/Q)
The focus was made on ten cases of
confinement factor with different crosssectional area and hole depth. In all the ten
cases, confinement factor was normalised with
rock mass quality index Q. The plot of average
overbreak with normalized confinement factor
is presented in Figure 8. It is clear that average
overbreak increases with increase in
confinement factor. Greater depth of hole
beyond optimum value will increase overbreak
substantially due to increase in confinement
factor.
4

The scale effect analysis may be useful in
deciding the allowable limit of overbreak while
framing the contract guidelines. In many
countries, special standards to regulate the
overbreak and deviation from the designed
profile are recommended. The Swiss Society of
Engineer and Architects recommend overbreak
profile to be lower than 0.07√a with maximum
limit of 0.4 m (Innaurato et al., 1998), where a
detonates cross-sectional area of tunnel. The
Construction Manual guidelines recommend
150 - 200 mm of overbreak in crown area and
100 - 150 mm in side-walls (Cunnigham &
Geotzsche, 1990; Korea Highway Corporation,
2002; Mandal and Singh, 2005). Using this
'scale index' for a given rock mass, range of
allowable overbreak can be suggested.
5

EMPIRICAL DETERMINATION OF
OVERBREAK

It is evident from the above discussions that
overbreak is directly proportional to specific
charge (q), maximum charge per delay (W),
perimeter charge factor (qp) and confinement
factor whereas it is inversely proportional to
rock mass quality index (Q) and advancement
factor (Af). The data monitored during field
study were grouped together to obtain
regression analysis and in Figure 10. The
predictor equation of overbreak (in %) based on
the observations of 113 experimental blast is
given in equation-1. It encompasses various
influencing
parameters
of
underground
construction works. As peak particle velocity
(PPV) of vibration is dependent significantly on
maximum charge per delay rather than total
charge used in the blasting round, the parameter
'W' becomes an appropriate for explosive
energy.

SCALE EFFECT ANALYSIS

The overbreak in underground excavation is
influenced by the block size of rock mass with
respect to size of opening which is also termed
as scale effect. An index named 'scale effect'
representing the ratio of tunnel cross-sectional
area (a) and block size has been formulated and
analysed. Block size is a ratio of RQD and Joint
number, Jn. Higher value of 'scale index'
indicates the opening in highly fractured rock
mass whereas, lower value indicates the
opening in massive rock formation. Overbreak
will be higher for higher values of 'scale index'
and vice-versa. Figure-8 shows the effect of
'scale index' on resulting overbreak. It may be
observed that as 'scale index' increases, the
resulting overbreak increases. 'Scale index'
lower than 3 resulted in overbreak less than
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sectional area provides lesser confinement. For
a given tunnel size, depth of hole can play a
crucial role in defining overbreak zone. Effect
of hole depth in respect of damage in the form
of overbreak will be less in large size tunnel and
more in smaller tunnel size. A poor blast design
will result in more overbreak. In the proposed
correlation, advancement factor has been
considered to be a representative parameter for
performance of the blast design. Greater
advancement rate utilizes explosive energy in
productive manner and therefore, the overbreak
caused by the blast induced vibration is reduced.

30
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25
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0
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Scale Effect Index, Si = a/(RQD/Jn)

6

Figure 9 Plot of 'scale effect index' versus
overbreak (%)

Rock mass quality index, Q (Barton et al. 1974)
is used for rock mass characterisation. Q is used
in denominator of the proposed predictive
model to indicate that a better rock mass quality
would sustain higher level of blast vibration and
therefore the overbreak induced by blasting will
be lower. The proposed correlation is developed
from a wide range of Q value which includes
extremely poor rock mass to good rock mass
condition and therefore equation-1 can be used
for prediction of overbreak for these classes of
rock mass. Smooth wall blasting is mostly used
in underground for controlling of overbreak. In
smooth wall blasting, closely-spaced holes are
used. These holes are charged with lower charge
factor. In smooth wall blasting, values of
perimeter charge factor will be very less and
hence the predicted overbreak will be reduced.
Proposed predictive model can discriminate
between conventional and smooth wall blasting
techniques.

Figure 10 Plot of factor X versus observed
overbreak (%)
%

0.854 ∗

∗

3.89

.

0.69 (1)

Where,
= perimeter charge factor, kg/m3,

6

CONCLUSIONS

A comprehensive field investigation have been
carried out at five tunnel construction sites to
evolve empirical equations for estimation of
overbreak (%) using readily available site
parameters. Data of 113 blasting experiments in
different rock mass from extremely poor to
good have been taken into account.

W = maximum charge per delay, kg,
q = specific charge, kg/m3,
Q = rock mass quality index (Barton’ Qsystem)
d = hole depth, m,
l = pull, m, and
a = tunnel cross-sectional area, m2.
Perimeter charge factor (qp) represents energy
concentration in contour holes irrespective of
the outcome of blast design. Its effect can be
minimised by better advancement rate. Effect of
tunnel cross-sectional area is considered in the
form of confinement factor. Larger cross-

Analysis of field data reveals that the overbreak
in underground blasting operations is
significantly influenced by the perimeter charge
factor and maximum charge per delay. They are
found to be significant in poor quality rock
mass. Parametric analysis reveals that the
deteriorating effects of blast design parameters
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are enhanced in poor quality of rock mass.
'Scale effect' analysis has been carried out by
formulating an index which is the ratio of tunnel
cross-sectional area and block size of rock mass.
The analysis reveals that the range of overbreak
(%) lies between 8 and 25% for openings in
rock mass having Si greater than 4.
It has been observed that the overbreak (%) can
be expressed in terms of rock mass quality
index (Q), perimeter charge factor (qp), specific
charge (q), maximum charge per delay (W),
advancement (Af) and confinement factors (Cf).
As the proposed model is based on readily
available site parameters, it may be useful to the
practicing engineers and geologists while
optimising the support design.
Achieving advancement through optimized blast
pattern is advantageous in reducing blast
induced damage to the surrounding rock mass.
Overbreak is found to be the result of complex
interactions of improper sequences of
excavation, unscientific blasting practices and
inadequate primary support. Presence of
unfavourable joints, their directions, noncohesive filling materials and adverse ground
water conditions aggravate occurrence of
immediate overbreak.
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ABSTRACT
In civil construction projects, blasting inevitably causes damage to the peripheral rock mass.
However, the extent of the damage should be minimum and should not pose threat to the safety and
stability of the under-ground structures. Results of Schmidt hammer tests on rock core samples
obtained from ten different locations reveal that the strength of rock mass in the tunnel periphery is
significantly reduced. Reduction in strength up to 20% as compared to the undisturbed rock mass is
observed when damaged zone is greater than 2.5 m. Field experiment have been carried out at head
race tunnel (HRT) of Singoli-Bhatwari hydroelectric power (SBHEP) project site. Observations of
ten experimental blasts were taken. Laboratory tests performed on the rock core samples provided
insight into the change in strength and ultrasonic properties of rock in damaged zone. Geological
logging of the rock core samples reveals that due to blast induced damage, the sur-rounding rock
mass incurs significant damage and the rock mas quality index, Q is reduced by 10-15% in the
immediate vicinity of openings. Analysis of variation of the rock mass properties in terms of RQD,
Core recovery (CR) and maximum core length revealed that the blast induced damage significantly
reduces RQD leading to deterioration in rock mass quality, particularly in the immediate vicinity of
the underground openings. It has been observed that the deteriorating effect of the blasting has been
enhanced in places where the Joint alternation number (Ja) is higher. The higher extent of damaged
zone significantly reduces RQD and damage is exhibited by the large difference between RQD and
Core recovery. Core recovery is not affected by the blast induced damage.
1

INTRODUCTION

zone where irreversible changes in the rock
mass properties take place due to presence of
fine networks of micro-cracks and fractures
induced by the blasting and excavation process.
Disturbed zone is a zone in the rock mass
immediately beyond the damaged zone where
changes in the rock mass properties are
insignificant and reversible.

Drill and blast method (DBM) is commonly
used method of rock excavation world-wide
due to lower capital requirement, ability to
adjust with any shape and size of excavation
and flexibility of the DBM system to deal with
changing rock mass conditions. Although DBM
has witnessed significant techno-logical
advancements, it has inherent disadvantage of
deteriorating surrounding rock mass due to
development of network of fine cracks leading
to safety and stability problems. Rock mass
damage zone surrounding an underground
opening consists of overbreak zone, damaged
zone and a disturbed zone. The overbreak zone
represents the zone beyond minimum
excavation line of the designed periphery from
where rock blocks/slabs detach completely
from the rock mass. The dam-aged zone is a
zone around the opening beyond overbreak

The damaged zone extends beyond overbreak
zone and adversely affects safety of front line
workers as well long term stability of the
underground structures. The immediate effect
of damage may not be visible but the problems
may appear later and add to post construction
maintenance. The service life of an
underground structure will be also shortened
due to blast induced damage. Therefore,
support design engineers shall consider
deterioration in rock mass quality with respect
to type of blasting, for an effective control of
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overbreak and enhance safety and stability of
underground structures. Field experiment have
been undertaken at head race tunnel (HRT) of
L&T Singoli-Bhatwari hydroelectric power
project, Rudraprayag, India to evaluate the
effect of blast design parameters on the
surrounding rock mass. Detail of the
experiments, discussion of the results and
important conclusion are presented in this
paper.
2

water, conveying it through desilting chamber,
HRT, surface powerhouse and then back to the
river through tail race channel (TRC). The
project will have three units of Francis turbines,
each of 33 MW giving a total installed capacity
of 99 MW. Major components of the SBHEP
project include 54 m wide and 20 m high
barrage and intake structure, 57 m × 17.6 m
surface power house, 168 m long surge shaft
with 10.58 m diameter and 11.87 km of head
race tunnel having finished diameter meter of
4.9 m. Entire rock excavation is planned to be
carried out using drill and blast method.
Experimental investigations for assessment of
blast induced damage have been carried out at
Head Race Tunnel upstream from Adit-III) of
the project. HRT of the SBHEP project is Dshaped shaped, 5.6 m in size and 11.87 km in
length.

DETAILS OF THE PROJECT SITE

Singoli-Bhatwari Hydroelectric Power(SBHEP)
Project is a 99 MW (3×33MW) run-off-river
scheme located in Rudraprayag district of
Uttarakhand state in north India. General layout
of the SBHEP project is shown in Fig. 1.
SBHEP project envisages construction of
barrage for diversion of about 59.6 cu.m./s of

Figure 1

Layout of Singoli-Bhatwari Hydroelectric Power Project (L&T-SBHEP Detailed
Project Report Vol. 4, 2007).

Excavation of HRT is being carried out through
five adits. Layout of Singoli-Bhatwari
Hydroelectric Power Project is presented as
Fig. 1. Amongst the four physiographic
divisions of the Himalaya namely viz. SubHimalaya, Lesser Himalaya (Outer and Inner),
Great Himalaya and Trans-Himalaya, the area
of SBHEP project, falls in the Inner Lesser

Himalaya division. The rock belonging to
Garhwal Group, trending in N-S direction with
easterly dips, are exposed in the SBHEP project
area. These exposed rock abut against the NWSE trending northeast dipping rocks of the
Central Crystalline along a major tectonic plane
- the Main Central Thrust, in the north. In the
south, the rock also abuts against E-W trending
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Table 1

major fault-the Alaknanda Fault (Kumar and
Agarwal 1975) which brings the rocks of the
Agastmuni Formation in contact with the
younger sequence of the Garhwal Group-the
Rautgara Formation. The project area is mostly
covered with colluvium and fluvioglacial
material. A few outcrops are visible along the
road cut section as well as along river and nala
sections.
3

Parameters of Q-System observed
at HRT of SBHEP Tunnel

Blast RD (m) RQD Jn
Jr
Ja
22.0
58.9 12 2.0 2
25.0

EXPERIMENTAL INVESTIGATIONS

Experimental investigations have been carried
out in head race tunnel between RD 368.0 to
RD 628.3 m. The observations on blast rounds
and associated rock mass parameters have been
collected
for
20
blasting
rounds.
Characterisation of rock mass at head race
tunnel of the SBHEP project site has been
carried out using Barton’s Q-system (Barton et
al. 1974). After each blast, the face mapping
was done by evaluating Rock Quality
Designation (RQD), Joint number (Jn), Joint
roughness number (Jr), Joint alteration number
(Ja), Joint water condition (Jw) and Stress
Reduction factor (SRF). Rock mass quality
parameter Q is calculated as per formulas
suggested by (Barton et al. 1974).

Jw
1

SRF Q
1
4.9

58.9

12

2.0

2

1

1

4.9

350.4

92.0

12

1.5

1

1

1

11.5

353.3

92.0

12

1.5

1

1

1

11.5

359.0

65.0

12

1.5

1

1

1

8.12

424.8

62.2

12

1.5

3

1

1

2.6

431.4

75.0

12

1.5

1

1

1

9.4

472.1

85.0

12

1.5

1

1

1

10.6

474.7

80.0

9

1.5

1

0.66

1

8.8

478.0

80.0

9

1.5

1

1

1

13.3

The predominant rock mass encountered in
HRT of the SBHEP project site is quartz biotite
schist. The rock mass encountered at
experimental blast locations are classified in
fair and good rock mass category as per Barton
et al. (1974).
3.1 Observations on Blasting Practices
The burn-cut blast design, having 45 mm hole
diameter and 3.2 to 4.0 m, is used in the
excavation of HRT in experimental blast
rounds. Diameter of the large diameter Reamer
holes is 76 mm diameter. Total number of holes
in a blast round varied from 59 to 71. Emulsion
explosive cartridges with 40 mm diameter and
90% strength were used in all the experimental
blasts rounds. The length and weight of the
emulsion cartridges were 200 mm and 390 g
respectively. Shock tube initiation system of
long delay series were used in the blast rounds.
Nominal delay time between successive delay
series were 500 millisecond.

The Q-values of the rock mass, encountered in
the tunnel, are found to vary from 2.6 to 10.6.
Rock mass cover of tunnel was less than 200 m
in the experimental tunnel section. Various rock
mass parameters, their rating and Q-values
observed at experimental blast locations are
presented in Table 1.

Table 2 Blasting parameters of observed blasts in HRT
Blast RD
(m)

Q

a
(m2)

d
(m)

W
(kg)

l
(m)

qp
(kg/m3)

Q
(kg/m3)

OB
(%)

22.0
25.0
350.4
353.3
359.0
424.8
431.4
472.1
474.7
478.0

4.9
4.9
11.5
11.5
8.1
2.6
9.4
10.6
8.8
13.3

27.77
27.77
27.77
27.77
27.77
27.77
27.77
27.77
27.77
27.77

3.2
3.2
3.2
3.2
3.2
3.2
3.2
3.2
3.2
3.2

38.1
33.2
35.1
35.1
28.3
42.8
30.1
35.1
31.2
36.3

2.8
2.6
2.9
3.0
2.7
3.0
2.9
2.8
2.9
3

1.83
1.81
1.43
1.05
0.94
1.24
1.05
1.12
1.16
1.01

2.83
2.42
2.30
2.27
2.27
2.31
2.30
2.15
1.68
1.33

31.34
28.21
14.10
11.62
11.64
18.71
10.70
11.95
8.74
5.85
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In a typical blast pattern, four square section
burn cut pattern with four large diameter empty
holes are drilled in all the blast rounds. In the
contour area, alternate charged and dummy
holes are provided to control overbreak and
restrict growth of cracks beyond the excavation
lines. These holes are spaced at a distance of
250 mm to 300 mm so that the charged holes
are 500 mm apart. In a typical blast pattern, ten
delay series were used. All the contour holes
were fired in the last delay. All the
experimental blasts under observation were
closely monitored to obtain various influencing
parameters. Parameters such as total charge
used in blast round (T), maximum charge per
delay (W), Pull (l), hole depth (d) were directly
available from the records. Other parameters
such as such as advancement, confinement and
perimeter charge factors were calculated from
the recorded observations for each round of
blast. In the present study, Specific Charge (q),
Maximum Charge per Delay (W), Perimeter
Charge Factor (qp), Advancement (Af) and
Confinement (Cf) Factors have been used to
represent the blasting operation in underground
excavation. The observed data pertaining to the
blast design parameter are presented in Table 2.
The measurement of overbreak has been carried
out in HRT after each blast round. The
minimum and maximum overbreak values
observed at HRT were 6.8% and 17.1%
respectively.

better specimen–steel base–ground interface,
rock specimen was securely clamped to a steel
base having an arc-shaped machined slot. Mean
of 10 values measured in all the direction was
taken as final value for a particular core
specimen.

Figure 2

Schmidt Hammer used for
Testing of Rock Core Samples.

Results of RQD, CR and maximum core length,
for each location, indicate extent of damage due
to blasting operation on the surrounding rock
mass. Variation of the strength values also
corroborate extent of the damaged zone
obtained using other methods of testing. A
discussion on the results of geological analysis,
Schmidt hammer are presented for all the ten
experimental blast location in following
sections.

3.2 Laboratory experiments

4

Rock core sample were obtained by core
drilling at the ten experimental blasting
locations of the HRT of SBHEP project. The
rock core samples have been analysed in
laboratory by computing RQD and CR and
maximum core length as per IS: 6926 (1973).
RQD and Core Recovery (CR), maximum core
length for each meter of drill run are computed
and analysed.

As discussed earlier, core drill at ten locations
drilled at spring level gave useful information
about variation in rock mass properties in the
form of RQD, Core recovery (CR) and
maximum core length along depth. The
variation in rock mass properties in the form of
RQD, Core recovery (CR) and maximum core
length along depth are presented in Fig(s) 3 12. At RD. 22.0, effect of the blast induced
damage in the initial 2.0 m of drill run is
predominant (Fig. 3). Originally, the RQD of
the rock mass at this location was found to be
60 %. The RQD and maximum core length
reduced to less than 40 % and 40 cm
respectively in the initial 1.0 m. The RQD and
maxi-mum core length increase to 58% and 52
cm respectively at 2.0 m depth. It may also be

Rock core samples were tested for variation in
strength along the depth using Proceq make NR
type Schmidt hammer (Fig. 2) as per suggested
guidelines in ISRM (1981). The Schmidt
hammer used in this study has additional
feature of recording the strength values in bar
chart attached with the Schmidt hammer. For a
192

DISCUSSION ON RESULTS

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

and core recovery with depth indicate gradual
reduction in the intensity of the blast induced
damage on the surrounding rock mass.

noted that the core recovery is not affected by
the blast induced damage. Reduced RQD and
maximum core length indicates that the blast
induced vibration further weakens the preexisting joints which culminate in the form of
reduced RQD and maximum core length.
At RD 25.0 m, Variation in rock mass
properties in terms RQD, CR and maximum
core length with depth (Fig. 4) shows impact
of blast induced damage in the initial 2.0 m.
Maximum core length and RQD for the initial
one meter has been found to be less than 20 cm
and 20% respectively which increases
moderately to 40 cm and 59 % respectively at
2.0 m depth. Rock mass properties exhibit
insignificant variation beyond 2.0 m depth. The
RQD and maximum core length has been found
to be less than 50% and 50 cm respectively in
the initial 1.0 m at RD 350.4 m indicating
impact of the blasting operation (Fig. 5). In the
remaining 3.0 m of drill run, variation in rock
mass properties has been found to be
comparable. It is observed at RD 353.3 m that
the variation in maximum core length, RQD
and core recovery are insignificant (Fig. 6).
RQD and CR remained equal in all the cases
except at 2.0 m depth due to opening of joint
along the biotite intrusion at this location. The
intactness of rock core samples, marginal
variation in rock mass properties indicate
smaller extent blast induced damaged zone.
Figure 7 shows the variation of RQD, CR and
maximum length of rock core samples obtained
from RD 359.3 m. The variation in rock mass
properties has been found to be insignificant
except in the initial 1.0 m. The maximum core
length is 22 cm in the initial 1.0 m as compared
to more than 40 cm length at remaining 4.0 m
of drill run. RQD and core length at 3.0 m and
4.0 m depth have been observed to be less than
values at 2.0 m depth. Variation at RD 424.8 m
(Fig 9) shows that up to initial 3.0 m depth,
difference in maximum core length and RQD is
significantly higher than the remaining 2.0 m of
drill run. Influence of the blast damage is
clearly delineated up to 3.0 m. Maximum core
length in the initial 3.0 m drill run remained
less than 40 cm as compared to more than 70
cm of maximum core length in the remaining
2.0 m drill run. The reducing gap between RQD
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Figure 3

Variation in RQD, CR and
Maximum Core Length at RD
22.0

Figure 4

Variation in RQD, CR and
Maximum Core Length at RD
25.0 m
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Figure 5

Variation in RQD, CR and
Maximum Core Length at RD
350.4 m

Figure 6

Variation in RQD, CR and Maximum Core Length at RD
353.3m

Figure 7 Variation in RQD, CR and
Maximum Core Length at RD
359.0 m

Figure 8 Variation in RQD, CR and Maximum Core Length at RD 424.8 m

Figure 9 Variation in RQD, CR and
Maximum Core Length at RD
431.4 m
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Figure 9 shows impact of blast induced damage
in the initial 2.0 m drill run at RD 431.4 m. The
RQD and maximum core length in the initial
1.0 m drill run was found to be less than 26 cm
and 53% which moderately increases to 44.6
cm and 81.5% respectively for 2.0 m of drill
run.
The variation in rock mass properties beyond a
depth of 3.0 m has been found to be
comparable. It may also be noted from the Fig.
9 that gaps between RQD, maximum core
length and core recovery is higher in the initial
2.0 m of drill run as compared to remaining 3.0
m of drill run. Impact of blasting on rock mass
at RD 472.1 m is shown in Fig.10. The values
of RQD, CR as well as maximum core length
has been found to be low as compared to values
beyond 2.0 m depth. The maximum core length
and RQD in the initial 1.0 m drill run is 35 cm
and 61.2 % respectively. The gap between
RQD and CR is significantly higher for the
initial 1.0 m drill run. The RQD and CR values
corresponding to 2.0 m to 5.0 m of drill run is
comparable.

Figure 10 Variation in RQD, CR and
Maximum Core Length at RD
472.1 m

The rock core samples, obtained at RD 478.7 m
were highly fractured and foliated due to
instruction of muscovite and biotite minerals in
the rock mass. Although, core drilling has been
done up to 5.0 m depth at this location, the rock
core samples corresponding to 5.0 m drill run
were available in thin disks, open along the
foliation. The large difference in RQD and core
recovery reveals that the rock core samples
obtained were highly fractured (Fig.11).
Maximum core length has also been found to
be significantly low for the entire length of drill
run. The variations in the rock mass properties
at RD 474.7 m has been found to be
insignificant in the entire depth of the drill run
(Fig. 12). The limited effect of the blast damage
on the rock mass properties can be seen only in
the initial 1.0 m depth where the maximum core
length has been found to be less than 40 cm
which increase to more than 60 cm beyond 3.0
m depth.

Figure 11 Variation in RQD, CR and
Maximum Core Length at RD
478.0 m

Results of Schmidt hammer tests showing
variation of average strength with depth are
presented in Figs 13 to 22. These figures
exhibit significant effect of blast damage in the

Figure 12 Variation in RQD, CR and
Maximum Core Length at RD
474.7 m
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initial 2.0 m at RD 22.0 (Fig. 13). The average
strength was found to be below 50 MPa in the
initial 2.0 m and thereafter, it attains value of
approximately 60 MPa beyond a depth of 3.0
m.

Figure 13

Figure 14

Figure 15

Figure 16

Variation of Strength along
Depth at RD 353.3 m

Figure 17

Variation of Strength along
Depth at RD 359.0 m

Figure 18

Variation of Strength along
Depth at RD 424.8 m

Variation of Strength along
Depth at RD 22.0 m

Variation of Strength along
Depth at RD 25.0 m

Variation of Strength along
Depth at RD 350.4 m
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Figure 19

Figure 20

Variation of Strength along
Depth at RD 431.4 m

Figure 22

Variation of Strength along
Depth at RD 474.7 m

Figure 14 reveals that the average strength of
the rock remained lower than 35 MPa in the
initial 2.0 m depth which increases to greater
than 43 MPa beyond a depth of 3.0 m. The rate
of decrease in strength in the initial 2.0 m depth
is higher than the rate of change of strength
beyond 3.0 m depth indicating impact of the
blasting. The results of Schmidt hammer tests
on rock core samples obtained at RD 350.4 m
show that the average strength of rock samples
for the initial 1.2 m is less than 40 MPa (Fig.
15). The average strength of rock samples
increases to greater than 45 MPa beyond 2.5 m
depth. It signifies that the influence of the
blasting operation is predominant up to a
distance 1.2 m.

Variation of Strength along
Depth at RD 472.1 m

Presence of smaller extent of blast induced
damaged zone at RD 353.3 is also revealed by
the results of the Schmidt hammer test as
shown in the Fig. 16. Impact of the blasting
operation has been found to be localized in the
initial 1.5 m where the strength is reduced to 40
MPa compared to 50 MPa strength exhibited
beyond a depth of 2.5 m. Variation in the
average strength in 5.0 drill run have been
found to be in the small range of 40 - 50 MPa.
Figure 21

It may be noted from Fig. 17 that the average
strength of rock mass close to the periphery of
the tunnel (values corresponding to 1.0 m
depth) are in the range of 30-35MPa, whereas
average strength at 5.0 m depth has been found
to be greater than 45 MPa. The trend line
becomes asymptotic beyond 3.5 m depth at RD
359.3 m. Analysis of variation of average
strength of rock core samples obtained from

Variation of Strength along
Depth at RD 478.0 m
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RD 424.8 reveals that the average strength in
the initial 1.0 m depth is 30.0 m MPa. The
average strength of rock samples increases to
greater than 42 MPa and remained constant
beyond 3.5 m depth (Fig. 18). Figure 19 shows
results of Schmidt hammer tests on the rock
core samples obtained from RD 431.4 m. The
average strength of rock core samples is
approximately 30 MPa in the initial 1.0 m depth
showing effect of blast induced damage.
Average strength increases to greater than 45
MPa beyond 3.0 m depth. The rate of change of
strength is higher in the initial 1.5 m depth and
then it becomes moderate beyond 2.5 m depth.
Asymptotic curve towards end shows
insignificant impact of the blast on surrounding
rock mass.

stage due to difference in suggested and
implemented blasting practices.
Cost escalation of project due to significant
overbreak and damage to rock mass requiring
additional supports is major cause of dispute.
The damage extends beyond overbreak. The
immediate effect of damage may not be visible
immediately but the problems may appear later
and add to post construction maintenance cost.
The service life of an underground structure
will be shortened due to blast induced damage.
Results of Schmidt hammer tests on rock core
samples obtained from ten different locations
reveal that the strength of rock mass in the
tunnel periphery is significantly reduced.
Reduction in strength up to 20% as compared
to the undisturbed rock mass is observed when
damaged zone is greater than 2.5 m.

It may be observed from the analysis of results
of Schmidt hammer tests that the average
strength in the initial 1.5 m is 40 MPa and it
increase to approximately 50 MPa beyond 3.0
depth (Fig. 20). The curve becomes asymptotic
beyond depth 2.0 m. Reduced average strength
for initial 1.5 m shows impact of blast induced
damage. As the depth increases, the intensity of
the blast induced damage decreases. The
average strength remained constant after a
depth of 3.0 m.

Smooth wall blasting technique is effective in
achieving smoother tunnel profile but the extent
of damaged zone is governed not only
perimeter charge factor (qp) but it is an
outcome of complex interaction between
maximum charge per delay and rock mass
quality and other blast design parameters.
Analysis of variation of the rock mass
properties in terms of RQD, Core recovery
(CR) and maximum core length revealed that
the blast induced damage significantly reduces
RQD leading to deterioration in rock mass
quality, particularly in the immediate vicinity of
the underground openings.

At RD 478.0 m (Fig. 21), the rock core samples
at depth of 1.0 m suffered maximum damage as
indicated by the reduced strength (40 MPa)
near 1.0 m depth as compared to more than 55
MPa strength observed beyond a depth of 2.5
m. Average strength of rock samples beyond
3.0 m depth remained fairly constant at 57
MPa. It may be noted from Fig. 22 that the
aver-age strength of rock in the initial 1.0 m is
approximately 40 MPa and strength remained
constant at approximately 50 MPa beyond 3.0
m depth.
5

In general, minimum reduction in RQD of the
rock mass in the immediate vicinity has been
found to be 15% leading to approximately 15%
(2 to 3 unit) reduction in Q-rating of the rock
mass. It has been observed that the
deteriorating effect of the blasting has been
enhanced in places where the Joint alternation
number (Ja) is higher. The higher extent of
damaged zone significantly reduces RQD and
damage is exhibited by the large difference
between RQD and Core recovery. Core
recovery is not affected by the blast induced
damage.

CONCLUSION

In civil construction projects, blasting
inevitably causes dam-age to the peripheral
rock mass (Paventi et al. 1995a). How-ever, the
extent of the damage should be within the limit
and should not pose threat to the safety and
stability of the under-ground structures. In
many construction projects, the dispute
between contractor and client arises at later
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Application of an in-house MWD system for quarry blasting
J. Navarro, P. Segarra, J. A. Sanchidrián, R. Castedo, A. P. Pérez Fortes, M. Natale and
L. M. López
Universidad Politécnica de Madrid – E.T.S.I. Minas y Energía, Ríos Rosas 21, 28003 Madrid, Spain

ABSTRACT
The high cost and the difficulty of installing the drill monitoring system commonly known as MWD
(Measurement While Drilling), especially in older drills, restrain the use of this technology in numerous small quarries and mines. An in-house MWD system is presented here as a low-cost alternative
that allows monitoring the information of any rig while drilling. The digitization and automatic sampling of the analogical signals of the sensors involved in the operation have been carried out for their
logging and retrieval. The prototype has been installed in a top hammer rotary-percussive vertical rig
and has been tested in the monitoring of six blastholes. The MWD parameters have been combined,
considering their variation and magnitude, to obtain a fracturing index to be used as an engineering
tool for geotechnical rock characterization. The index has been assessed against photographic records
of the blastholes walls made with an optical televiewer.
1

INTRODUCTION

Modern drilling rigs, manufactured by Atlas
Copco, Sandvik and AMV, includes drilling automation, e.g. ABC (Advanced Boom Control)
and Bever Control, to optimize drilling. Most
drill rig manufacturers have developed their own
software (Tunnel Manager - Atlas Copco,
iSURE - Sandvik and Bever Control in cooperation with AMV) to evaluate rock properties
based on MWD, such as hardness and fracturing
(Atlas Copco 2017; Bever Control 2017;
Sandvik 2017;).

Automatization of different unit operations involved in mining or civil works brings new possibilities to optimize the operation. A detailed
rock mass characterization is one of the most important requirements to control the ore to be
mined, improve blasting results and optimize the
mine to mill performance. Classical methodologies typically assess global rock mass properties
(Deere et al., 1967; Barton 1974; Bieniawski
1995). However, during all operations, the occurrence of unexpected anomalies will influence
the outcome of the next production stages. Monitoring of performance data of modern drill rigs
through Measurement While Drilling (MWD)
systems gathers real time information of the penetrated rock mass, providing a complementary
tool for rock mass characterization.

However, the high cost and the difficulty to retrofit drill monitoring system on old and existing
drill rigs, restrain the use of this technology in
numerous small quarries and mines. In addition,
the existing interpretation software’s are tailormade for the supplier’s drill rigs and do not reviles the details on how these softwares manage
the MWD records. This complicates its application as a decision-making tool for other drilling
systems.

Schunnesson (1997) described the MWD technique as a drill monitoring system that logs drilling data at predetermined length intervals
providing information of the operational parameters involved in the drilling. Drill monitoring
systems use sensors that record the response of
different operational parameters of a drill system, such as thrust, rotary torque, penetration
rate etc.

This paper presents an alternative low-cost
MWD system to monitor the information and
performance of any drilling system. For that, the
digitization and automatic sampling of the analog signals from the sensors involved in the rig
control have been carried out. With the purpose
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i.
ii.
iii.
iv.
v.
vi.
vii.

of developing an engineering tool for geotechnical rock recognition, a fracturing index has
been developed by combining both the variation
and the magnitude of several parameters. The results have been validated with photographic records from an optical televiewer. The development is framed within the EU SLIM project
(SLIM, 2017).
2

Two inclinometers were installed on the mast, to
measure the vertical and horizontal angles of the
feeder outside the blasthole. The rig system also
registers values of the feeder inclination at 0.01
m sample interval, in line with the monitored parameters.

DESCRIPTION OF THE IN-HOUSE
PROTOTYPE

located at the South of the city of Toledo, in central Spain. The used drilling rig in El Aljibe is a
Tamrock DX-800 from 2008 (manufactured by
Sandvik), equipped with top hammer rotary-percussive rock drill. The rig uses 3.2 m rods with a
diameter of 58 mm and 3.5 inch (89 mm) bits.
Since the rig supplier did not provide any MWD
system, an in-house MWD system was developed as a low-cost and efficient alternative to
monitor the information from the rig while drilling.

Technical specifications of the electronic sensors used to digitalize the analogic signal of the
parameters and the inclination of the blasthole
are:
a. Percussive pressure: electronic pressure sensor with a range of 0 to 600 bar (maximum
pressure 2500) and a resolution of 0.0183
bar.
b. Rotation pressure, Feed pressure and Damp
pressure: electronic pressure sensor with a
range of 0 to 250 bar (maximum pressure
1200) and a resolution of 0.0066 bar.
c. Air pressure: electronic pressure sensor with
a range of 0 to 10 bar (maximum pressure
300) and a resolution of 0.0003 bar.
d. Inclinometers: inclinometer of two axes to
measure the horizontal and vertical angles of
the feeder, with a resolution of 0.005º and a
maximum angle measurement of +/-20º.

Integra Automatización S.L.U. was retained to
automatize the drill rig. The system records and
digitizes the analogical signals of the existing
sensors on the drill rig. PLC (Programmable
Logic Controller) and HMI (Human Machine Interface) were developed to fulfil the following
actions:




Percussive pressure (HP, bar)
Feed pressure (FP, bar)
Rotation pressure (RP, bar)
Air pressure (AP, bar)
Damp pressure (DP, bar)
Hole inclination (º)
Hole depth (HD, m)

Design of graphical user interface to represent live data of depth and pressure parameters on a 7” screen installed on the drill rig.
Conversion from analogic to digital signals.
Data logging and storing.

Other technical common characteristics of the
sensors are: working temperature range (-40 to
90 ºC), resistance to the vibrations (20 g, 10 to
2000 Hz), accuracy (<0.5%) and response time
(1 ms).

Drill parameters are digitized with a parallel
connection of the sensors already installed on the
rig for the analogical logging of the required parameters for controlling the drilling. The system
monitors information at every sample interval
value of depth. For this, a rotary encoder was
used to detect an increase of depth during drilling by transforming the encoder pulses into linear displacement; at every pulse, the system registers information of the parameters when there
is an increase in the hole depth count. Sample
interval was preset at 0.01 m. Parameters monitored by the system are, with their acronyms and
units:

Data logging and storage are carried out as follow: the PLC receives electrical signals of pressure, inclination and depth sensors which are
handled by the program and they are registered
every time the encoder increases a pulse and in
addition the following boundary pressure conditions are fulfilled:
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Percussive pressure greater than 80 bar
Feed pressure greater than 30 bar
Rotation pressure greater than 25 bar
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Air pressure greater than 3 bar.

The visualization of the logging data is done
through a 7” touch screen. Specific events, such
as water in the hole, addition of a new rod or a
new bit, drilling in manual or automatic mode,
visible fracture, etc., can be manually entered
into the system and visualized in the screen. This
will help to understand the monitored data in a
subsequent analysis. Figure 1a shows the screen
of the system in the cabin of the Tamrock DX800 and Figure 1b represents a view of the monitor screen, were all parameters explained above
are represented. Once a complete blastholes are
drilled, the system exports the data into a text file
that can be transferred to a memory stick.
Development, installation and tuning cost of the
prototype was around 20.000 euros.
3

DATA OVERVIEW

The developed drill monitoring prototype, installed on a Tamrock DX-800 rig was used for
the monitoring of the first campaign of a largescale tests (included in the SLIM project) in El
Aljibe quarry. The rock quarried in El Aljibe is
mylonite, which is a fine-grained metamorphic
rock formed by ductile deformation under shear
stress.
Drilling was done in automatic mode, i.e., parameters are automatically adjusted by the drill
rig system during the operation. The analysis
comprises six blastholes as an example of the results obtained by the prototype.

Figure 1

Installation of the in-house drill
monitoring system. a) operator’s
cab; b) view of the monitor screen

3.1 Optical Televiewer
The condition of the blastholes was analyzed
with an optical televiewer manufactured by Advance Logic Technology. The log provides a
continuous unwrapped 360˚ oriented color image of the blasthole walls (Li et al. 2012). The
televiewer components are:
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The logging tool quick link QL40 OBI-2G
(Figure 2), of 1.47 m length, diameter of
0.40 m and mass of 5.3 kg has digital image
sensor at the bottom with an active pixel array of 1.2 Mega Pixel and fisheye matching
optics. The light source is provided by ten
LEDs. This tool also includes hole deviation sensors in the central part, a connector
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to the wireline in the top part and two centralizers.
The data acquisition system (BBox).
The mini-winch with 200 m of 1/8’’ wireline consisting in a steel armored cable with
an insulated conductor at the center that
gives power to the tool, allows data exchange with the surface, and moves the logging tool along the blasthole a constant velocity.
A computer with the software ATL Logger
Suite 11.2.

Figure 2

when variations while drilling occur. Damp
pressure and air pressure, on the other hand,
barely show changes found in any of the other
parameters and thus, they will not be considered
for the subsequent analysis.
For a proper measurement, the entire logging
tool must be introduced in the hole to ensure that
the two centralizers are in contact with the rock
and the camera is located in the center of the
hole, hence, the first 1.5 m cannot be measured.
For blasthole no. 5, the last 1.4 m were not measured with the televiewer as the blasthole was
blocked. This may be related with a zone of disturbances indicated by the noisy MWD signals
at this depth. The rest of the parameters signal is
mainly flat which indicate solid rock.
Once the drill reaches the end of the rod, a new
one must be added to continue the drilling. At
this point systematic variations in the parameters
response (systematic peaks) are observed when
a new rod is added, which occurs at intervals of
3.2 m. During this procedure, percussive pressure, feed pressure and rotation pressure parameters significantly drops since the drill rod is
slightly pulled back to avoid the contact between
the bit and the bottom of the hole, and the new
rod is added to the end of the last one. The logging system starts to record values again when
the drilling overcomes the last depth measure.
Figure 3 also shows the points where a new rod
is added. Systematic variations due to the addition of a new rod are filtered out in a post analysis, since these do not reflect any information of
the rock.

General aspect of the QL40 OBI2G (User Guide OBI, 2017).

The comparison between the monitored MWD
parameters and the televiewer records will improve the understanding of the drill/rock interaction, with a final purpose of developing a model
to characterize the rock condition. Figure 3
shows an example of the monitoring data for
blasthole 5 and the corresponding televiewer
records. For the first 4.5 m, negative peaks in the
percussive pressure (HP) and feed pressure (FP)
and a significant variation in the rotation pressure (RP) can be seen, that may be related with
a possible zone of disturbed rock (also indicated
by a different color in the televiewer record). In
the same way, fluctuations in the MWD signals
at 11.2 m may show another possible disturbance zone. Schunnesson (1996, 1997) claimed
that when discontinuities are encountered, the
rotation pressure shows significant fluctuation,
resulting in a noisy signal. In addition, Peng et
al. (2005) determined the feed pressure and thus
hammer pressure as good indicators for void detection and Navarro et al. (2018) identified the
feed pressure as the master parameter that controls the adjustment of the other parameters
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RPvar) at each i sample have been combined in a
fracturing index. Since these parameters have
different magnitude ranges, they are scaled by
the mean value of each signal logs per hole to
have equal impact in the combined index. They
are also square-root transformed to limit the influence of the very high peak values, that would
hide smaller fluctuation of interest
1

1

1

 HP  2  FP  2  RP  2
Fract. Index=  var  + var  + var 
 HP   FP   RP 
4

Figure 3

RESULT

The fracturing index has been compared with the
televiewer records. As an example, Figure 4 represents the fracturing index and two pictures of
the wall condition inside blasthole 5 (a 2D 360°
scan of the wall and a 3D reconstruction). The
trace of the different rock features is marked;
seven different types of rock disturbances have
been found: open fracture, continuous closed
fracture, discontinuous fracture, filled fracture,
weakness area, void and change of the lithology.
The 3D representation includes the joint planes.
The fracturing index has peaks and fluctuations
when the bit drills through a rock disturbance.
As can be seen in Figure 4, fracturing values
greater than 1 normally indicate significant rock
disturbances.

Signal of the monitoring system
for blasthole 5, blast 1 and
televiewer records of the wall condition.

3.2 MWD fracture index
According to Schunnesson (1996, 1997), Peng et
al. (2005) and Navarro et al. (2018), fluctuations
in the signals of feed pressure, hammer pressure
and rotation pressure parameters indicate
changes in the geotechnical rock condition.
These variations are highlighted and calculated
as the sum of the residuals over a defined interval along the blasthole, see Equation 1 (Schunnesson, 1996 and Gosh, 2017).

Table 1 describes the type of disturbance that
creates each signal variation in the fracturing index of Figure 4. Different ranges of fracture values can be distinguished according the complexity of the rock disturbance. The more complex
the disturbance, which normally includes voids,
big fractures and weakness areas, the higher and
wider the fracturing index peak.

iN

MWDvari   MWD MWDi withi  1, 2,...,L

(2)

(1)

i

where, MWDvar is variability of the MWD parameter considered; N is window size (for the
case under study, N = 4); i is the sample number;
L is the length of the MWD signal; MWDi is the
monitored parameter at the i sample; and തതതതതതത
MWD
is the average of the MWD values in the window
between i and i+N samples.
The variability of the feed pressure, hammer
pressure and rotation pressure (HPvar, FPvar,
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performance. This is the case of some filled fractures and isolated continuous closed fractures
found at hole depths 6.2 m (filled fracture), 6.95
– 7.05 m (filled fracture and continuous close
fracture), 8.8 m and 10.78 m (isolated continuous closed fracture). However, most of these isolated continuous closed fractures are almost horizontal with minimum influence during the
drilling and the filled fractures may not have significantly different properties of rock to be noticed by the monitoring system
Table 1

Hole
depth
(m)

Figure 4

Description of the rock disturbances that creates changes in the
fracturing index
Fracturing Index
(range of values)

1.4 – 2.3

2 – 3.5

2.65 –
2.85

2

3.5 - 4

1.5 – 3

4.3 – 4.6

1.5 – 2

5 – 5.2

2.8

5.4 – 5.6

1.2

7.6 – 7.7

1.5

11.1 –
11.8

2–3

Rock disturbances
Open fracture
Cont. closed fracture
Weakness area
Void
Open fracture
Cont. closed fracture
Weakness area
Open fracture
Weakness area
Void
Cont. closed fracture
Weakness area
Cont. closed fracture
Filled fracture
Change of lithology
Cont. closed fracture
Discont. fracture
Cont. closed fracture
Discont. fracture
Filled fracture

Fracturing index results show a visual correlation between the geotechnical classification of
the blasthole condition and the MWD parameters. However, the difficulty to assign values of
fracturing index to a specific rock disturbance
and the fluctuation of this index signal, complicates a quantitative interpretation of the results.
To solve this, the fracturing index per hole has
been divided in zones based on abrupt changes
of variability in the signal. The procedure divides the signal into a preset number of sections
and estimates the standard deviation for each
one. These sections are varied iteratively to minimize the sum of the residual error of each region
in the standard deviation by using Gaussian log-

Comparison between fracture index and televiewer records (section and 3D core reconstruction).

Although significant variations in the fracturing
index are always related with rock disturbances,
not all disturbances found in the televiewer records can be correlated to changes in the drilling
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likelihood (Lavielle et al., 2005; Lillick et al.,
2012). Considering the long length of the signals
(more than 1200 logs per blasthole) and the
width of the fluctuations, the maximum number
of sections is preset in 30 per blasthole. Figure 5
shows the division of the fracturing index signal
(green dots lines) and the mean fracturing index
value in each section (red lines) for blasthole 5.
The analysis has been programmed in Matlab
(Matlab, 2017).

Figure 5

Division of the fracturing index in
zones based on abrupt changes of
variability in the signal.

The mean fracturing index in each section is calculated and classified in five different range of
values correlating them with a new definition of
rock condition:

Figure 6



Figure 6 compares the rock condition classes estimated from the processed fracturing index with
the analyzed televiewer records for the six
blastholes under study. As can be seen, most of
the important rock conditions (low competence
zone, blocky zone and fractured zone) are predicted; however, as with Figure 4, not all disturbances found in the televiewer records are noticed during the drilling performance.
Sometimes, isolated or small fractures (filled,
open, continuous or discontinuous) are difficult
to be made apparent while drilling. The same situation occurs when a change in lithology does
not include a significant variation in the rock
properties.







Solid rock zone (SRZ): intact or massive
rock.
Slight perturbation zone (SPZ): rock with
small filled, continuous or discontinuous
fractures.
Fractured zone (FZ): fracture zone composed by several fractures together (filled
fractures, open fractures, continuous fractures or discontinuous fractures) or small
voids.
Blocky zone (BZ): zone compose by a
weakness area, a big fracture (open fracture,
filled fracture) and/or a medium side void.
Low competence zone: zone of heavily broken rock mass, voids and/or big inclined
fracture (open fracture, filled fracture).

Comparison between of rock condition predictor televiewer records for blastholes of blast 1.

The results point out a good visual correlation
between the fracturing index and the geotechnical features found in the rock; variations in the
fracturing index are always related with rock disturbances. It is observed that the larger and the
more complex the disturbance, the higher and
wider the fracturing index variation. However,
since it is difficult to assign values of fracturing
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index to a specific rock disturbance, the index
signal per blasthole has been divided in zones
based on abrupt changes of variability of its values. This simplifies the fracturing index logs and
helps their interpretation as to rock characterization. Preliminary results so far are promising and
will be validated with more extensive test program.
5
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The use of 3D accelerometer and gyro sensors in smartphones
to measure the blasthole deviation in non-magnetic rock
V. Miranda1,2 and F. Leite1
[1] O-Pitblast, Porto, Portugal
[2] FEUP (Faculdade de Engenharia da Universidade do Porto), Porto, Portugal

ABSTRACT
Blast results are directly associated to drilling accuracy and, because it affects fly rocks, fragmentation and floor level, it must be controlled to improve the production and minimize safety impacts.
Safety control is one of the most important procedures in blasting since it can affect not only the
working personal but also surround communities. With the easy access to technology on the present
days, the authors decided to investigate the possibility to use a personal device to measure the blast
hole (less complex, easy to use and cheap). This case of study presents the comparison of hole deviation results, made by traditional equipment, in comparison with the phone’s. For the validation of
this new methodology 8 holes were measured (123 measured points) via the normal procedure and
by the phone deviation unit. Was made a statistic analysis for the validation of the data from two
different sources. From the performed analysis, to prove the validity of this new methodology, the
normality tests for statistics residues analysis proves that it is possible to infer that the model has null
residual mean and a small residual error. With the results achieved, showing the accuracy of these
devices (less than 8cm for a hole with length up to 10m/32,80 feet, compared with the traditional device), the authors pretend to show to potentiality of this technology, the next improvements and open
a completely new door for holes deviation analysis.
1

INTRODUCTION AND LITERATURE
STUDY

of this work created an application that uses
smartphones to measure hole deviations. This
article presents the potentialities of this new solution.

As defined by Giraudi et al. (2009), the main objective of a blasting process is rock fragmentation. One of the most important actors in this
process is the drilling procedure which, when
properly planned can generate important economies for a mining operation (Martin 2004). It
also can minimize risks such as fly-rock which,
when not receive the proper consideration can
cause serious problems to a mining operation
(Giles and Roller 2012)

1.1 Drilling
When discussing about economics on rock blasting, there is no way to put aside the drilling process. In one hand, there are several factors affecting economically the drilling process, such
as diameter, borehole length and type of rock, in
the other is the explosive selection that best fit
hole and operation characteristics (Holmberg et
al. 1994).

Some efforts, as the proposal made by Orive,
Laredo, Domingo, & Sadek (2017), have been
made to develop new solutions for drilling and
blast control. Some of it uses technology available in modern smartphones such as the one mentioned by Carvalhinha Alves Sobral (2017) or
the one revealed by Miranda and Leite (2018)
that uses smartphones sensors to estimate the attenuation law. Following this trend, the authors

The purpose of this methodology is to open
holes in the rock mass, with the adequate geometry in order to generate the optimum distribution of explosive energy (Jimeno 2017).
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Figure 1

Drilling machine.

There are two main drilling methods: rotary-percussion (most widely used – top or down-thehole hammer) and rotary method. In general, a
drill rig is composed by a drilling bit attached to
a single, or multiple steel rods and a pressurized
air system that allows the extraction of the drilling cuts (Figure 1).

Figure 2

Typical drilling errors.

To many authors, like Orpen (2007), drilling deviations can be caused due to several reasons
like:
 Heterogeneous nature of formation and dip
angle;
 Type of rods and tooling;
 Set-up of the drill rig and its location;
 Drill string characteristics;
 Stabilizers (location, number, and clearances);
 Applied weight on bit;
 Hole-inclination angle:
 Drill-bit type and its basic mechanical design;
 Hydraulics at the bit;
 Hole diameter;
 Improper hole cleaning;
 The experience of the driller;
 The quality of the equipment.

1.2 Drilling Deviation
The drilling process is laden with human errors
and is common to see holes being drilled quite
differently from the plan. Among several reasons, to explain these events, the authors quote
the article Drill Accuracy (1999) that mentioned
that production demands or timing schedules are
one of the main causes affecting drilling accuracy. When a hole suffers an unintentional deviation of the drill bit from a planned borehole trajectory, it’s called borehole deviation or drilling
deviation. The deviation of the bit from the desired path can induce to serious problems like
higher drilling costs, fragmentation issues, floor
irregularities, safety issues (fly rocks) or serious
damage to the instrument (Harris 1999).

1.3 Borehole deviation measurement devices
As remarked by Sandhaus and McClure (2012),
an accurate measurement of a borehole plays an
important role on the identification of deviations
and potential problems. There are several instruments in the market that allows the modeling of
holes profiles which provide important information for blast engineers, in order to prevent
safety and production issues. Too small burdens
can enable the identification of fly-rocks risk
which is a major concern in terms of safety. It is
also a production issue because by controlling
them is possible to minimize safety zones and
reduce machinery movement in blasting time,

There are two main errors when the subject is
holes deviation: collar position errors and angular or bending deviations (Figure 2). The first
case happens when the drill bit is positioned in a
different location than the plan and the other is
related with the error in terms of drilling angle
and also the tendency of the steel rod to bend
while the bit is progressing inside the rock mass
(Leite 2013).
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optimizing the mining/quarries personal shifts
(Figure 3).

Figure 4

Rodded and Cable Boretrak®.

In general, these devices had accuracy of 0.1º
and can measure holes with inclination up to 45º.
A cabled borehole analysis unit is based on a
digital compass and a dual axis tilt sensor so that
is limited to non-ferromagnetic operations.
However, is a more portable system and very effective (Renishaw 2017).
2
Figure 3

This investigation was based on two technologies present on Samsung Galaxy S8 (an accelerometer and a magnetic sensor).

Borehole profile.

Besides the mentioned issues, borehole profile
survey allows the control of:






MOBILE PHONE SENSORS

Some of the characteristics of the smartphone
(Galaxy S8) are presented in Table 1.

Toe generation
Over excavation
Wall stability
Powder factor distribution
Drilling operation follow up

For this study the phone accelerometer was used
as a resource to measure the deviation. In this
case, the sensor present in the mobile phone was
a LSM6DSL produced by STMicroelectronics®. This electronic element is a system-inpackage performing at 0.65 mA in high-performance mode and enabling always-on low-power
features for an optimal motion experience for the
consumer. This accelerometer can register accelerations between ±2g and ±16g with an output
data rate of 1.6Hz to 6.6kHz and operates on the
temperature range from -40ºC to +85ºC
(STMicroelectronics, 2017). It was also used a
magnetic field sensor produced by Asahi Kasei
Microdevices Corporation (AKM). The model
present in the Galaxy S8 is AK8963 that is defined as: “a 3-axis electronic compass IC with
high sensitive Hall sensor technology”. This device includes a 3-axis magnetometer, an output

Renishaw Boretrak® is a commercial and common instrument to measure blast hole deviations
in quarries and open pits according to two different measurement principles non-magnetic or
magnetic minerals. There are two principal types
of borehole deviation measurement units: supported with rods or a cable (Figure 4).
The first one is applied to survey holes in metal
operations since it is based in inclinometers (free
of any kind of magnetic interference). They are
also used for upholes control in underground operations.
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data resolution of 0.15μT/LSB typ and a measurement rang of ± 4900 μT. This model operates
on temperature ranges from -30ºC to +85ºC
(AKM 2017).
Table 1

“Start” and “Stop” (Figure 5). Once pressed
“start”, the phone initializes the sensors using
“SensorManager” and starts registering the information every second using a timer. The sensor manager refreshes a variable every time a
change in inclination or heading is detected. Due
to the high precision of the sensors, several small
changes are detected during every second. At the
end of every second, an average is made with all
the values in order to attenuate measuring
spikes. The data is then converted into real world
units (Heading Azimuth and Angle of Inclination) in addition to the time of the measurement.

Galaxy S8 characteristics.
Galaxy S8 Characteristics

Body

Display

Dimensions

148.9 x 68.1 x 8.0 mm

Weight

155 g

Type

Quad HD + Super
AMOLED 570 ppi

Size

5.8 inches

Resolution

2960x1440 pixels

OS
Platform
Memory

CPU
Internal

3

Android 7.0
Octa-core (2.3GHz Quad
+ 1.7GHz Quad)
4GB RAM (LPDDR4)
Iris sensor; Pressure sensor; Accelerometer, Barometer; Fingerprint sensor; Gyro sensor;
Geomagnetic sensor;
Hall sensor; HR sensor;
Proximity sensor; RGB
Light sensor

Sensors

Battery

When pressed the “Stop” button, the phone disables the sensors and the timer and saves all the
values measured into the phone’s internal storage.

Capacity

3000mAh

METHODOLOGY

3.1 Phone app

Figure 5

To build the prototype two mobile applications
where developed using Android Studio 3. The
first one was developed to periodically read the
sensors (once every second) from the phone,
treat the data to obtain an azimuth and an inclination of each measurement and save it on the
phone’s internal storage.

Smartphone app for borehole
control.

3.1.2 Control Application
This application does not have any phone requirements since it does not use any specific
hardware.

3.1.1 Deviation Measuring Application

The operation principle is similar to the Rodded
Boretrak® control unit. The user is able to define
the hole offset, hole number and stepping size.
There are four buttons on the phone screen.
“Start”, “Register”, “End” and “Sync Data”.

Although the Android code of the application is
compatible with phones from Android 4.1 and
up, the application was developed with the Galaxy S8 in mind. The interface has action buttons,

After defining the hole number, stepping and
offset, the user clicks “Start” to initiate the borehole measuring. Every time the button “Register” is pressed, the application saves the current

The second application receives inputs from the
user such as the hole number, offset and step information.
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phone time. When the measuring is done, the
user presses the button “End”. A file is created
with the borehole number, stepping, offset and
the time each measurement took place. This process is repeated for every borehole measurement.
3.1.3 Matching the Data of the Two Applications
At this point, the user has the deviation information for every second the Deviation Measuring Application was activated, as well as the information of each hole and the times with
meaningful data inside Control Application.
To mix the information an algorithm was created
that loops trough the data captured with Control
Application matching the inclination and heading information captured by the Deviation Measuring Application. Both phones clocks are
synced with the same NTP (Network Time Protocol) server so the error in time registering is
not significant. The end result is a file that contains the borehole data (borehole number, stepping and offset as well as all the measured steps
with inclination, heading and time of measuring). The file can then be imported to a blast design software.

Figure 6

Down the hole case.

3.3 Field procedure
The field test was carried out in a Portuguese
quarry explored by DST Group – Tagregados.
The field tests included:




3.2 Phone Casing
In order to establish a protocol to introduce a
phone inside a drilled hole, a waterproof case
was designed (Figure 6). This prototype capsule
allowed to keep the phone intact and slide it
along the borehole. The cable attached to the
case was marked every meter to set up the interval for measurements.



Scan of the free face (Figure 7);
Register holes position;
Measurement of hole’s profile with Rodded
Boretrak®;
Measurement of hole’s profile with the
smartphone app;

Figure 7

Laser 3D scan.

In Table 2 are the blast geometrical parameters
presented. In Figure 8 the drilling plan is shown.
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Table 2

Blast design parameters.

Parameters
Bench High
Diameter
Burden
Spacing
Sub drilling
Stemming

Figure 8

Value
10.0 m
89.0 mm
3.2 m
3.2m
1.0 m
2.7 m
Figure 9

Position the equipment along the
hole.

Table 3

Borehole measurements.

Position
Inclination
Azimuth Δz
(Z)
(º)
(º)
(m)
10.5
2
23
1
9.5
2
24
1
8.5
3
24
1
7.5
4
23
1
6.5
4
24
1
5.5
3.5
22
1
4.5
7
19
1
3.5
5
23
1
2.5
8
24
1
1.5
6
24
1
0.5
6
23
0.5
It is assumed that the coordinate (0,0,0) is the local collar position of each hole.

Design blast.

3.4 Data analysis
Several data was recorded, inside of the borehole, at different positions (see Figure 9). First,
the interval between measurements (usually 1
meter, but can assume any natural value greater
than 1) is defined. It will be necessary [(Hole
Length)/interval] measurements. In case of the
hole having a size that is not multiple of the interval, the difference between the position of the
first measurement and the remaining will be different. This difference is usually called off-set,
while the other measures will have a difference
that is equal to the interval adopted. Table 3 reports to a set of data record in one borehole.

Then, the vector
0,0, 1

is defined as:
(1)

To the vector are applied two rotations: one
rotation in the X axis to get the hole inclination
and another one in the Z axis to get the azimuth
(an illustration can be seen in Figure 10). For
more details on linear transformation and rotations see chapter 5 of Boldrini et al. (1980).
The azimuth rotation needs to be done in clockwise due to the reverse direction of the azimuth
progressing compared with a normal rotation
matrix bi-dimensional. The process is described
below.
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4

RESULTS AND DISCUSSION

4.1 Comparison
After measurement of the holes in the field using
both devices (rodded boretrak® and the
smartphone device) the first step was plot both
information in a software with the capability to
read the data. O-Pitblast® was selected and after
the treatment of the data two reports were generated to compare it (Figure 11).

Figure 11 Visual comparison between both
systems (in the left side the Boretrak® system).

Figure 10 Example of data with two rotations, extracted from O-Pitblast
®.

It is possible to observe that the two profiles, in
a first view, are identical. The main idea behind
this comparison is to check that both profiles are
equal (different results on the measurement
would generate different profiles) and have the
same (or closer enough) burden across all the
length of the borehole.

It’s assumed that:
(2)
(3)
The first rotation:
1
R1 = 0
0

0
cos
sin

0
sin
cos

(4)

Is possible to check it by analyzing the Table 4
using the burden calculated in different positions
on the borehole.

(5)

Is reasonable conclude that the smartphone system generated results as good as the captured by
traditional devices. Only with this comparison it
is not possible (at least not strictly) to qualify the
result, and therefore is necessary (at least) to do
a residue analysis (Miranda et al. 2017).

The second rotation:
cos
R2 = sin
0

sin
cos
0

0
0
1

A point will be found in space and added to our
list of points:

(6)

A “new point” is added to the list of real points
and this task is repeated until the lines of the table are over.
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Boretrak burden
(m)

Phone depth
(m)

Phone burden
(m)

Residue
(m)

Numerical results of the burdens
were taken, and the residue was
calculated.

Boretrak depth
(m)

Table 4

0
1.89
2.39
2.88
3.38
3.88
4.37
4.87
5.36
5.86
6.36
6.85
7.35
7.85

1.72
2.17
2.18
2.36
2.29
2.29
2.32
2.34
2.51
2.52
2.49
2.49
2.7
2.95

0
1.89
2.39
2.88
3.38
3.87
4.37
4.87
5.36
5.86
6.35
6.85
7.35
7.84

1.72
2.18
2.2
2.42
2.33
2.32
2.35
2.37
2.55
2.56
2.53
2.52
2.7
3.06

0
-0.01
-0.02
-0.06
-0.04
-0.03
-0.03
-0.03
-0.04
-0.04
-0.04
-0.03
0
-0.11

Plus, it’s possible to conclude that both data
comes from the same sample (i.e. they are identical). But following the analysis the graph present in Figure 16 was generated.
Is possible to verify that the data has a different
behavior not expected by Miranda (2016) and
also by Gujarati (2010) . Although the Gujarati
statement is related to linear models, the authors
of this research expand the interpretation (with
due precaution) to generic models (Miranda and
Leite, 2017). Furthermore, it goes in the opposite
direction of the central limit theorem.

Figure 13 Histogram of the residue concentrated around the zero.

4.2 Statistical analysis
The first step was to do a descriptive analysis of
the data. The result is shown on Figure 12:

Figure 14 Normality test.

Figure 15 Case Processing Summary.
Probably it comes from the presence of outliers,
hidden by the histogram analysis but visible in
the boxplot (Figure 17).

Figure 12 Descriptive analysis of the residue.

We can clearly see points far out of the third
quartile, much more than 1.5 times the difference between the third and first quartile (criteria
stronger enough to classify this data as outliers
(Gama et al 2017)).

A first analysis could indicate that the results apparently are good due to the zero inside the confidence interval for the mean and the histogram
concentrated around the zero (Miranda 2016).
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After removing the 9 worst cases (from a total of
123 records) – in agreement with the outlier detection methodology proposed by Czaplicki
(2014) - the data was re-evaluated. The result is
shown in Figure 18.

Figure 19 Histogram of the residue after remove the outliers.

Figure 16 Normal Q-Q Plot of the residue
indicating that residue doesn’t
follow a normal distribution.

Figure 20 Descriptive analysis of the residue
after remove the outliers.

Figure 17 Boxplot indicating the presence of
outliers.

Figure 21 Normality test (the null hypothesis was rejected).

Figure 18 Case Processing Summary.
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exist statistical evidence for a maximum error of
the new system under 8 cm.
5

LIMITATIONS

Although the positive results presented on the investigation is prudent refer some limitation identified during the field test process. Diameters under 79,00 mm/ 3,11 inches can limit the entrance
of the case containing the smartphone. It is essential the usage of a waterproof case to avoid
water infiltration. In terms of application, this
methodology is limited to non-magnetic mines
since this element will clearly affect the magnetic sensor. Though the number of analyzed
samples shown an indicative of a normal distribution of the residue, and the authors defend the
need to collect more field data.

Figure 22 Normal Q-Q Plot.
Here, one more time, the statistical hypothesis
testing rejected the null hypothesis, but it’s possible to reproduce the Moreira’s explanation(Moreira et al., 2011) that defends the use of
all information available to decide or reject the
normality, and not only the statistical hypothesis.

6

CONCLUSIONS

The use of new technology to support blast/drilling operations is playing an important role in
terms of production and safety. This study
proved that with a simple smartphone it is possible to model a borehole shape and treat that information immediately after the analysis. The
equipment is quite practical to use, and the training required is minimum. The price (600,00€
aprox.) is more attractive to medium and small
operations, however more tests and analyses are
needed.

Comparing the sampled quartiles with the Normal distribution quartiles is possible to conclude
that they are similar. The histogram has the
shape of a Normal distribution and is symmetric
enough around the mean. Finally, it’s evaluated
the boxplot in Figure 23.
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Figure 23 Boxplot.
Now, with the data treated, it’s possible to verify
that exists evidence enough to conclude that, using the smartphone system, the mean of the residue (comparing with traditional methodology)
will be (for 95% of statistical confidence) lower
than 3 cm and the standard deviation lower than
5 cm. Based on this, it’s possible to conclude that
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Role of blasting in assisting with value-based ore control in
underground mines
T. N. Little1 and M. B. Lovitt2
[1] Blasting Geomechanics Pty Ltd, Australia
[2] Orica Technical Services, Australia

ABSTRACT
In this paper the authors explore the relatively new concept of value-based ore control (VBOC) in the
geometallurgy context and in particular how drill and blast teams can assist in implementing this new
concept. This approach challenges mining personnel and drill and blast teams to change their mindset.
One outcome of this paper is that the new “Blast Design Requirements” classification system is further developed to become useful for underground applications. This development has been used to
classify the blast design requirement for the common underground stoping methods. Four case studies
are presented to demonstrate the approach. They cover a range of underground mining methods: open
stoping, sublevel caving, and resue mining and a case study on how blast related indices can be used
to tailor the blast design for each stope. The six necessary conditions for drill and blast teams to be
able to assist with the VBOC approach are: understanding the benefits, clearly defined requirements,
formulate blast design requirements, access to geological and geotechnical information, quality implementation, and good reconciliation tools. Ten conclusions are drawn from the studies.
1 INTRODUCTION
If this paper was written a year earlier it probably
would have had “grade control” in the title. After all, it is designed to be a sequel to the Fragblast 11 paper on grade control blasting in surface mines by Little (2015).

Strategic and tactical geometallurgy programs
cover the project life cycle and can be integrated
into a logical process flow that begins with design of the process itself and, importantly, incorporates reconciliation to the plan, see Figure 1.
Tactical geomet is mainly relevant to mining
(mining and processing). Hence this underground blasting paper is firmly in the tactical geomet arena.

However, change and innovation are ever-present and Value Based Ore Control (VBOC) in
the context of geometallurgy (geomet) as outlined by the Anglo American team (McKay et al
2016) now has a high level of appeal. McKay et
al (2016) use the term ‘ore control’ to distinguish
between: a value-based ore block allocation process using multiple inputs, such as grade (including deleterious and secondary value contribution
elements), mineralogy, hardness and recovery;
and ‘grade control’, the traditional ore block allocation process that uses only grade.

Tactical geomet, together with a VBOC program, see Figure 2, constitutes a systematic process to: consistently produce stable and predictable feed and plant performance; and maximise
value by optimally allocating ore blocks to various destinations on a value basis using long-term
(strategic) and short-term tactical geomet and
ore control models
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Figure 1

Geomet through the project life cycle (After McKay et al. 2016).

Figure 2

Value-based ore control process (Source: Presentation by McKay et al. 2016).

The geomet approach sounds logical, but how
can blast designer and mine production personnel assist?

Mining personnel can assist by ensuring that:

Blast designers can assist by designing blasts
based on the best available information to meet
the Blast Design Requirements (BDR) and associated target criteria (Little 2017). It is possible
for blasting operations to:















Optimally fragment the in-situ material
(change the block size)
Increase micro-fracturing in mill feed blocks.
Separate some in-situ materials from others
eg ore from waste (selective blasting).
Change the location of in-situ material
(muckpiles and in-stope locations)
Control dilution by controlling size distribution (influencing flow in Sub-Level Caving
(SLC) and overbreak (all stopes)
Maximise ore recovery by minimising
underbreak.
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Draw control strategies (SLC and Block
Cave) are based on VBOC considerations
The allocated ore blocks are targeted by the
blast design process
Development is positioned to optimise mining outcomes
Consideration is given to strategic geomet
and VBOC when selecting underground
stoping methods
The choice of the correct stope dimensions
are based on the geological and geotechnical
environment
Use ground reinforcement and strategies to
facilitate the VBOC approach.

McKay et al (2016) state that for new mines and
companies embracing the geomet pathway
should:
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and analysis. The second component is the “blast
implementation management process” which involves three time-sequenced sub-elements: preblast, during blast, and post blast.

Build the strategic planning based on clear
assumptions about tactical geomet
Plan on value and connect geomet work explicitly to financial value
Design value based reconciliation systems.

For a new underground mining project the mining method selection process would need to be
informed by the strategic geomet thinking and
then planned accordingly.
For existing mines there is no need to reinvent
the wheel (McKay et al 2016) and companies
heading down the geomet pathway should:





Use ore control not grade control
Concentrate on value not volume
Use the data they have – strongly connect
geomet to resource and ore control systems
Understand plant feed is minerals – not
grades – for geomet feed optimisation.

Figure 3

Jackson and Seller (2017) demonstrated, in reference to existing mines, an approach that developed blasting related indices to quantify variation in rock strength and structure for each stope,
and for each lift of each open stope. The indices
were derived from combinations of data from
underground diamond drilling because the simplifying assumptions contained in the block
model prevented sufficient differentiation in
rock mass characteristics to enable adjustments
to the blast design. The application of combinations of blasting related indices enabled the identification of stopes with a high potential for inconsistent
and
oversize
fragmentation,
underbreak and overbreak. Further detail on
their work is included as Case Study 4 in this paper.

2

Components of the blast management framework (Little 2017).

FURTHER DEVELOPMENT OF BDR
CLASSIFICATION SCHEME

The development of the Blast Design Requirements (BDR) classification scheme has previously been published, Little (2017). All examples given in that paper are related to surface
blasting applications. This paper reports on the
further development of the BDR classification
schemes to cater for underground applications.
The Blast Design Requirements (BDR) classification system uses four classification elements:
the blast location relative to the earth’s surface,
the number of different grades of geological materials, the orientation of the free face relative to
the blastholes, and the number and type of primary technical blasting objectives. The first
three classification elements are objective physical properties and the fourth relates to technical
blasting design objectives.

This paper is also concerned with blast design
requirements and the further development of the
BDR classification system to cater for underground applications. Details of the BDR classification system development are provided in
Section 2. The context of the BDR occurs
within a Blast Management Framework, see Figure 3. This framework has two major components: “Blast Design Management Process” and
“Blast Implementation Management Process”.
Figure 3 indicates that the “blast design management process” involves two sub-elements, these
are blast design requirements, and blast design

Blasting objectives have been grouped into two
categories, namely managerial and technical, see
Figure 4. The premise is that all blasts must satisfy the managerial objectives and hence have
not been included in the BDR classification
scheme. That is, all blasts must be safe, legal,
add value, manage any special conditions and
work within site constraints. Table 1 presents a
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summary of the managerial blasting objectives
for the current context. Primary technical blasting objective implies that it needs to be explicitly
addressed during the blast design process. Note
that blast design is the fundamental engineering
control to obtain consistent outputs that achieves
all relevant blasting objectives

The BDR classification has the following format
X_XG_XF_XXXO.
X-Blast location relative to the earth’s surface:
Only three options have been proposed. The X
in the X_XG_XF_XXXO can take the values of
S for a blast on the Surface, U for an Underground blast and W for an under Water blast.

Table 1 Managerial blasting objectives
Interpretation in hardrock
Managerial
underground mining conObjectives
text
 Risk aware culture
 Hazard and risk manageSafe
ment
 Work Health and Safety
Management System.
 Operations legally compliant
Legal
 Approvals and licenses
 Notifications and records.
 Create net value
Value
 Fits neatly with VBOC
adding
 Reliable quality blast outcomes.
 Any site special conditions
must be addressed in the
blast design
Special
 Special conditions may be
conditions
natural or man-made
 Increases operational complexity.
 Planning constraints
 Explosive product conSite
straints
constraints
 Production and drilling
equipment constraints.

XG-Number of different grade geological materials in a blast:
In this paper the term bulk blast is used when
two or more blocks of materials with different
grade categories (eg high grade, low grade,
waste) are shot in the same blast. In contrast,
the term selective blast is used for a blast containing only one grade category (eg high grade
ore). The X in the XG can be S or M with the
following meanings:
SG – Single grade blast (can include planned dilution)
MG – More than one grade of material in the
blast.
XF-Orientation of the free face and relationship to blastholes to it and the free face condition:
A distinction is also made as to the orientation of
the free face (F), the three general classes are:
horizontal, vertical and combinations (of vertical
and horizontal within the same blast).
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Figure 4 Technical and managerial blasting objectives (After: Little 2017).
The X in the XF or XFc can be H, P, B, V, O or
A with the following meanings:

XXXO-Number and type of primary technical
blasting objectives:

HF – Horizontal free face with blasthole perpendicular to the free face

The BDR system allows up to six primary blasting objectives but it is generally limited to three
primary objectives. It should be clear that the
more primary blasting objectives the more complex the design.

PF – Horizontal free face with blasthole parallel
to the free face
BF – Vertical free face with blastholes perpendicular to the free face (eg opening cut)

The X’s in the XXXO can be any one of the following, but repetition is not permitted: G Grade/ Ore control, F - Fragmentation control,
M – Muckpile control, D - Damage control, P Profile control, E - Environmental control. Table
2 provide further interpretation on the technical
blasting objective.

VF – Vertical (or sub-vertical) free face with
blasthole parallel to the free face
RF - Vertical (or sub-vertical) free face with
rows parallel to the free face consisting of fanshaped blastholes in each row

Some basic blasting objective rules recommended by the developer:

OF – Horizontal Or vertical free face
AF – Horizontal And vertical free face (complex
free face conditions)



XFc –Free face is choked by broken material



For example sublevel caving blasts would be
rated:


RFc - Vertical (or sub-vertical) choked free face
with rows parallel to the free face consisting of
fan-shaped blastholes in each row.
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All blasts must satisfy all managerial blasting objectives hence they are not part of the
BDR classification.
All blasts will have one or more technical
primary blasting objective(s) and in this
classification scheme they are listed in priority order.
Primary blasting objective implies that it
needs to be explicitly addressed during the
blast design process.
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Blasting objectives that are relevant but not
considered to be primary for a particular application are termed secondary.

BDR CLASSIFICATION FOR
SELECTED STOPING METHODS

In this section a brief overview of common underground hardrock stoping methods is presented and also these are classified using the
BDR classification scheme. Table 3 from modified from Adler and Thompson (2011) provides
a good summary tabulation of the main features
of the common underground mining methods.
The costs are given relative to the old method of
Square Set Timber Stoping. More importantly in
the current context the flexibility/ selectivity and
typical values for recovery and dilution are
given. General BDR classifications for stope
blasting methods are presented in Figure 5. It
should be noted that operation targets and criteria are required to make the blast design requirement effective, some examples have been previously given (Little 2017).

All relevant secondary blasting objectives
need to be kept within acceptable levels.
If any of the managerial or primary blasting
objectives are not met the blast would be
considered to be less than adequate.
The term Sustainable blasting operation
should be used when blasting operations
consistently achieve both the managerial
blasting objectives and the primary technical
blasting objectives.

Table 2. Technical blasting objectives
Interpretation in
hardrock underground mining context
Reducing unplanned
G Grade /Ore
ore loss and unplanned
control
dilution.
F Fragmentation
Obtaining the desired
control
fragment distribution.
Obtaining required
M Muckpile
muckpile characteriscontrol
tics.
Reducing overbreak
and strength reduction
D Damage con- of the remaining rocktrol
mass. Reducing damage to valuable
minerals.
Reducing overbreak,
P Profile control
underbreak and
bridging.
Reducing unwanted
blasting emissions eg
E Environmental vibration, airblast,
control
fumes, dust, flyrock,
water pollution and asset damage.
Technical Blasting Objective

Mining methods with high selectivity are: stope
(or room) and pillar, cut and fill and square set
timber stoping. Mining methods with low selectivity are sublevel open stopes, sublevel caving
and block caving
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Table 3
Method

Stope &
pillar
Sublevel
open
stope

Features of the different underground mine stoping methods.
Relative
Cost

Flexibility/
Selectivity

% Recovery
/% Dilution

0.30

High/High

75/15

Environment

Safety & health
issues

Output (t/h)
& Productivity (t/employee)

Miscellaneous

Good

Ground control
& ventilation

High

Benching
common

Fill to
Less, blast from
0.40 Low/Low
75/15
avoid subModerate
Fill common
long holes
sidence
Fill to
Cut &
Moderate/
avoid
0.60
Some
Low
Sort in stope
100/0
fill
High
subsidence
Fill to
Smoulder, and
avoid
Square
Moderate/
1.00
100/0
fall
(of
Very low
Sort in stope
subsidset timber
High
personnel)
ence
Severe
Fair & stored
Cave width
Sublevel
High
0.50 Low/Low
90/20
subsidence
broken mineral*
≥9.2 m
caving
disruption
Air blasts &
Severe
Block
High
Tie up mineral
0.20 Low/Low
90/20
subsidence stored broken
caving
disruption mineral*
*Can pack (cement), oxidise, and smoulder. Square set timber stoping included for cost comparison
purposes only (After: Adler and Thompson 2011 SME Mining Engineering Handbook)

Figure 5
4

Blast Design Requirement (BDR) classification for the main stoping methods.

CASE STUDIES

level Caving (SLC) operation. Resue mining
(selective mining) in development headings is
the topic of the third case study. Lastly, the
fourth case study is different and has been selected as it demonstrates an approach to providing information that the blast designer can use to

Four case studies have been selected to demonstrate the use of the BDR classification and the
role of blasting in achieving value-based ore
control. The first case involves improvement to
a large number of small open stopes. The second
case study discusses improvements to a Sub229
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make design changes to better meet the blast design requirements.
Case Study 1 Large number of small open
stopes
Barrick – Plutonic mine had a “Value in Use
Project” with Orica in 2011 to reduce dilution
and underbreak (ore loss) which are the major
cost drivers at most gold mines. Plutonic Gold
Mine is located 800km North of Kalgoorlie in
Western Australia. The mine was completing
over 10 stopes per week to deliver the budgeted
800,000 tonnes per annum - due to the small average tonnes per stope. Dilution and underbreak
resulted in very high cost of production and consequently a project was conducted to target these
aspects. A detailed value model was constructed
such that results could be quantified with sufficient accuracy to be relied on. This value model
was benchmarked in May 2011.
The blast design requirements were reviewed,
and the major impacts were using emulsion to
reduce dilution and underbreak even though the
mine was predominantly dry. Pattern and opening strategies were modified to ensure that all
avenues of drill and blast were used to ensure the
best outcome. These changes include redesigning long-hole raise patterns and revising burdens
and spacings to prevent overburdening of holes.
Stope initiation timing was changed to get the
maximum blasting effect where underbreak was
a concern and where damage control was
needed.
By the end of the second phase of the project
over 400 stopes had been mined in various
changed stope strategies unlocking over $6M in
value, but the critical part was how the overbreak
had been reduced 31% and underbreak had been
reduced by 39%. Interestingly, the biggest gains
were obtained by using emulsion in very small
stopes (<5,000t).

Figure 6

Changing drill configuration
from A to B reduce drilling and
improved blasting outcomes.

Using the BDR classification system this blasting operation would be classified as
U_SG_RF_GFDPO. With U meaning underground blasting, SG meaning single grade material (ore which includes any planned dilution),
and RF meaning the blast involves a firing to
sub-vertical free face with rows parallel to the
free face consisting of fan-shaped blastholes in
each row. The primary technical blasting objec-

Blast design objective are that once accessed,
development drilling, charging and firing occurs
then the blast delivers valuable outcomes such as
a tunnel to access ore or broken ore to be hauled
to be processed. Misfires are not only a safety
concern but are lost opportunity, an added cost
and potentially end up in sterilised ore as the cost
to recover exceeds the gain.
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example when the powder factor was increased
the primary recovery reduced.

tives in priority order are: G - ore control (recovery of the ore liberated from the blast without
excessive dilution), F - fragmentation control
(distribution to suit mine and mill productivity),
D - damage control (reduce overbreak), and P –
Profile control (reduce underbreak and overbreak).

Once the design controls (pattern and products)
and management controls were optimised the
bulk emulsion was used until mine closure. This
was due to the ability for emulsion to achieve
lowest cost and highest productivity while giving reliable fragmentation to achieve the draw
control needed for ore recovery and dilution control.

In this case study the VBOC approach involves
producing the planned tonnage of well fragmented higher grade ore (lower unplanned dilution and higher ore recovery) which can be directly fed to the primary crusher, a short term
stockpile or the run-of-mine stockpile once
transported to the surface.
Case Study 2 Sublevel Caving Improvements
Nickel West’s Perseverance Mine in Western
Australia (presently not operating) is an example
of a transverse sublevel cave operation that
mined nickel ore. The disseminated nickel sulphide orebody is made up of a deformed ultramafic rock and, while being rich in nickel sulphides, was challenging with a range of
problems including areas of swelling minerals,
intense and extremely weak shear zones, relatively high in-situ stress, and in other areas very
brittle rocks. (Struthers et al 2000).

Figure 7

Long section of SLC blast geometry illustrating the location of
brow damage.

Blast Design Requirements in this case related
to getting the technical controls achieving reliable fragmentation whilst limiting damage to the
brow and to the next ring. The damage to the
brow and the next ring would impinge in charging the next ring and the tie-in. New initiation
systems (Wicks and Lovitt 2017) have eliminated the need to tie-in. Brow damage was a key
driver in stopping pre-charging and increasing
costs which caused the closure of the operation.
This new initiation system could solve this and
reinstituting pre-charging would significantly
reduce mining costs as well as increasing
productivity. Stresses are a factor that caused the
closure to sections of the mine in 2013 and controls to that issue continued to be worked on.

At one time the mine employed 89 mm, 15-degree dumped drill holes on a 2.5m spacing and
3m horizontal burdened blast rings using ANFO
explosives. The operation, at the time, was experiencing problems of brow damage and damage
to the next ring which impacted fragmentation
and productivity. A project was undertaken to
determine the benefits of emulsion. High
strength emulsion (average in-hole density of
1.15 g/cc) was used in the ANFO patterns which
gave a 20% increase in powder factor and produced significantly finer fragmentation. Brow
damage and back break was equivalent, even
though the powder factor was increased significantly. Fragmentation plays a major role in ore
recovery and dilution (State of the Art SLC, Sekhar et al 2016) and so this finer fragmentation
significantly reduced recovery of ore by narrowing the ellipse draw of the ring leaving blasted
ore behind for the next level down. Primary recovery, the amount of ore recovered on the same
level as the blasted ring, should be maximised to
increase recovery and minimise dilution. In this

Using the BDR classification system the SLC
blasts are classified as U_SG_RFc_GFDO. With
U meaning underground blasting, SG meaning
single grade material (ore which includes any
planned dilution), RFc meaning the blast involves a firing to sub-vertical choked free face
with rows parallel to the free face consisting of
fan-shaped blastholes in each row. The primary
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technical blasting objectives in priority order
are: G - ore control (recovery of the ore liberated
by the blast without excessive dilution), F - fragmentation control (distribution to suit mine and
mill productivity), and D - damage control (reduce brow and other damage). It should be noted
that serious brow damage decreases ore recovery
and increases dilution, and can impact the ability
to avoid misfires or fire the next ring if the damage is greater than the burden. Importantly it also
increases safety risks for people working in the
area which goes against the safety managerial
blasting objectives discussed in Section 2.
In this case study the VBOC approach involves
producing a smaller tonnage of well fragmented
higher grade ore (less dilution and high ore recovery) which can be directly fed to the primary
crusher, a short term stockpile or the run-ofmine stockpile once transported to the surface.

Figure 8

Development heading delays design that resulted in unacceptable
mill feed.

In this project precise electronic detonators were
used to throw the waste portion of the heading
and after a large time delay the ore was blasted
to minimise the throw. This was achieved in a
single blast such that no extra blasting cycles
were created. The only extra steps introduced involved a geologist painting a line to demarcate
the end of the waste mucking and the start of the
ore. Figure 9 illustrate the resulting ore and
waste muckpiles in cross section. The long section results are also provided in Figure 10

Case Study 3 Resue mining in development
Stawell Gold mines, is a narrow vein deep gold
mine, 150km west of Melbourne, Australia. The
mine was nearing the end of its life in the Magdala and Golden Gift orebodies in 2011. The
mine did a significant amount of development to
gain access to new lower grade orebodies. The
mine uses a sublevel up or downhole retreat mining method, these stopes are filled with waste
from development to reduce the haulage requirements. The 4.5 x 5 m development rounds contain significant waste volumes which dilute the
ore to unacceptable levels for ore feed, see Figure 8.

A number of ore/waste scenarios that were catered for and the results of the trials saw a 48%
increase in the grades of the development ore
hauled to the surface. There were also 24,000
tonnes less waste hauled to the surface and processed. This contributed to an increase in the
overall head grade for the mine of almost 5% and
increased the amount of waste available for
stone filling.

It should also be noted that the mine is 1,500m
deep which results significant haulage times.
Productivity and dilution are major value drivers
and this mine had to do something to remain in
operation. In 2010 a project was commenced to
carry out Resue Mining in the development
headings to segregate the waste from the ore in
a single blast, with Orica Mining services.
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can be directly fed to the primary crusher, a short
term stock-pile or the run-of-mine stockpile
once transported to the surface.
Case Study 4 Using indices for blasting improvements
This case study involves recent work (Jackson
and Sellers 2017) that is aligned to the tactical
geomet thinking (mine to mill value improvement). Blasting related indices were developed
to quantify variation in rock strength and structure for each stope, and for each lift of each
stope, at an underground open stope mine. The
indices were derived from combinations of data
from underground diamond drilling because the
simplifying assumptions contained in the block
model prevented sufficient differentiation in
rock mass characteristics to enable adjustments
to the blast design.
Figure 9

Cross section of muckpile showing grade distribution.

The way to assist the drill and blast team was to
create a set of blast related indices (BRI). These
are calculated from infill drill holes within the
stope shape and in the boundary zone around the
stope. Table 4 shows which indices were used
for the different categories of material behaviour.
The rock masses within and surrounding a stope
has a significant impact on blasting results, particularly the propensity producing underbreak or
overbreak. When the stope is strong (high competence, high rock strength, low jointing intensity) and is contained within other strong rock
then there is no clear boundary to blast against
and hence there is potential for underbreak as
shown schematically in Figure 11a. When the
stope is weak (low competence, low rock
strength, high jointing intensity) and is contained within strong rock then it is unlikely to
create any issues as shown in Figure 11b. The
highest potential for overbreak occurs when the
stope is strong and is contained within weak
rock, as shown in Figure 11c, this is because the
transmitted explosive energy damages the
weaker surrounding rock.

Figure 10 Longitudinal section of muckpile
showing grade distribution.
Using the BDR classification system this blasting operation would be classified as
U_MG_BF_GMFO. With U meaning underground blasting, MG meaning multi-materials
are involved (ore and waste), and BF meaning a
vertical free face with blastholes perpendicular
to it (typical development heading). The primary
technical blasting objectives in priority order
are: G - ore control (separating the bulk movement of the different materials in time), M muckpile control (separate muckpiles of ore and
waste with some overlap), and F – fragmentation
control (F mine and mill productivity). The relevant secondary blasting objective that need to
be kept with acceptable limits are damage (overbreak) and profile (underbreak and overbreak).
In this case study the value-based ore control approach involves a smaller muckpile of well fragmented higher grade ore (less dilution) which
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Table 4. Behaviour and BRI used as proxy
Behaviour
Category

Blast related indices

 Captured by block size index
(BSI)
 Summaries the distribution
of in-situ block size for
stopes.
 Five indices: large block index, rubble index, inconOverbreak
sistency, joint set index and
and overaverage UCS.
break
 See conditions A, B and C in
Figure 11 and also Figure 12.
 A combination of the in situ
size indices and average
UCS
Mill
 Together with comminution
perforsimulations
mance
 Used to develop an indicative throughput ranking
scheme, as shown in Figure
13.
 Strength and rock mass
Fragmentastructure within the stope
tion
only.
Material
flow and
bogging
efficiency

Figure 12 The blast related indices suggested that Stope A would suffer
overbreak and Stope B underbreak. Smooth surface – planned
stope outline, Rough surface – actual stope outline. (After: Jackson
and Sellers 2017).
The expected mill performance of individual
stopes, as shown in Figure 13 informs blending
decisions and is a good communication tool for
other parts of the business.

Figure 11 Schematic showing conditions for
likely overbreak and underbreak
in a stope (a) underbreak, (b) no
issues, and (c) overbreak.

Figure 13 Indicative throughput classification on a stope by stope basis.
Each point represents a stope.
(After: Jackson and Sellers 2017).
The approach outlined, by Jackson and Sellers,
fits neatly with the value-based ore block allocation process using multiple inputs, such as grade
(including deleterious and secondary value contribution elements), mineralogy, hardness and
mill recovery.
The ability to improve the drill and blast design
by understanding the rock mass (or proxy) can
then remove the challenge that difficult stopes
create within the mining cycle.
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situ materials, and control overbreak and underbreak.

The authors concluded that value improvement,
regarding increased revenue and reduced costs,
can be achieved across the whole underground
Mine to Mill process chain by developing stope
based indices from the existing geological information to correctly tailor the blast design to the
rock within, and surrounding, the stope.
5

3. There are five essential managerial blasting
objectives, they are: safety, legal, value adding, manage any special conditions and work
within site constraints.
4. In addition to the managerial blasting objectives, blast design requirements can be specified using six technical blasting objectives.
They are: Ore control, Fragmentation control, Muckpile control, Damage control, Profile control and Environmental control.

CONCLUSIONS

For drill and blast teams to be able to assist with
the VBOC in the context of geomet certain necessary conditions need to be met. They will need
to:








5. The BDR classification system has been developed to improve the effectiveness of the
blast design process. Blast design is the fundamental engineering control to obtain consistent output that achieves the best possible
outcome of the relevant blasting objectives.

Understand and accept the benefits of the
VBOC program.
Have clearly defined VBOC requirements
using simple language and given in a timely
manner.
Be able to turn them into Blast Design Requirements (BDR) and associated operational targets and acceptance criteria.
Have information available on a stope by
stope basis to enable them to make design
improvements. Design management process
will be required.
Implement sound quality drill and blast practices. A blast implementation management
process will be required.
Be provided with good reconciliation tools
and processing feedback to judge the success
of their effort and drive VBOC improvements.

6. The Blast Design Requirements (BDR) classification system uses four classification elements: the blast location relative to the
earth’s surface, the number of different
grades of geological materials, the orientation of the free face relative to the blastholes,
and the number and type of primary technical blasting objectives.
7. Mine technical, planning and operations personnel can assist VBOC in the following areas: Draw control; Implementing correct
material allocation, Correctly locating accesses, Selecting appropriate mining methods, Designing correct stope dimension, Using appropriate ground support to facilitate
ore control approach

Based on our study the authors draw the following conclusions:
1. Using the concept of “ore control” as opposed to “grade control” in underground
mining is sound. This applies in particular,
to the VBOC concept of value-based ore
block allocation process using multiple inputs, such as grade (including deleterious
and secondary value contribution elements),
mineralogy, hardness and processing recovery.

8. There are six conditions that are necessary
for Drill and Blasts to assist with VBOC,
these are: Understanding the benefits, Clear
VBOC requirements, Formulate blast design
requirements, Access to geological and geotechnical information, Quality implementation, and Good reconciliation tools.
9. One approach to VBOC for existing operations is to develop stope based blast related
indices from the existing geological information to correctly tailor the blast design to
the rock within, and surrounding, each stope
(as in Case Study 4).

2. Drill and blast teams can assist VBOC program in the following areas: fragment the insitu material, increase micro-fracturing in
mill feed blocks, separate some in-situ materials from others, change the location of in235
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10. The approach embedded in the geomet with
VBOC will require a much higher degree, of
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Blast vibration predictions and blasting in built-up areas
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Digital filters for A, B, and C frequency weighting for sound
level data
A. T. Spathis
Houdini Phantom Research, Newcastle NSW, Australia.

ABSTRACT
Airblast traces recorded from blasts are usually reported as peak pressure levels, often in decibels.
In other domains the peak levels of sound exposure are reported as A, B and C weighting levels
which rely on filtering of the raw data that is done at the time of measurement. Post-processing of
the raw traces is possible using digital filters that are described here. These are implemented readily
in spreadsheets or other software without the need to rely on Fourier methods directly. Their
application for a number of airblast records from blasting show that they reproduce the levels
derived from the Fourier methods.
1

INTRODUCTION

are shown to be accurate implementations of
the A and C weighting filters.

The International Electrotechnical Commission
(IEC) Standard published as Publication 651
(IEC, 1979) "describes instruments (sound level
meters) for the measurement of certain
frequency and time weighted sound pressure
levels". In particular, it refers to the commonly
used A, B and C frequency weighting
characteristics and provides both the weighting
characteristics and the poles in the complex
frequency plane which may be used to realize
the ideal filters. An updated Standard has been
published as IEC Publication 61672-1:2013
(IEC, 2013).

2

THE A, B, AND C DIGITAL FILTERS

There are several ways to characterize a linear
system. One way is to describe the system by
its complex zeros z_i and complex poles p_i
which may be expressed in terms of a rational
transfer function of the form,
(1)
Where

…

,
…
and s is
the complex frequency, iω , and
2
,
with f being the frequency in Hertz. K is a
normalising constant that makes T(s) equal to
one at 1000 Hz for the A, B, and C filters.
Equation 1 is a ratio of two polynomials with
factors involving zeros and poles. The zeros
and poles may occur singly or as multiples. The
poles should be located in the left half-plane to
ensure system stability and causality. The
location of the zeros influences the phase
properties: a minimum phase response occurs if
all the zeros are in the left half-plane and a
maximum phase response occurs if all the zeros
are in the right half-plane.
It is possible to use the complex transfer
function of Equation 1 directly and multiply the
spectrum of the measured sound level data, and

Blair (1999) reported the implementation of the
A and C weighting filters and identified the
incomplete description of the zeros required for
these filters as given in IEC (1979) but this is
available in IEC (2013). The implementation by
Blair is entirely in the frequency domain which
allows the use of standard fast Fourier
transform methods.
The present work describes the A, B and C
frequency weighting filters for implementation
as digital filters in the time domain. Such
implementations tend to be numerically slower
than the frequency domain implementation but
have the advantage that no knowledge of
Fourier methods is necessary. The digital filters
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where T is the sample interval in time between
adjacent data points and

invert the resulting spectrum to obtain a filtered
time waveform. Blair (1999) used this approach
but here we are developing a digital filter
implementation that restricts its operations
entirely to the time domain.

exp

represents a delay operator. Substituting
Equation 1 into the general rational transfer
function shown in Equation 1 yields,

The A, B and C weighting filters have 4, 3 and
2 zeros respectively and 6, 5 and 4 poles
respectively. The zeros, poles and transfer
function constants of the A, B and C frequency
weighting filters are all pure real and are given
in Table 1. Different sources give slightly
different values for these poles and zeros. The
transfer function constant has been calculated
by noting that all three filters have a level of
zero decibels at 1000 Hz. This calculation is
sensitive to numerical rounding errors but the
estimated filter amplitude functions are equal to
those given in IEC (2013) within the accuracy
provided.

⋯
⋯

1

(4)

which is known as the z -transform of the
transfer function. The time domain digital filter
arising from Equation 4 may be obtained by
applying the operator,
, to a uniformly
digitised waveform
, ,…,
, to yield a
filtered waveform,
, ,…,
. The explicit
recursion relationship is given by,
…

A frequency domain implementation of the A
and C filters requires use of Fourier methods
and typically uses the fast Fourier transform.
Generally, such methods are not well known to
mining industry professionals. An alternative
implementation of the filters is via digital
filtering which operates in the time domain and
tends to be more accessible to those without
strong knowledge of Fourier methods.

…

(5)

where the waveform samples are separated by a
time interval T. Equation 5 shows that the next
filtered output value depends upon previous
output values and previous input values. This
type of filter is described as a recursive digital
filter. Non-recursive digital filters have an
output which depends upon the input data alone
so that all the b coefficients in Equation 5
would be zero.

A general approach for the calculation of a
digital filter from a given transfer function has
been described by Oppenheim and Schafer
(1975). Here, we follow the elaboration of the
method found in Spathis (1983). It is assumed
that the time waveform (here a sound
recording) is sampled uniformly and at a
sufficient rate to capture all the frequencies
within the sound. This approach also avoids the
phenomenon of aliasing that occurs when
signals are sampled at too low a rate so that
frequencies beyond the theoretical maximum or
Nyquist frequency contaminate the spectrum
incorrectly.

The amplitude response of a digital filter may
be derived by substituting Equation 3 into
Equation 4. The response is,
|

|
∑
1

∑

cos
cos

∑
∑

sin
sin

(6)

A digital filter derived from an analogue filter
by using the bilinear transformation exhibits
distortion in the frequency axis. The expression
for this 'frequency warping' may be derived by
substituting Equation 3 into Equation 2. The
relationship may be expressed as

The method used to determine the digital filter
given the continuous transfer function relies on
the bi-linear transformation
1
2
1

(3)

(7)
(2)
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where the frequencies
,
, and
are the
input frequency of the analogue filter, the
output frequency of the digital filter and the
Nyquist frequency ( 1/2T ), respectively.

below, through the appropriate filter
coefficients. These are for both single and
double zeros and poles which are present in the
A, B and C weighting filters. The case for a
combined single zero and a double pole is also
provided.

Application of the bilinear transformation to a
general rational transfer function may proceed
in a number of ways. For a transfer function
given explicitly as the ratio of two polynomials
we use a substitution of Equation 2 in the
transfer function. The algebra can be tedious
and it is possible that significant rounding
errors can occur in the resulting recursive
digital filter.

2.1 Single Zero at f=0 :
(8)
2.2 Double Zero at f=0:
4

2

(9)

2

Alternatively, if the transfer function zeros and
poles are provided or evaluated, the bilinear
transformation may be applied to each of the
factors of the transfer function. The resulting
digital filter for each factor may be cascaded so
that the output from the first factor becomes the
input for the next factor until all the factors
have been used. It is this process that is used
here. The algebra is not shown and only the
recursive digital filter algorithms are given

2.3 Single Pole at f=F:
2

2
2

(10)

2.4 Double Pole at f=F:
2

2

2

2

2

2
2

2

(11)

2.5 Single Zero at f=0 and a Double Pole at f=F:
2
2

2

2

2

where W=2πFT and T is the sample interval.
The xk are the input waveform data and the yk
are the output data of the filtered waveform.

2
2

(12)

A C-weighting filter may be implemented by
first passing the input waveform through the
filter for a double zero at zero frequency
(Equation 9) followed by the filter for a double
pole (Equation 11) using F =20.6 Hz. The
output of the last filter is again passed through
the filter given by Equation 11 but this time F
=12194 Hz. The output is the desired result - a
waveform which has been filtered using a C
weighting.

The implementation of the digital filters given
in Equations 8 to 12 is straightforward. The
process relies on recognizing that the rational
transfer function may be applied as a series of
factors, with the output of one factor becoming
the input of the next factor until all the factors
are exhausted. In principle, the order of the
application of the factors is immaterial, but in
certain situations there may because to use a
particular order to minimize rounding errors or
to minimize the number of arithmetic
operations. We ignore these issues in the
present work.

By way of further illustration, consider the case
of the B-weighting filter (see Table 1) with
three zeros at 0 Hz, double poles at 20.6 Hz and
12194 Hz and a single pole at 158.5 Hz. The
input waveform data string is filtered using the
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single zero filter of Equation 8 and the output
of this filter is filtered

using their zeros and poles. Note that a scaling
factor is needed to ensure that the amplitude of
the response of the digital filter is unity at 1000
Hz. It may be calculated by inverting the value
of Equation 6 at 1000 Hz. Note that the value of
the scaling factor will depend on the sample
rate used for the fil-ter.

using the double zero filter of Equation 9. This
accounts for the three zeros of the B weighting
filter. The resulting output of the zero filters is
then filtered using the single pole filter of
Equation 10 (F =158.5 Hz) and the output of
this filter is filtered using the double pole filter
of Equation 11 (F =20.6 Hz). Finally, the
output of this filter is filtered using the double
pole filter of Equation 11 (F = 12194 Hz).

At first sight the pairs of prototype and digital
filter amplitude responses appear to be rather
different. A significant feature of the digital
filter amplitude spectra is that they are exactly
zero at the Nyquist frequency (1/2T = 25 kHz).
This is a consequence of sampling and of the
'frequency warping' in Equation 7. All four
amplitude spectra intersect at 1000 Hz, and for
all frequencies up to 1000 Hz and a little
beyond (say 2000 Hz) there is no apparent
difference in the digital filter amplitude spectra
compared to the continuous amplitude spectra.
In the case of blasting much of the sound
energy in airblast occurs below these
frequencies and this is reflected in the
associated standards and guidelines for
measuring ground vibration and airblast that are
produced in blasting.

The resulting waveform is the desired result,
namely a recorded waveform which has been
filtered using the B weighting filter. Of course,
the filter could be implemented by first using
the C-weighting filter de-scribed above
followed by the filter for a single zero at 0 Hz
and a single pole at 158.5 Hz. For the
remainder of this paper, we focus on the A and
C weighting filters that occur in the standards
and we ignore the B weighting filter as it is
now little used.
Table 1
Filter
C
B

A

3

Definition of A, B, and C
weighting filters
K

If we use the more standard presentation of the
filter responses, namely in log-log space, we
obtain the comparison shown in Figure 2.

Poles
2 at 20.6 Hz,
5.912 x 109 2 at 0 Hz
2 at 12194 Hz
As for C filter
5.986 x 109 3 at 0 Hz plus one at
158.5 Hz
7.39 x 109

Zeros

As for C filter
plus one at
4 at 0 Hz
107.7 Hz, one
at 737.9 Hz
Figure 1

IMPLEMENTATION OF THE
DIGITAL FILTERS

The A and C weighting continuous amplitude
spectra are shown with their associated digital
filter amplitude spectra in Figure 1. The
prototype A and C weighting amplitude spectra
may be derived directly by using Equation 1
and the information in Table 1. The digital filter
amplitude spectra may be derived from
Equation 6 and the applicable digital filter
coefficients through Equation 5 and specifically
Equations 8 to 12 for the relevant digital filters
242

Weighting
filter
spectral
response of the A and C digital
filters. The dotted lines are the
digital filter spectral responses
with T= 20 μs. Note that the
amplitude of the digital filters is
zero at the Nyquist frequency.
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Figure 2

Figure 3

frequencies of the input signal. It is normal and
recommended practice to use an anti-alias filter
at the input of the A-D converter to ensure that
frequencies outside the bandwidth of the
recorder that appear at the input do not
contaminate the recorded digitized signal.
Essentially this means that we have acquired a
faithful digital record of the sound level or
airblast signal.

Weighting
filter
spectral
response of the A and C digital
filters. The dotted lines are the
digital filter spectral responses
with T=20 μs.

The application of the digital A and C
weighting filters, as with other digital filters,
requires care and specific consideration of the
frequency content of the waveform to be
filtered and the sample rate used in the data
acquisition. Firstly, it is necessary that the
critical frequencies defined by the poles and
zeros of the filter must be less than the Nyquist
frequency (1/2T) for the data being filtered.
The highest critical frequency in the A and C
filters is the pole at 12194 Hz. This means that
waveforms need to be sampled at frequencies
be-yond (say) 25 kHz or sample intervals of
less than 40 microseconds. These specific
sample rates yield a maxi-mum frequency of
12500 Hz (equal to 0.5 times 25 000 Hz).

Error between the spectral
response of the A and C
weighting and the associated
digital filter (T= 20 μs) spectral
response. Note the responses for
the A and C filters overlay each
other. The shaded area is the
tolerance for a Class 1 sound
pressure measurement device
provided in IEC 61672-1:2013
and it applies frequencies from
10Hz to 20kHz.

In practice this requires faster data acquisition
rates than is used for common airblast records
(typically between 0.25 – 1 ms/sample which
gives a maximum frequency of 2000 – 500 Hz).
So the apparent simplicity of using digital
filters, and not relying upon direct Fourier
methods, is traded for requiring more detailed
wave-form sampling. In passing we note that in
order to apply the A, B, and C filters in the
Fourier domain we must form the spectrum of
the input signal and multiply it by the spectrum
of the given filter as described by Equation 1.
The multiplication is performed using complex
numbers in order to preserve both the amplitude
and phase characteristics of the filter. The
multiplication can only occur up to the Nyquist
frequency of the measured sound level. For
example, it is clear that the pole at 12194 Hz in
the three filters may not be involved in the
multiplication should the original data be
limited to frequencies below (say) 2000 Hz. A
similar circumstance applies to the use of the A
and C filters when the original data only
contain frequencies below one or more of the
critical frequencies given in Table 1.

A plot of the actual differences between the two
sets of paired spectra is given in Figure 3. The
responses of the A and C response differences
overlay each other. The shaded area is the
tolerance for a Class 1 sound pressure
measurement device provided in IEC 616721:2013 and it applies for frequencies from 10
Hz to 20 kHz. The A and C digital filter
amplitude spectral responses are well within the
required tolerance.
4

DISCUSSION

Let us assume (as per common practice) that
we have acquired our sound level or airblast
data using an analogue to digital (A-D) recorder
at a sample rate sufficient to recover all the
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We will now discuss two strategies for using
the digital filters on data that has been acquired
at low sample rates: the first will examine the
use of resampling; the second will examine the
possibility of removing the poles that lie
beyond the Nyquist frequency and examining
its performance to that of the complete filter.
Low sample rates are common situation with
many airblast records.

Figure 4

Figure 5

Figure 6

Weighting
filter
spectral
response of the A and C digital
filters with the pole at 12194 Hz
removed. Note the log-linear
scales. The dotted lines are the
digital filter spectral responses
with T=20 μs.

The first strategy is to resample the recorded
air-blast sound level data by interpolating
values between those acquired at the time of
measurement. This is a common need in digital
signal processing and a number of methods
may be used. In our case we have coded the
digital filters in Scilab (Gomez, 1999), an open
source software for numerical computation, and
done the interpolation using an in-built function
of Scilab. The Scilab code for the A and C
filters are available from the author and may be
readily converted into other soft-ware
languages. Some of the other code is specific to
Scilab but the equations provided in the body of
the main text may be used to implement these
aspects in other software languages.

Box-whisker
plots
of
the
differences between the data
tabled by Blair (1999) that used
frequency domain filters, and the
peak levels obtained using the A
and C digital filters where the
original data has been resampled
by a factor of 100.

Figure 4 shows box-whisker plots of the
differences between the airblast data tabled by
Blair (1999) and that obtained using the A and
C digital filters. Differences in the unfiltered
dBL data and the filtered dBA and dBC peak
levels are shown where the original data was
resampled by a factor of 100 to cope with the
low sample rates in the original data.

Weighting
filter
spectral
response of the A and C digital
filters with the pole at 12194 Hz
removed. Note the logarithmic
scales. The dotted lines are the
digital filter spectral responses
with T=20 μs.

As expected there is negligible difference in the
dBL data, small differences in the dBC data of
less than about 1 dB, and a maximum positive
difference of 1.4 dB and a maximum negative
difference of -2.2dB in the dBA data. Fifty
percent of the dBA data is within 1 dB of the
prototype filter data. Most of the digital filtered
da-ta peaks are less than those of the prototype
data peak levels.

244

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

spectral responses compared to the true
responses is less than 1.5 dB up to a frequency
of 5 kHz when the sample rate is 50 kHz. The
difference is less than 5 dB at 10 kHz. In the
case of a sample rate of 4 kHz we see that the
difference is less that about 1dB up to the
Nyquist frequency of 2 kHz.
Figure 7

Figure 8

Expanded view of the weighting
filter spectral response of the A
and C digital filters with the pole
at 12194 Hz removed. Note the
log-linear scales. The dotted lines
are the digital filter spectral
responses with T=20 μs.

The removal of the upper pole appears to
provide a satisfactory path for producing A and
C weighted sound levels for low sample rate
data and it does not require resampling of the
measured data. However, the simple resampling
of the low sample rate data is a more direct
approach in dealing with the presence of poles
that occur beyond the Nyquist frequency of the
sampled data. Also, it does not require a
modified version of the A and C digital filters.
At the time of writing an unpublished version
of this report in 2002 a literature search did not
uncover any work that dealt with a digital filter
implementation of the A and C weighting filters
for sound levels or airblast. A recent search has
found a publication by Rimell et al (2015) that
uses a similar approach to that described here.
It is worth noting some differences between
that work and the present report. A minor point
is a typographical error in their equation for the
transfer function of the C weighting filter: they
indicate a quadruple zero rather than a double
zero at 0 Hz. It does not appear that this error
has been carried through into their
mathematical analysis or the results given.

Weighting
filter
spectral
response of the A and C digital
filters with the pole at 12194 Hz
removed. Note the log-linear
scales. The dotted lines are the
digital filter spectral responses
with T=0.25 ms.

The second strategy for using the A and C
digital filters with measured data that was
acquired using low sample rates is to consider
the effect on the filters if we remove the pole at
12194 Hz. We show below that this can be a
viable approach.

A more important distinction between the two
approaches is that they apply a brute force
method and expand Equation 4 in its entirety,
perhaps by using computer algebra to reduce
the possibility of error. In contrast the approach
taken here is to cascade the digital filters for
each pole and zero for the A and C filters. Such
an approach is known to reduce the possibility
for round-off errors when applying the filters.
However, the log-log plots of Rimell et al
(2015) appear to show satisfactory performance
in the spectral domain.

Figure 5 shows the spectral response of the
filters in log-log space with the pole at 12194
Hz removed. Figure 6 shows the same response
but in log-linear space. The sample rate is 50
kHz or a sample interval of T=20 μs. Figure 7
shows an expanded view of the lower
frequencies in Figure 6. Figure 8 shows the
spectral response of the filters in log-linear
space but this time with a sample rate of 4 kHz
(T=0.25 ms).

5

The removal of the pole at 12194 Hz results in
a constant amplitude in the spectral response at
the higher frequencies of both the A and C
digital filters. The difference in the digital filter

CONCLUSIONS

The digital filter implementation of A and C
weightings for sound levels appear to be
entirely satisfactory for determining such
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Rimell, A. N., Mansfield, N. J. and Paddan, G.
S. (2015) Design of digital filters for
frequency weightings (A and C) required for
risk assessments of workers exposed to
noise. Industrial Health, 53:21–27.
Spathis, A. T. (1983) Design data for digital
Butterworth filters in geophysical data
processing. Bull.Aust.Soc.Explor.Geophys.,
14:63–72.

weighted levels from data recorded without any
filtering. They provide similar, though not
identical results, for the airblast data analysed
by Blair (1999). We note that in four of the
records available from that source (four out of
twenty-seven), the sample rate used at the time
of measurement was unclear and these were not
included in our analysis. It is also not entirely
clear how the frequency domain filtering was
applied for that work - with resampling, or
adjustment of the transfer function to cope with
the exclusion of the pole at 12200 Hz as
described earlier in this report.
While it is possible to modify the A and C
digital filters by removing the pole at the upper
frequency (12194 Hz in the most recent
Standard), there seems little benefit in not using
the direct approach of resampling the measured
data. In our case we interpolated by 100 times.
This extended the Nyquist frequency from 500
Hz (T=1ms) in the recorded airblast sound level
data to 50 kHz, just over four times the value of
the highest frequency pole.
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Response spectra for vibration and shock loads
A. T. Spathis
Houdini Phantom Research, Newcastle, Australia

ABSTRACT
Renewed interest in using response spectra to analyse the dynamic response of a structure subjected
to vibrations or shock loads suggests the need for simple tools for engineers. The structure is
modelled as a single degree of freedom (SDOF) model comprised of a mass-spring-dashpot system
that is characterized by a damping factor and a resonant frequency. A review of the impulse
responses for convolution and a more efficient recursive digital filter implementation shows
essentially the same response for the latter method provided the sample rate is at least thirty times
the maximum resonant frequency of the SDOF system. A plot of the response spectra of
acceleration versus displacement provides an informative method to characterize the structural
response and offers opportunities for project specific limits.
1 INTRODUCTION

(1933) and was based on his PhD. In a
remarkable paper that combines mathematical
insight with a mechanical instrument, Biot
(1941) elaborated on that work and described
how to calculate the “earthquake spectrum". It
took 8 hours to do the calculation in what can
now be done in a few seconds on a computer.

Recent work in Australia (for example, Lam
and Wilson, 2008; Tsang et al, 2018) examines
the use of response spectra to analyse the
response of structures to imposed dynamic
loads such as earthquakes and blasting. The
approach in its simplest form is to assume that
the structure may be represented as a single
degree of freedom system (SDOF) or massspring-dashpot system with motion in one axis
direction. The response is the displacement
difference between the motion of the mass and
the base of the structure, with the latter
subjected to an acceleration load.

The use of response spectra simplifies the
estimation of the response of a structure to
dynamic loads and was attractive before
computers were readily available for a more
complete analysis. However, it retains its attraction despite its inherent simplifications. We
present a brief introduction and derivation of
response spectra and follow the exposition
given in Craig (2006). Various data
presentation techniques of the response spectra
are possible. We consider some that may be
relevant for assessing the ground vibrations
from blasting and the response of structures to
shock loads.

The acceleration load is usually a measured
wave-form and the other two parameters
required for the solution are the resonant
frequency of the SDOF system and its relative
damping. The response spectrum is formed
simply by assuming a fixed relative damping
co-efficient and determining the peak
displacement for a range of resonant
frequencies. We may estimate three response
spectra in this manner: one for the response
calculated for the displacement, velocity or
acceleration.

2

FORMULATION OF RESPONSE
SPECTRA

2.1 Equations for SDOF base excitation
Figure 1 shows a schematic of the SDOF model
used and Figure 2 shows a free-body diagram
of the system Craig (2006). The horizontal

Perhaps the earliest derivation of what are now
termed response spectra was described for an
application in earthquake engineering by Biot
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2.2 Impulse responses for base excitation

forces acting on the mass, m, provide the
following equation,
_

Equation 6 describes the relative displacement
response,
, of a SDOF system to base
excitation by an acceleration,
. We are
seeking the maximum response of the system
and so may ignore the minus sign in the
acceleration that is driving the system. The
solution
for
an
impulsive
excitation
acceleration (whose Laplace transform is unity)
is readily obtained by simply taking the Laplace
transform of the Equation 6 and inverting to get
the impulse response (see Equation 5.34, p. 126
in Craig, 2006).

(1)

_

where p(t) is the force applied to the mass, fs is
the force due to the spring, fd is the force due to
the dashpot, mü is the force due to inertia, and u
is the horizontal displacement of the mass with
respect to the reference frame (see Figure 1).
Making substitutions for the forces due to the
spring and dashpot gives
(2)

Rearranging the Laplace transform of Equation
6 gives the characteristic equation or transfer
function for the displacement and assuming an
impulsive base acceleration gives

where c is the coefficient of damping, k is the
spring constant, and z is the displacement of the
vertical surface to which the spring and dashpot
are attached. If we subtract
from both sides
we obtain

_

(3)

1/ ^2

2

_

_ ^2

(7)

The inverse Laplace transform of Equation 7
gives the displacement impulse response for the
case of underdamping, _
:

which can be written as

_

(4)

1/ _

_

sin

_

(8)

where

where x=u – z is the relative displacement
between the mass and the moving vertical
surface. Finally, for our purposes there will be
no driving force acting on the mass and p(t)
will be zero and we have

_

_ √ 1

^2

(9)

In many situations the damping ratio is
relatively small so the difference between _
and _ is negligible.

(5)
which may be rewritten in the form
2

_

(6)

_ ^2

The coefficients of this last equation are
defined in Table 1.
Table 1

Coefficients of the SDOF model

Name
Undamped
circular frequency
Viscous damping
factor
Critical damping
coefficient

Symbol
_
2 _

_

Expression
_ ^2
/
/ _
1/2
_
2
_
2√

Figure 1
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Schematic of a single degree of
freedom (mass-spring-dashpot)
system with horizontal motion
alone.
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We can now express the general solution to the
differential displacement response to an
arbitrary base acceleration of
as the
convolution with the above impulse response.
This yields

Figure 2

Free-body
diagram:
forces
applied to the mass for a SDOF
model.
1/ _
_0^ ▒

, _ ,

_

In practice Equation 10 is solved using sampled
data and fast Fourier transforms. Firstly, a
substitution of
is made in Equation 7 to
form the Fourier transform of the impulse
response and this is evaluated at the matching
frequency values of the Fourier transform of the
base acceleration. The complex product of
these two spectra is formed and inverse
transformed to give the time domain response.
This is done for given values of the two
parameters
and
_ . Typically, this
calculation is done for a fixed damping ratio
over a range of resonant frequencies. The peak
value of each response is plotted against the
resonant frequency. This is the displacement
response spectrum.

exp
1

_

〖cos 〖
2

_

(10)

〗

function or transfer function for the velocity
(acceleration) impulse response is obtained by
applying the following rule for Laplace
transforms. If
is the Laplace transform, L
of
, then the Laplace transform of
is
given by
(11)

0

Using this rule and Equation 7, and noting that
_ 0
0 , we find that the velocity transfer
function _
is
_

/ ^2

2

_

_ ^2

(12)

and using the rule on Equation 12, and noting
that _ 0
1 (see below), the acceleration
transfer function _
is

There are other response spectra: the velocity
response spectrum and the acceleration
response spectrum. These are simply the
analogue of the displacement response
spectrum but are generated by using the
derivative or second derivative of the
displacement impulse response for the velocity
impulse response or acceleration impulse
response, respectively. The characteristic
_

sin 〖 _

_

^2/ ^2 2
_ ^2

_
1

(13)

For completeness we provide the velocity,
_
, and the acceleration, _
, impulse
responses below where the initial values of
displacement and velocity are zero and unity,
respectively
/√ 1

1 sin

^2 〗 sin〗
2

2.3 Digital filter designs for base excitation

1

cos

_

(14)
(15)

more efficient methods to produce the same
results (Craig, 2006; Stagner and Hart, 1970).

In order to determine the response spectra we
need to perform the convolution in Equation 10
for each resonant frequency at a given damping
ratio in the SDOF model. Despite the use of
fast Fourier transforms in the convolution
calculation, this can be a relatively slow
process. There exist a number of alternative and

One of these is to use digital filters derived
from the transfer function for the displacement
impulse response given at Equation 7. The
digital filter is applied to the acceleration signal
exciting the base to produce the displacement
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time waveform from which the peak response is
recorded for the given SDOF parameters.

so that all the b coefficients in Equation 19
would be zero.

The velocity and acceleration responses may be
derived directly by suitable differentiation of
the dis-placement response. The peak levels for
each set of SDOF parameters provide the data
for
the
desired
response
spectrum.
Alternatively, digital filters may be derived for
the velocity or acceleration transfer functions at
Equations 12 and 13, respectively. Here we derive the digital filter coefficients for the
displacement, velocity, and acceleration
responses to an acceleration base excitation.

The amplitude response of a digital filter may
be derived by substituting Equation 17 into
Equation 18. The response is,
|

∑
1

1
1

1

(18)

2

;
8

which is known as the z -transform of the
transfer function. The time domain digital filter
arising from Equation 4 may be obtained by
, to a uniformly
applying the operator,
digitised waveform
, ,…,
, to yield a
filtered waveform,
, ,…,
. The explicit
recursion relationship is given by,
…

(21)

Using the above procedure we obtain the digital
filter coefficients for the displacement response
to an acceleration base excitation as

represents a delay operator. Substituting
Equation 16 into a general rational transfer
function yields,

…

(20)

where the frequencies
,
, and
are the
input frequency of the analogue filter, the
output frequency of the digital filter and the
Nyquist frequency (1/2T), respectively.

(17)

1

sin
sin

2

where T is the sample interval in time between
adjacent data points and

⋯
⋯

∑

2

(16)

exp

∑

cos
cos

∑

A digital filter derived from an analogue filter
by using the bilinear transformation exhibits
distortion in the frequency axis. The expression
for this 'frequency warping' may be derived by
substituting Equation 17 in-to Equation 16. The
relationship may be expressed as

The method used to determine the digital filter
given the continuous transfer function relies on
the bi-linear transformation (Oppenheim and
Schafer, 1975, Spathis, 1983)
2

|

1

;
/

2

(22)

4

4

/

4

4

/

It is important to note that the resonant
, should be prewarped through
frequency,
Equation 21 using
/2 and the
resulting
2
replaces
in Equation
22. These coefficients may be shown to be
identical to those given by Stagner and Hart
(1970) when their frequency scaling factor
equals unity.

(19)

where the waveform samples are separated by a
time interval T. Equation 19 shows that the next
filtered output value depends upon previous
output values and previous input values. This
type of filter is described as a recursive digital
filter. Non-recursive digital filters have an
output which depends upon the input data alone

The digital filter coefficients for the velocity
and acceleration response have the same but
different . For the velocity response the are
;
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and for the acceleration response the

3

are

4
2

USING THE RESPONSE SPECTRA

Typically, the response spectra are calculated
using a measured waveform driving the base of
the SDOF system. An example of a measured
ground vibration is shown in Figure 6. The
response spectra can be presented in various
ways. One approach is to plot the respective
response spectrum versus the resonant
frequency or period of the SDOF system. A
second approach is to form the so-called
pseudo-response spectra which may be derived
from a given response spectrum by multiplying
or dividing by the circular resonant frequency
(Dowding, 1985; Craig, 2006). The underlying
assumption is that the motion is approximately
sinusoidal. Once a single response spectrum is
obtained and the other two pseudo-response
spectra are de-rived, it is possible to plot all of
them on tripartite log-log graph. Figure 7 shows
an
example
of
a
tripartite
plot
(www.dplot.com).

(24)
4

2.4 Response spectra by convolution or recursive
digital filtering
We use the SDOF digital filters developed in
the previous section and compare their output
to the analytical impulse response. The base
excitation is a Dirac delta function for the
acceleration.
Figure 3 shows the three impulse responses
(displacement, velocity and acceleration)
calculated using the digital filters (with the
number of samples,
2000,
0.05,
100, and
1/30 ) compared to the ideal
analytical impulse responses. A measure of the
accuracy of the digital filter responses is the
normalized absolute error across the whole
waveforms where the normalization factor is
the maximum absolute value of the ideal
impulse response. These error plots are shown
in Figure 4.
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Displacement impulse response.

1.0
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The maximum absolute errors are less than
approximately 1.5%, 1%, and 0.7% for the
displacement, velocity, and acceleration
responses, respectively. The errors decrease
slightly faster than linearly as the sample
interval decreases. For example, halving the
sample interval for the cases just mentioned,
decreases the maximum errors to less than
approximately 0.4%, 0.3%, and 0.2%,
respectively. The errors arise essentially due to
the upper (Nyquist) frequency limit (here equal
to 1500 Hz) for sampled data. The effect may
be seen directly in the frequency domain
(Figure 5) where the truncation of the digital
response sees its amplitude response tracking
below the ideal prototype response as the
frequencies approach the Nyquist frequency.
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Velocity impulse response
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Figure 4

Acceleration (ms- 2 )
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0
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Another approach is to plot the acceleration
response spectrum versus the displacement
response spectrum (ADRS plot) and this is
done for the measured ground vibration in
Figure 6 and is shown in Figure 8. Two curves
are drawn: the first is for the results obtained
using a convolution with the impulse responses,
and the second for the results obtained using
digital filters. It is clear that the results for both
methods are indistinguishable from each other.
The sampling period of the measured ground
vibration was 0.5 ms which gives a Nyquist
frequency of 1000 Hz. No prewarping was
performed on the resonant frequencies, as thirty
times the maximum resonant frequency of
100/2 π =15.9 Hz is significantly less than the
Nyquist frequency. The resonant circular
frequencies were in the range 1≤Ω_N≤100. The
calculations conducted using the digital filters
were approximately seven times faster than
those using convolution.

0.20

Time (s)

(c)

Figure 3

Acceleration impulse response

Comparison of the ideal response
(solid curve) to that calculated using
the digital filter (points) with
n=2000,β= 0.05,f_in= 100, n= 1000 ,
and T= 1/30f_n. The two responses
are essentially identical.

Normalised Relative Error (%)

2

1

0

-1

-2

0.05

0.10

0.15

0.20

Time (s)

(a)

Displacement impulse response error

Normalised Absolute Error (%)

2

The ADRS plot offers a tidy approach to show
actual response spectra and to overlay limits in
both acceleration and displacement. These are
gradually appearing in building codes (Maguire
and Wyatt, 2002). Such considerations arise
naturally for large infrastructure adjacent to
blasting sites (Tsang et al, 2018). Similar
concerns arise when blasting in underground
tunnels under cities where critical equipment
and
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Comparison of the ideal response
(solid curve) to that calculated
using the digital filter (points)
with
,
. ,
, n= 1000 , and
/
.
The two responses overlap
almost exactly.

Acceleration impulse response error
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Figure 5

Comparison of the ideal response
(solid curve) to that calculated
using the digital filter (dashed
curve) with n= 2000, β=0.05,
f_in=100, n=1000 and T=1/30f_n.
The two responses overlap
almost exactly.

Figure 7
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0.00010
0.00005
0.00000
- 0.00005
- 0.00010

Figure 9 has been taken from Tsang et al
(2017) to illustrate the manner of overlaying
limits on the ADSR plot based on
measurements and calculation of the response
spectra from blasting. and calculation of the
response spectra from blasting. The design
limits have used data from 46 far-field vibration
records and 26 near-field records. The peak
component velocities were between 0.1 to 8.6
mm/s for the far-field records and between 6.6
to 123.2 mm/s for the near-field recordings.
The blasts were conducted in coal mines in the
Hunter Valley, NSW, Australia.

- 0.00015
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Figure 6

Example of a tripartite graph
(www.dplot.com). The left-hand
axis is for the velocity response,
the grid lines sloping at 45
degrees are for the displacement
response, and the grid lines
sloping at 135 degrees are for the
acceleration response.

Measured horizontal ground
acceleration from a quarry blast.

machinery reside near or above the tunnel
route. Response spectra also have value in the
design of sub-surface electronic circuit boards
that are becoming more common in the actual
implementation and assessment of blasts. A
specific example of the latter is the design of
hard drives that have strict requirements on the
acceleration levels to which they may be
subjected (Masterson, 2018).
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approach and the more efficient recursive
digital filter approach. The latter in our
implementation is seven times faster to
compute than by using direct convolution and
does not require specific knowledge of Fourier
methods.

0.7

Acceleration (ms- 2 )

0.6
0.5
0.4
0.3
0.2

It is important to note that the SDOF system described here is assumed to be linear. Non-linear
approaches should be applied if that assumption
does not apply. Furthermore, the engineer must
identify how many modes of vibration apply
and in which directions. Systems with multiple
degrees
of
freedom
require
further
considerations and the reader is directed to the
work of Wilson et al (1981) for useful
approaches in such cases.

convolution

0.1

digital filter
0.0
0.0001

0.0002

0.0003

0.0004
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Figure 8

Plot of the acceleration response
spectrum
versus
the
displacement response spectrum
for the measured horizontal
ground acceleration shown in
Figure 6 and 1≤ω_n≤100.

It is advocated that the response spectra be
presented in ADRS format as a starting point
and that further blast vibration data be collected
in various geologies to test the viability of the
approach for design and structural vulnerability
assessment.
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ABSTRACT
Longhole stoping with ring drilling is best suited method for large scale production from exploitation
of nearly vertical ore deposit. However production blasting in underground stope beneath surface
structure is a challenge for blast designers. Residential and industrial surface structures above underground stopes experiences substantial cracking due to high magnitude of blast vibration. Directorate
General of Mines safety (DGMS), India has framed regulation to limit blast vibration upto stipulated
level to safeguard these surface structures. Following paper deals with designing of controlled blasting parameters for blasting at underground long hole stope with safety of surface industrial structures.
The experimentation with blast design has been performed for this purpose at Sindesar Khurd Mine
of M/s Hindustan Zinc Limited, Rajsthan, India. Experimental and simulation approach has been used
to optimize blast design parameters to safeguard surface industrial structures like water tank, electrical substations, crushers and milling plant. This has been achieved by optimization of charging parameters and delay sequence. Simulation approach predicted blast induced vibration of 26mm/s at a
distance of 100m from simulated signature blast hole. The predicted vibration is from model simulated considering equivalent rock mass as per mine condition. However, Anisotropy and heterogeneity of rock mass tend to decrease blast vibration around structure. Charging parameters have been
designed by experimental blasts. Altogether 64 experimental blasts were conducted with varying blast
design parameters. Charge weight per delay has been optimized using USBM predictor equation.
Multivariate statistical analysis approach has been used for optimization of total explosive charge in
a blasting round. Multivariate predictor equation has been developed considering hole diameter, number of blast holes in a blasting round, total explosive charge in a blasting round and distance of structure from blast face as independent variables and peak particle velocity of ground vibration as dependent variable. Total explosive charge and explosive charge weight per delay has been tabulated
based on these predictors. Results have been recommended for day to day blasting at mine in order
to reduce blast vibration near surface structures. Delay timing between blast holes has been optimized
by near field blast vibration monitoring. Analysis of waveforms for recorded near filed blast vibration
data reveals that 40ms is the optimum delay for ring blasting in order to reduce vibration. Blast design
has been recommended for stoping based on the results of simulation and statistical analysis.
1

INTRODUCTION

backfilling (Himanshu and Kushwaha 2016).
However such large scale blasting is a challenge
for blast designers as blasting operation may
lead to substantial cracking and damage in structures due to blast induced ground vibration
(Singh et al. 2010). Damages are mainly caused
by three factors as- ground vibration amplitude
(peak particle velocity; PPV), its duration and its
frequency. Apart from the PPV, the frequency
content and the relative amplitude of horizontal

Longhole stoping is a productive method for extraction of underground metalliferous deposit as
this method encompasses large diameter drilling
and blasting of longer length leading to complete
extraction of a level in single lift (Hartman
1987). Productivity and safety of this method is
interrelated. Expected productivity can be
achieved by proper sequencing of stoping and
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and vertical components can also play important
roles with regards to the response of structures
in the nearby areas (Singh et.al. 2008, Singh et.al
2015). Industrial structures include many sensitive structures like water reservoir, tailing pond,
offices etc. Optimization of blast design parameters in the zone of these surface structures is important to safeguard it from blast induced damage.

of about 400 m. The dip of the ore body is 400600 towards N80W.
2.1 Stoping methodology
Longhole stoping is a high production and lowcost mining method for metalliferous mine. It is
a very popular method chosen when open pit
mining activities are no longer economical and
mines move to underground operations (Kushwaha et.al 2014). This method is a variant of
sublevel open stoping in which longer blast
holes with larger diameters (140 to 165 mm) are
used. The holes are normally drilled using the inthe-hole (ITH) technique. Depth of hole may
reach up to 100m (Hustrulid and Bullock 2001).
In this method, the miners must create a vertical
slot at one end of the stope and then work in the
sublevels to drill a radial pattern of drill holes.
After a set of these holes are loaded, blocks of
ore body are blasted in to the open stope. There
are two main variations of this method as longitudinal and transverse longhole stoping. Longitudinal longhole stoping is applied for orebody
with thickness less than 5m, and transverse longhole stoping for thicker ore bodies. Extraction is
being carried out from hangingwall to footwall
side of the ore body in different steps with subsequent backfilling in case of transverse longhole stoping.

Blast induced ground vibration is controlled by
various controllable and uncontrollable parameters. Controllable parameters include blast design parameters and explosive property while
rock characteristics and geological conditions
fall under uncontrollable parameters (Jemino et
al. 1995). Controllable parameters have been optimized in this paper and recommendations have
been made for designing of blasting parameters
at an underground lead and zinc mine to safeguard surface structures like water reservoir,
mill process plant, control room, etc.
2

SITE DESCRIPTION

Sindesar Khurd mine is an underground leadzinc mine. It is located at 6 km north of Rajpura
Dariba mine in Rajsamand district of Rajasthan
state of India and is at 76 km from Udaipur. The
latitude and longitude of the Sindesar block are
24059'N to 25001'N and 74009'E to 74010’E.
The whole area is covered with 20-30 m thick
alluvium. The deposit comprises an assemblage
of medium to high-grade metamorphic equivalents of ortho-quartzites, carbonates and carbonaceous facies rocks flanked by meta-argillites
of pre-cambrian, pre-aravali age. The rock types
generally encountered are calc-biotite schists,
calc-quartzite/siliceous dolomites, graphite
mica-schists, cala-silicate bearing dolomites and
quartzite veins. The cala-silicate bearing dolomite present within the mica schist-chert horizon, forms the principal host rock for the sphalerite-galena mineralisation. The carboniferous
schist forms the subordinate host in terms of
grade. There are no major or regional structural
features that could adversely affect the mine stability. The deposit is located in the central part
of the eastern limb of synformal fold and is concealed at a depth of 100 m. The strike direction
of the ore body is N10-15E with a strike length

Extraction of orebody at Sindesar khurd mine is
done by longhole stoping method with subsequent backfilling using cemented rock fill
(CRF). Cross cuts are made at an interval of 30m
each between hangingwall and footwall drives.
Orebody is extracted along these crosscuts for
first 15m and it is termed as primary stope and
the rest 15m is left as pillar and is extracted as
secondary stope after subsequent backfilling in
primary stopes. Stoping operations are carried
out by drilling and blasting. Slots are opened initially along a cross cut, which work as free face
for later round of blasting. Later on, orebody is
blasted in ring drilling pattern. Longitudinal vertical section and transverse section of blasting
pattern/sequence used at Sindesar Khurd mine is
shown in Figure 1 and Figure 2 respectively.
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Figure 1

Longitudinal Vertical section of
blasting sequence at Sindesar
Khurd mine.

Figure 2

Transverse section of blasting sequence at Sindesar Khurd mine.

(DGMS), a statutory body under Government of
India have framed standard under circular 7,
1997 which states the allowable limit of blast vibration of different dominant frequency for industrial structures. The stipulated standard of
threshold blast vibration for different structures
has been presented in Table 1. Blast vibration
limit has been restricted to 10mm/s for dominant
excitation frequency below 8Hz. This is to avoid
damages due to resonant frequency of blast vibration and structures. Frequency of the surface
structures has been recorded for which maximum transfer of blast vibration takes place. Recoded frequency of structures for maximum
transfer of blast vibration has been presented in
Table 2. It has been observed that maximum
transfer of blast vibration takes place at 6 Hz frequency for most of the structures. However
some of the structures show maximum transfer
of blast vibration at 12 Hz frequency. Recoded
frequency of blast vibration has been plotted as
shown in Figure 4. It has been observed that
dominant frequency of blast vibration is more
than 25 Hz in each case. Considering DGMS
standard and resonance due to recorded frequency of structures, 20mm/s (As recorded frequencies of blast vibration is beyond 25 Hz) has
been considered as threshold limit to design controlled blasting parameters for SKA2 and SKA6
orebodies.

2.2 Sensitiveness of blast and presence of

surface structures
Sindesar Khurd underground mine have three
working orebody as- Main orebody, SKA2 orebody and SKA6 orebody. SKA2 and SKA6 ore
body falls vertically below surface industrial
structures of the mine owner. These industrial
structures include water reservoir, mill process
plant with ball mills, crusher plant with primary,
secondary and tertiary crushers, mine control
room, electrical substations, tailing thickener
plant, mine and other associated offices etc.
Nearest stope during experimental blast was at
400 mRL, 400 6P01 and 400 6P02 stopes, which
lies at vertical distance of nearly 100m and radial
distance of about 200m from water reservoir.
Part plan of the mine and surface showing different industrial structures and current working
stopes of the mine is shown in Figure 3. These
industrial structures are prone to damage induced by blast vibration. Mine management has
taken initiative to establish controlled blast design to safeguard surface industrial structures of
the mine. Directorate General of Mines Safety

Figure 3
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Part plan of the mine workings
and surface structures.
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Table 1

Blast vibration threshold stipulated by DGMS, India (in mm/s)
(circular no.7 of 1997).

Table 2

Dominant
excitation
frequency, Hz
8-25
8
25
HZ
HZ
HZ
(A) Buildings/structures not belonging to the
owner
1. Domestic houses/structures
5
10
15
(Kuchcha, brick
and cement)
2. Industrial build10
20
25
ing
3. Objects of historical importance
2
5
10
and sensitive structures
(B) Buildings belonging to owner with limited span of life
1.Domestic houses
10
15
25
/structures
2. Industrial build15
25
50
ings

Frequency of different surface
structures for maximum transfer
of blast vibration.

Roof
Second
floor
First
floor
Roof
First
Floor
Roof

12-13 m

Frequency
at maximum
transfer
of vibration.
(in Hz)
6.25

8-9 m

6.13

4-5 m

6.25

11-12 m

6.13

4-5 m

12.5

4-5 m

12.6

Roof

10-11 m

7.13

Type of structure

Figure 4

Approximate
Height of
the
Structures
(in m)

Structures

1.Power
Station
2.Mine
Office
3. Canteen
4. S K Mill
office
3

EXPERIMENTAL BLAST DETAILS

Experimental blasts were performed in stopes of
SKA2 orebody and SKA6 orebody. Altogether
64 blasts were conducted consisting of 42 blasts
at stopes of SKA6 orebody and rest 22 blasts at
stopes of SKA2 orebody. The consequent
stopes, slot raises and development openings in
SKA2 orebody were 300 2P3 stope, 300 2P5
stope, 275 2P1 stope, 300 2P7 stope, 325 Raise
and 197 2AP3 stope and that of SKA6 orebody
were 400 6P01 stope and 400 6P02 stope. Vibrations were monitored on the surface near crusher
plant, water tank, tailing thickener, mill process
plant, control room, electrical substation, mine
office etc. A view of different surface structures
and vibration monitoring around these structures
is shown in Figure 5. The number of holes detonated in a blast round varied from 1 to 28. The
total explosives weight detonated in a blast varied from 37.5 kg to 1825 kg. The maximum explosives weight per delay varied between 6 kg
and 200 kg. The diameter of the blast holes was
of 89 mm, 102 mm, 115 mm and 165 mm. The
hole diameter of 115 mm and 165 mm were used
in slot blasting whereas 89 mm, 102 mm and 115

Recorded dominant frequency of
blast vibration.
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Numerical simulation was performed using elastic model of FLAC3D code. Rock mass properties for the lead-zinc deposit available at mine
and simulated in the model are shown in Table
3. Simulated explosive properties have been
shown in Table 4.

mm hole diameters were used for ring hole blasting.

Table 3

Rock Mass Properties used in Numerical simulation.

Elastic Modulus
Poisson’s Ratio
Density
Figure 5

4

View of blast vibration monitoring around various surface industrial structures.

Table 4

Explosive properties simulated in
the model.

Velocity of Detonation
Density
Detonation pressure

OPTIMIZATION OF BLAST DESIGN
PARAMETERS

Blast design parameters have been optimized
considering rock mass properties and explosive
properties. Vibration expected from homogeneous rock mass has been simulated and charging
parameters has been suggested.

11.5 GPa
0.22
2750 kg/m3

4000 m/s
1100 kg/m3
8800 MPa

Boundary conditions have been given to modelled geometry, to fix deformation along all directions except direction of stemming ejection.
“Quiet” boundary conditions have been given in
all directions, which allows blast wave in the
form of stress wave to be absorbed along boundaries. However, reflection and refraction of blast
waves are usual in real case scenario leading to
blast attenuation progressively. So, vibration
predicted using this approach would be over prediction. All natural dynamic systems are subjected to a certain degree of damping of the vibrational energy within the system to prevent it
from vibrating indefinitely when subjected to
driving forces. Rayeligh damping condition has
been simulated for this case study. Damping coefficient and frequency have been taken by back
calculation approach to match the simulated
blast vibration with recorded data. Damping coefficient of 0.1% and frequency of 12 Hz have
been taken for this problem.

4.1 Assessment of rock mass properties and its
effect on blast induced ground vibration
Effects of rock mass properties on blast induced
vibration have been assessed by dynamic simulation tool. The tool is based on basic properties
of elasticity to get deformation across modelled
geometry. This can be achieved by tool packages
of different numerical simulation approaches.
Advantage of simulation approach is homogeneity of materials throughout model, and hence
parametric response can be recorded, which is
difficult during experimental trials (Himanshu
et.al. 2017). The approach used in this paper is
finite difference approach using FLAC3D. Geometry has been modelled to simulate blast
across single hole. Explosive energy in the form
of detonation pressure has been given as input
parameter. Stemming material is modelled as
void considering its very low strength and instantaneous release during blast. Monitoring
points have been fixed in model at desired radial
distances from detonation point.

Blast vibration in the form of velocity magnitude
(peak vector sum for seismograph recorded data)
was assessed for signature hole blast. Monitoring stations were fixed at radial distances of
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for the mine has been recommended based on
USBM predictor equation. Regression analysis
has been done to establish relation between explosive charge weight per delay and scaled distance of the recorded vibration. The established
regression plots for SKA2 and SKA6 orebodies
of the mine in logarithmic scale is shown in Figure 7 and Figure 8 respectively. The predictor
equation for SKA2 and SKA6 ore bodies of the
mine has been presented as equation I and II
respectively. These site specific equations are
applicable only for respective orebodies of
Sindesar Khurd underground mine.

50m, 100m and 150m. All the monitoring stations fixed at these radial distances consider similar directional distances. Simulated wave shows
spherical behavior of blast wave propagation.
Signature hole simulation of 115mm diameter
blast hole with equivalent rock and explosive
properties shows peak vector sum of 25.85 mm/s
at a radial distance of 100m from blast face.
However this prediction is over prediction considering homogeneity of rock mass. Plot of simulation result has been shown in Figure 6.

Figure 6

Vibration resulted from simulation of blast hole of depth 20m
with charge length 14m at radial
distance of 100m from blast hole.

Figure 7

Regression plot of recorded PPV
with their respective scaled distances for SKA2 Ore body of
Sindesar Khurd Mine.

Figure 8

Regression plot of recorded PPV
with their respective scaled distances for SKA6 Ore body of
Sindesar Khurd Mine.

4.2 Optimization of charging parameters for
stope blasting
Charging parameters for slot and ring blasting at
the mine were optimized by statistical analysis
of recorded ground vibration data near different
industrial structures. There are many parameters
responsible for propagation, amplification and
attenuation of blast induced vibration, but maximum charge weight per delay and distance of
monitoring station from blasting faces are most
common parameters adopted worldwide for
blast vibration prediction. These parameters
have been included in predictor equations proposed by various researchers around globe.
United States Bureau of Mines (USBM) predictor equation is one of the most acceptable predictor in world which consists of above parameters (Duvall and Petkof, 1959). USBM predictor
equation and multivariate logarithmic predictors
has been developed for SKA2 and SKA6 orebodies separately. Maximum charge per delay
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total explosive charge in a blasting round, hole
diameter and distance of surface structures from
blast face. Accordingly, the coefficients of variables have been determined from regression
analysis and multivariate logarithmic predictor
has been established. The established multivariate predictors for SKA2 and SKA6 orebodies of
the mine have been presented as Equation III and
IV respectively. These are site specific predictor
equation applicable only for respective orebodies of Sindesar Khurd mine.

 1 . 563


v  2092 . 8  



R
Q max






(2)

Correlation coefficient = 0.87
Where,
v = Peak particle velocity (mm/s)
R= Distance between vibration monitoring point
and blasting face (m)
Qmax = Maximum explosive weight per delay
(kg)
Total explosive charge for a blasting round has
been optimized using multivariate predictors.
Multivariate regression analysis has been done
to establish relation between peak particle velocity of vibration and blast design parameters. Linear, Polynomial and logarithmic multivariate
analysis has been done for this purpose. Hypothesis was made under different predictor model
considering dependency of PPV on blast design
parameters. The reverse hypothesis for the same
has been taken as null hypothesis. Decision making procedure in statistical analysis follows statistical F-test, t-test and P-values based approach. P-value approach has been used for this
case study problem. The P value, or calculated
probability, is the probability of finding the observed, or more extreme, results when the null
hypothesis (H0) of a study question is true – the
definition of ‘extreme’ depends on how the hypothesis is being tested. P is also described in
terms of rejecting H0 when it is actually true;
however, it is not a direct probability of this state
(statsdirect.com, 28th July 2017). P-value for rejecting null hypothesis has been taken as less
than or equal to 0.05 for this problem.

.
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Multiple coefficient of correlation = 0.82
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Multiple coefficient of correlation = 0.91
Where,
φ = Hole diameter (mm).
Qt = Total explosive charge in a blasting round
(Kg)
N = number of blast holes fired in a blasting
round
D = Distance of vibration monitoring station
from blast face (m)
PPV = Peak particle velocity of vibration (mm/s)
4.3 Optimization of delay timing for stope
blasting
Delay timing between decks, holes in a ring and
between rings has been optimized by near field
vibration monitoring for ring blast. Near field vibration were monitored keeping different delay
intervals between decks. Sample rate of monitored vibration was 4096 per second. Plot of near
filed vibration monitored keeping 40ms delay
between decks and 1 second as delay between
two rings is shown in Figure 9. Waveform analysis of near filed vibration data has been done to
optimize delay timing. It has been observed that
50ms-60ms is the optimal delay between decks
and 900ms-1000ms is the optimal delay between
rings in order to reduce blast vibration.

Regression analysis of variables for linear, polynomial and logarithmic predictor model have
shown better coefficient of correlation for logarithmic predictor model than other predictors. It
is also observed that mutually exclusive dependency of blast design parameters can only be
maintained in logarithmic predictor model. Multivariate regression analysis has been done using
Microsoft excel to establish relation among PPV
and blast design parameters like burden, spacing, total number of holes, distance of blast face
from structure etc. Decision making tool using
P-value approach indicated that dependent variable PPV have relation with independent variables total number of holes in a blasting round,
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be applied at the places where there is a practical
difficulty of deck charging. Recommended blast
design with full column charge and deck charging for SKA2 and SKA6 orebodies of the mine
is shown in Figure 11 and Figure 12 respectively.

Figure 9
5

Plot of near filed vibration monitored at Sindesar Khurd Mine.

BLAST DESIGN
RECOMMENDATION FOR SAFETY
OF INDUSTRIAL STRUCTURES.

Blast design has been recommended based on
predictor equations developed for the site.
USBM predictor equation has been used for
Maximum explosive weight per delay (MCPD)
recommendation and multivariate predictor has
been used for total explosive weight recommendations in a blasting round. Recommended
charging parameters for SKA2 and SKA6 ore
bodies of the mine have been summarized in Table 5 and Table 6 respectively. Charging parameters have been suggested based on various
blasts design requirements at the site. MCPD has
been calculated based on Equation I and Equation II for SKA2 and SKA6 orebody respectively. Total explosive charge for a blasting
round has been calculated under varying hole diameter and number of blast holes condition. The
total explosive charge for a blasting round in
SKA2 and SKA6 orebodies of the mine has been
evaluated on the basis of Equation III and Equation IV respectively. Blast design initiation is
recommended to be selected as per direction of
surface structure. Recommended blast design
pattern for slot blasting has been shown in Figure10. Deck charging has been recommended
for ring extraction in the orebody in order to reduce vibration. However column charging may

Figure 10 Recommended blast design for
slot of SKA2 and SKA6 ore body
of Sindesar Khurd mine.

Figure 11 Recommended blast design of
ring with full column charge for
SKA2 and SKA6 ore body of
Sindesar Khurd mine.
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Table 5
Hole
diameter
(mm)
89
89
102
102
115
115
115
115
115
115
115
115
115
165
165
165
165
165
165

Table 6

Recommended charging parameters for SKA2 orebody of Sindesar Khurd Mine.
Distance of
structure from
blast face (m)
100
100
100
100
100
100
100
200
200
200
500
500
500
200
200
200
500
500
500

Peak Particle Velocity (mm/s)

Total explosive charge
in a blasting round (Kg)

5
10
5
10
5
10
20
5
10
20
5
10
20
5
10
20
5
10
20

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

232
463
214
428
200
399
799
1390
2781
5562
18088
36175
72350
1129
2257
4515
14682
29365
58729

Maximum
charge per
delay (Kg)
21
21
21
21
21
21
21
86
86
86
536
536
536
86
86
86
536
536
536

Recommended charging parameters for SKA6 orebody of Sindesar Khurd Mine.

Hole diameter
(mm)
89
89
102
102
115
115
115
115
115
115
115
115
115
165
165
165
165
165
165

No. of blast
holes

Distance of
structure from
blast face (m)
100
100
100
100
100
100
100
200
200
200
500
500
500
200
200
200
500
500
500

No. of
blast
holes
5
10
5
10
5
10
20
5
10
20
5
10
20
5
10
20
5
10
20

Peak Particle
Velocity
(mm/s)
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
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Total explosive
charge in a blasting
round (Kg)
514
768
500
747
487
728
1087
1863
2782
4156
10960
16372
24456
1726
2579
3852
10158
15174
22666

Maximum
charge per delay
(Kg)
26
26
26
26
26
26
26
104
104
104
651
651
651
104
104
104
651
651
651
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Vibration modelling and mechanisms for wall control blasting
D. P. Blair
Blasting Geomechanics Pty Ltd

ABSTRACT
A vibration waveform superposition model has been developed specifically for wall control
blasting. In this model, vibrations are predicted over the flat blast zone towards the wall base, and
then up over the surface of the wall itself. This requires the use of 3D coordinates (x, y, z) over the
mine pit shell in order to calculate the total distances from each blasthole to a specific monitor
station. The monitors are located on a uniform grid (in x-y coordinates) and vibrations predicted at
(x, y, z) points typically at 201 x 201 stations. This enables a contour of vibration over the pit wall
surface, and examples are given. Random fluctuations are imposed on each blasthole seed emission
using low discrepancy Sobol numbers, and the duration of these fluctuations is automatically
determined from an energy criterion applied to the seed waveforms. Furthermore, the scatter
associated with the delay times, charge weight fluctuations and randomizing the transverse
component of vibration are all imposed using independent Sobol numbers. Due to the large range in
relative distances involved, an approach is also given for a seed waveform morphing method to
yield smooth changes in seed waveforms with distance; this is more realistic than assuming constant
seeds or seeds that change according to uniform attenuation models. Single blasthole models are
also used to show the potential of centre-priming and air-decks to reduce wall impact. The
association between vibration and wall damage is also considered. In this regard, it is typically
assumed that there are other wall damage mechanisms, such as gas penetration and bulk movement;
however their role is questioned.
1 INTRODUCTION

and a 3-dimensional treatment for estimating
vibrations over the surfaces of multiple berms
in a pit. Another main aim is to present some
recent models for deck charges in holes close to
the wall, which has relevance for presplitting as
well as designs for blastholes that might
otherwise be overcharged. Any treatment on
wall control should ideally include some
discussion regarding mechanisms of blast
damage, and this issue is addressed first,
followed by the MCWSM as applied to wall
control and, finally, the deck charging of
blastholes to reduce their wall impact.

Wall control blasting requires an understanding
of the behaviour of single blastholes (especially
those closest to the wall) as well as the
behaviour of a time-delayed sequence of
blastholes. In this regard, Blair (2015) gives
results for standoff distances based on
analytical models of stress damage, and also
gives results from waveform superposition
models that predict the wall vibration response
from any modified production blast near the
wall, either with or without an associated
presplit. Waveform superposition models have
a long history of application for blast vibration
and Blair (2011) has given a detailed review in
this regard. One main aim of the present work
is to examine recent additions to a Monte Carlo
Waveform Superposition Model (MCWSM).
These additions include an improved method
for adding random fluctuations to seed
waveforms, a seed-morphing approach for
generating a near-continuum of multiple seeds

2 MECHANISMS OF WALL DAMAGE
At a reasonably basic level there are 3 broad
mechanisms generally proposed for blast
damage to walls: vibration, gas penetration and
bulk movement. Of these 3 mechanisms,
vibration is probably the most accepted and
best understood, whereas gas penetration and
bulk movement are much more problematic.
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For example it is sometimes believed that gas
can produce wall damage by penetrating cracks,
flowing through the cracks and extending them
into the base of the wall. However, detailed
measurements in a coalmine by Brent and
Smith (1996) found no evidence of penetration
of high-pressure gases through cracks. Brent et
al (2001) also conducted similar measurements
in a large open pit gold mine and showed that
there was a lack of significant gas
pressurisation; in fact the gases never
penetrated to the standard burden distance of
5.2 m, for single holes or for full-scale blasts.
These measurement results are consistent with
the results from numerical modelling of gas
driven cracks in rocks under realistic blast
loads. In this regard, Minchinton and Lynch
(1997) show that although the gas can drive the
crack tip ‘remotely’, it does not penetrate far
into the crack. It is also believed that bulk
movement, such as back-break and formation
of a large power trough during a blast (as often
recorded by high-speed video etc) are
indicators (even causes) of blast damage.
However, any visual assessment can only ever
show the effect, and other insights/
measurements are required to draw valid
conclusions regarding the cause. In this regard,
numerous trials of vibration monitoring on
open pit walls just behind final wall blasts show
no conclusive evidence of any longer-term
vibration signatures occurring after the passage
of the initial and high amplitude dynamic
waves. This implies that any longer term
influences, such as crack extension into the
wall by gas propagation and bulk movement are
also “vibration silent” mechanisms, and this
does not appear to be a reasonable assumption.
Another mechanism termed ‘release of load’ is
also used to describe the back-break associated
with blasts and this is sometimes considered as
another indicator of damage when blasting
close to walls. Many years ago Hagan (1973)
originally introduced this mechanism in an
attempt to understand back-break. However,
‘release of load’ is a vague, non-mechanistic
term that fails to give any detail. Jimeno et al
(1995) attempted to justify this notion by using
a quasi-static approach to describe the effect of
a gas pressure transient remaining in the
blasthole after the passage of the high intensity
dynamic waves. However, Blair (2015) noted

that a quasi-static approach to any mechanism
involved in blasting is very dubious, and
showed examples where it gives completely
misleading results. Although the precise nature
of back-break is not understood, there is little
doubt that it is related to a combination of
mechanisms such as viscoelastic attenuation
combined with displacement discontinuity
across open and closed joints (well known in
Geophysics) as well as reflection spalling and
momentum transfer (well known in Rock
Mechanics). In fact, the last two mechanisms
can be clearly demonstrated using Newton’s
Cradle, which is a popular ‘desk-top toy’.
Placing a strip of rubber between the moving
balls in the cradle will also show the influence
of viscoelastic attenuation on the conservation
of energy and momentum of the ball motion
(analogous to bulk motion). All such
mechanisms play a role in back-break
formation. Clearly, there is much more work
required to understand the precise detail of all
mechanisms relevant to wall damage.
Nevertheless, it is reasonable to assume that
vibration will remain as a mechanism of
practical interest in this regard.
3 UPGRADED MONTE CARLO WAVEFORM SUPERPOSITION MODEL (MCWSM)
As noted in the Introduction, three recent
improvements have been made to the
MCWSM, the first of which deals with
imposing a random fluctuation on each seed
waveform. A method that produces a randomly
fluctuating waveform, sR(t), based on a
common seed shape, s(t), as a function of time,
t, can be obtained using a variation on the
method given in Blair (1992):

(1)
where * denotes convolution, δ(t) is the Dirac
delta function, rk is a pseudo-random number in
[-1,1], Δt is the waveform sample interval, R
the fractional randomness parameter and f is a
normalizing factor, chosen to normalise the
energy of the random fluctuations.
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In previous versions of the MCWSM, the
duration parameter, m, for the delta sequence
was set at an arbitrary value, such that mΔt
typically covered one quarter to one half the
duration of the seed waveform. However, this is
ad-hoc, and m is now determined by requiring
that mΔt be the time duration between the 10%
and 90% levels of the cumulative wave energy
for the seed. The fluctuating seed results are
shown in Figure 1a using pseudo-random
numbers over the range -1 to 1, specified as U[1,1], with randomness parameter, R, fixed at
0.8; in this example m was determined to be 45.
The convolution is depicted as a sliding
waveform of 44 random amplitude delta
functions, separated by time intervals of Δt; the
spike at the beginning of the delta sequence has
unit amplitude, consistent with the first term on
the rhs of equation (1). This approach is used to
generate 100 random versions of the wave
component s(t). However, in some regions
there are large contributions (for example at
0.25 s) that would not be expected under any
reasonable assumption of random fluctuations
on a common seed. This phenomenon arises
due to the well-known clustering of U[-1,1]
numbers, and produces the long term, and
unwanted, periodic structure seen in the
convolution sequence. In this regard it is much
better to use sub-random numbers, such as
Sobol numbers, which are cleverly devised to
avoid such clustering. Figure 1b shows the
results for which the amplitude of the delta
functions in the sequence is given by S[-1,1],
which are Sobol numbers in the range -1 to 1. It
is clear that the use of such numbers gives
random fluctuations more in line with
reasonable fluctuations superimposed upon a
common seed waveform. It can also be seen
that the S[-1,1] sequences have minimal
clustering. The random numbers, rk, in equation
(1) are then given by the S[-1,1] numbers.

Figure 1b Random waves using S[-1,1]
sequences.
The next stage of improvement in the MCWSM
is to develop a seed waveform that continually
varies with distance. In this regard, Blair (2011)
traces the history of seed waveforms used in
any general waveform superposition model
(WSM). The original WSMs used only a single
(tri-axial) set of fixed seed shapes, irrespective
of distance from the blast to the monitor. Blair
(1990) and Yang and Scovira (2007) then
developed models that incorporated constant-Q
(CQ) attenuation to artificially broaden seed
functions travelling over a known sourcemonitor wave path. However, such models are
only valid in those very rare cases where the
rock mass is uniform. For application in more
realistic cases, Blair (2008) developed a WSM
that used 24 measured seed functions; Yang
and Lowndes (2011) also reported a multiple
seed approach to the problem. However, it is
expensive to collect a large number of seed
waveforms and even then, their coverage with
distance will often not be sufficient. In this
regard it is worthwhile collecting just a limited
set of seeds and then using a waveform
morphing approach to generate seeds for any
required distance, d. In this regard, let p be a
normalized distance between 0 and 1, covering
the full range of required distances. Then a
simple function to obtain a seed waveform,
sT(t,p), for any distance using just 3 seeds, s1(t),
s2(t) and s3(t), is given by

sT (t, p)  (1 2 p)s1 (t)  2 ps2 (t); 0  p  0.5 (2a)

sT (t, p)  2(1 p)s2 (t)  (2 p1)s3 (t); p  0.5 (2b)

Figure 1a

Figure 2 shows an example of this seed
morphing approach using three seeds measured
in an open pit nickel mine. The results are
given for the vector waveform of the (L, T, V)
components of each seed vibration record. The
morphed waves are shown as the heavy black

Random waves using U[-1,1]
sequences.
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segments, each of length approximately twice
the grid spacing, and determined by
interpolation of the surface RL values over the
pit shell. The structure of the pit wall is
obvious, and accounts for an extra 35 m or
more in the average travel distance from the
blast to the upper levels of the pit.

lines (R=0) and 100 simulations for each vector
(with R=0.8) are shown superimposed. As is
obvious from equations (2), the vectors for p=0,
0.5 and 1.0 are those for the original seed
waveforms, s1(t), s2(t) and s3(t), respectively.

Figure 2

Morphed vector waveforms
based on 3 seed functions; 100
simulations shown for R=0.8.

The final stage of improvement for the
MCWSM is to account for 3D distances. In this
regard, Figure 3 shows the pit shell surface in
the region of two blasts to be analysed. This
plot was obtained by using a two-dimensional
Shepard interpolation scheme applied to the
mine pit shell data. It is interesting to note the
old haul road traversing the wall benches.

Figure 3

Figure 4

(3D – 2D) distances over the wall
region.

The MCWSM was then upgraded to account
for the influences illustrated in Figures 1 and 4,
and used to predict the vibrations due to the
modified production blast located as shown in
Figure 4. Unfortunately, this blast triggered a
local collapse of benches centred approximately
on (E, N) wall coordinates (180, 200), covering
an extent of 50 m E and 150 m N. Thus the next
blast close to the wall was fired as a cautious
half-bench shot, and stepped some distance
from the base of the wall. The upgraded
MCWSM was also used to predict the
vibrations from this cautious blast. Figure 5a
shows the vector peak particle velocity (VPPV)
predicted for the modified production blast and
the cautious blast using only the single seed
waveform, s1(t), whose vector waveform is
shown as the lowest plot (for p=0) in Figure 4.
The map in Figure 5a was constructed using
241 x 321 monitor stations over the region
shown; 100 Monte Carlo simulations were run
at each station, and their average VPPV
mapped. This model took 14 hours execution
time using optimized FORTRAN on an INTEL
2.8 GHz i7 machine. It is convenient to plot a

The pit shell region of interest.

Figure 4 shows all the blasthole coordinates of
a modified production blast at the base of the
wall. These coordinates are overlaid on a map
of the difference between 3D distances (based
on E, N, RL coordinates) and 2D distances
(based only on E, N coordinates). The mapped
differences are based on the average of all
blasthole distances to a particular surface
location. The 3D line from any blasthole to any
wall monitor was constructed from small
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single map with the two blasts combined,
which can be achieved by selecting the larger
of the two mean VPPV values at each grid
point.

5c shows the results for the difference, ΔVPPV,
between the VPPV predicted by the 2D solution
and the VPPV predicted by the 3D solution.
These results show that if the true (3D)
distances are not used then the model can give
an overestimation in vibration for certain
regions of the pit wall. The wall region closest
to the blast is sensitive to this phenomenon
because of the large peak levels, which are
sensitive to even small relative differences
between 2D and 3D distances.

Figure 5a VPPV predictions; Modified
production blast (upper) and
half-bench cautious blast (lower).
Figure 5b shows the predictions for the
vibrational wave energy. This measure depends
not only on peak levels of the vibration, but
also its duration, both of which play a role in
wall stability under blast vibration.

Figure 5c (2D-3D) values in VPPV.
The single-seed version of the MCWSM was
then upgraded to use the 3 morphed seeds
illustrated in Figure 4. This process requires a
method for selecting the morphing parameter,
p, for each monitor station in the grid under
consideration. This can be achieved by using a
simple and robust procedure. In this regard, a
fast sweep through all the monitor grid points
and all the blasthole locations is used to find the
maximum hole-monitor distance, DMAX, as well
as the minimum hole-monitor distance, DMIN.
Then, at each monitor point in the grid, the
minimum hole-monitor distance, dm, is
determined. The parameter p at this grid point
is then given as

p  (DMIN  dm ) / (DMIN  DMAX )

Figure 5b Vibrational energy predictions
for the modified production and
cautious blasts.
The MCWSM was then run assuming all RL
values were zero; this is a standard 2D solution
(i.e. assuming the absence of any wall). Figure

(3)

Figure 6 shows a map of p over all the
monitoring points, and with regard to the
modified production blast; clearly an equivalent
p-map (not shown) would be required to
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describe the cautious blast. It can be seen from
Figure 6 that Equation (3) provides a good
coverage of low-p values around all sides of the
blast pattern that are exposed to the wall. This
coverage is essential for the morphing process
in order to avoid severe fluctuations in seed
functions.
Figure 7 shows the two-blast results for the
difference, ΔVPPV = (VPPVMORPH −
VPPVNOMORPH), assuming 3D distances. This
difference obviously reflects the influence of
using morphed seeds rather than the single seed
s1(t). It can be seen that the use of morphed
seeds does not produce a significant variation
from the case when only a single seed is used
(note reduced scale in Figure 7 as compared to
Figure 5a). This implies that the MCWSM is
somewhat insensitive to the exact nature of the
seeds, provided that all seeds are representative
of the site. This finding agrees with previous
experience (Blair, 2011).

Figure 6

A Map of
parameter, p.

the

Figure 7

Difference in VPPV between
morphed seeds and a single seed.

4 ANALYTICAL MODELS FOR
DECKED CHARGES
In many mining operations there is a
requirement to reduce the blast impact of those
holes closest to the wall. One well-established
method involves the use of decked charges
replacing full columns of explosive in such
holes. The present investigation deals with the
influence of explosive deck lengths and the
primer location within each deck. The dynamic
stress model is based on that reported in Blair
(2015) but altered to account for the variable
run-up of the explosive velocity of detonation
(VoD). The models are only considered for
blastholes of 251 mm diameter, for which
extensive field measurements have been
conducted to analyse the characteristics of
VoD, especially its run-up. As one example,
Figure 8 shows the raw distance versus time
data from 10 separate blastholes; the increasing
slope at early times is obvious and is due to
VoD run-up. However, there is clearly noise
(albeit small) on each trace, thus it would be
futile to attempt simple differentiation of this
data to get VoD. So each trace was passed
through a non-parametric, locally quadratic
LOESS smoother, and then differentiated using
a Savitzky-Golay filter. The resulting 10 VoD
traces as a function of in-hole distance, d, (from
the primer location) were then averaged. This
average is shown as the “measured” result in

morphing
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Figure 9 along with its curve fit and associated
equation.

Figure 9

Figure 8

The averaged VoD and its fitted
equation.

The first example, illustrated in Figure 10a,
shows two maps of identical size and stress
scale. The edges of the map on the left-handside (lhs) show the size in metres, and the
central scaled bar shows the dynamic stress in
MPa. The lhs map shows the results for centreprimed decks (indicated by small black squares
in each explosive column) and the right-handside (rhs) map shows the results for baseprimed decks. Both these maps were obtained
assuming a zero delay between each of the 3
decks. Figure 10b shows the results assuming a
0.5 ms delay interval between each of the 3
decks, with the base deck initiated first. To
constuct the maps of Figures 10a and 10b, the
maximum shear stress wave is first determined
from the superposition of waves coming off all
3 decks. Then the peak value of this stress wave
is plotted for each grid point. For the model of
center-priming, symmetry of the dynamic stress
about the primer in the middle deck is expected
for the zero delay case, and this symmetry is
clearly seen in the lhs of Figure 10a; both maps
in this figure show wave interference effects as
is also expected. Also as expected, for a nonzero delay interval (Figure 10b) there is no
symmetry of the stress peaks; furthermore,
wave interference effects between the centreprimed decks are quite pronounced.

Raw distance-time data for 10
blastholes.

This equation was then used within the
dynamic stress model. It is also interesting to
note that a VoD of 4821 m/s was predicted by a
non-ideal detonation code for the explosive
type used in a 251 mm diameter blasthole
within the site-specific rock mass. This is
sufficiently close to the final VoD of
approximately 4850 m/s shown in the long-time
measured results (Figure 9). The dynamic stress
model detailed in Blair (2015) was then altered
to account for a number of decks within a
single hole (the air gaps between decks are
assumed to be passive – see later). Although the
rock response in the near-field of any deck is
highly non-linear and ill-understood, Blair
(2010, 2015) justified the use of a variable-Q
method to mimic near-field response with a
sufficiently low seismic Q. In all present
models the Q was assumed to vary from 5
(close to the source) to 50 (at 7 m from the
source). This is achieved using a path-Q
method (Blair, 2010) based on radial distances
only. The dynamic stress models to be
considered consist of 3 explosive decks, each
2m long and either centre- or base-primed. In
these models, the stress waves from each deck
are assumed to interfere with each other; i.e.
these deck waves are linearly superimposed at
each grid point.

With regard to the models of Figures 10a and
10b, it should be appreciated that the maximum
shear stress wave is a positive-definitive scalar
wave related to components of dynamic
displacement derivatives (Blair, 2015). Thus it
is valid to use simple superposition of these
individual components from individual decks to
determine the total dynamic shear stress wave
at each grid point. However, it is also possible
to construct a model of cumulative stress rather
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than stress superposition. In this case, the peak
value of the maximum shear stress wave is
determined for each deck separately, producing
3 separate stress values at each grid point. In
the cumulative stress model, these 3 scalar
values are simply added. Thus this model
acknowledges that each of the 3 decks behaves
independently of the other decks; i.e. the delay
time between decks does not play a role. Figure
10c shows the results for this cumulative stress
model. In the case of centre-priming, symmetry
about the central deck is also expected, and this is
observed.

Figure 10c Base- and centre-primed decks;
cumulative stress model.
It is important to note the increased stress scale
in Figure 10c for the cumulative stress model.
Considering the centre-primed case, the
dominant emission extending either side of the
central deck is due to the interaction of the
upper half of the lower deck and the lower half
of the central deck as well as the interaction of
the upper half of the central deck with the lower
half of the upper deck. Considering all the cases
(Figures 10a to 10c), it can be seen that the
peak levels of stress at a given radial distance
from the blasthole are relatively high for basepriming and relatively low for centre-priming.
This is due to two main influences. Firstly, a
centre-primed deck virtually has two, relatively
weak, half-decks radiating in opposite
directions whereas a base-primed deck has a
single, relatively strong, deck radiating in one
direction. Secondly, the centre-primed decks
are less effective because they have VoD runup (i.e. effectively stress run-up) acting in both
directions away from the primer, whereas the
base-primed decks only have run-up in a single
direction. Thus the main conclusion that can be
drawn from Figures 10a to 10c is that centerpriming explosive decks could be an effective
method to artificially reduce the explosive
impact from those blastholes close to a pit wall.
The results also show that the centre-primed
decks give a more uniform stress distribution
along the length of the blasthole, and this might
have ramifications for the uniformity of
fragmentation.

Figure 10a Base- and centre-primed decks;
zero delay time.

Figure 10b Base- and centre-primed decks;
0.5 ms delay interval between
decks.

In order to understand the detailed behaviour of
an individual centre-primed deck, Figure 11
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shows a series of high-resolution snapshots
over a restricted distance range for 2m (lhs) and
1m (rhs) columns of charge. There are 5
snapshots in time of wave fronts produced by
the 2m charge column and 7 snapshots in time
for the 1m column; both maps are on the
identical stress scales.

It is also worthwhile considering the direct
influences of VoD run-up and the use of a base
air-deck in longer columns of explosive. In
principle, the air-deck can be assumed as either
active (i.e. pressurised by the explosive
column) or passive (providing only a space
between explosive columns). Realistically, all
air-decks would be active to some degree;
unfortunately, however, the exact nature of
their air pressure load is not known. In order to
get more understanding of this aspect, further
VoD trials were also conducted in which a
1.5m air-deck was placed above the explosive
column and a 1m long cement column was set
in place above this air-deck. This arrangement
can then be considered as a base air-deck
arrangement turned upside-down, and with the
advantage that typical VoD instrumentation can
be used.

Figure 11 Time snapshots for 2m (lhs) and
1m (rhs) columns of charge.

Figure 12 shows the raw data for the VoD cable
consumption as a function of time for 3
blastholes, H1, H2 and H3. Hole H1 was a
standard hole without an air-deck, whereas H2
and H3 were blastholes with a 1.5m air-deck
directly above the explosive column. It is quite
clear that both the holes with an air-deck are
consistently different to the hole without an airdeck insofar as they showed a rapid increase in
cable consumption at the explosive-air
interface. These results imply two possible
aspects. Firstly, the pressure wave (no longer a
detonation) at the explosive-air boundary
rapidly increases its velocity through the airdeck to a value greater than the VoD. Secondly,
the pressure load over the small region of rapid
velocity change is still sufficient to completely
crush the cable.

These results can be used to explain the
dominant feature seen in Figure 10a for the
centre-primed case, for which there is a spike of
stress intensity radiating out from the primer in
the central deck. Figure 11 (lhs) demonstrates
that this feature is not due to the primer, per se,
(the primer, itself, is not modelled); in fact it is
primarily due to the unloading waves coming
off the ends of the central deck. A close
examination of Figure 11 (lhs) shows that there
is an upper series of 5 circles centered on the
top of the charge column and also a lower
series centered on the base of the charge. Both
these series are the unloading (spherical) waves
coming of each end of the charge and
constructively interfere along a horizontal line
through the primer in the central deck. Such
symmetry is only possible for centre-primed
columns. As the deck length decreases (Figure
11, rhs), the relative intensity of this feature
increases due to the decreased distance
travelled by the unloading phase. With regard
to Figure 11 (lhs), the relatively high intensity
waves in the radial zone 4m to 5m from the
charge and in the upper/lower vertical zones are
due to the P-Mach waves. The remaining very
high intensity waves in the upper/lower vertical
zones are due to the S-Mach waves, which
clearly carry the dominant stress wave energy.

In light of the two aspects previously noted, an
approximate model was constructed for the
pressure load in an active air-gap. In this model
it was assumed that the velocity of the pressure
load at the explosive-air boundary increased
according to the slopes shown in Figure 12,
whilst there was an exponential decrease in
pressure load with distance through the air,
such that half-way through the air-gap, the air
pressure was less than 10% of the detonation
pressure.
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(3) and (4) of Figure 13. If the air-deck is
assumed to be passive (Case 3) then the
radiation below the primer is identical to that
shown in Case (2). However, if the air-deck is
assumed to be active (Case 4) then there is an
extra contribution due to air pressure loads
acting within the air-deck region.
5 DISCUSSION
Although based on some preliminary
experimental results (Figure 12), the model
constructed for the pressure load in an active
air-deck is clearly an assumption. However, if
any detailed information becomes available on
air pressure-time histories within an air-deck,
then this information can be readily
incorporated within the present dynamic stress
model. In this regard, Preece and Yang (2017)
used the numerical code AUTODYN to
investigate the role of air-deck behaviour and
made two claims: firstly, the behaviour of airdecks in explosive columns is well understood,
and secondly, the pressure within an air-deck is
“two orders of magnitude less than the
detonation pressure”. However, the first claim
appears to be based on modelling without
experimental evidence, and the second claim is
inconsistent with the experimental evidence
shown in Figure 12. Further experimental
evidence for active pressurization of air-decks
was also given by Chiappetta (2004) who
measured the pressure in a 0.91m air-deck
placed at the base of a blasthole by passing a
VoD cable through an angled pilot hole drilled
to intersect this base. Although complicated by
the fact that the detonation at the air-explosive
boundary was used to drive a plug through the
air gap, the raw cable results showed that the
pressure wave through the air-deck was
sufficiently high to completely consume the
cable at a uniform rate (to yield an interpreted
velocity of 3.35 km/s in this particular case).

Figure 12 VoD cable consumption for a
standard blasthole (H1) and two
air-decked blastholes.
Figure 13 shows the model predictions for 4
separate cases in the following order: constant
VoD without an air-deck, VoD run-up without
an air-deck, VoD run-up with a passive airdeck and finally, VoD run-up with an active
air-deck. In all cases the total column length
(including a 1.5 m air-deck) is fixed at 6m, and
the primer is located 0.5m above the explosive
column.

Figure 13 Stress radiation patterns for 4
cases; (1) constant VoD, no airdeck; (2) VoD run-up, no airdeck; (3) VoD run-up, passive
air-deck; (4) VoD run-up, active
air-deck.
It can be seen from cases (1) and (2) that VoD
run-up for a 6m column of charge will
significantly reduce the performance of the
short length of explosive lying below the
primer, and also partially reduce the dynamic
stress for regions immediately above the
primer. When the air-deck is used, there is only
4m of product above the primer and this
produces a large reduction of the region
containing high stresses, as is obvious in Cases

Complete cable consumption at a uniform rate
is the hallmark of a constant velocity, and if
this constant velocity is measured to be close to
the VoD, then it is reasonable to assume high
(detonation) pressures. In this regard,
experience shows that VoD cables exhibit
significant noise (low and non-uniform
consumption rates) when placed in relatively
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low-pressure environments. This cable noise
occurs because the cable is only temporarily
squeezed by the low pressure and partially
recovers. The noisy signature of a VoD cable
responding to deflagration in contaminated
explosive product is a typical practical example
of such a relatively low-pressure environment.
In higher-pressure environments the cable is
completely consumed and its length uniformly
decreases with time. This characteristic was
observed for the present upside-down
arrangement in regions close to the boundary of
the explosive and air-deck (Figure 12). Such a
characteristic was also observed in the
experiments of Chiappetta (2004). Thus these
experimental observations do not support the
claim of Preece and Yang (2017), who state,
based solely on modelling, that the pressure
within an air-deck is two orders of magnitude
lower than the detonation pressure. This
statement also appears to be at odds with the
observations that spatially well-separated
decked charges produce a half-barrel along the
entire length of a hole, even in the uncharged
sections. This is a standard “presplit” method
used in coalmines.

12). However, this would require a realistic
pressure-time load induced in the air-deck, and
much more experimental and improved
modelling work is clearly required to settle the
complex issue of air-decks in explosive
columns. With regard to modelling, there are
limitations with all current analytical and
numerical models of single blastholes.
Limitations of the present analytical model of
dynamic stress are given in the present article
as well as in Blair (2015). Some numerical
models, including AUTODYN, do not directly
produce physically cracked material in their
damage codes, yet their predictions are often
presented as a fait accompli, as in Preece and
Yang (2017).
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ABSTRACT
Based on blasting excavation on tailrace tunnel of Pubugou Hydropower Station in China, finite element program and element erosion algorithm are used to study the process of blasting crack expansion
under the coupling of in-situ stress and blasting load. Then characteristics of blasting vibration induced by tunnel rock excavation in high in-situ stress are analyzed together with data obtained from
field test. Results show that mutation of blasting vibration signal is relatively frequent under high insitu stress. Peak particle velocity (PPV) increases with in-situ stress raising. Meanwhile, there are two
relatively different frequency bands, the high frequency band and low frequency band, when vibration
energy varies with frequency. And energy ratio of the low frequency band increases with the increase
of in-situ stress. Also, as lateral pressure coefficient increases, PPV increases significantly in the
direction where the in-situ stress increases. The research results are beneficial to control the blasting
vibration.
1

INTRODUCTION

the importance of stress wave propagation and
local peak value in blasting vibration control by
analyzing propagation law of blasting seismic
wave in numerical simulation and field test. Lu
et al. (2011) found that blasting vibration is the
result of coupling effect between blasting load
and initial in-situ stress of rock mass. Under high
in-situ stress, the vibration induced by in-situ
stress unloading may exceed by blasting load.
The research results of blasting vibration frequencies are much less compared to the results
of peak vibration velocity. Dowding (1996)
studied three kinds of characteristic frequencies
of blasting vibration, including the Principal
Frequency, Fourier frequency and SDF response
spectrum frequency. In addition, the method of
predicting the main frequency and blasting vibration spectrum and blasting vibration control
theory based on frequency are put forward.
Trivino et al. (2012) first applied the analysis of
the average frequency when studying the variation of energy and frequency under different explosive sources. Zhao et al. (2016) applied load
on the excavation boundary and simulated the
unloading process by controlling the unloading
rates and patterns. Blasting load curve and unloading curve are both applied on the boundary

Tunnel excavation blasting is a widely used
technique in southwest China’s constructions of
hydropower, mining, transportation and other
fields. The tunnels in this area are generally
characterized by large buried depth and high insitu stress. Deep-lying tunnel excavation can induce the vibration of surrounding rock and harm
the safety of underground structure. The vibration induced by blasting excavation has always
been one of the most important problems for geotechnical scholars.
In terms of the mechanism of excavation-induced vibration, Abuov et al. (1989) found that
the sudden release of rock mass stress during
rock excavation can lead to over-relaxation and
induce tensile stress. Damage will also be caused
to the rock mass around the excavation face;
Carte and Booker (1990) proved that the instantaneous excavation of the tunnel can provoke
stress waves to surrounding rock and tensile
stress intensity increases with the unloading rate;
Hazard et al. (2004) found that transient unloading of in-situ stress which accompanied by rock
excavation may be another factor that induced
rock vibration. Resende et al. (2014) put forward
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to simulate their coupling effect. The frequency
distribution of vibration energy induced by transient unloading under different levels of in-situ
stress is further studied.

blasting excavation in high in-situ stress area are
studied.
Pubugou Hydropower Station is a large power
station in the midstream of Dadu River in China's Minjiang River system. The layout of power
station is shown in Figure 1. The tailrace tunnel
is adjacent to the underground powerhouse of
about 600m. The regional engineering rock mass
is composed of a single, medium-coarse granitic
granite of slight structural damage and good integrity. The structural damage of rock mass is
slight. The slightly weathered and fresh rock
mass is block-like structure. The main type of
surrounding rock is Class Ⅲ. The maximum
principal stress of the in-situ stress field is
21.1MPa ~ 27.3MPa and the rock burst occurs
in local district .The local adverse structural surface and fault may cause landslides and drop
blocks. The exit section of the tunnel is located
in a strong unloading rock mass, where exists
many diabase dikes and faults in the NE direction. What’s more, the joints and fissures are developed, mainly with Class Ⅳ and Ⅴ.

At present, there are relatively few studies on the
search area of coupling effect between blasting
load and unloading of in-situ stress at home and
abroad. What’s more, the method of simulating
their coupling effect is to apply both the blasting
load curve and unloading curve to the boundary.
However, it is difficult to simulate the initial
time and unloading process of unloading during
excavation in this method. In this paper, the unit
erosion algorithm in the dynamic finite element
is used to simulate the vibration characteristics
induced by the coupling of blasting load and unloading of in-situ stress during blasting excavation combined with the field blasting vibration
data. The study has important engineering application value in optimizing deep excavation
blasting design and blasting construction technology
2

ENGINEERING BACKGROUND

Table 1

Nowadays more and more underground projects
develop at depth. The deep rock mass has large
buried depth and high in-situ stress. Vibration
induced by excavation of high energy storage
rock mass under high in-situ stress is obviously
different from that of shallow rock mass. The
stability of surrounding rock of underground
cavern is becoming more and more prominent
because of the influence of high in-situ stress.
Ditching the vibration characteristics is necessary. Table 1 shows the stress levels of some hydropower tunnels in China (Luo 2011). In the
proposed Western Route of South-North Water
Diversion Project in China, in-situ stress of
many water delivery tunnels is much higher than
30 MPa. The high in-situ stress is the main factor
which affects the safety of engineering rock
mass. There is no unified standard for distinguishing the high in-situ stress and low in-situ
stress at home and abroad. According to the
magnitude of in-situ stress, this paper considers
the fact that rock is in a state of high stress under
the condition if the maximum principal stress
reaches 10 ~ 30 MPa. With the example of tailrace of Pubugou Hydropower Station, the vibration characteristics of rock mass induced by

The in-situ stress level of domestic
tunnel.
Project name

Ertan diversion tunnel
Jinping-Ⅰ diversion tunnel
Jinping-Ⅱ diversion tunnel
Laxiwa tailrace tunnel
Guandi tunnel
Pubugou tailrace tunnel

Figure 1

The main
principal
stress /MPa
20~35
23.5~30
20~70
19~29
25~35
14~28

Underground cavern layout
Pubugou hydropower station.

of

During the excavation process of the tailrace
tunnel at Pubugou Hydropower Station, partial
excavation method is adopted. The construction
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3

adopts the microsecond-initiated detonation network. The detonation network of the upper guide
tunnel is divided into eight sections of MS1MS13 as shown in Figure 2. A great deal of
measured data are obtained from blasting vibration monitoring points which are set in # 1 tailrace tunnel and # 2 tailrace tunnel. The measured
vibration waveform of typical measurement
points is shown in Figure 3. According to Yan et
al. (2009), the arrival time of vibration induced
by in-situ stress unloading can be identified by
time-density analysis method. The former part
of the measured points’ vibration is induced by
blasting load, and the latter is caused by unloading of the in-situ stress. This phenomenon of
blasting vibration is the result of the coupling between blasting load and transient relief of in-situ
stress under high stress conditions. Based on this
phenomenon, theoretical analysis and numerical
simulation are used to study the blasting vibration characteristics induced by blasting excavation under high in-situ stress conditions.
Breaking hole
MS13

3.1 Numerical simulation method of coupling
effect of transient unloading of in-situ stress
and blasting load
In this paper, dynamic finite element program
LS-DYNA is used to simulate the coupling effect of blasting load and transient unloading of
in-situ stress by blasting excavation. LS-DYNA
provides a variety of material constitutive models and keywords. Based on the element erosion
algorithm, this study selects the keyword matadd-erosion to define the failure criteria including in the loading process.
The failure criterion is defined as: when the rock
reaches at its compressive strength, the rock in
crushed zone destroyed and the fracture zone is
mainly damaged because of tension during the
blasting process. The stress intensity at any point
in the rock can be obtained from three directions
of stress. The formula is as follows:

Contour hole

i 

0.8m

0.5m

MS5

1.2m

MS1
0.8m

MS9

MS1
2.8m

MS7

0.8m 1.0m

0.8m 1.0m

MS11
8.0m

Figure 2

Figure 3

(1)

The Mises yield criterion is used. The rock mass
is damaged when σi satisfies the following formula:

8.0m
Cut hole

1 
2
2
2
 r       z       r   z  
2

Where, σr and σθ are the radial and tangential
stresses at each point.

2.4m

0.8m

0.8m

0.8m

1.2m

MS3
MS12

NUMERICAL SIMULATION METHOD AND MODEL OF ROCK BLASTING

 i   cd crushed zone

(2)

 i   td

(3)

fracture zone

Where, σi is the stress intensity, σcd and σtd are
the uniaxial compressive strength and uniaxial
tensile strength respectively, whose formulas are
as follows:

Blast network diagram.

 cd   c 1/3

(4)

 td   t 0

(5)

Where, σc and σt0 are the static uniaxial compressive strength and static uniaxial tensile strength
respectively,  represents the strain rate.

Measured vibration waveform of
typical measuring point.

Thus, any element meets the above criteria will
be damaged. When a cell fails, the element in the
283

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

calculation model is deleted. When all the elements in a node have failed, the node is also deleted. According to the failure criterion of materials above, the compressive strength of the
crushed zone is used as the unit failure criterion,
and the tensile strength of the cracked zone is
used as the failure criterion in the blasting simulation.

proved that the material model could well represent the behaviour of brittle rock during the dynamic unloading. Weng (2017) validate the use
of element erosion algorithm by comparing numerical simulation results with field test of blasting vibration. There are only slight differences
in the vibration pattern and amplitude values,
which indicates that the method is suitable for
simulating the dynamic characteristics due to
rock blasting.

Based on the element erosion algorithm, the unloading of in-situ stress will be completed along
with the rupture process of rock mass under
blasting load. So that during numerical simulation of the coupling effect of blasting load and
unloading of in-situ stress, the unloading process
of in-situ stress can be realized without manual
control. In the process of numerical simulation,
a numerical model is firstly established to perform implicit calculation and analysis considering the influence of the in-situ stress. Once the
equilibrium state of in-situ stress is reached, the
implicit calculation could be ended. The end of
this step means that the strain energy stored in
the model due to the effect of the in-situ stress,
Each node is in a state of stress equilibrium,
which is similar to the state before natural rock
mass excavation; afterwards the explosion load
would be applied to the borehole wall of the
model. During the calculation, the material element is deleted once the failure condition is
reached. The release of energy can simulate the
release of in-situ stress in rock mass. So that the
purpose of simulating coupling effect between
transient unloading of in-situ stress and blasting
load could be achieved.

3.2.2 Calculation model
Based on the site and network of blasting excavation at the tailrace tunnel of Pubugou Hydropower Station shown in Figure 1 to Figure 3, the
quasi-two-dimensional model as shown in Fig. 4
was established to simulate the rock vibration induced by coupling of in-situ stress and blasting
load during segment blasting. The size of the
model is 170 m × 75 m. The left side is tailrace
tunnel named 1# to be excavated. Assuming that
the cut blasting of the 1# tailrace tunnel had been
completed, a trenching chamber whose size is
4.4 m × 2.4 m is formed as shown in an enlarged
view. Five caving holes of MS3 segment were
arranged as arc 1.2m at top of the undercut. The
tailrace tunnel named 2# on the right is a horseshoe-shaped tunnel whose size is 20 m × 24.2 m
which has been excavated with an axial distance
between two tunnels of 85 m. The mesh size of
this model is gradually changed from 0.02m near
the hole to 1.0m outside the model boundary.
The total number of grids is 651,870 and all
grids are pseudo three-dimensional whose thickness is one unit. In order to avoid the influence
of blasting seismic wave on the accuracy of the
reflection, the model boundary is set as the nonreflection boundary.

3.2 Numerical model and parameters of blasting and ruptures of tunnel
3.2.1 Validation of material models

The numerical simulation of this paper adopts
the kinematic hardening model (* MAT-PLASTIC-KINEMATIC) as the rock mass constitutive model. The lithology of Pubugou hydropower station tailrace is fresh granite, whose
physical and mechanical parameters are shown
in Table 2.

As for rock blasting, many material models have
been developed in recent years to describe the
dynamic damage and fracture evolution in LSDYNA (LSTC 2007). The method of using keyword mat-add-erosion well illustrated in Schwer
and Murray (2002) and Murray (2004, 2007) has
been widely used to simulate the mechanical behaviour of brittle materials. Tao et al. (2012,
2013) incorporated the element erosion algorithm into the LS-DYNA program to investigate
the unloading process under axial initial stress
and three-dimensional initial stress state and
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(3)

Working condition 3: The horizontal stress
is 28 MPa and vertical stress is 14 MPa
and the lateral pressure coefficient is 2.0,
coupling with the blasting load of MS3.

3.2.4 Blasting load

Figure 4

Mesh of Calculation model.

Table 2

Physical and mechanical parameters of granite.

The # 2 rock emulsion explosive was used in the
blasting excavation of the tailrace tunnel at
Pubugou Hydropower Station. The detonating
equipment was a non-electric millisecond differential detonator. The maximum single fire dynamite is 34 kg. The upper half of the tailrace tunnel named 1# is designed like Figure 2. The
diameter is 42 mm. The diameter of drug roll is
32 mm. The bore length is 3.0 m. The length of
filling section is 2.5 m. The plugging length is
0.5 m. The explosive load on the borehole wall
is in the form of triangular load. According to the
reference (1979), the peak load corresponding to
the blasting wall of the MS3 borehole is 316.9
MPa.

Viscous
Dynamic
Dynamic
material
Density
elastic
poisson’
parameter
ρ(kg/m³) modulus
s ratio
P
E0(GPa)
2600
55.00
0.27
4.00
Shear
Compres- Tensile
Viscous
strength
sive
strength
material
σs(MPa) strength
σt(MPa) parameter
σc(MPa)
C(s-1)
100.00
150.00
15.00
2.50

The blast load acting on the inner wall of the
blasthole rises to the peak in a very short time.
The rise time tr can be approximately considered
as the propagation time of detonation wave by
the following formula:

3.2.3 Calculation cases
In order to study the influence of coupling effect
of transient unloading of in-situ stress and blasting load with different lateral pressure coefficient on the vibration characteristics of surrounding rock, combining with the measured insitu stress level and blasting design of tailrace
tunnel at Pubugou Hydropower Station, three
kinds of stress levels are considered. The actual
stress of blasting zone is keep as 14 MPa meanwhile the horizontal in-situ stress is 14 MPa, 20
MPa and 28 MPa respectively. So the lateral
pressure coefficients are 1.43, 1.0 and 2.0 respectively. Therefore, there are three conditions
in the calculation:
(1)

Working condition 1: The horizontal stress
is 14 MPa and vertical stress is 14 MPa，
the lateral pressure coefficient is 1, coupling with the blasting load of MS3.

(2)

Working condition 2: The actual horizontal
stress is 14 MPa and vertical stress is 20
MPa, coupling with the blasting load of
MS3.

tr 

Lc
VOD

(6)

Where, Lc is the length of the column drug package, VOD is the explosive detonation velocity.
td is the duration of load whose empirical formula is as follows:

84 3  r 
td 
 
K  rb 

2 

Q 0.2

(7)

Where, K is the volume compression modulus of
rock mass,  is the poisson's ratio of rock mass;
Q is the charge amount; r is the distance between
charge centers. The rise time and fall time of
load are shown in Figure. 5.
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4.1 Influence of in-situ stress on blasting crackle propagation

350
Blasting load（MPa）

300

Under different calculation conditions, the crack
propagation processes are shown in Fig. 6 to Fig.
8 respectively. At 0.4 ms, the crack propagations
are basically penetrated between blast holes under three working conditions. Meanwhile, the
tensile cracks appear under working condition 2
and 3. There are fewer newborn cracks under
working condition 3. The cracks in the cracked
area have been penetrated and the propagation
has been basically stable until 13.0 ms.

250
200
150
100
50
0
0

Figure 5

4

1.5

3
4.5
Time (ms)

6

7.5

Blasting load curve.

VIBRATION CHARACTERISTICS OF
TUNNEL ROCK MASS INDUCED BY
BLASTING EXCAVATION

(a) Crack distribution at 0.4 ms
Figure 6

(b) Crack distribution at 13.0 ms

Crack propagation in condition of σH =14 MPa, σV=14 MPa.

(a) Crack distribution at 0.4 ms
Figure 7

(b) Crack distribution at 13.0 ms

Crack propagation in condition of σH =20 MPa, σV =14 MPa.
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simulation. What’s more, the primary cracks are
not considered. On the other hand, the high
ground stress conditions may limit radial fractures to some extent.
4.2

Spectrum characteristics of blasting
vibration under different in-situ stress

4.2.1 Variation of blasting vibration peak value
The simulated vibration velocity waveform
whose blasting center distance is 10m is shown
in Figure 9:

(a) Crack distribution at 0.4 ms

(b) Crack distribution at 13.0 ms
Figure 8

(a)

Time-vibration velocity curve when
the lateral pressure coefficient is 1

(b)

Time-vibration velocity curve when the
lateral pressure coefficient is 2

Crack propagation in condition
of σH =28 MPa, σV =14 MPa.

Comparing Figure 6 to Figure 8, it is found that
when the lateral pressure coefficient increases,
which means the fact that, when the in-situ stress
level increases, there are few cracks in the initial
stage, but the cracks in the rock mass increase
rapidly in the later period. The number and density of cracks under higher in-situ stress are obviously higher than those under low in-situ stress.
The distribution of the final cracks shows that
blasting under high in-situ stress is more likely
to be fully broken.
It is basically consistent with the results obtained
from numerical tests by Bai (2014) fractures initiate above the blasthole and gradually expand
with the propagation of the stress wave. The
main direction of the crack propagation tends to
be the direction of the maximum geostress. Later
fractures will further expand under the quasistatic pressure.

Figure 9

Time-vibration velocity curve
under different lateral pressure
coefficients.

The results show that when the lateral pressure
coefficient increases, the horizontal vibration
signal in the vicinity of the borehole changes
more frequently and the vibration peak value increases at the same time. When the lateral pres-

It is also found that there are few radial fractures,
because of the homogeneous medium used in the
287

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018
8

Blasting
center
distance
（m）
10
20
30
40
50
60
75

4
2
0

0

100
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500

600

700

800

Frequency(Hz)

(a) Working condition 1
15

PSD(cm 2/s)

Peak vibration velocity of particles
coupled with in-situ stress and
blasting load.
Peak vibration velocity of particles
(cm/s)
Working
Working
Working
condition
condition
condition
1
2
3
3.75
8.11
8.67
1.41
3.09
3.98
0.72
1.82
2.47
0.65
1.12
1.73
0.56
1.03
1.58
0.47
0.99
1.35
0.71
1.31
2.10

main frequency=230.77Hz

10

5

0

0

100

200

300

400

500

600

700

800

Frequency(Hz)

(b) Working condition 2
5

main frequency=182.03Hz

4

PSD(cm 2 /s)

Table 3

main frequency=240.80Hz

6

PSD(cm 2 /s)

sure coefficient is smaller, the vibration waveform is relatively smoother. The peak horizontal
vibration velocity of surrounding rock joints at
10 m, 20 m, 30 m, 40 m, 50 m, 60 m and 75 m
are respectively calculated under the three calculation conditions. The results are shown in Table
3.

3
2
1
0

200

300

400

500

600

700

800

Frequency(Hz)

(c) Working condition 3
Figure10

It can be seen that during the process of blasting
excavation, with the increase of the lateral pressure coefficient of the in-situ stress, the peak
value of vibration increases rapidly in the direction of increasing in-situ stress. And the vibration peak value caused by the coupling of unloading of in-situ stress and the blasting load
would also get higher accompanied by the rise
of the in-situ stress.

Vibration power spectrum of 1 #
measuring point under different
in-situ stress conditions.

PSD(cm 2 /s)

0.8

main frequency=200.67Hz

0.6
0.4
0.2
0

0
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200

300

400

500

600

700

800

Frequency(Hz)

(a) Working condition 1
0.2

PSD(cm 2 /s)

4.2.2 Frequency distribution characteristics of
blasting vibration
In order to distinguish the influence law of unloading of in-situ stress on surrounding rock vibration, the power spectrum of the vibration
waveform obtained from the three calculation
conditions was analyzed. It is found that the vibrational energies are concentrated in two frequency bands at all measuring points. Fig. 10
and Fig. 11 show the vibration energy power
spectra of measuring points 1 # and 5 # whose
blasting center distances are 10 m and 50 m respectively.

main frequency=200.67Hz
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(b) Working condition 2
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(c) Working condition 3
Figure 11 Vibration power spectrum of 5 #
measuring point under different
in-situ stress conditions.
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Table 5

Comparing the power spectra of each measuring
points under three working conditions, it can be
found that under high in-situ stress, the peak
value of blasting vibration velocity increases
with the rise of the in-situ stress level. There are
two significantly different frequency bands , including high frequency band (150 ~ 400 Hz) and
low frequency band (0 ~ 150 Hz). The numerical
simulation results are well consistent with the results of field test of Pubugou Hydropower Station by Li (2009).

In-situ
stress

σH=14 Mpa
σv=14 MPa
σH=20 MPa
σv=14 MPa
σH=28 Mpa
σv=14 Mpa

The proportion of the energy in the lower frequency band increases with the in-situ stress increasing. Using the ratio of the energy distributed to the total energy of all frequency
distributions in a specific frequency range
fm<f<fk,

5

k 1

p Ek m 

 PSD
im
N

(8)

i 1

The energy distributions of the two bands can be
calculated and analyzed statistically. The results
are shown in Table 4 and Table 5. According to
the data in the table, as the lateral pressure coefficient increases, the energy distribution percentage in the low frequency band increases obviously when the in-situ stress increases. The
unloading of in-situ stress under high in-situ
stress is the main cause of low frequency vibration factor.
Table 4

In-situ
stress

σH=14 Mpa
σv=14 MPa
σH=20 MPa
σv=14 MPa
σH=28 MPa
σv=14 MPa

Peak
vibration
velocity
(cm/s)

Principal
Frequenc
y (Hz)

Energy
of low
frequency
band (%)

3.75

240.8

18.9

76.6

7.11

230.8

34.5

60.5

8.06

182.0

46.5

49.8

Principal Frequency
(Hz)

Energy
of low
frequency
band
(%)

Energy
of high
frequency
band
(%)

0.67

200.7

16.6

75.0

1.08

200.7

29.5

59.7

1.34

100.3

76.0

20.4

CONCLUSIONS

(2) Under the condition of high in-situ stress, the
sudden change of blasting vibration signal is
more frequent. The peak value of blasting
vibration velocity increases as the in-situ
stress level rises. As lateral pressure coefficient increases, PPV increases significantly
in the direction where the in-situ stress increases.

Blasting vibration energy distribution ratio of 1# measuring point in
each band.
Energy
of
high
frequenc
y band
(%)

Peak
vibration
velocity
(cm/s)

(1) The element erosion algorithm method has
the applicability on simulating the crack formation process in rock blasting. When the
blasting load is applied in the numerical
model of the equilibrium state of in-situ
stress, the crack propagation is gradually
completed due to the unloading of in-situ
stress. Furthermore, this method could do
effectively simulate the coupling effect of
blasting load and the unloading of in-situ
stress;

i

 PSDi

Blasting vibration energy distribution ratio of 5# measuring point in
each band.

(3) There are two bands of high frequency band
(150~400 Hz) and low frequency band
(0~150 Hz) with different frequency variations. The proportion of energy in the lower
frequency band increases as the in situ stress
rises. Transient unloading of in-situ stress is
the main factor that induces low frequency
vibration under the condition of high in-situ
stress.
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Do different standards for blasting seismographs mean
different accuracy?
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ABSTRACT
A total of 43 tests were made on a vibration shaker to measure the transfer properties of a blasting
seismograph. The main elements of the full monitoring chain are modelled using second order
transfer functions. The parameters of these functions are calibrated through nonlinear fits of the
measured responses. The form of the overall resulting transfer function has been kept while its parameters have been changed to consider four additional seismographs; two of these devices have a
transmissibility in compliance with ISEE specifications, while the other two are in line with DIN
45669:1:2010. Fifteen theoretical sinusoidal input functions are generated to analyze the influence
of the phase response. They are run through the transfer function of each seismograph to assess the
error (expressed as gain) in the peak velocity and investigate the performance of seismograph’s
standards. Paste abstract as ‘keep text only style’ and check with guideline.
1

INTRODUCTION

transducer (see ISO 16063-21:2003). This is
not a problem when the sensor is investigated
alone as was made for geo-phones used in
blasting by Farnfield (1996). But is more complicated when the phase response of the sensor
and the processing unit is examined together.
DIN standard (2010) and US Geological Survey (Hutt et al. 2009) require the measurement
of the phase shift only in the primary or type
(classification) tests to confirm that the requirements of the monitoring device have been
met. Monitoring transmissibility is simpler, as
it can be carried out without connecting the
seismograph and the reference transducer to the
same data acquisition system. It has been
measured for various seismographs (Fogelson
and Johnson 1962; Segarra et al. 2015a, b;
Stagg and Engler 1980), but the phase response
has not, as far as we know.

Digital seismographs are the most common vibration monitoring system used to assess compliance of vibrations from blasting with existing damage prevention criteria (AENOR 1993;
BSI 1993; DIN 1999; Siskind et al. 1980). They
are composed of three orthogonally oriented
sensors placed in a metallic case and connected
to a recording-processing unit. The response of
the seismograph (including the geo-phones and
the processing unit) to the incoming ground
motion is described by the complex frequency
response or by its mathematically equivalent
transfer function (Wielandt 2002). Transmissibility is the modulus of the transfer function
showing at each frequency the factor by which
the input is modified, whereas the phase response is the angular argument and gives the
time shift between the output and in-put signals
at a given frequency. These are generally given
as curves of the amplitude response (or transmissibility) and phase shift versus frequency.

The seismographs used nowadays for blasting
control are qualified according to ISEE (2011)
or German DIN 45669:1:2010 (2010) specifications. ISEE defines tolerance bounds of the
transmissibility of the apparatus as function of
frequency, where-as the phase shift is only defined in terms of the maximum error produced
in the peak particle velocity. DIN standard

The measurement of the phase shift on a vibration shaker by comparison to a reference transducer re-quires the same reference time base for
the system under calibration and the reference
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(2010), with a broader scope than blasting, provides the nominal transfer function of the seismograph, so both amplitude and phase responses are well defined. This information is usually
provided for the devices used in seismological
stations (Nanometrics 2009; Nofal et al. 2015;
Ueno et al. 2015), but has been little investigated for the whole seismograph system. Consequently, the error of the measured waveform
due to the complete seismograph unit has not
been assessed, nor has been the influence of the
different specifications on the accuracy.

Figure 1

The performance of digital seismographs has
been investigated by the authors (Segarra et. al.
2017), and it is reviewed here to analyze the influence of the phase shift caused by the full
monitoring device on the recorded waveforms.
2

Flowsheet of seismograph S0; fn
is natural frequency, SC signal
conditioner, AA anti-aliasing,
ADC analog to digital converter.

The two horizontal geophones were disabled to
avoid cross-talk on the vertical geophone. The
vertical sensor and the LDV were connected to
the digital unit of the seismograph S0 that processes and records the signals from both sensors. The flowsheet of the complete monitoring
chain is shown in Figure 1. The unit has a range
of ±200 mm/s, a resolution of 0.006 mm/s and a
sampling rate of 2048 Hz. In each test, the
seismograph was triggered manually once the
vibration of the shaker was within specifications. The unit stopped recording vibrations automatically eight seconds later.

EXPERIMENTS AND
INSTRUMENTATION

To measure the response of a seismograph
(identified as S0), the geophone’s case of the
seismograph was directly anchored to the vibration shaker. A hex lag bolt with a reflective adhesive on its head was set to measure the velocity of the shaker motion with a laser Doppler
vibrometer (LDV). The signal from the LDV
was fed back to the vibration controller to correct, if necessary, the signal supplied to the exciter.

The output from the vertical geophone was fed
into channels 1 and 2. In the later the processing elements that affect the phase were set
to a minimum: signal conditioner and analog to
digital converter (ADC). As the highest frequency investigated is well below the Nyquist
frequency, 1024 Hz, no aliasing is expected for
the frequencies investigated and no antialiasing filter was used, to ensure that the output from channel 2 is essentially the geophone
response (vgeo). Channel 1 includes all the processing stages typical of modern seismographs
to modify the frequency response of the geophone (that we thus call vseis). These stages are
colored in dark grey in Figure 1, and are: the
analog anti-aliasing filter, the ADC, and the
digital equalization filter. The later stage is implemented in a vast majority of seismographs
using electronic active circuits before the ADC.

The shaker table was set to vibrate under a vertical harmonic motion of constant amplitude of
10 mm/s and single frequency; vibrations in the
horizontal plane were discarded to minimize
tilt-induced errors (Hutt et al. 2009). The frequency of the input motion was varied from 2
to 256 Hz at intervals of 1/6 of octave in 43
tests. An additional test was made at a single
frequency of 315 Hz to investigate the response
at very high frequencies.

The recording unit was adapted to record the
signal from the LDV in channel 7 (vldv), so the
292

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

from the output of channel 7 (vldv or Vldv) as the
frequency of this signal is the same as the excitation frequency in all the tests, and its peak velocity differs from the nominal (10 mm/s) by
less than 1.2 %. This figure is in line with the
overall expanded uncertainty of the testing procedure considering other sources, which can be
fixed roughly as 1.5 %.

geophone and the LDV have the same time
base. This channel, as with channel 2, uses the
signal conditioner and the ADC.
3

RESULTS

All the signals were processed to remove offset.
The steady-state complex response to a long
enough input signal of a linear-time invariant
system, like a geophone or a seismograph, is
calculated as the ratio between the discrete Fourier transform of the output and the discrete
Fourier transform of the input. These are for the
geophone and seismograph, respectively:

H geo  V geo / Vldv

(1)

H seis  Vseis / Vldv

(2)

Figure 2 shows the resulting complex frequency responses of the geophone (top graphs) and
seismograph (lower graphs) using Equations 1
and 2, respectively; the amplitude or transmissibility is shown in the left graphs and the phase
shift in the right ones. At a given frequency,
transmissibility above one indicates that the input is amplified, and a value below one that the
input is damped. The same sign criteria for the
phase shift used in earthquake engineering
(Havskow and Alguacil 2002) is considered
here: negative phases mean a delay or a timeshift to the right; phases of ±0.5π and ± π indicate that the signals are in quadrature and completely out of phase with different polarity, respectively.

where Vgeo, Vseis and Vldv are the discrete fast
Fourier transforms of the signals recorded in
the tests at each excitation frequency (the same
subscripts used for the waveforms, are considered, but the lowercase v is replaced by an uppercase). The imposed motion is described

Figure 2

Complex frequency responses of the geophone and seismograph S0; circles are
measured data and the line is the modelled response with the fitted transfer function (Equation 3).
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Figure 3

Waveforms from the geophone and the LDV from tests at 2 Hz (left) and 315 Hz
(right); grey and blue traces are LDV (vldv, ch7) and geophone signals (vgeo, ch2)
respectively.

The behaviour of the geophone at its natural
frequency (8 Hz), with a transmissibility of 0.7
(upper-left graph, Figure 2) and a phase shift of
-π/2 (upper-right graph, Figure 2), is in line
with typical values for this type of sensor (Telford et al. 1990). In order to show the effect of
this sensor in the recorded waveform, the signals measured by the geophone and the LDV in
tests at the band limits investigated are plotted,
as an example, in Figure 3. It shows that vibrations of 2 Hz are strongly damped by the geophone (transmissibility of 0.06) that also shifts
the output forward by Δt=218 ms (i.e. an angular phase =0.88π at 2 Hz, =2πfmΔt, fm being
the frequency). At 315 Hz, distortion is limited,
being the amplitudes of both signals and their
relative position similar; top graphs in Figure 2
show that transmissibility at such frequency is
almost one (0.96) and that the phase shift is
close to zero (the time shift is less than 1 ms).
Although the sampling rate (2048 Hz) exceeds
the minimum values suggested by DIN
45669:1:2010 (630 Hz or twice the maximum
frequency expected) and ISEE (1000 Hz), relatively few points are sampled in each waveform
at high frequencies (5-6 points at 315 Hz) resulting in slightly flattened peaks, while the
frequency is not modified.

linear decreasing trend between 10 and 100 Hz,
and negative at high frequencies.
4

THE TRANSFER FUNCTION

Single-input single-output blocks are used to
describe the main elements of the seismograph,
namely: geophone, anti-aliasing filter and
equalization filter (Figure 1). The ADC is not
modelled because it processes the signals from
all channels, and its effect in Hgeo and Hseis is
cancelled, see Equations 1 and 2.
A system, such as the seismograph, with an analog input and a digital output can be described
with either discrete time or continuous time
transform functions (Chen 1995). In this work,
continuous-time (Laplace) functions are considered in line with the analytical description of
the nominal seismograph in DIN standard
45669-1:2010. The transfer function of the
seismograph is given by:
n

H sys ( s )  A0 g A0 p  H b ( s )

(3)

b 1

where s is the complex frequency jω, A0g and
A0p are the geophone and processing unit factors or static magnifications that shift upwards
or downwards the modelled transmissibility
without affecting the phase response, n is the
number of blocks, and Hb the transfer function
of each block. These are described by second
order low-pass or high-pass filters (LPF and
HPF filters, respectively) with cut-off frequency ω0 (2πf0) and damping ratio ξ:

The electronics and digital parts of the seismograph (channel 1; Figure 1) modify the geophone response (lower graphs, Figure 2). The
bandwidth with transmissibility around one is
extended down to 2.5 Hz and damping is only
0.9 at 2 Hz. In the high frequency range, transmissibility decays and it is 0.85 at 315 Hz. The
phase response is completely different; it is
positive at low frequencies, around zero with a
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H LPF ( s ) 

H HPF ( s) 

0 2
2
s 2  2 0 s   0

The resulting cut-off frequency of the geophone-HPF is in good agreement with the actual frequency of the sensor. The damping ratio
defined by the mechanical and electrical elements of the geophone (Havskov and Alguacil
2004) agrees with the typical values, around
0.7, that maximize the bandwidth with transmissibility close to one (Telford et al. 1990).
The geophone factor A0g of 0.97 defines transmissibility values at high frequencies.

(4)

s2

(5)
2
s 2  20 s  0
The characteristics of each block and the connections between them are shown in Figure 4.
The geophone is modelled as a high pass filter,
HPF (Drijkoningen 2003; Havskov and Alguacil 2014; Udías et al. 2014), and the processing
unit with four blocks. A low pass filter, LPF, is
used to prevent aliasing and define amplitude
response at high frequencies according to the
specifications followed by the seismograph
(ISEE in this case). Two high-pass filters and
one inverse of a second order high-pass filter
are considered to amplify the geophone signal
at low frequencies. The latter is obtained by interchanging the numerator and denominator in
Equation 5 and it is identified as HPF‒1. Such
three equalization filters are programmed in
practice in the unit using a different topology to
allow faster calculations.

The simulated complex frequency response of
the shaping filters in the processing unit from
0.1 to 400 Hz is shown in Figure 5; transmissibility is shown in the upper graph and phase in
the bottom one. The empirical performance of
the unit obtained from the ratio of the measured
responses Hseis / Hgeo is also plotted for comparison. Transmissibility is above one, and thus
vibrations are amplified, in the bandwidth 0.2‒
20 Hz. The processing unit introduces in the
signal from the geophone a nonlinear phase
shift (bottom graph, Figure 5). The main variation occurs in the working range of the two
high pass equalization filters at frequencies below their cut-off frequency, 1.4 Hz. Above this
frequency, the phase becomes negative and it
varies in a narrow range, between -0.1π to 0.5π. The smaller phase shift occurs in the
passband 20‒100 Hz.

The parameters of the geophone are calibrated
first from the measured frequency response
Hgeo. The resulting function is applied to get the
parameters of the processing unit using the
seismograph response Hseis. In both cases, the
parameters are obtained by ordinary least
squares fitting. MATLAB (2015) software is
used running several minimizations of the
squared error function to avoid, as much as
possible, local minima. The fact that the expected corner frequencies of the high-pass and
the anti-aliasing filters are outside the bandwidth investigated (2‒315 Hz) makes it necessary to account for both the modulus and the
argument of the empirical complex frequency
response in the function that has been minimized. Otherwise, since transmissibility and
phase response are linked through the transfer
function, it would be enough to account only
for transmissibility. The modelled frequency
responses are plotted with a line in Figure 2;
they provide an excellent description of the vibration monitoring chain with determination
coefficients above 0.99. The resulting model
parameters are shown in the first row of Table
1.

5

PRACTICAL IMPLICATIONS.
ASSESSMENT OF MEASURING
ERRORS

The transfer function of a seismograph is helpful to obtain the complex frequency response of
the system for a given set of parameters. Figure
6 compares the response of the tested seismograph (S0) from 0.5 to 400 Hz with three theoretical seismographs (identified as S1, S2 and
S3) modelled with the same transfer function
but with different parameters, see Table 1; an
equal symbol shows that the parameter of the
transfer function takes the same value than in
the tested seismograph S0, whereas the new
value accompanied by an up/down arrow indicates a change. In the case that these seismographs were manufactured, some of the changes
carried out would involve hardware modifications, while others would only involve software
coding. One additional seismograph (coded as
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SDIN), following the nominal transfer function

suggested by DIN (2010) is also examined.

Figure 4

Block diagram of the tested seismograph S0.

Table 1

Parameters of the tested seismograph (S0) and of the synthetic seismographs (S1,
S2, S3 and SDIN)

Processing unit
Equalization Filters
Geophone
Anti-aliasing
filter
HP filtersa
Inv. HP filter
f0
ξ
A0g
f0
ξ
f0
ξ1
ξ2
f0
ξ
A0p
S0
7.9
0.75
0.97
397
0.72
1.4
0.56
0.81
7.9
0.71
1.05
S1
=
=
=
=
=
=
=
1.5
0.61 7.5 0.73
S2
=
=
=
260 0.68 1.1 =
0.83 8.3 0.74 0.99
S3
4.5 =
1.02 470 =
0.7 0.45 0.90 4.5 =
1.00
c
b
SDIN 0.8 0.71 1.00 394 0.71 ×
×
×
×
×
1.00
a
f0 refers to the corner frequency of each high pass filter, and ξ1 and ξ2 to their respective damping
ratios. bThe transfer function is built with one high-pass filter and one low-pass filter in cascade,
and the elements that are not accounted have been disabled (this is shown with a cross symbolc).

Figure 5

Complex frequency response of shaping filters in the processing unit; transmissibility is shown in the upper graph (data in the bandwidth 10‒400 Hz is zoomed in
and given in the upper corner)and the phase in the bottom graph.

The aim of the changes implemented in the
seismograph parameters is that the resulting
devices have different phase responses. The
largest phase shifts are obtained with seismographs S0 (the ‘real’ one) and S1 at low frequencies, and with S3 in the high frequency
range; the jump observed in the phase response
for seismographs S0 to S3 occurs at the corner
frequency of the high pass equalization filters.
Transmissibility of seismographs S1 and S2 is

in compliance with ISEE, while seismograph
S3 meets DIN specifications.
The performance of these seismographs is assessed using as inputs two linearly superimposed harmonics of frequencies f1 and rf1, r being an integer. Although this signal type does
not describe vibrations from blasting, it is usually considered by DIN (2010) and ISEE (2011)
to assess the phase response of seismographs. A
total of 15 theoretical signals are considered.
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Their frequencies are given in the abscissa of
Figure 7, and consist of 10 fundamental frequencies from 2 to 125 Hz, and their second or
third harmonic (only these harmonics are considered because the effect of the phase delay on
the peak velocity of the resulting signal decreases for higher orders).

influence of the phase shift is considered in the
analysis. The analysis case with the same amplitude for both harmonics (thereby assessing
the overall effect of the system – transmissibility and phase response) can be seen, for the
same frequencies that are considered here, in
Segarra et al. (2017). The accuracy in the
measurement is calculated as the logarithmic
error in the peak velocity expressed as gain:

The amplitudes of the harmonics of the input
signals are the inverse of the transmissibility of
the seismograph in question at the frequencies
f1 and rf1, i.e. 1/|Hseis(f1)| and 1/|Hseis(rf1)|, respectively. As the amplitude of each harmonic
is equal to one after the signal has been processed, the effect of the seismograph transmissibility on the output is cancelled and only the

Figure 6

e  20 log 10  ppv out / ppv in 

(6)

ppvout is obtained from the steady-state response of each seismograph to the input signal,
which peak velocity is ppvin, max[|sin(2π
f1)+sin(2πr f1)|].

Complex frequency response for seismographs which transfer function parameters given in Table 1; transmissibility is given in the upper graph (solid and
dashed grey lines are DIN and ISEE bounds (the upper limit for ISEE is unclear
for frequencies outside 4‒125 Hz, and a value of 1.05 has been assumed) and phase
shift in the lower graph.
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Figure 7

Error in peak velocity (expressed as absolute value of gain) for five seismographs
measuring two superimposed harmonic vibrations of the same amplitude of different frequencies (0 dB means accurate measurements, while 2 dB indicates a
transmissibility of 1.26).

The resulting errors for the five seismographs
and the 15 signals considered are shown in absolute value in Figure 7. The phase shift amplifies in general the peak velocity depending on
the seismograph and frequencies, and lead to
errors up to 2.19 dB (equivalent to transmissibility of 1.29). This figure is slightly smaller
than the largest distortion given in previous
work (Segarra et al. 2017) in which the resulting errors ranged from -1.5 to 2.3 dB (i.e.
transmissibility of 0.84 to 1.3, respectively).
The effect of the phase shift is larger at small
frequencies (<32 Hz) and minor at high frequencies. The reason for this is that although
the phase response deviates from zero at low
and high frequencies, the time shift induced is
larger at low frequencies whereas it is negligible at high frequencies as was discussed from
Figure 3.

Hz”). The cases in which this criterion is violated are marked with an arrow in Figure 7. Only seismograph S3 meets this criteria for all the
signals, and it ranks as the second best device
in 13 of the signals considered. For signals with
frequencies smaller than 7 Hz, seismograph S3
leads, however, to the largest distortions (up to
2.17 dB).
Seismographs S0, S1 and S2 with a transmissibility in compliance with ISEE and steeper
phase responses at low frequencies lead to errors that are more than twice (in log scale) the
errors allowed for the phase response suggested
by ISEE (which states: “the phase shift between
2.5 to 250 Hz shall not cause an error of more
than 10 % to the maximum value of two superimposed harmonic vibration”; such error is
marked with the horizontal black line in Figure
7). This means that seismographs with a transmissibility in compliance with ISEE may not
comply with the ISEE phase response specification. Interestingly, seismograph SDIN does not
comply with the ISEE criterion in one case (the
4/12 Hz combination), which suggests that such
criterion is very restrictive.

For each signal the error in the peak velocities
recorded by each seismograph with respect to
SDIN is calculated to assess whether they meet
the phase response allowed by DIN (which defines that “The actual phase response of the vibration meter may differ from the design phase
only so far that the maximum magnitude of two
superimposed vibrations does not exceed an error of 20 % in the range 1 Hz to less than 2.5
Hz and an error of 10 % in the range 2.5≤f≤315

The mean error for each seismograph is given
in the legend of Figure 7; these values are calculated as the mean of the absolute value of the
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errors from all the signals examined. Though
these are smaller than those reported by Segarra
et al. (2017), the seismographs ranking remains.
Seismographs SDIN and S3 with an extended
bandpass towards low frequencies and thus a
flatter phase response (upper and lower graphs,
Figure 6) rank with the smallest mean errors. In
particular, seismograph SDIN shows the best
performance and the resulting errors are in most
cases likely to be the minimum error than can
be incurred by a seismograph.
6

Seismographs with the nominal transfer function suggested by DIN 45669:1:2010 (i.e.
transmissibility about one with limited phase
shift in the bandwidth 2‒200 Hz) provide the
overall best performance. They qualify as the
best devices for frequencies above 7 Hz. For
lower frequencies, the resulting errors are up to
2.17 dB (i.e. transmissibility of 1.28).
Monitoring devices with transmissibility
around one in a relatively narrow bandwidth, in
line with the ISEE criterion for the amplitude
response, involve large phase shifts at low and
higher frequencies. This leads to a poor overall
performance with errors up to 2.19 dB. The results shown here suggest that ISEE specification and DIN standard are often discrepant and
may even be contradictory in what respects the
evaluation of the phase shift. Furthermore,
seismographs compliant with ISEE transmissibility do not necessary comply with the ISEE
phase response specification.

CONCLUSIONS

This work investigates the performance of
seismographs used to monitor vibrations from
blasting. The transfer properties (transmissibility and phase shift) of the geophone and its processing-recording unit have been measured
from 2 to 315 Hz at 10 mm/s. The main elements of the seismograph have been modelled
using simple second order type transfer functions. The parameters of these functions have
been calibrated by nonlinear fitting of the
measured frequency response of the geophone
and the full seismograph. The transfer function
has been used to compare the tested device with
two theoretical seismographs, which amplitude
responses are in line with ISEE, and with two
more apparatus in compliance with DIN characteristics; one of these devices has the nominal
response (amplitude and phase) specified by
that standard. A total of 15 theoretical inputs
are generated from the sum of two harmonic
waveforms of different frequencies in the
bandwidth studied and with amplitudes equal to
the inverse of the transmissibility at each frequency. Each signal is run through the transfer
function of each seismograph, and the error
(expressed as gain) in the peak velocity assessed. The results show that the phase shift itself amplifies in general the peak velocity of
the measured waveforms involving large errors,
up to 2.19 dB (i.e. transmissibility of 1.29) in
the low frequency range (<32 Hz). If the overall
effect of the seismograph (i.e. both transmissibility and phase responses) is taken into account, the errors vary in a wider range from 1.5 to 2.3 dB (i.e. transmissibility of 0.84 to
1.3, respectively).

The errors assessed here correspond, likely, to
the minimum expected errors in real field
measurements, as larger deviations will occur
with non-harmonic vibrations. Further research
is ongoing to determine the effect (transient and
steady-state response) of the apparatus on nonperiodic transient vibrations typical form blasting.
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ABSTRACT
In the complex environment of a city, the excavation of a super high deep foundation pit of 20m,
some of the larger hardness of the sandstone needs a blasting excavation. Because the surrounding
environment of blasting is more complex, and the depth of foundation pit is larger, the influence of
blasting on surrounding building, pedestrian, vehicle, deep foundation pit slope and basement disturbance are the key protection targets of this project. In the construction process, through reasonable
selection of a blasting scheme and blasting for foundation pit excavation sequence, the continuous
optimization of blasting parameters and blasting network design, and through the field blasting vibration detection technology, the influence scope of the analysis of different way of blasting ground
disturbance, a reasonable blasting is determined. At the same time, the effect of blasting dust on
environment is reduced by spraying sprinklers. The blasting operation of deep foundation pit is successfully completed to ensure the safety of deep foundation pit slope, foundation rock and surrounding construction of the foundation pit after blasting excavation.
1

ENGINEERING SITUATION

1.1 Engineering Environment

The project of Lanzhou Ming-Cheng square covers a total area of 79 acres, construction area of
77 acres. This includes a 61-storey super highrise hotel-office building with the tower height
of 245.55m, a 47-storey super high-rise office
building with the tower height of 193.55m, two
39-storey high-rise apartment buildings with the
tower height of 189.55m, 3 to 5 floors of mercantile and affiliated occupancy with the height
of 16 ~ 24m. The depth of earthwork excavation
is 25m with a circumference of 1200m. According to engineering geological survey and the disclosure of field drilling, the pit excavated in argillaceous sandstone with about 5 to 8m away
from location elevation from the south to the
north of the pit in the process of excavation pit.
The excavation methods need to use blasting because of the difficulty of mechanical excavation,
and the total volume of blasting about 150,000
m3.

The site of the deep foundation pit of blasting
excavation is located the downtown area of Lanzhou City. The surrounding environment is extremely complicated: the north of the pit is close
to the main road of the South-Binhe East Road
and the Yellow River; the west of the pit is a
public recreational square - Huo Qiu Bing
Square; the south of the city is the traffic junction of Lanzhou Tianshui North Road; the west
of the pit is close to the Yellow River Bridge of
G30 highway and Tianshui North Road toll station. The location of earthwork excavation is
about 30m away from the ordinary houses, community of Tian-Qing, Gansu expressway management office and so on. Figure 1 provides a
diagram of the blasting surrounding environment.
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3) Because of the sandy lithology around the
deep foundation excavation, ensure that
blasting vibrations will not cause the sugared
subsidence, and ensure the safety of surrounding houses.

Yellow River

South-Binhe East Road

Yantan Bridge

Tianshui North Road

Public
Recreational
Square

Deep Foundation Pit

Tianshui
North Road
Toll Station

TianQing Community

Figure 1

Ordinary Houses
Public Recreational
Square

Ordinary Houses

4) The surrounding environment of earthwork
excavation is complex, especially residential
buildings, high crowd and traffic density.
Control strictly the blasting rock beyond the
perimeter of the pit area (Li et al. 2016; Bai
et al. 2007).

Gansu Expressway
Management Office

Schematic diagram of surroundings (unit: m)

5) Large-scale blasting construction in the city,
control strictly the effect of dust on the surrounding environment.

1.2 The Characteristics of Rock Structure
The foundation pit is mainly middle dense pebbles to dense pebbles and the third series weathered argillaceous sand rock. Physical and mechanical properties of the foundation soil is
overall good. However, there are differences in
the nature of the local foundation soil because of
the effect of weathering degree, diagenesis and
other factors. In order from top to bottom, plain
filling soil with 1.5～2.2m, miscellaneous fill
Soil with 2.3～6.2m, fine sand with 0.6～1.5m,
pebble with 4.0～12.8m, medium sand with
0.6～1.2m, strongly weathered argillaceous
sandstone with 1.5～4.0m, and moderately
weathered argillaceous sand-stone with 3～6m
are stretched. Strongly weathered argillaceous
sandstone and moderately weathered argillaceous sandstone are the main blasting areas.

2

BLASTING PROGRAM DESIGN

2.1 Fine Partition of Blasting Program
Under the premise of the constant parameters of
blasting safety protection, take the construction
program with the technology of slicing blasting,
zoning blasting, short-hole blasting and longhole blasting according to the comprehensive
consideration of blasting surrounding environment, site construction conditions, safety protection of the deep foundation pit and other factors.
The different blasting points in the blasting area
must adopt different blasting de-sign parameters.
According to the pre-test data of the explosion,
combined with the actual situation of construction site, decide the excavation sequence: take
the shallow hole small step blasting method with
multiple holes, less quantity and the depth of not
more than 1.5m; take the conventional deep hole
blasting method with the depth of not more than
1.5m when the foundation pit surrounding blasting area is more than 8m； In order to reduce the
blasting effect on the disturbance of foundation
pit rock, a 500mm protective layer is reserved at
the bottom of the foundation pit for blasting operation, and take the manual or mechanical processing methods when the blasting is finished
(Yang 2014; Wang et al. 2010).

1.3 Engineering Difficulties and Features
Due to the super high-rise building, the depth of
foundation pit, the complexity of surrounding
environment, quality requirements of earthwork
excavation, blasting construction must ensure
that the slope and rock of foundation pit are not
affected by blasting disturbance, and harmful
blasting effects are strictly controlled within the
effective range. The main difficulties are the following five aspects:
1) Prevent damage of the slope (retaining pile
and soil nail wall) caused by blast vibrations;
2) The part of the bedrock of deep foundation
excavation is not affected by the blasting vibration;
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Table 1

2.2 Selection of Blasting Parameters
Aperture (D): Considering the site construction
conditions, the existing equipment and construction safety, Perforation equipment selects the
small crawler shallow hole drill.

Blasting parameters calculation
results (unit: m)
H/m W/m

long-hole blasting
short-hole
blasting

Minimum Resistance Line (W): In order to ensure blasting safety and blasting effect because
of the small depth of excavation, we will select
the Minimum resistance line W according to relevant technical information and construction experience.
Hole Spacing (a) and Array Pitch (b): In order to
ensure the blasting effect, reduce the blasting
block and minimize the amount of single hole
charge, we take the construction scheme with the
large-hole spacing and small array pitch, the
general hole spacing a = (1.0 ~ 1.5) W, array
pitch b = W.

3

b/m

5

2

3

2

1.5

1

1.5

1

L/m L1/m
long-hole blasting
short-hole
blasting

a/m

q/
Q/g
kg/m3

5.5

0.5

0.3

9

1.8

0.3

0.5

1.1

BLASTING PROGRAM DESIGN

The surrounding environment of the foundation
pit blasting is extremely complicated. In order to
ensure the safety of the detonating network, the
detonating network uses the detonate the system
of the "non-electric millisecond delay plastic
detonating tube detonator". And in order to better control the effect of blasting vibration on the
safety of the slope of foundation pit, surrounding
houses, highway viaduct and so on. The connection of the blasting network uses hole-by-hole
initiation detonation technology with controlling
strictly the volume of single explosion, loading
the MS11 segment high accurate nonel detonator
within the in-hole, using the MS3 segment nonel
detonator as the outer-hole relay blasting, detonating in a controlled sequence of no more than
four rows in a detonation (Yu et al. 2017).

The Depth of the Excavation (H): The long-hole
depth of the excavation blasting does not exceed
5 meters, the short-hole depth of the excavation
blasting does not exceed 1.5 meters.
Ultra-Deep (h1): According to the relevant provisions of the "blasting safety regulations", h1 =
0.15 ~ 2H, according to the rock properties, the
sub-drill h1selects 0.5m temporarily.
The Depth of the Drilling (I): The depth of the
drilling I is the depth of the excavation H plus
the sub-drill h1.
Unit Volume Consumption of Dynamite(q): The
part of the excavation blasting is sandstone and
weathered sand-stone. According to the relevant
provisions of the "blasting safety regulations"
and the construction experiences, the unit volume consumption of dynamite q of the long-hole
blasting selects 0.3 kg/m3 temporarily, and the
unit volume consumption of dynamite q of the
short-hole blasting selects 0.5 kg/m3 temporarily. We will adjust the value of unit volume consumption of dynamite q in time according to the
situation of explosion test during the actual construction (Zhu et al. 2009).

4

Explosive Calculation for Single Hole (Q): Calculated by the formula Q = qabH.

1) Design the blast-hole reasonably, optimize
the blasting parameters, limit the minimum
resistance line and unit volume consumption of dynamite.

SAFETY CHECK AND PROTECTION

4.1 The Protection of Blasting Flying Stones
The distance of blasting flying stones is that the
sur-face media of blasting targets spatter around
under the effect of blasting shock wave. The protection of blasting flying stones is one of the key
factors of the blasting construction safety because of the complexity of blasting surrounding
environment. In order to ensure the safety of
blasting flying stones, blasting operators must
take the following measures:
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Table 2

2) Organize the construction work carefully,
check the blast-hole, blast-hole position and
blast-hole depth one by one in order to ensure the packing density and packing
length.
3) Blasting operators must Strengthen the vigilance and prevent irrelevant personnel, vehicles into the warning range during the
blasting operations.
4) In order to ensure the safety of blasting flying stones, the building body and the protected objects should be covered with thick
canvas and bamboo fence, and the key parts
should be protected by earth bags, sand
bags, etc. (Yang et al. 2011)

Protection

Building
Bridge
Houses

Safe
Distance
(m)

100
20
80

Calculate
speed (cm/s)

Deep
- hole
0.27
4.9
0.4

Short
-hole
0.06
1.09
0.09

Measurement speed
after vibration reduction (cm/s)
Deep short
-hole -hole
0.2
0.04
3.86 0.82
0.32 0.07

The blasting surrounding environment is extremely complicated; there are many key protected objects around the blasting area. According to the calculation, we take the hole-by-hole
initiation detonation technology: The quantity of
the long-hole blasting is the maximum quantity
with single hole load of 10kg for one time; The
vibration velocity generated by the blasting on
the surrounding structures is less than the vibration velocity specified by the relevant national
standards. In order to protect the disturbance effect of blasting vibration on the slope and foundation of deep foundation pit, the following
measures are adopted:

4.2 The Protection of Blasting Flying Stones
The key protection objects of the blasting vibration are the slope stability of the deep foundation
pit, the foundation disturbance effect of the deep
foundation pit, the safety of the viaduct bridge
piers, the common houses and the sub-grade
subsidence of sandy geology. According to the
relevant provisions of the "blasting safety regulations", the impact of blasting vibration on the
surrounding buildings can be calculated using
the following formula:

v  kk0 (3 Q / R)

Statistical table for blasting vibration analysis

(1)

1) In the actual construction, strengthen the
blasting vibration detection, approach to the
actual value of K and α, adjust the blasting
parameters timely.
2) Change the propagation direction of the
maximum blasting vibration velocity
through the division of blasting excavation
methods.
3) A row damping holes are arranged at intervals of about 1000 mm around the foundation pit before the blasting (Ren 2013; Gao
2010), and the depth of damping holes exceeds the excavation depth of the foundation pit by 500mm and the hole aperture is
140mm.

R-- Safety distance for blasting vibration
Q--Quantity of the explosives, millisecond delay blasting is the maximum quantity with single hole load for one time
V--Safe particle vibration velocity at the location of protection (cm/s)
a--Reducing index
K--Coefficient relevant to the terrain and geological conditions between blasting points and
protected object
K0-- Correction coefficient

4.3 Blasting Dust Controlling
In the blasting project, the blasting dust is mainly
generated by drilling operations, rock crushing
during blasting, surface dust caused by blasting
shock waves, etc. The blasting dust is one of the
major detrimental effects of blasting operations
in the complex urban environment. In order to
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prevent the blasting dust influence on the surrounding environment, the blasting drilling operations use wet drilling technology and plugging method with sand and water in the process
of blasting charge and backfill to reduce the dust
generated by drilling operations and rock crushing. The water spray device should be erected at
intervals of about 2m around the foundation pit
before blasting. The water spray device should
be turned on during blasting operations and form
the water mist on the blasting site, effectively reducing the diffusion of the dust generated by the
blasting and controlling the dust within the range
of the foundation pit. The operation methods
achieve the purpose of environmental protection
and efficient blasting.
5

BLASTING EXCAVATION EFFECT
OF THE FOUNDATION PIT

The project of the blasting excavation of foundation pit belongs to the deep foundation excavation of Sandstone geology under the conditions of the complicated urban environment and
high crowd density. Blasting rock belongs to the
sandstone geology which is easily influenced by
the blasting disturbance. The deep foundation pit
belongs to the super high-rise building which exceeds first 200 m in Lan-Zhou. Consequently,
the excavation quality of foundation pit is very
strict, it is also necessary to ensure that blasting
does not affect the base rock of foundation pit.
During the blasting process, we complete successfully the 150,000 m3 blasting excavation
task of the deep foundation pit in 50 days
through the field detection of the blasting vibration and foundation disturbance, and adjustment
the blasting parameters in time, while using the
weak blasting technique combined with shallow
holes and deep holes. It is ensured that the influence of blasting on the rock at the bottom of the
foundation pit is within the permissible range.
Meanwhile, we solve effectively the problem of
the harmful effects of blasting dust in urban
complex environment by the wet drilling operation and water spray device on site.
REFERENCES
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ABSTRACT
In order to study the effect of rock mesostructure on single hole bench blasting, the concrete with
different aggregate parameters is adopted, and the 500 mm×500 mm×360 mm specification bench
specimen is established to carry out the blasting model test. Three-dimensional Digital Image correlation method (3D DIC) is used to analyze the dynamic failure characteristics of specimen, strain field
distribution on specimen surface and crack propagation law. MATLAB and ANSYS are used to establish a two-dimensional computational model of concrete aggregate with different intensities and
different sharpness levels. LS-DYNA is used to simulate and analyze the explosion load test. The
results show that the concrete is crushed and destroyed in explosive near area. The change of aggregate parameters has little influence on its failure law. In the explosive fissure area, with the increase
of the blast center distance, the aggregate crack trend appears the state of penetration, bifurcation,
one-way detour and termination. The increase of aggregate strength will inhibit the occurrence of
crack, the increase of the sharp degree will promote the appearance of the penetration crack.
1

INTRODUCTION

mainly including: aggregates, cement mortar
and bonding interface. Its internal composition,
distribution and proportional relation have important influence on mechanical properties. At
present, many researchers have done a lot of research on the mesostructure of concrete. Three
dimensional digital image correlation test technology (3D DIC) is used to study the cleaving
process of cylindrical concrete specimens (Xu et
al. 2016). The influence of different aggregate
distribution, specimen size and finite element
size on the calculation results of ultimate load is
studied (Ma et al. 2004). The random model of
aggregate concrete is established by MATLAB,
and the Meso-mechanical analysis of concrete is
carried out (Gao et al. 2011). The results show
that the internal structure and components of
concrete can influence the growth of mesocracks
(Tang et al. 2003).

In bench blasting, the rock mesostructure has an
important influence on the crack propagation.
Rock is regarded as a continuous homogeneous
body in usual research and analysis, but it is heterogeneous, simple macroscopic mechanical
model is difficult to reflect the nonlinear characteristics of rock interior. In this paper, the combination of macroscopic and microscopic methods is used to study rocks. The numerical
simulation technique in the field of mesomechanics can visually show the failure process of
rock and provide some theoretical guidance for
the experiment. Under the action of explosive
loading, the initiation, propagation and penetration of cracks in rock, the distribution of external
strain field and the emergence of macroscopic
cracks, are all the manifestations of microscopic
phenomena to their macro performances. Therefore, it is necessary to study the effect of rock
mesostructure on single hole bench blasting.

In this paper, three dimensional digital Image
correlation method (3D DIC) test technique is
used to analyze the dynamic failure characteristics of specimen, the surface strain field distribution and crack propagation law of specimen,

Concrete is a kind of multiphase composite material with complex mechanical properties,
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MATLAB and ANSYS are used to establish the
calculation model of concrete with different
strength and different sharp degree of aggregates. Then LS-DYNA is used to simulate the
explosion load, the dynamic failure mode of
concrete under the load of explosion is discussed, and the influence of aggregate parameters on the dynamic mechanical properties of
concrete is revealed.
2

camera lens is in the same horizontal position as
the model specimen (Figure 2). The illumination
with power of 1 kW is irradiated vertically at the
bench model slope from 1 m and the scatter spots
are randomly sprayed on the bench model slope
surface.

MODEL TEST

The experimental model is divided into two
parts: I and II. As shown in Fig. 1 (a), Part I is
the base of the constraint. As shown in Figure 1
(b), Part I is the bench model.

Figure 2

The experiment uses a low-energy detonation
cord with a charge density of 3.5 g/m and an
outer diameter of 6 mm to detonate and charge
2.5 g of PETN. Charging and initiating from the
bottom of the model to prevent the intense light
and detonation produced by the explosion from
interfering with the shooting. Shooting speed is
2×104 FPS (Frames per Second), shooting resolution is 896 mm (width) × 416 mm (height) and
shooting field can cover part II of the model. The
final effect of the test is shown in Figure 3.

(a) Model Part I (b) Model Part Ⅱ (c) Model
Figure 1 Model of the test
The quality ratio of concrete specimens used in
the model is: water: Cement: Sand: Gravel
=0.38:1:1.11:2.72.
Ultimate
compressive
strength is 40 MPa. The size of model (part I) is
480 mm high, 910 mm long, 910 mm wide. The
rebar is used to enhance the strength of the
model. Specific parameters of part II is shown in
Table 1.
Table 1

Test system and layout.
Left: High-speed photography.
Right: High-speed 3D DIC test
Layout

Properties of Model Part II
(bench)

Description
Bench height
Borehole diameter
Borehole angle
Borehole length
Stemming height
Charge length
Burden
Maximum Burden
Bench angles
Model height

Measure
240
80
90
250
80
170
109
172
70
360

Unit
mm
mm
º
mm
mm
mm
mm
mm
º
mm

Figure 3 The test results. Left: The exploded
effect; Right: Fragmentation
3

TEST ANALYSES

The High-Speed 3D DIC method based on
speckle dynamic analysis has a high ability to
recognize the slight deformation on the surface
of the object. In the case of large deformation,
such as fracture or serious crushing, the data of
the related region will be distorted seriously
even blank. In the correlation analysis, the red
region in Figure 4 extracts the analysis region for

The test is carried out indoors with the two highspeed photographic instruments in 15° angle.
The model specimen is at a 3 m distance from
the high speed camera lens and the high speed
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the selected data, and the computed three-dimensional space range X (height), Y (width), z
(thickness) is: 420 mm  210mm 130mm. The
pink region in Figure 4 (left) is the selected analysis area, and Figure 4 (right) is a three-dimensional reconstruction of the analysis area.

(c) 1.5 ms

(d) 2.0 ms

Figure 4 Three-dimensional reconstruction

(e) 2.5 ms

(f) 3.0 ms

(g) 3.5 ms

(h) 4.0 ms

The digital image correlation method is used to
measure the whole field strain in the shooting
area. This simple non-contact method of measurement, only speckle needs to be sprayed on the
surface of the tested object, so that the system
characteristics of the test model will not be
changed. DIC test technology is used to directly
compute the surface displacement information
of an object, then the strain state of the surface
of the object is measured: Von Mises strain can
be computed. In the computed area, the corner
line of the bench surface is the boundary, and the
left and right regions are respectively recorded
as Region 1 and Region 2, as shown in Figure 5.

Figure 5

As shown in Figure 5 (c) and Figure 5 (d), a large
area of stress concentration occurs at the 1.5 ms
~2.0 ms in slope surface of Region 1 and 2. The
center of the projection of blasthole on the slope
has the extreme stress, which has the tendency
to extend to the surrounding area. The maximum
area of Von Mises strain is the minimum resistance line of the bench surface, the corner area
stress state of the bench surface is lower than that
of the adjacent area. There are two transverse
stress concentration bands which penetrate and
connect Region 1 and Region 2. At this time, the
stress intensity and Region 1 stress concentration area are slightly larger than that of Region
2.

The distance of the blasthole from the top of Region 1 and Region 2 is 80 mm and 100 mm respectively.
As shown in Figure. 5 (a) and Figure. 5 (b), in
0.5 ms ~ 1.0 ms, there are strain changes on the
Region 1 and 2 on the slope surface, and the
change area of slope 1 relative to the 2 of the
slope is larger and more varied. In the test
scheme, the position of the blasthole is closer to
the region 1 and the explosion effect of the region 1 is stronger, where the strain state changes
more strongly. It is also apparent from Fig. 3 (a)
that the final damage to the slope of Region 1 is
more severe than Region 2.

(a) 0.5 ms

Von Mises Strain distribution

As shown in Figure 5 (e) and Figure 5 (f), the
vertical stress concentration zone is significantly
higher than the horizontal stress concentration
zone. Which is due to the transverse tensile
stress on the bench slope cause the vertical crack
growth form. The bottom initiation is used in the
test, the failure sequence of the rock interior
should be from the bottom up, high speed photography shows the first crack in the top of the
step. Careful examination of the crack on the
bench surface at the moment, the small crack almost produce at the same time on the bench
slope surface, but then, the upper crack propagation speed to the first fracture for the reason

(b) 1.0 ms
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that the upper part of the bench has less clamping
force than the lower part of the bench.

used to establish the criterion of aggregate intrusion and the method of convex polygon aggregates generation with area scale.

As shown in Figure 5 (g) and Figure 5 (h), the
area of stress concentration on the bench surface
continues to develop and expand continuously,
the stress concentration area of Region 1 on the
slope is always greater than Region 2 on the
slope, the stress state at the bottom of the bench
corner is always lower. The final blasting result
is shown in Figure 3, where the damage range of
Region 1 is larger than that of Region 1.The bottom of the bench corner is less broken and it remains partially intact.
4

In this paper, a method of random generation of
convex polygon aggregates based on round aggregate edge is adopted. The concrete build steps
are as follows:
1) The size of aggregates can be determined according to the grading number of aggregates.
Then the corresponding diameter size of the
circular aggregate is randomly generated.
2) Round aggregates control and n-sideshaped aggregates generate. With the center
(0, 0) as the starting point, in the positive
direction of the x-axis as Ray R. Rotate the
Ray R along the counterclockwise direction
n times. The angle between the Ray R and
the x-axis is αi, then 0<αi<2π. The corresponding polygon vertex coordinates and
the polygon centroid are computed according to the center coordinates and angle αi.
3) Remove unqualified aggregate whose
partcle size is too small by judge the corresponding aggregate grade of polygon generated random in step 2. According to Pk,
model width W, model height H, each aggregate representation particle size D, the
area of each aggregate to be launched is determined and the aggregate particle number
is determined.

2D RANDOM AGGREGATE
GENERATION

The maximum density gradation curve (or Fuller
grading curve) proposed by Fuller (Fuller &
Thompson 1907) is the most common three-dimensional ideal gradation curve. Walraven &
Reinhardt (Walraven & Reinhardt 1981) transformed the three-dimensional aggregate gradation curve into a two dimensional aggregate gradation curve on the basis of the Fuller-formula.
By using the formula of the plane transformation
of the fuller curve, the problem of the aggregate
geometry model of the two-dimensional numerical simulation of concrete is established. The
probability of any point in the two-dimensional
plane having an aggregate with diameter less
than D0 is PC:

The steps of the aggregate launch are as follows:

.

1.065
0.053
0.0045

0.012

1) The coordinates of the polygon centroid
point of the new aggregate can be obtained
by Monte Carlo stochastic method. The coordinates of the vertices of the polygons in
the model can be obtained by the correspondence relation of the new and old coordinates of the centroid point.
2) The intrusion judgment of the aggregate.
The injected aggregates are not allowed to
invade each other. So in order to make the
polygons not invade each other, the mesh
node coordinates of the first polygon will
need to be computed first.
3) Put in the second polygon and compute the
coordinates of its node. If two blocks invade
each other, that is, they have at least one of
the same node coordinates, then randomly

(1)

0.0025

where:
D0 is the diameter of the sieve hole.
Dmax is the largest aggregate diameter.
Pk is the percentage of aggregate volume as a total volume.
The section of artificial gravel can be approximated as convex polyhedron, so the convex polygon can be used to simulate this kind of aggregate in two-dimensional model. In general,
triangular or quadrilateral-shaped aggregates are
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rotate the second block and re-judge the intrusion. If they still invade after 10 rotations,
change a place to put in.
4) Each new polygon needs to be judged with
every previous polygon to determine the intrusion until all the polygons have been
placed.

and K3 are pressure constants; MXEPS is the
maximum failure pressure.
Table 2

RO (kg·m-3)
G (GPa)
A
B
C
N
FC(GPa)
T (GPa)
EPSO
EFMIN
SFMAX
Pc
Uc
PL
UL
D1
D2
K1 (GPa)
K2 (GPa)
K3 (GPa)
MXEPS (GPa)

According to the aggregate particle size used in
the model pouring, the aggregate diameter in the
simulation is controlled in the range of 40 mm ~
60 mm.
5

NUMERICAL SIMULATION

5.1 Model building and material constitutive
MATLAB and ANSYS were used for joint simulation, two-dimensional model of concrete
bench blasting with mesostructure was built
based on the experimental model, as shown in
Figure 6.

Table 3

Figure 6

HJC constitutive model
parameters of ITZ

HJC
constitutive
parameters of aggregate

RO (kg/m3)
G (GPa)
A
B
C
N
FC (GPa)
T (GPa)
EPSO
EFMIN
SFMAX
Pc
Uc
PL
UL
D1
D2
K1 (GPa)
K2 (GPa)
K3 (GPa)
MXEPS (GPa)

Numerical calculation model

Mortar (ITZ) and aggregates are all used HJC
models, model parameters are shown in Table 2
and Table 3 (after Li et al. 2003), where RO is
material density; G is the shear modulus; A is the
normalized cohesion strength; B is the standardized pressure hardening coefficient; C is the
strain rate sensitivity; n is the pressure hardening
factor. FC for material static compressive
strength; T is the maximum tensile strength,
EPSO is the reference strain rate, EFMIN is the
minimum plastic strain of the material breakage,
PC is the critical hydrostatic pressure, UC is the
critical volumetric strain, PL is the critical hydrostatic pressure in the compaction phase, UL is the
critical volumetric strain for entering the dense
phase. D1 and D2 are damage constants, K1, K2
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1.8
0.085
0.79
1.80
0.1
0.65
3.5E-4
2.5E-5
1
0.002
4.0
1.17E-4
0.001
1.75E-3
0.01
0.06
1.0
0.85
1.71
2.08
0.003

2.66
0.215
0.9
2.0
0.1
0.65
1.62E-3
1.0E-4
1
0.01
4.0
5.3E-4
1.2E-3
0.008
0.01
0.08
1.0
1.4
-20.0
25.0
0.006

model
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Table 4

Material parameter model of
RDX based aluminum explosive

RO (kg/m3)
D (m/s)
PCJ
BETA
K (GPa)
G (GPa)
SIGY (GPa)

Table 5

the explosive near area shows a certain zigzag.
It can be seen that the internal stress field distributions and the failure forms of concrete type
two phase composites are closely related to their
mesostructure characteristics under explosive
loading.

1.72
0.78
0.25
0
2.0
2.0
2.0

JWL state model parameters

A (GPa)
B (GPa)
R1
R2
OMEG
E0 (GJ·m-3)
SIGY (GPa)

7.52
0.12
4.4
1.3
0.3
0.1063
1

(a) 8 μs

(b) 9 μs

(c) 11 μs

(d) 15 μs

(e) 23 μs

(f) 31 μs

5.2 Simulation Results Analysis
The difference of physical and mechanical properties of aggregates and mortar, and the randomness of aggregate distribution in mortar can affect the propagation of explosive stress wave.
According to the theory of stress wave propagation, the wave will produce reflection, transmission and diffraction on the cemented surface of
aggregate and mortar. Therefore, the local stress
concentration will be produced near the cemented surface, and the stress con-centration in
different degrees can damage the aggregate and
mortar in different degrees, and then affect the
expansion and penetration of the internal cracks
in the specimen.

Figure 7

Von Mises stress nephogram of
concrete at different time

The penetration of fissure nets in the crack area
is the key factor affecting the blasting fragmentation, and the wave surface tends to be smooth
during the attenuation of the explosion stress
wave, so the influence of the aggregate on the
wave surface is weakened gradually. The difference between the mechanical properties of aggregate and mortar still leads to a small area of
stress concentration on the cemented surface, so
the crack has a different expanding state near the
aggregate, which includes: bifurcation, one-way
bypass, termination, etc., as shown in Figure 8.

The distribution of the internal explosion stress
field of concrete at typical time as shown in Figure 7, TNT detonation is completed and a shock
wave is formed near the blast hole. Due to the
different mechanical properties of aggregates
and mortars, the distribution of Von Mises stress
in concrete media has changed to varying degrees: at the time period of 8 μs - 9 μs, the typical
water droplet type wave array bread line first appears the inflection point, then it similar to the
gourd shape at 11 μs , but along with the continuous application of explosion stress wave and
the stress wave attenuation, the inflexion gradually disappears and the envelope of stress field is
approximately smooth, but the broken shape of
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Figure 8

2) The randomness of aggregate distribution
will affect the propagation of explosive
stress wave, which will produce different degree of local stress concentration in the vicinity of the cemented surface, thus affecting
the expansion and penetration of internal
cracks in the specimen.
3) The numerical simulation results show that
the concrete has crushing damage in the near
area of explosion, and the aggregate and
mortar are basically the same. In the explosion fissure zone, the crack trend appeared
bifurcation bypass, one-way bypass, termination and so on because of the aggregate.

The extended state of local cracks

When the crack arrives near the aggregate, the
reflection and transmission of the stress wave
will cause the uneven distribution of the local
energy. According to Griffith’s fracture theory,
the energy density increases near the cemented
surface, the crack will enlarge the surface energy
loss by the way of fork orbit and reduce the local
power concentration. When the energy density is
invariable, the crack will show the relative aggregate's orbit expansion form due to the change
of the stress field distribution. When the energy
density is consumed by the aggregate, the crack
propagation stops.

The distribution of aggregates will affect the
crack growth pattern of concrete specimen, the
difference of mesostructure in bench blasting
will also affect the final fragmentation distribution. The mesostructure of blasting is a research
direction for fine controlled blasting.
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ABSTRACT
The ground vibration caused by the collapse of building during blasting demolition has an impact on
the adjacent high-rise building. In this paper, we took a blasting demolition of three frame buildings
as a case, and analyzed the vibration velocity, power spectrum, displacement angle and interlayer
amplificatory coefficient on the different floors of the adjacent high-rise building induced by the
blasting demolition. The results show that: (a) Under the action of blasting vibration, the peak values
of radial and vertical accelerations of each measuring point in adjacent high-rise building are obviously larger than the peak of tangential acceleration, and the duration of radial vibration is longer than
the duration of tangential and vertical vibration. (b) The basic frequency of adjacent high-rise buildings did not change before and after blasting, and the maximum story drift angle was less than the
allowable value of relevant specification. There was no significant acceleration amplification effect
on the superstructure of the building. (c) The collapse vibration response spectrum is much smaller
than the design spectrum of the area where the building is located. It indicates that the collapse vibration does not affect the structural safety of the adjacent high-rise buildings.
1

INTRODUCTION

blasting of rock blasting. Meanwhile, there are a
few studies which is aiming at the impact and
vibration effect of collapse vibration and the dynamic response of the adjacent building structure during blasting demolition.

With the continuous development and renewal
of the city, more and more old buildings need to
be demolished. Blasting demolition has become
the first choice for the demolition of tall buildings in China due to its advantages of safety, reliability and economy (Xie, 2011; Daigoro et al.,
2007; Luccioni et al., 2004). Blasting demolition
process inevitably produce blasting vibration,
collapse vibration, flying stone, shock wave and
dust and other harmful effects. Among them, the
effect of collapse vibration is the strongest, and
attention should be paid to the transmission
mechanism and control measures. In recent
years, although many scholars have extensively
studied the time-frequency characteristics and
signal processing of blasting vibrations (Fan et
al., 2008; Singh and Roy, 2008; Zhou et al.,
2010), the dynamic response characteristics of
building structures under blasting vibration
(Bhalla and Soh, 2004; Cao et al., 2006; Li et al.,
2010; Chen et al., 2008; Lin et al., 2010; Wei,
2010), most of them focused on the deep-hole

With the development of economy and society
and the acceleration of urbanization, demolition
blasting gradually shows the characteristics of
large-scale, diversified structures and complicated environment. In the densely populated urban areas, there are more and more high-rise
buildings in the vicinity of demolition objects;
and the blasting safety requirements are getting
higher and higher. It is of great significance to
study the dynamic response characteristics of
adjacent high-rise buildings under demolition
blasting vibration.
In the existing researches, the main means of
studying the dynamic response of building structures under blasting vibration are still the field
monitoring (Saleh and Adeli, 1998; Singh and
Roy, 2010) and theoretical analysis (Dhakal and
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Pan, 2003; Wu et al., 2005; Ngo et al., 2007;
Yang et al., 2015). By using advanced blasting
vibration observation and analysis instruments,
the entire time history curve of blasting vibration
response is recorded, and the advanced mathematical theory and processing methods to extract
the maximum useful information to analyze the
dynamic response of the building structure under
the blasting vibration.
In this paper, we focused on the effects of the
blasting demolition of the group building in
Hanzheng Street, Wuhan on an adjacent highrise building. The acceleration time history data
of different floors before blasting and after blasting were obtained by arranging the structural dynamic response monitoring system in the adjacent high-rise buildings. The dynamic
characteristics of the building before and after
blasting were comparatively analyzed for evaluating the influence of the blasting demolition on
the adjacent building structure.
2

Figure 1

Configurations of the blasting
area

Considering the structural characteristics and the
surrounding conditions, the overall blasting program for the group buildings was determined as
follows:1# and 2# buildings were dumped in the
south orientation and 3# building was divided
into three parts and were dumped in the directions of east, south and west respectively. The
detonation sequence was 3#, 1#, 2#. The time
difference between the buildings was 1.0s, and
the overall collapse plan is shown in Figure 2.

GENERAL INFORMATION OF THE
PROJECT

Wuhan Hanzheng Street building blasting demolition project includes three buildings, with a
total floor area of about 35000m2 , as shown in
Figure 1. Among them, the No.1 building,
Yifeng Hotel, is a frame-shear structure, the
main building is 20-storey building, height
77.1m, total floor area of about 12000m2. The
No.2 is a nine-story frame structure with a height
of 34m and a floor area of about 8000m2. The
No.3 is a nine-story frame structure with a height
of 32m and a floor area of about 15000m2. The
buildings to be demolished are located in the urban downtown area, surrounded by roads, underground shopping malls, high-rise buildings and
underground pipeline network and other facilities.

）
O. 3
（N

Figure 2

Top view of blasting area

58m north of the demolition buildings is a 29storey high-rise frame-tube structure building,
which is selected as the research object. A series
of acceleration monitoring points are set in it to
study the dynamic response characteristics of
high-rise buildings under the collapse vibration.
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3

VIBRATION MONITORING
SCHEME

tion is perpendicular to the radial direction. Gypsum is used to fix the vibrator to the floor (Figure
4).

The 941b ultra-low frequency vibration meter is
always used to record the pulsation of ground
and structure, industrial vibration measurement
of general structure, large-scale ultra-low frequency measurement of high-soft structure and
weak vibration measurement. The instrument
can provide accelerometer, velocity or displacement parameters of the measuring point and provides different frequency range and different filtering steepness. So, we chose it to record the
vibration of building in the field monitoring
tests. The acceleration parameters of the 941b
ultra-low frequency vibration meter are listed in
Table 1.
Table 1

The acceleration parameters of
the 941b ultra-low frequency vibration meter

Sensitivity (V·s2/m)

Maximum range

0.3
Acceleration
(m/s2)
Speed (m/s)
Displacement
(mm)

Frequency range (Hz)
Output load resistance (kΩ)
Acceleration
(m/s2)
Resolution
Speed (m/s)
Displacement
(mm)

20
/
/
0.25~80
1000
5×10-6
/

Figure 3

Monitoring array layout

Figure 4

Sensor site layout

/

In order to obtain the dynamic response characteristics of the 29-storey building, a total of 5 vibration meters were respectively arranged on the
basement 1, the 8th, the 15th, the 22nd and the
29th floors of the building. All the vibration meters were located in the center of the building, as
shown in Figure 3. Each layer of vibration meters located in the same location, and close to the
main structure such as columns or load-bearing
walls. Three vibration pickups were arranged at
each measuring point for measuring the vibration acceleration of two orthogonal components
and one vertical component respectively,
wherein the radial direction is the collapse direction of the 1# building and the tangential direc-

4

VIBRATION MONITORING DATA
ANALYSIS

The acceleration of each floor monitoring point
time history curve is shown in Figure 5. It can be
seen from Figure 5 that the peak vertical accel-
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eration of each measuring point is large, the radial acceleration time is long, low frequency
fluctuation appears at the later stage, and the amplitude attenuation is slow.
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Each measuring point acceleration time history curve

The vibration duration is one of the three elements of ground motion characteristics. The
structural vibration caused by ground motion has
an important influence on the structural damage
and is an important parameter to measure the destructiveness of ground motion. The vibration
damage investigations show that some buildings
designed according to the theory of response
spectrum have also suffered serious damage in
earthquakes that do not exceed the fortification
intensity, which fully demonstrates the importance of vibration duration (Fan et al., 2008).
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(c) Monitoring points No.3

Longer vibration duration will produce cumulative deformation and damage in the structure.
There are usually three types of definition of
holding time: (1) defined with the absolute amplitude of the shake; (2) defined with the relative
amplitude of the shake; (3) defined by the total
energy of the shake. The second definition is
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adopted in the field monitoring, and the vibration durations at each measuring point are shown
in Table 2.
Table 2

Direction

H ( j ) 

Vibration duration of measuring
point

1
2

 
 
1     2 j  
 0 
 0 

(2)

Among H(ϳω): ߱ is inherent frequency, ω is excitation frequency,  is damping ratio.

Vibration duration (s)
Point 1 Point 2 Point 3 Point 4 Point 5

Radial

7.61

12.15

15.50

23.43

12.20

Tangential

9.44

12.28

11.92

10.40

11.34

Vertical

5.13

8.81

9.35

9.36

9.35

(3)

According to equation (3), peak points appear
near the corresponding natural frequency on the
power spectrum of each floor, which are larger
values in the same layer. Among the many peak
points that appear on the power spectrum, first
distinguish it from the peak point corresponding
to the predominant period. The ground or bottom
power spectrum peaks prominently at the predominant period, whereas in the pulsating recorded power spectrum at the upper part of the
building, the peak point at the terrestrial superior
period significantly decreases or disappears. On
the contrary, the peak value of the natural frequency of the structure is not prominent in the
power spectrum of the ground or the bottom of
building. However, as the number of buildings
increases, its amplitude around the natural frequency gradually increases.

Compared with the same measuring point in different directions of the vibration duration, the radial holding time is obviously greater than the
tangential and vertical direction. In the actual
anti-seismic design, the horizontal ground motion is the key point to be considered. Under the
action of continuous high amplitude, the structure is the most prone to damage, so the radial
and tangential components can be considered to
play a major role in ground motion.
Judging from the monitoring results of five
measuring points, the vibration duration on the
basement 1 is significantly shorter than that of
the superstructure, which may be due to the
strong restraint of the surrounding soil, so the vibration decays rapidly. With the increase of
floors, the vibration duration of each measuring
point in the same direction shows an increasing
trend, and the radial directions is obviously
greater than the tangential and vertical directions.

Based on the above principle, the data before
blasting are processed by this method, and the
radial and tangential power spectra at the measuring point No.5 at the top of the building can be
drawn. The natural frequency of the structure is
shown in Figure 6.

4.2 Power spectrum analysis
Before blasting, the structure can be pulsated by
using the small vibration (pulsation) of the wind
or the earth environment around the building as
an excitation to measure the natural vibration
characteristics of the structure. According to the
theory of random vibration, there is the following relationship between the incentive and reaction of the system (Xie, 1982):
(1)
where S y () is self-power spectrum of structure
reaction, Sx () is ground-pulsation self-spectrum, H( j) is Transfer function. Among them:
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(a) Radial power spectrum

(b) Tangential power spectrum
Figure 7

Power spectrum after blasting of
point No.5

It can be concluded from the Figure 7 that under
the influence of blasting vibration, the basic radial and tangential frequencies of the high-rise
are all 0.65Hz, which is the same as the basic
structure frequency before blasting. This shows
that the vibration of blasting demolition has no
influence on the main body of the structure.
4.3 Dynamic response analysis

(b) Tangential power spectrum
Figure 6

The story drift ratio can be used to measure the
deformation of the building under the action of
an earthquake. Limit the story drift ratio is
mainly to limit the horizontal displacement of
the structure under normal conditions of use to
ensure that the high-rise structure should have
the rigidity to avoid excessive displacement and
affect the structure's bearing capacity, stability
and use requirements. It is a macroscopic control
index of the cross-section and stiffness of members.

Power spectrum before blasting
of point No.5

After power spectrum analysis, the basic frequency of the structure in both radial and tangential directions of collapse of the No.1 building
(Yinfeng Hotel) is 0.66Hz. Similarly, the natural
frequency of the building after being affected by
the collapse vibration is shown in Figure 7.

The method of calculating the story drift ratio is
the ratio of the relative displacement between
layers to calculated height of the layer. As the
demolition blasting ground contact vibration effect is relatively weak, so the deformation calculated by the elastic story drift angle (Xie and Yu,
1982).
(4)
(a) Radial power spectrum
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where ∆ue is the maximum elastic displacement
between floors produced under frequent earthquake action, [θe] is the displacement limit of the
elastic layer, and h is the calculated height.

In the Table 4, the acceleration amplification
factors are all around 1, and there are no abnormally large values appear. It indicates that the
structure will not resonate under demolition
blasting vibration.

Since the measured value of each measuring
point is acceleration, we can obtain two horizontal displacements at each measuring point
through quadratic integral. The relative displacement between measuring points is listed in Table
3.
Table 3
Direction

4.4 Response spectrum analysis
The response spectrum is the curve of the maximum displacement, velocity and acceleration responses of the structure (single-particle system)
with the period of the self-vibration of the particle during a given earthquake acceleration. The
spectral composition of ground vibration has an
important influence on the dynamic response of
the engineering structure. For a given ground vibration, it is always possible to think of it as a
combination of harmonic waves with many different frequencies. By analyzing the recorded
ground vibration response spectrum, the impact
of ground vibration caused by slump on the surrounding engineering structure is analyzed. At
present, the general building seismic design are
based on the design spectrum, while the design
spectrum is derived from the response spectrum.

Relative displacement between
the measuring points
No.1 and

No.2

No.3 and

No.4 and

No.2

and

No.4

No.5

No.3
Radial

3.16cm

2.4cm

2.07cm

1.27cm

Tangen-

1.55cm

1.25cm

1.06cm

0.95cm

tial

Table 3 shows that the lower part of the structure
is relatively large deformation. Assuming that
the vertical mass and stiffness of the structure
are evenly distributed, the displacements between the layers in the measuring points No.1
and No.2 are the same, and uniform and the deformation due to the vibration is considered
within the elastic range, the maximum story drift
angle calculated is 1/949. According to “Code
for Design of Seismic Design of Buildings” (GB
50011-2010), the maximum allowable story drift
ratio is 1/800 for frame-tube structures. Therefore, the deformation caused by blasting vibration does not lead to the structure occurred beyond the specification allows the deformation of
the interlayer.

The response spectrum analysis is carried out using the horizontal ground motion recorded at the
measuring point No.1, and the radial and tangential response spectra were calculated, in which
the damping ratios were both 5%. The results are
shown in figure 8 and figure 9.
According to the power spectrum analysis results, it can be seen that the radial and tangential
natural frequencies of the building are both
0.66Hz, which are converted into a period of
1.52s. In the response spectrum, find the acceleration corresponding to the period. The radial
and tangential directions of acceleration are both
0.05 m/s2, and the tangential acceleration is
0.01m/s2.

In order to compare the amplifying effect of each
floor on the collapse vibration, the acceleration
magnifications of each measuring point are
listed in Table 4. The acceleration magnification
on each floor is relative to the point No.1 which
is set on the ground.
Table 4
Direction
Radial
Tangential
Vertical

Acceleration magnification
Point
No.2
0.64
0.99
0.55

Point
No.3
0.54
0.98
0.58

Point
No.4
0.44
1.08
0.67

Point
No.5
1.18
1.84
0.71
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high-rise building are obviously larger than the
peak of tangential acceleration, and the duration
of radial vibration is longer than tangential and
vertical vibration and the vibration attenuation is
slow.

0.45
0.4
0.35

Acc/(m/s 2)

0.3
0.25

(2) The basic frequencies of the adjacent highrise buildings are the same before and after demolition blasting vibration effect, that is, the vibration caused by the blasting demolition has no
effect on the main structure of the structure.

0.2
0.15
0.1
0.05
0

0

Figure 8

1

2

3
T/s

4

5

(3) Under the action of demolition blasting vibration, the maximum inter-story drift angle of
adjacent high-rise buildings is within the normative design requirements. That is, the vibration
of the ground will not cause excessive deformation of the structure. At the same time, there
is no significant acceleration amplification effect in the superstructure of the building relative
to the ground surface, that is, no resonance phenomenon occurs.

6

Radial response spectrum of
point No.1

0.18
0.16
0.14

Acc/(m/s 2)

0.12
0.1

(4) Comparing with the design spectrum of the
area where the high-rise building is located, the
calculated response spectrum of the collapse vibration is much smaller than the design spectrum
value. It indicates that the impact of collapse vibration is within the safe range.

0.08
0.06
0.04
0.02
0

0

Figure 9

1

2

3
T/s

4

5

6

Tangential response spectrum of
point No.1
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Study on the influence of long term frequent blasting vibration
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X. Liao1, F. Shi1, Y. Jiang1 and X. Li2
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ABSTRACT
The blasting vibration will affect neighboring buildings and human, the safety value of blasting vibration is clearly defined. However, in the actual project construction, although the vibration on the
buildings within the standard range, there are still concerns, complaints, or even blocking, because of
the impact of blasting vibration. This has a negative impact on social harmony and progress of the
project. In order to find out the cause of the problem, the blasting operation points were tracked for a
long time, and a large amount of data were obtained by means of blasting parameters recording,
blasting vibration monitoring, building damage observation and household physical and psychological investigation. Comprehensive analysis of the data shows that, although the blasting vibration in
the standard range will not affect the safety of the building structure and the surface, long term frequent vibration can cause damage to buildings and form apparent damage. Based on the analysis of
the influence of blasting on buildings and human body, it is concluded that the control value of long
term blasting vibration velocity is 0.2 cm/s. The results are meaningful for the establishment of long
term frequent blasting vibration control standards, and to resolve the contradiction between ‘disturbing’ and ‘disturbed’.
1 INTRODUCTION

to obtain a large amount of data on the frequent
blasting vibration cumulative fatigue damage to
the buildings, as well as the impact on human
body.

After the blasting vibration exceeds a certain
value, it will have an effect on the adjacent
buildings (Yao et al., 2016, Zuo et al., 2015,
Ling et al., 2014, Xie et al., 2013). So, a lot of
countries have provisions on the allowable value
of blasting vibration on buildings which considered that the blasting vibration is less than allowable value of safety, will not affect the building.
While, in the actual engineering construction, It
often appears in the building vibration monitoring value in the standard range, even far below
the standard that some people worried about the
surrounding residents caused by blasting vibration, complaints, or even blocking workers, social harmony and progress of the project adversely affected. In addition, the blasting
vibration on the residents will have a certain impact on physical and mental. Therefore, longterm tracking of blasting engineering should be
taken, the blasting parameters, blasting vibration
monitoring, building damage observation and investigation personnel and etc. should be recorded

2 FIELD EXPERIMENT
2.1 Engineering background
The fourth area of Chishui Chengdu Expressway
(Luzhou section) is located in the Hewan village
Texing town of Longmatan District. In this section, the blasting method was used for the excavation of the roadbed, and hole by hole initiation,
the single hole charge 1.2 kg. In order to protect
the surrounding buildings of the subgrade, the
blasting vibration monitoring, the observation of
the house cracks and the human body during the
blasting construction lasted for 6 months. The
preliminary investigation range of the houses is
large, a total of 91 households, the nearest distance of blasting construction area houses is 22
m, and the most far is 350 m. Through the investigation, it is found that the building is self built
brick concrete structure, which is restricted by
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the local construction conditions. In the process
of building the building, more cost is considered
and the quality cannot be guaranteed. Therefore,
the ability of housing to resist external factors is
poor.

set 17 measuring points, using the method of
fixed point monitoring, collecting each blasting
recent 3 to 5 groups of measured data, and according to the change of monitoring points of
blasting area, the location of the monitoring
points was adjusted. During the 6 months of
blasting construction the acquisition of data for
604 times, according to the arrangement of the
site, a total of 17 monitoring points for blasting
construction of the full range of monitoring were
set, minoring data specific conditions are shown
in Table 1.

2.2 Vibration monitoring
Each blasting vibration detection were carried
out, according to the relevant regulations and
technical requirements, the project group selected the nearest 17 houses of blasting area and

Figure 1

Layout of measuring points

Table 1

Summary table of monitoring data

No.

Monitoring point

0-0.5 cm/s（times）

0.5-1.0 cm/s（times）

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

01
05
07
09
13
19
21
33
35
36
39
48
50
51
71
91
93

82
145
128
207
1
1
142
73
71
11
4
107
93
173
78
7
5

11
23
52
19
7
7
12
22
39
2
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Distance (m)
Min
Max
26
135
28
139
22
179
36
185
94
94
144
144
22
162
28
65
27
159
57
98
96
132
27
170
62
173
29
143
25
114
43
89
22
61
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2.3 Building crack observation

the completion of the construction, a comprehensive observation of the house would be
taken, and the degree of damaged housing would
be analysis.

Observing the house before blasting construction, record the location, width and length of the
main cracks. Investigated 91 households, the
surrounding houses are mostly brick structure,
built by the local conditions, in the process of
housing construction, most is to consider the
construction cost, quality cannot be guaranteed,
phenomena such as shallow and building foundation building materials shortage, so the ability
to resist external housing because of interference
is low, there are cracks on the surface before the
construction is low, cracks before construction.
Stick transparent strips on the main cracks to observe the change of cracks easily, as shown in
figure 2. During the construction process, the
cracks were observed monthly, at the same time,
residents could call engineers to measuring the
cracks while the change were observed. After

It was found that the damage occurred in process
of blasting, with slight influence and slight damage, shown in Table 2 and Table 3. Through the
investigation of the status of the surrounding
houses, the problems can be summarized as follows: (1) Masonry structure wall seepage, plaster off, as shown in Figure 3. (2) Wall tiles off
the periphery, rain board ceramic tile cracks, as
shown in Figure 4. (3) The window, the door
frame is deformed, resulting in a normal closure,
as shown in Figure 5. (4) Along the original
crack expansion, cracking intensifies, as shown
in Figure 6. (5) Wall, floor tiles and other small
cracks, as shown in Figure 7.

Figure 2 On site detection of wall cracks

Figure 3 Wall seepage

Figure 4 Wall tiles off

Figure 5 Window deformation
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Figure 6 Cracks in wall

Figure 7 Floor tile crack

In order to quantitatively evaluate the damage
situation of the house, we classified the damage

of the house, as shown in Table 2

Table 2 Standard for damage assessment of buildings
Level

Define

Influence degree description

1

Slight
effect

The building is intact, there is no obvious change in the original cracks or slight expansion of the original cracks (the different between the readings before and after the
vibration is less than 5%), or mud roof leakage phenomenon, local tile shrinkage.
Minor damage to the building, the original crack and a slight change, or the original
crack extension (micro vibration before and after reading difference is greater than 5%
and less than 10%), a new crack mud roof, local water leakage phenomenon, tile roof
off.
The building of the new cracks appear smaller than 0.3mm, or the original crack width
expansion of not more than 0.5mm, partial leakage of concrete roof.
There is a crack in the building larger than 0.3mm less than 0.5mm, or the width of the
original crack is not more than 0.7mm, and a small amount of plastering is lost in the
wall, and it does not affect its function after maintenance.

2-1
2-2

Slight
damage

2-3

Table 3 The monitoring data and the damage summary table
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Monitoring
point
01
05
07
09
13
19
21
33
35
36
39
48
50
51
71
91
93

Min value
(cm/s)
0.027
0.029
0.016
0.023
0.059
0.028
0.016
0.041
0.030
0.091
0.038
0.036
0.036
0.030
0.038
0.036
0.058

Max value
(cm/s)
0.856
0.937
0.997
0.941
0.085
0.060
0.967
0.863
0.996
0.422
0.075
0.998
0.464
0.355
0.988
0.253
0.929

Common value
(cm/s)
0.200~0.500
0.300~0.500
0.400~0.700
0.200~0.500
0.050~0.090
0.020~0.060
0.300~0.500
0.200~0.400
0.400~0.800
0.100~0.300
0.030~0.080
0.300~0.600
0.200~0.400
0.100~0.300
0.300~0.700
0.100~0.200
0.300~0.600
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Distance(m)
Min
Max
26
135
28
139
22
179
36
185
94
94
144
144
22
162
28
65
27
159
57
98
96
132
27
170
62
173
29
143
25
114
43
89
22
61

Damage
2-1
2-2
2-2
2-2
2-1
0
2-3
1
2-3
1
0
2-1
2-1
2-1
2-2
0
1
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When the PPV is less than the safety standard of
2.0 cm/s, there is still a slight damage in the
house, especially the surface painting layer and
the decorative layer. After analysis, we believe
that although single blasting vibration does not
cause significant damage to buildings, many
times of vibration will cause cumulative damage
effect.

(3) The blasting vibration impact on the physical
and mental body of surrounding residents,
especially the villagers heard blasting noise,
and see housing cracks gradually increased,
prone to psychological anxiety, according to
the research results, the PPV is controlled
below 0.5 cm/s. the PPV should be controlled under 0.2 cm/s for sensitive person.

2.4 Human feeling

(4) Through the field vibration monitoring, comprehensive analysis of building and human
body injury by blasting vibration effect, in
the condition of frequent blasting construction, it is suggested that the PPV should be
controlled below 0.2 cm/s.

In the process of blasting construction, our test
personnel went to the scene to feel the impact of
blasting vibration on the human body and mind,
and investigate the surrounding residents, accept
the residents of the impact of blasting complaints
of the residents at any time. Through observation, it is found that when the PPV is less than
0.1 cm/s, the human body can hardly feel the vibration and no residents complain; the PPV at
0.1 cm/s – 0.2 cm/s occasional complaints, but
emotional stability, the complains main about
reaction to rest; the PPV at 0.2 cm/s-0.5 cm/s,
there are a few complaints, the mood is relatively
stable, the main response to housing vibration,
but can be comforted by the work of explaining;
the PPV at 0.5 cm/s-1 cm/s, more complaints,
emotional, the main response to housing vibration, cracks in the house, some housing cracks
need to be re-observed to appease the residents.
Therefore, under the condition of frequent blasting, the PPV is controlled below 0.5 cm/s. the
PPV should be controlled under 0.2 cm/s for sensitive person.
3
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CONCLUSIONS

(1) Based on the blasting vibration monitoring,
house observation and personnel investigation, the influence of blasting vibration on
buildings and personnel is studied.
(2) According to the field vibration monitoring
and analysis, it is considered that the vibration damage to the building should be considered in the long time. In order to avoid cumulative fatigue damage for residents of
self-built brick structure housing caused by
blasting vibration. It is suggested that the
PPV of the long-term construction should be
controlled below 0.2 cm/s.
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ABSTRACT
Blasting is still being considered to be one the most important applicable alternatives for conventional
excavations. Ground vibration generated due to blasting is an undesirable phenomenon which is harmful for the nearby structures and should be prevented. This research aims at comparing the accuracy
of prediction models employing random forests and Cubist regression techniques for modeling the
blast-induced ground vibration. In this regard, 137 sets of data composed of eleven controllable and
uncontrollable parameters are taken as input dependent variables and the measured peak particle velocity (PPV) is chosen as an output independent variable. The accuracy of the prediction models is
measured by the coefficient of determination, root mean squares error and mean absolute error between predicted and observed yield employing fivefold cross-validation procedure. Comparison between the values of statistical parameters reveals the superiority of the Cubist model over random
forests one for estimation of PPV.
1

INTRODUCTION

designers in China. Chinese standard predicting
equation is Sadaovsky's empirical formula.
Many researchers investigated the applicability
of some soft computing methods such as the artificial neural network (ANN) (Shi 2007,
Khandelwal and Singh 2009), support vector
machine (SVM) (Khandelwal 2010, Shi et al.,
2012), adaptive neuro fuzzy inference system
(ANFIS) (Iphar et al., 2008) and gradient
boosted ma-chine (Zhou et al., 2016) to predict
PPV. Research shows that; however, the developed ANN model has some limitations (i.e.,
black box approach, arriving at local minima,
slow convergence speed and overfitting problem) (Shi, 2007, Khandelwal and Singh 2009).
Furthermore, there is no proper method to determine the number of hidden layers in the ANN
model. The developed FIS model determines the
fuzzy rules with difficulty (Iphar et al. 2008).
Therefore, it is imperative to explore a more reasonable way to develop the prediction model for
blast-induced ground vibrations.

Blasting is still being considered to be the most
cost-effective technique for rock excavation in
mining and civil engineering. Ground vibration
generated due to blasting is an undesirable phenomenon which is harmful for the nearby habitants, facilities and dwellings and should be monitored, mitigated and/or prevented to avoid
conflicts between communities and blasting areas (Shi, 2007; Shi et al. 2012; Kumar et al.
2016).
To investigate blast vibration effect for mining
and civil construction projects, a number of vibration predictors were proposed by many researchers for the pre-diction of peak particle velocity (PPV). It has been inferred from literature
(Khandelwal and Singh 2016) that the PPV is
generally a good index of dam-age to structure.
Various predictors (Khandelwal and Singh
2007, Khandelwal 2010) estimate the PPV
mainly based on two parameters (maximum
charge used per delay and distance between blast
face and monitoring point). And formula prediction is still the most direct and easy method for

Random forest (Breiman 2001) and Cubist regression (Quinlan 1992, Kuhn et al., 2014) are
two powerful supervised learning (Zhou et al.,
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2015) data-mining tools that has been widely
used and proved in applications in recent years
(Zhou et al., 2017). It is therefore motivating to
investigate the capability of Random forest and
Cubist regression in PPV prediction. The purpose of this study was to explore a method which
could avoid the limitation of the prediction with
only one or two indexs and to improve the prediction precision. In the present investigation, an
attempt has been made to predict PPV with the
help of random forests and Cubist methods by
using relevant parameters of rock mass, explosive characteristics and blast design.
2

based ensemble technique (Kuhn and Johnson,
2013). Random forests are a combination of tree
predictors such that each tree depends on the values of a random vector sampled independently
and with the same distribution for all trees in the
forest. Random forests contain many regression
trees rather than a single standard regression tree
like a forest. It is different from traditional statistical methods that contain a parametric model
for prediction. In Random forests, it contains
many decision trees, where each tree is built
from a random subset of training data with a random subset of predictor variables. The final predicted values are produced by the aggregation of
the results of all the individual trees that make
up the forest (Breiman, 2001)

MATERIALS AND METHODS

2.1 Data set and predictor variables

2.3 Cubist algorithm

In the present study, the total database contained
137 datasets collected by Shi (2007) from the
field of experimental results in Tonglvshan copper opencast mine of China. This database consists of the peak particle velocity (PPV, cm/s)
and eleven indicators of engineering rock properties and blast design parameters. To develop
and train the random forest and Cubist regression models, input and output vectors were identified. The nature and intensity of blast induced
ground vibrations and frequency are largely dependent on various factors. In accordance with
Shi (2007), the following input parameters were
used: 1) Maximum charge per delay (Qmax) in
kg; 2) total charge weight(Qtotal ) in kg; 3) Distance of monitoring point from blasting face (D)
in m; 4) height difference (HD) in m; 5) frontrow burden (B) in m; 6) Pre-crack penetration
ratio (PP) in %; 7) the integrity coefficient of
rock mass (Kv) which is defined by the square
ratio of the average speed of sound in rock (Vprock) and average speed of sound in rock mass
(Vp-mass), thus Kv=(Vp-mass/Vp-rock)2; 8)
the angle between Measuring point and the direction of least resistance line (α ) in degree; 9)
Velocity of detonation of explosive (VOD) in
m/s; 10) Protodyakonov coefficient of rock
(f)=UCS/100; and 11) delay time (t, ms). The
output of the proposed models is the peak particle velocity (PPV, cm/s).

Cubist is a rule–based model that is an extension
of Quinlan’s M5 model tree(Quinlan 1992;
Kuhn et al., 2014). In a conceptual Cubist regression model, a tree is grown where the terminal
leaves contain linear regression models for prediction. Cubist produces a series of “if– then”
rules, where each rule has an associated multivariate linear model. Whenever a set of covariates matches a rule's conditions, the corresponding model is used to calculate the predicted
value. Details of the Cubist regression algorithm
can be found in Quinlan (1992).
2.4 Performance metric
The prediction models of random forest and
Cubist were evaluated using three most popular
criteria (Shi et al. 2012; Kuhn and Johnson,
2013; Zhou et al. 2017): the coefficient of determination (R2), root mean square error (RMSE)
and mean absolute error (MAE) definitions of
these criteria are as illustrated in the following
expressions:
R

2

 (O  T )
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i

i
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2.2 Random forests algorithm

MAE 

Random Forests, which was proposed by
Breiman in 2001, are a nonparametric and tree332
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Where, Ti, Oi and n represent the measured output, the predicted output and the number of input-output data pairs, respectively.
3

Pairwise relationship between parameters with
corresponding correlation coefficients and the
marginal frequency distribution for each parameter are also depicted in Figure 1.

RESULTS AND DISCUSSIONS

It can be seen that the relationship between PPV
and D has the best correlation coefficient of 0.512 in comparison with the other ten relationship between the PPV and input parameters of
rock, blast design and explosive parameters. The
relationship between Kv and PPV has a very
poor correlation coefficient of 0.097. It can be
concluded that each of the eleven different input
parameters individually has affected the PPV.

3.1 Descriptive analysis
In this study, Qmax, Qtotal, D, H, B, PP, Kv, α,
t, VOD, f and the actual PPV field data were
chosen to establish the dataset and to perform the
model development for estimating the blast-induced ground vibrations. The correlation matrix
plot of the original dataset is shown in Figure 1.

Figure 1

The correlation matrix of variables

In this work, to estimate PPV and assess the accuracy of estimation, two different methods
were employed: random forests and cubist regression. All methods are implemented in the R
scripting language (R Core Team, 2017). Random forests model was done in the random Forest package (Liaw and Wiener 2002), and Cubist
model was implemented from the

variables and the measured PPV were taken as
an output variable in the developed random forests and cubist models. The randomized splitting
of measured data into calibration and validation
datasets. Here a 80% and 20% split was used respectively for calibration and validation datasets. Thus, 112 out of a total of 137 data sets
(80%) are considered for training to train the
models, the remaining 25 out of 137 (20%) are
used as the testing data set to estimate the performance of the proposed models.

Cubist (Kuhn et al., 2014) package based on the
caret package (Kuhn 2008; Kuhn 2013) within
an R environment.

In order to determine reasonable and optimized
hyper-parameters of random forests and cubist
models, a fivefold cross validation (CV) procedure (Kuhn and Johnson, 2013; Zhou 2015;

To estimate PPV, eleven parameters of rock,
blast design and explosive (Qmax, Qtotal, D, H,
B, PP, Kv, α, t, VOD, f) were adopted as input
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3.2 Model Development and Validation

Zhou et al. 2016 & 2017) was implemented to
determine the optimal parameter values based on
the original training data set, with the original
test removed completely from the CV process.
Thus each fold of cross validation randomly selects 20% of the data to serve as test data; then,
the process fits a model on the remaining 80% of
the data, as illustrated in Figure 2.

Figure 2

This section uses the above-mentioned methodology for the prediction of PPV. The predictive
models are constructed using selected variables
and training set and applied to testing sets as
shown in Fig. 2.

Illustration of overall procedure for performance evaluation for PPV using the proposed methods
10 and .neighbors = 5. The RMSE, R2 and MAE
of the Cubist model are found to be 0.858, 0.720
and 0.553, respectively. Figure 5 shows the result of comparison performance between Random forests and Cubist regression algorithms
with R2 and RMSE, it can be easily observed that
the Cubist model yields better performance than
Random forests regression model.

Figure 3 shows the cross-validated RMSE
proﬁle for the random forests. The number of
trees to be ﬁtted was set at 500 (Zhou et al.2017).
The optimum value for mtry was determined using the tuneRF function in caret package (Kuhn
and Johnson, 2013), and the majority of the
models resulted tuneRF choosing mtry = 3 (see
Fig. 3). Thus for the training data, the RMSE, R2
and MAE between the observed and predicted
values of the Random forests model were found
to be 0.965, 0.693 and 0.647, respectively.

Additionally, the RMSE, R2 and MAE of the
predicted values by using the linear regression
method (Zhou and Li, 2011) is found to be
1.014, 0.566 and 0.734 for training data, respectively. It can be seen from Figure 5 that the Cubist model yields the best result when applied to
the train set.

Similarly, in the Cubist regression model, which
generally has two tweaking parameters which
can be fine-tuned (Kuhn and Johnson, 2013):.
committees and .neighbors, and tuning parameters are set as follows: cubistGrid <- expand.
grid(.committees = c(1, 5, 10, 50, 75, 100),
.neighbors = c(0, 1, 3, 5, 7, 9)). Therefore,
RMSE was used to select the optimal Cubist regression model using the smallest value, as
shown in Fig. 4. The error does no longer decrease sharply after the parameter neighbors
reaches 10. The final values used for the Cubist
regression model (Fig. 5b) were. committees =
334
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Figure 5
Figure 3

Figure 4

Visualization of the CV results for
the random forests algorithm
with RMSE

Figure 6

To validate the predictive models based on the
predicted and measured (real) values, 25 testing
samples (table 1) were validated by the optimized random forests and cubist models. The results are presented in Fig.6. In Fig. 6, the RMSE,
R2 and MAE between the observed and predicted values of random forests model are found
to be 0.609, 0.786 and 0.483 for test data, respectively; the same for the predicted values by using
cubist method is found to be 0.525, 0.848, 0.386
for test data, respectively. Additionally, the
RMSE, R2 and MAE of the predicted values by
using the linear regression method (Zhou and Li,
2011) is found to be 0.715, 0.708 and 0.588 for
test data, respectively. It can be seen that the
Cubist model yields the best result when applied
to the test set.

Visualization of the CV results for
the Cubist regression algorithm
with RMSE.

(a)

Comparison performance of the
two algorithms with metrics of
MAE, RMSE and R2

(b)

(c)

Error of testing set of PPV: (a) Linear regression, (b) Random forest, and (c) Cubist
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Table 1

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

25 sets of original data for testing the performance of optimized Random forests
and Cubist regression models
Qmax
/kg
160
380
390
390
390
390
456
494
550
646
646
730
770
890
1090
1090
1160
1160
1160
1180
1180
1290
1636
1850
5590

Qtotal
/kg
1440
1550
2730
2730
2730
2730
1860
1482
4400
8395
1950
4380
3080
1800
5450
5450
4640
2320
2320
7080
7080
3870
4980
8500
6370

D
/m
125.3
336.2
120.9
137.8
63.3
128.9
300.5
170.4
97.4
121.4
58.2
115.7
107.2
88.8
297.0
231.9
116.6
325.1
279.4
151.5
86.3
140.6
224.3
68.5
199.9

H
/m
52.3
58.9
46.9
63.1
27.6
73.0
102.4
46.9
55.1
53.0
27.6
50.9
30.0
54.0
30.0
30.0
63.1
96.0
52.0
30.0
42.0
40.0
109.3
30.0.
90.4

B
/m
5
5
4
5
5
5
6
5
5
6
5
6
6
5
5
5
4
6
6
6
6
6
4
6
6

T
/ms
50
50
100
50
50
50
50
50
75
50
75
50
50
75
75
75
100
75
75
25
25
25
25
25
50

3.3 Relative importance of the predictor
variables

PP
/%
0
80
100
80
80
80
0
0
90
0
0
50
0
100
100
100
100
0
0
70
70
0
0
0
0

Kv

f

0.42
0.48
0.30
0.51
0.53
0.51
0.51
0.49
0.75
0.73
0.46
0.42
0.67
0.65
0.70
0.72
0.42
0.35
0.43
0.68
0.72
0.58
0.51
0.50
0.55

5
6
5
7
7
7
6
6
8
8
6
6
6
6
8
8
5
5
5
8
8
7
7
7
6

α
/°
180
55
40
55
55
55
180
130
180
180
0
180
60
50
90
90
180
160
180
180
180
180
180
180
180

VOD
/m/s
2800
2800
2800
2800
2800
2800
2800
2800
2800
4200
4200
4200
2800
4200
4200
4200
2800
2800
2800
4200
4200
4200
4200
2800
2800

PPV
/cm/s
0.343
0.101
0.143
0.318
0.657
0.435
0.27
0.195
1.425
3.550
1.400
1.597
1.465
2.542
0.39
0.496
1.029
0.176
0.670
0.777
3.386
1.936
1.409
3.880
4.274

for these variables (Fig. 1), it can be easily observed that the Cubist model is more reasonable.
This also indicates that the selecting Qmax and D
as the main consideration of PPV prediction is
reasonable.

Figure 7 provides the result for the proposed
model using the generic function ‘‘varImp()” in
the ‘‘caret” package and displays the relative
variable importance for each of the six predictor
variables. The result is depicted in Figure 7.
Among all the variables, it is noteworthy that D,
Qmax and Qtotal are the three most influential parameters among the indicators for prediction
PPV in the Random forests model, followed by
the indicator Alpha.angle and BTS(see Fig.7a).
Whereas D was the most sensitive indicator in
the Cubist regression model(see Fig.7b), followed by Qmax and Kv. These results demonstrate
that D and Qmax were very relevant predictors
among the indicators for predicting PPV. The result is consistent with the correlation matrix of
the Variables that shows the highest coefficients

Figure 7a
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Random forest. Variable importance plot generated by the
proposed methods
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4

CONCLUSIONS

Two new methods are presented to forecast
blast-induced ground vibrations by using the
Random forests and Cubist regression methods.
Eleven controllable and uncontrollable parameters parameters (Qmax, Qtotal, D, H, B, PP, Kv,
α, t, VOD, f) were input as dependent variables
and the measured PPV were taken as an independent variable in the developed prediction
models. The developed RF and Cubist models
are obtained through training 112 set of practical
measuring samples and used to 25 rest data for
testing. Fivefold CV was employed to determine
the optimal number mtry of Random forests and
optimum value of Cubist. Performance evaluation of the Random forests and Cubist prediction
models were fulfilled by calculating R2, RMSE
and MAE between the models outputs and actual
recorded values. And the calculated statistical
parameters of these models reveal the superiority of Cubist over random forest model, which
provides a new approach for the prediction of
ground vibrations induced by blasting.
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Solution of emulsion explosive misfire in soft rock tunnel
D. Lin
Panzhihua Ruixiang Blasting Co. Ltd., Panzhihua, 617000, Sichuan, China

ABSTRACT
In order to solve the problem of emulsion explosive misfire in soft rock tunnel blasting, it was found
that the structure composition of emulsion explosive was easy to change in the explosion environment
through analyzing the reason of demulsification. The research found that in section delay blasting
operation, the shock wave generated first detonated had the extrusion effect on the explosive after
detonated within its scope. Part of the squeezed tiny sensitized bubbles disappeared, which leading
to demulsification failure. The disappearance thickness of the sensitized bubble is more than 3 mm,
which leads to the effective diameter of Ф32 mm emulsion explosive being directly smaller than the
critical diameter, then cause the failure of the emulsion explosive demulsification and the explosion
is misfired. The experiment of the blasting project of the reservoir tunnel in Yanbian country was
taken. It was verified that the problem of the emulsion explosive misfire in the soft rock tunnel excavation blasting could be successfully overcome by adjusting the parameters of the blast holes and the
initiation sequence. A good blasting effect was achieved, and it could provide a reference for similar
blasting projects.
1 INTRODUCTION

project, according to the rock properties, combined with the blasting theory, it discusses how
to overcome the explosion phenomenon of
emulsified explosives in the blasting of soft rock
tunnels by adjusting the layout parameters and
the sequence of blasting without changing the
blasting equipment.

There is a time difference in millisecond delay
blasting, in which the shock wave or stress wave
produced by the blasting hole detonated first will
have an effect on the post-explosive charge hole.
Emulsion explosive is affected by external shock
wave or stress wave, then the tiny sensitized
bubble in emulsion explosive basically disappears, that is, emulsion explosive demulsification failure. During blasting in the soft rock tunnel excavation, emulsion explosive often
appears semi-explosive, that is the misfire phenomenon that the detonator exploded but explosives do not explode, or only part of explosives
in the blast holes exploded, and the smaller the
excavation cross section size, the more likely
emulsion explosive is to be rejected.

2 ENGINEERING CASE
The length of Yanbian County Pianlu reservoir
flood and sand discharge tunnel is 150 m, the
outlet is granite, and rock Platts hardness coefficient is f=8 ~ 12. It starts the blasting excavation
from the exit. After the construction from the
exit of 80m, the rock began to become weathered, broken and loose. There are residual holes
after blasting, and the hole diameter expands
from Ф45 mm to Ф80～Ф90 mm. Even some
rocks can be excavated by labor using pneumatic
pick, but the construction progress is too slow
that a class of artificial homework only can excavate about 0.3 m every day. In order to ensure
that the tunnel will be completed before the rainy
season in Panxi, blasting construction is continued.

In the reinforcement project Yanbian County Pianlu reservoir, a small section of flood discharge
and excavation tunnel was excavated by using
millisecond delay electric detonator emulsion
explosive to conduct blasting operation, but the
effect is not ideal. There are about 20% of the
holes appear misfire, misfire holes are mostly in
the outer ring of the cut hole after the stumbling
holes. In this paper, based on the situation of this
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2.1 Original design blasting parameters
The tunnel is a semi-circular arch tunnel with a
radius of 0.9 m, a width of 1.8 m, a height of 2.5
m and a side height of 1.6 m. Limited by the type
of blasting equipment, the explosive is selected
as emulsion rock explosive Ф32 mm (300 g / roll
mass), and the detonator is selected millisecond
delay electric detonator for coal mine. The number of blast hole is estimated according to the
formula N=3.3(fs2)1/3, in which N is the number
of holes, f is rock solid coefficient, take 8; s is
the
size
of
the
tunnel
section,
2
s=1.8×1.6+1/2×3.14×0.92=4.28 m , calculating
the number of blast holes N=17, actually layout
17 charging holes. Because the rock is weak and
broken, an empty hole is adopted, and four
straight eye cutting holes are arranged at the 120
mm interval around the empty hole, with a hole
depth of 2.2 m; 5 auxiliary holes, 300 mm from
cutting hole, with hole depth of 2.0 m; 8 peripheral holes (including 3 bottom holes, 4 flank
holes, 1 top hole), with hole depth of 2.0 m, and
total charge is 24.3 kg. The actual consumption
of explosives q=Q/slη=4.37 kg/m3. l is the depth
of the hole, taking 2.0 m; η is the hole utilization
rate, and the actual hole utilization rate is 65%.
The hole arrangement of blast holes is shown in
figure 1.
Table 1

Figure 1

Schematic diagram of blast holes
layout.

2.2 Initiation network and charge structure
Adopt millisecond electric detonator hole delay,
hole bottom reverse detonation, continuous decoupling charge. No. 2 and No. 4 were MS1 segments (delay time was 0 ms) and 3 and 5 were
MS2 segment (delay 25 ms); The 5 auxiliary
holes were MS3 segment (delay 50 ms); The 8
peripheral holes are MS5 segment (delay 110
ms), the network adopts series, capacitive FD200D detonator initiation. The blasting parameters of the section are as shown in Table 1.

Section blasting parameters

Hole name

Hole
number

Number of
holes/units

Hole
depth/m

Empty hole

1

1

2.2

2～5

4

2.2

6～10
11～18

5
8

2.0
2.0

Slot hole
Auxiliary hole
Peripheral-hole

2.3 Cause analysis of explosion misfired
detonation

Segments of
detonator
(delay ms)
MS1 (0 ms) /
MS2 (25 ms)
MS3 (50 ms）
MS5 (110 ms）

Charge
per /kg

Total
charge /kg

-

-

1.8

7.2

1.5
1.2

7.5
9.6

plosive doesn’t explode or explodes incompletely. After blasting, the residue hole has 0.7 ~
0.8 m depth, the rate was only 60 ~ 65% by hole.
There are several reasons for the hole misfire: 1)
Detonator initiation energy is not enough, failed
to detonate the explosive; 2) If the explosive is
not qualified, the detonator does not detonate the
explosive and the explosive is misfired; 3) Because of the change of rock properties, under the
condition that the design parameters of the original hole mesh are unchanged, after that the

The 80 m length of the front section of the flood
discharge and sediment discharge tunnel is the
granite, a cycle is 1.8 m, and the utilization rate
of the gun hole is 90%. After entering the soft
rock in the back section, there will be 3 to 4 holes
in each blasting cycle to have the misfire phenomenon that the detonator explodes but the ex-
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shock wave generated by the blast holes first detonated acts on the explosive in the blast holes
later detonated, the explosion performance of
the explosive decreases, which cause the explosive misfire. This phenomenon is the pressure
desensitization of emulsion explosive. If the
thickness of pressure desensitization is greater
than 3 mm, the effective diameter of Ф32 mm
emulsion explosive is smaller than the critical diameter of the explosive, then detonation interruption will result in the misfire phenomenon of
incomplete detonation. Aiming at the former
two cases, the detonator lead plate perforation
experiment and the detonation distance and detonation velocity test are done. The detonator explosive meets the quality requirement, so it is
considered that the emulsion explosive caused
the blasting hole misfired under the pressure desensitization.

Note: rc is the radius of the broken ring; ro is the
radius of the drug package; rs is the radius of the
compressed cavity.
In Zhang et al. (2001), it considers that the radius
of compressed cavity and the radius of crushing
ring produced by explosive blasting in soft rock
are 1.9 and 3.56 times of the radius of charge respectively. In Wang (2013), it considers that in
the distance from the explosive source about 3 ~
7 times of the charge radius, the shock wave intensity is extremely strong, and the peak pressure generally exceeds the dynamic compressive
strength of the rock, resulting in plastic deformation or comminution of the rock. In this tunnel, there is a cavity of 80 ~ 90 mm in the residual hole in the tunneling, which shows that the
ratio radius of compressed cavity in rock blasting is basically consistent with the actual situation. The results of this paper are very close. The
charge hole of 45 mm is blasted in weak rock,
and the radius of pulverized zone is considered
to be 7 times of that in Wang (2013). The radius
of the shock wave can be doubled again in the
rock with high porosity. The radius of the comminution area is 2×22.5 mm×7=315 mm, and the
hole with a distance from 30 cm to 40 cm cannot
overcome the influence of the adjacent hole
blasting on the emulsion explosive. Therefore,
the distance between the adjacent holes with delay interval is more than 40 cm. It is not reasonable to use segmental blasting for the slot hole,
which can only be detonated at the same time.

3 THE SOLUTION OF BLASTING
MISFIRE IN SOFT ROCK
In the case of no pressure explosive selection,
the only way to overcome the failure of emulsion
explosive is to adjust the hole layout parameters
and re-determine the detonator initiation delay
interval.
3.1 Adjustment of hole layout parameters
The intensity of shock wave propagating in rock
decreases with the increase of propagation distance. The effect of shock wave is divided into
shock wave action zone, stress wave action zone
and elastic vibration zone (Wang 2013). The
zone of action of shock wave is to cause plastic
deformation or crushing of rock. In order to
overcome the extrusion of explosive by shock
wave, according to the study of radius and compression ratio of coupling charge hole by Zhang
et al. (2001), the blasting charge in tunnel is regarded as coupling charge, and its parameters
are as shown in Table 2.

Granite

Basalt

Gabbro

Marble

Slate
(soft
rock)

The radius of crushing ring and
compression of coupling charge

Rock
name

Table 2

Adjust the layout parameters to take 120 mm
distance between the slot hole and the empty
hole, and adjust the original 4 slot holes and 1
empty hole to: The original 4 charge holes were
replaced by empty holes 2 ~ 5 holes, which provided the second free surface and compensation
space for the slot holes, and reduced the impact
and extrusion of the blasting shock wave on the
adjacent blasting holes. The original empty hole
is used as the slot hole for charge (No. 1 hole),
which is arranged under the center of the tunnel.
3 Auxiliary holes, 6 ~ 8 holes, 500 mm away
from the slot hole, 8 hole in the center of the half
circle arch; The peripheral holes are 8 holes 9 ~
16, more than 500 mm from the auxiliary holes,
12 charge holes, and the total charge 15.9 kg.The
actual consumption of explosives q=Q/slη =2.06
kg/m3, which: L = 2.0 m; η is 90%.The charge

rc/ro
rs/ro

1.88
1.09

1.60
1.04

2.01
1.07

2.96
1.72

3.56
1.83
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adopts coupling charge, detonator hole bottom
reverse detonation, and strengthen hole filling.
The hole layout is shown in figure 2.

Figure 2

tunnel blasting is to form a new free surface by
cutting blasting in advance, and to select the delay time difference of detonator by the time difference of shock wave caused by the first blasting hole acting on the later blasting hole. The
delay time difference is smaller than the action
time of shock wave propagation and crushing
rock.
There is no recognized millisecond delay blasting theory at home and abroad (Fang et al. 2011;
Xu et al. 1996) conducted an experimental study
and concluded that the better interval time for
roadway tunneling is 15 ~ 26 ms and 40 ~ 70 ms
for sandstone, but no conclusion has been made
for other rocks, such as weak rock formations. In
order to overcome the squeezing effect of the
blasting holes first detonated on the blasting
holes later detonated during soft rock blasting,
the time quantum from that the free surface
formed by slot hole to that the compensation
space not provided is used as the interval. According to the actual situation, the delay from
slot hole to peripheral hole is shown in Table 3.
Interval time difference of 25 ms basically meets
the requirements.

Schematic diagram of hole layout
after adjustment.

3.2 Selecting delay intervals
The principle of millisecond delay blasting is
considered from four aspects: The superposition
effect of the stress wave, effect of increasing the
free surface, effect of the rock collides with each
other, and effect of reducing the blasting vibration (Wang 2013). The main consideration of
Table 3
Hole name
Empty hole
Slot hole
Auxiliary
hole
Peripheral
hole

Section blasting parameters
Hole
number
2～5
1

Number of
holes / units
4
1

Hole
depth / m
2.2
2.2

Segments of detonator (delay ms)
MS1(0 ms)

Charge
per /kg
1.8

Total
charge /kg
1.8

6～8

3

2.0

MS2 (25 ms)

1.5

4.5

9～16

8

2.0

MS3 (50 ms)

1.2

9.6

4 THE SOLUTION OF OTHER
BLASTING MISFIRE IN SOFT ROCK

tion distance of the shock wave and the explosion gas in the segment difference 25 ms almost
affects the whole working face. The blasting
holes later detonated will be affected by the
blasting holes first detonated. Therefore, the author puts forward the method of decomposition
cutting blasting: the working face is decomposed
into two blasting from the original one, that is to
say, the first blasting cutting holes form the free
surface and the compensation space, the second
blasting of the peripheral hole, then the tunnel is
formed. The disadvantage of this process is that
one operation cycle is changed into two opera-

4.1 Decomposition cutting blasting
The propagation velocity of stress wave in rock
is 3 000 ~ 5 000 m/s. In the rock without porosity, the explosive blasting wave compresses to
the rock sheet in radial direction, and the time
required is 10~20 ms (Wang 2013). But in the
soft rock, the rock is rich in porosity, the fracture
propagation process of rock blasting takes almost no time (Zhang et al. 1998). The propaga-
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tion cycles in the original, and the working procedure is cumbersome, which is not conducive
to the construction operation.

ing, the researchers only made research and inferences on some rocks, In the actual construction process, using these theories, without
changing the blasting material, the misfired of
emulsion explosive can be overcome by reasonably adjusting the blasting parameters and delay
interval. In the blasting of pile with small section, if there is a similar case, it can also refer to
the method proposed in this paper.

4.2 Simultaneous initiation
In order to overcome the influence of emulsion
explosive that the blasting holes first detonated
on the blasting holes later detonated, the working face is uniformly arranged and detonated
simultaneously. When carrying out the test,
there is no misfired detonation. But the utilization rate of the hole was very low, less than 50%
due to the absence of second free surfaces. If the
depth of the cannon hole is within 1.0 m, the utilization rate of the hole can be raised to about
80%.
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5 BLASTING EFFECT AND
EXPERIENCE
According to the nature of rock, under the situation without changing the blasting material, after
the proper adjustment of blasting parameters and
initiation sequence, the phenomenon of emulsion explosive misfired is rare in blasting. The
remaining 65 m long tunnel, the average hole
depth of each blasting operation is 2.0 m, blasting 35 times, the actual explosive consumption
is not more than 2.06 kg/m3, and the utilization
rate of the hole is up to 92.8%. The construction
period is guaranteed before the rainy season.
In soft rock tunnel blasting, about the range of
shock wave and stress wave produced by blast-
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Blasting, loading, hauling and crushing:
systems approaches and economy
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ABSTRACT
As the mineral deposits get deeper, the amount of waste and haul distances will increase, generally
the ore also gets harder and both thus significantly increase the energy requirement. In such situations, the current trend is that plant operators install additional crushing or grinding capacity to compensate the loss of plant throughput. Blasting research has demonstrated improvements of up to 20%
in grinding circuit efficiency by changing the blasting practices rather than installing additional capital equipment in crushing or grinding lines. In the last decade, several technological developments
have taken place in drill and blast technology but full advantage of these advanced drill and blast
techniques has not yet been realised by the mining industry because of a lack of quantification of the
impact of feed characteristics (fragmentation, grade and hardness) on the downstream process efficiency. One serious issue is the absence of KPIs linking drill and blast performance at the mine to
comminution and then separation performance at the plant. In this paper, the authors use case studies
and simulations to explore the advantages and disadvantages of using different blasting techniques
compared with additional crushing and grinding capacity to increase plant capacity and performance.
The authors also explore the new opportunities to reduce the energy and capital costs of mining operations by enhancing the feed characteristics with advanced blasting and mining techniques.
1

INTRODUCTION

increase the energy (fuel, electricity and embodied) requirements per unit of mineral / metal produced as well as the carbon footprint of the operations. Lack of existing mining infrastructure
increases capital expenditure (CAPEX) costs
thus making new projects less attractive to investors.

It is very well accepted that metal production
from “high grade and easy to mine” operations
is in decline and future mineral deposits are
likely to be deeper, with higher stripping ratios
at lower grade and in non-traditional mining locations with little infrastructure and skilled human resources. Increased hardness and reduction
in feed grades will increase the comminution energy demand per unit of metal produced.

The traditional approach of managing mine and
concentrator as separate business “silos” offers
little chance to overcome these challenges. In
this approach, both mine and mill try to manage
the falling metal production from lower grades
and harder ores by adding additional equipment
or by employing larger equipment with very little understanding of the interactions between
mining and milling processes and overall efficiency. Such an approach increases financial
risk and ultimately leads to sub-optimal and energy-inefficient operations.

In addition to decreasing grades, the amount of
waste and haul distances will increase as the deposits get deeper thus significantly increasing
the haulage energy requirement. Deeper pits also
increase the risks of slope stability and wall failure if not managed in a timely manner. Slope
failures not only pose risk to regular production
but significantly increase the energy signature of
the operations by increasing the unplanned haulage. Producing commodities from such deep
and low grade deposits is likely to substantially

An alternative approach is discussed in this paper, wherein mining activities, mainly drill and
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in the feed to the mill can vary depending on the
dilution and ore loss caused by blast movement,
digging and blending processes.

blast activities are designed to supply a customise feed to the concentrator for optimal processing without adversely affecting safety, slope
instability and environmental risks at the mine.
Similarly the concentrator operations are designed to have the flexibility to treat the modified feed supplied by the mine without adversely
affecting the throughput and recovery. This approach along with enhanced ore body
knowledge can help in the development of mine
plans and plant designs that respond to the variations in the ore body to implement appropriate
D&B practices and concentrator operations to
improve the productivity for the entire value
chain
2

Economic impact of ore loss and dilution is more
pronounced in precious metal mines and in deposits where ore / waste boundaries are sharp
compared to low grade disseminated base metal
ore bodies.
In operations where the dilution is a critical issue, blasts are usually designed to minimise any
lateral movement of the ore. The success of such
practices depends on a trade-off between production efficiency and any ore loss or dilution.
However, proper blasting and grade control procedures, coupled with ore boundary adjustments
to account for blast movements, can reduce ore
loss and dilution without compromising on fragmentation (Rogers et al. 2012 and Engmann et
al. 2012).

IMPACT OF FEED
CHARACTERISTICS ON
DOWNSTREAM PROCESS
PERFORMANCE

An understanding of feed characteristics and
how they influence the performance of key processes in the value chain is fundamental to improve the overall efficiency of mine to mill value
chain. The key feed characteristics that impact
the performance are:




In addition to grade, the nature of the minerals
present and their association with each other
control the ease with which the desired minerals
can be separated from the gangue. Identification
of valuable mineral associations and the presence of deleterious and penalty minerals is important to achieve the final concentrate quality.
Understanding the extent of liberation at specific
grind sizes is necessary to establish optimum
grind size to flotation feed and regrind strategies
to maximize flotation recoveries.

Grade and Mineralogy
Fragmentation or Size
Hardness

2.1 Grade and Mineralogy
Grade is the fundamental characteristic of feed
and is usually estimated based on assays of valuable minerals from exploration drilling and /or
from grade control drilling. Mischaracterisation
of grade boundaries both prior to, as well as a
result of blasting can lead to ore loss and dilution. Ore dilution occurs when waste material is
miscategorised as ore and sent to the concentrator for further processing. Ore loss takes place
when valuable mineral is miscategorised and
sent to the waste dumps. Most mines do not account for blast movement and excavate ore
based on pre-blast markings/boundaries. During
a blast the rock mass moves and the direction
and magnitude of movement is a function of ore
body shape, free face conditions and blast design
parameters. Excavation of ore zones without understanding the blast movement can lead to dilution and ore loss. Therefore, actual head grade

2.2 Feed Size or Fragmentation
Fragmentation has a direct influence on the performance of mining production equipment,
crushers and grinding mills but traditionally
blasting engineers are interested in minimizing
oversize (+500 mm) rocks because they are the
ones that typically affect the efficiency of the
loading and hauling operations which are a part
of the mining cost centre.
The oversize fragments not only reduce the
productivity of the excavator but also increase
the secondary blasting costs and equipment
maintenance costs. Generally, payload of trucks
with finely fragmented rock is higher than with
coarsely fragmented rocks but the maximum
truck pay load is also determined by the truck
specifications and mine operating practices (i.e
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number of passes an excavator takes to fill a
truck). Finer particle size distribution (PSD)
will impose less stresses on load and haul equipment and can potentially reduce maintenance
costs. Oversize rocks also affect the efficiency
of primary crusher.

blasting strategy in these ores should aim to increase fines and retain insitu rock media as much
as possible (Figure 1a).
100
90
80
70

Cum %
passing

SAG mills operate most efficiently when they
are fed with a bi-modal feed size distribution.
Ore size fractions smaller than the mill discharge
grates and trommel screen apertures are considered as ‘free grind’ material as they pass through
the SAG mill. Fractions of competent ore between 100 – 200mm act as grinding media and
potentially reduce the required charge of steel
balls. Fractions between 20mm and 80mm are
generally called “critical size” and breaks slowly
in SAG mills and hence should be minimized in
the mill feed. Ideally a SAG mill runs efficiently
when it is fed with lots of fines (-10 mm), very
little critical size and some coarse rock to work
as grinding media (Napier-Munn et al 1996). Impact of critical size on mill efficiency can be
minimized by installing large holes in the grate
(pebble ports) and crushing them with pebble
crushers. However, removing critical size from
the mill feed before it reaches the mill is even
more beneficial.
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Figure 1

Blasting strategies to control feed
size for SAG mills.

In massive and hard ores, generally there is
enough rock media, therefore by adjusting blast
patterns and primary crusher settings it is possible to reduce the rock media to less than 15%
(Figure 1b). It is advantageous to generate as
much fines as possible in blasting to maximise
SAG mill throughput. Control of critical size
during blasting may be difficult but the negative
impact of critical size on mill can be minimized
by optimising the grates (pebble ports) and
crushing the rejected pebbles using pebble
crushers.

SAG mill feed size distribution is influenced by
the rock mass structure, blast designs and primary crusher settings. Generally primary crushers do not produce much fines (-10mm) and
most of the fines in the SAG feed are either
insitu or produced during blasting (Kanchibotla
et al. 1999). Primary crushers are mostly used
to reduce the top size from the ROM. To run
SAG and AG mills efficiently, ore blasts should
aim to maximise fines (-20mm) generation and
minimise the critical size (20-100mm) and maintain sufficient rock media (+100mm) around 10
to 15%. The amount of rock media has a more
pronounced effect in AG mills than SAG mills.
AG mills requires around 10-15% of rock media
for efficient grinding whereas in SAG mills
some of this rock media is compensated by adding steel media.

2.3 Hardness
The effect of feed hardness is another significant
driver for SAG/AG mill performance. The effect
is not as pronounced for ball mill operation. In
ball mills, the mass of the balls accounts for approximately 80% of the total mass of the charge
and dominates both the power draw and the
grinding performance of the mills (Wills, 2006).
In SAG/AG mills, the ore hardness effect is intertwined with feed size. A proportion of the
SAG mill grinding media (or all of it in AG
mills) is derived from the feed ore. Any change
in the feed size distribution will therefore result

In highly fractured medium hard ores maintaining rock media may be difficult because it is
governed by the insitu size distribution. Hence
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in a change in the grinding media size distribution. Any change in the feed ore hardness will
affect breakage of the ore, and result in a change
in the grinding media size distribution as well.
The grinding media size distribution in turn will
affect the breakage characteristics of the mill.
Associated with the change of the breakage characteristics, the mill charge level will change,
which affects the mill power draw. The mill
throughput will consequently need to be adjusted to account for the change in ore hardness
and maintain a stable power draw.

The JKMRC has been conducting considerable
research in this area for the past fifty years and
developed a number of models to simulate different stages of comminution and flotation (Napier-Munn et al 1996). All these models are encapsulated in simulators called JKSimMet and
JKSimFloat which are used widely by the mineral processors.
In this approach, site specific process models are
developed from controlled blast trials followed
by plant surveys. The blast and primary crusher
models are calibrated using the PSD of blasted
ROM from image analysis and belt cuts from
primary crusher and / or SAG feed (Kanchibotla
et. Al, 2015). The grinding and classification
models of the plant are calibrated from the plant
surveys data as described in Napier-Munn et al,
(1996). The site specific models are then integrated as shown in the Figure 2 to simulate the
key mine to mill processes and quantify the leverage of each process on the total value chain.

Laboratory experiments conducted by several
researchers suggest that micro-cracks reduce the
crushing and grinding resistance of post blast
fragments (Revnivstev, 1988, Chi et al., 1996,
Nielsen and Kristiansen, 1995, Kojovic and
Wedmair, 1995). Preliminary results from recent studies conducted by the author indicated
significant ore softening from high intensity advanced blasting techniques (Kanchibotla et.al.
2015). Microscopic examination of some of
these blast fragments showed that the blast induced micro-cracks occurred mainly along the
grain boundaries and may potentially improve
the liberation characteristics.
3

UNDERSTANDING THE
INTERACTION BETWEEN KEY
PROCESSES

Understanding the mechanisms and interaction
between different processes is of vital importance to optimise the mine to mill value
chain. Some of the key processes in the mine to
mill value chain are drill & blast, crushing &
grinding and flotation.

Figure 2

Modelling methodology used in
this study.

Earlier research at the JKMRC has focused on
integrating blast fragmentation with the crushing, grinding and size classification models.
Current research is focussed on integrating blast
models to further upstream and downs stream
process to simulate the total value chain. Downstream models are being extended to flotation
and liberation processes to predict the recovery
of the final product. For upstream, the models
are being extended to predict ore loss, dilution,
wall damage and integrated with mine planning
and scheduling.

Drilling and blasting is the first step in the breakage and separation process and plays an important role in optimising the mine to mill value
chain. The blasting research group at the Sustainable Minerals Institute of the University of
Queensland has been working for the past three
decades and developed a variety of models to
predict blasting outcomes such as fragmentation,
blast induced ore loss, dilution and damage
(Picorelli et al. 2018).

4

Most concentrators use crushing, grinding and
classification as a part of comminution process
followed by flotation to recover the concentrate.

CASE STUDY

The case study discussed in this paper is a large
and old copper operation. The concentrator at
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The mine plan indicates an increased proportion
of medium hard and hard ores in future (Figure
4). The impact of harder ores is expected reduce
the mill throughput by around 8% in the medium
term (5 years) and up to 30% (5-15 years) unless
remedial measures are taken to increase the
throughput.

this operation currently treats pre-dominantly
soft and highly oxidized ores. The plant consists
of four grinding lines each containing one SAG
mill followed by two ball mills in closed circuit
with cyclones. The dimensions and capacities of
grinding lines is given table 1.
Table 1

Grinding equipment specifications.

The four grinding lines have a common recycle
or pebble crushing circuit with two pebble crushers with a slot to install another one if necessary.
The pebble crusher product is distributed to all
four grinding lines. A diagrammatic representation of the crushing and grinding circuit is shown
in the Figure 3.

Figure 4

The conventional or standard approach in such
cases is to increase throughput by deploying bigger or additional energy intensive equipment.
The main focus in this strategy is on production
volumes rather than the quality and recovery of
final product and energy efficiency. This standard approach requires significant capital investment at higher energy intensity per unit of metal
produced. An alternative approach is to increase
throughput by adapting the most energy efficient
mining and milling processes by understanding
the breakage characteristics of dominant ore
types and by feeding the mill with optimum feed
size for each ore domain by modifying blasting
and crushing practices and thereby minimise the
overall energy intensity.

Figure 3 Crushing and grinding circuit
configuration.
Geo-mechanical and comminution properties of
different ore domains (Table 2).
Table 2

Future ore hardness and Cu
grade projections.

4.1 Establishment of Base Case

Ore characteristics.

Before exploring the alternative options, a simulation was conducted for the dominant ore domains with the current practices to establish the
base case. Blast fragmentation for the three ore
domains is estimated for the current blast designs (Table 3) using the crushed zone model developed at the JKMRC (Kanchibotla 1998).
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Table 3

Current blast design parameters
for ore domains.

Blast design
Blast hole dia (mm)

Soft

Medium

Hard

311

311

311

Burden (m)

7.9

7.9

7.6

Spacing (m)

9.1

9.1

8.8

ANFO

ANFO

ANFO

Density (g/cc)

0.86

0.86

0.86

VOD (m/sec)

4,545

4,545

4,545

Powder factor (kg/t)

0.16

0.16

0.23

Explosive





Simulations are conducted to estimate the
throughput, final product size and power draw
for each option and compared with the base case.
SAG mill operating conditions such as mill total
load, ball charge, ball size, grate and pebble port
sizes are kept the same for each option.
4.3 Expand mill capacity by adding a grinding
line

Blast fragmentation estimates are integrated
with the calibrated JKMRC crushing and grinding models to predict mill performance in terms
of throughput, final grind size and energy intensity. Detailed descriptions of crushing and
grinding models used in the simulations are
given in the Napier-Munn et.al., 1996.

As noted in the introduction, the standard approach to increase throughput from hard ores is
to increase grinding capacity. In this strategy
two options were considered to increase grinding capacity. Both options are configured as an
SABC circuit but the main differences are the
equipment size and power requirements of the
SAG and Ball mills (Table 5). Results from simulations for both options is presented in Table 6.

Simulation results with the current drill and blast
practices indicated a 14% drop in throughput
when processing medium hard ore and a 31%
drop for the hard ore compared to the current soft
ore (Table 4).
Table 4

Increase blasting energy for medium hard
and hard ores
Partial pre-crush (cone crushers and HPGR)
Increase blasting energy + partial pre-crush

The simulations indicate that with the current
blasting practices, the throughput requirements
for hard ores can only be achieved by adding a
40’ SAG mill and 26’ Ball mill. This option
would buffer the impact of low grade hard ore
that will be process over a two year period as indicated by the mine plans.

Mill performance estimates with
current blast designs.

Table 5

Baseline predictions are found to be within the
operating range and estimates experienced by
the operation, hence the model estimates were
assumed to be representative of the mine and
mill operating conditions and further simulations are conducted to explore alternative strategies.
4.2 Alternative Strategies to Improve Mill
Efficiency
The alternative strategies are explored in this
study include:


Expand mill capacity by adding a grinding
line
354

Specifications for additional
grinding line options.
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Table 6

Ore
Domain

Mill performance estimates with
extra grinding.
Strategy

Base case

Alternative blast designs used in
the simulations.

Energy
ThrouInstalled Product
Intensity
%
ghput
Power
Size
kWh/t of Change
ktpd
MW
%+100#
100#
157

Medium
+ 36' SAG mill
hard

205

+ 40' SAG mill

243

Base case

125

+ 36' SAG mill

163

+ 40' SAG mill

196

Hard

Table 7

69

24.8

14.3

31%

97

23

17.3

55%

97

22.4

20.5

69

24.5

17.9

30%

116

23.5

18.6

57%

116

22.7

23.7

Fragmentation estimates (Table 8) made from
the crush zone model indicate the following.

Extra grinding line with 36’ SAG mill and 23’
Ball mill (Option 2) would be limited to approximately 90% of the required throughput. Simulations also indicate that both of these options
should be able to achieve the target product size.
Additional grinding lines will result in a substantial increase in the installed power. For Option
1 the installed power will increase by 69% from
78MW up to 132MW; while Option 2 will result
in an increase of installed power of 44% from
78MW up to 115MW. Either of these will require an expansion to the existing power supply.
The energy intensity will also be greater with
these options when compared with the existing
circuit. This was expected as additional ball mill
capacity is needed to achieve that the target
product size of <25% +100mesh.






4.4 Increased blast energy for medium hard
and hard ores
The objective of alternative blasting strategies is
to produce an optimum feed size distribution for
the SAG mills. The ore domains at this operation
(including hard) are highly fractured with a RQD
below 40, hence the blasting strategy is aimed to
maximise fines, minimise critical fraction and
maintain some coarse rock similar to the strategy
shown in the Figure 1a. The alternative blast option used an emulsion explosive instead of
ANFO to increase fines generation. Two blast
energy levels are simulated: 1) with powder factors around 0.35 kg/t and 2) with powder factors
around 0.45 kg/t with larger diameter. In both
options stemming length is unchanged to preserve the insitu coarse rock that work as grinding
media in SAG mills. Details of alternative blast
designs are shown in the Table 7.



Rock media (% +100mm) is maintained
above 10% with increased blast energies.
SAG mill free grind material (ie. -12.7mm)
is increased for both ores due to increased
blast energy and usage of high energy emulsion explosives. For medium hard ores, blast
option 1 produces free grind fraction same as
the current soft ores whereas hard ores require blast option 2 with more energy to produce similar percentage of SAG free grind
fraction.
SAG mill critical size fraction (25 -75mm)
for medium hard ores is maintained at the
same level as current soft ores with both
blast options. For hard ores, SAG mill critical size fractions increases with blast intensity suggesting requirement for additional
capacity of recycle crushing or partial precrushing.
Percentage of ball mill feed (-6.5mm) increases with blasting intensity for both medium hard and hard ores. For medium hard
ores blast option 2 can produce more -6.5mm
than the current soft ores indicating possible
overload of ball mills.

Table 8
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Estimates of critical size fraction
in ROM.
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The blast fragmentation distributions were then
fed to the calibrated crushing and grinding models using the strategy shown in the Figure 1. The
results of these simulations are summarised in
the Table 9

SAG feed. This strategy is not secondary crushing, as the top portion of size distribution is
maintained intact. Partial pre-crushing was
evaluated for different blasting options using
cone crushers and HPGR units.

Table 9

These simulations were conducted in two steps,
firstly the partial pre crushing simulations were
conducted to determine the SAG feed PSD, secondly the resulting size distributions were used
as the feed to the grinding circuit and simulations were conducted using the previously developed models for medium and hard ores.

Impact of alternative
options mill performance.

blast

4.6 Partial Pre-Crushing with Cone Crushers
In this strategy, the primary crusher was fed with
the ROM PSD resulting from the base case blasting practices and from blast option 1 and the resulting crusher product was screened to remove
the critical size material (25mm – 75mm) by using a double deck screen and feed to cone crushers as shown in the Figure 5.
As expected
partial pre-crushing with cone crushers resulted
in a significant reduction in critical size material
and increased SAG free grind material for both
ore types (Table 10). By feeding the primary
crusher with ROM from higher blasting intensity
(option 1) increased SAG free grind material by
another 10%.

These simulations indicate about 10% increase
in throughput for medium hard and hard ores by
implementing blast option 1 and 16 to 20% increase with blast option 2. These results suggest
that it is possible to recover most of the lost
throughput due to increased hardness by implementing advanced blasting strategies for medium hard ores. This strategy is also more energy efficient compared to the base case and
requires very little additional power. The final
product size is slightly coarser than the base case
due to additional load on ball mills. Tighter patterns may also require more drilling capacity and
usage of emulsions formulations require
changes to explosive delivery systems.

The PSD from partial pre-crushing is fed to the
grinding models to predict mill performance
(Table 11).

The general perception in the industry is that
higher blasting energies may increase dilution
and wall damage. It is probably true, if these
strategies are not implemented properly. In low
grade, base metal disseminated ore bodies, impact of dilution may not be major concern compared to narrow vein high grade precious metal
mines. Blast damage and pit wall stability can
be managed by using the recent innovations in
blasting technology, such as electronic detonators, advanced explosive formulations and innovative control blast designs.
4.5 Partial Pre-Crushing

Figure 5

The objective of a partial pre-crushing strategy
is to increase the SAG mill throughput by reducing the amount of critical size material in the
356

Partial pre crushing with cone
crush.
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Table 10

Cone partial pre-crush SAG feed
estimates.

Table 11

Mill performance with cone partial crush.
Figure 6

Partial pre crushing circuit with
HPGR.

Table 12

HPGR equipment
and parameters.

Parameter
Rolls Diameter (ft / mm)
Rolls Length (ft / mm)
Rolls Speed (ft/s / m/s)
Max Power Required (HP /
kW)

The results indicate that partial pre crushing with
cone crushers will result in an increase in
throughput in the order of 12 to 13% for the medium and hard ores. However by using ROM
from blast option 1 will increase the throughput
by 20% for medium hard ores and 30% for hard
ores due to additional fines generated from this
strategy. This strategy is expected to increase
throughput by another 5 - 10% if it combined
with blast option 2 because of more fines in the
ROM. Energy intensity with this strategy is also
less than the base case.

dimensions

Value
8.2 / 2,500
7.2 / 2,200
8.2 / 2.5
5,360 / 4,000

Partial pre-crushing HPGR also reduced critical
size in SAG feed but with 12-15% more free
grind (-12.5mm) fraction compared to the feed
with the cone crushers (Table 13).
Table 13

SAG feed estimates with HPGR
partial pre-crush.

The main drawback of this strategy is a coarser
product size beyond the specified value of <25%
+100mesh if this strategy is adopted by itself, as
additional load will be placed in the ball mills.
This strategy also requires additional installed
power to operate the cone crushers.
4.7 Partial Pre-Crushing with HPGRs
The SAG feed PSD from HPGR partial precrushing circuit is fed to the grinding circuit
model to predict mill performance (Table 14).
The simulations suggest that partial pre crushing
with HPGRs will increase mill throughput by 3
to 4% more than cone crusher. HPGR’s increase
the throughput by 17% compared 13% from
cone crushers.

In this strategy, the partial pre-crushing is implemented with HPGR’s instead of cone crushers to
reduce the overall of ball mills effecting the final
product size. The circuit configuration is shown
in the Figure 6 and HPGR equipment dimension
is given in the Table 12. Maximum power draw
per unit was limited to 4.8 MW is equivalent to
the largest motor power quoted by manufactures
after applying safety margins.
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Table 14

Mill performance with HPGR
partial pre-crush.

reduction in metal production unless remedial
measures are taken to increase the throughput.
The standard approach of adding another grinding line with a 40’ SAG mill will recover the
throughput drop and gain a further 9% in
throughput but at a higher energy intensity. This
strategy may be necessary to maintain the Cu
production but it requires substantially higher installed power, major CAPEX and long lead time.
An alternative approach is to increase throughput by adopting more energy efficient mining
and milling processes. In this approach drill and
blast activities are designed to supply a customize feed to the concentrator for optimal processing without adversely affecting safety, slope
instability and environmental risks at the mine.
Similarly the concentrator operations are designed to have the flexibility to treat the modified feed supplied by the mine without adversely
affecting the throughput and recovery.

By using ROM from blast option 1, HPGR precrush will increase the throughput by 26% for
medium hard ores and 35% for hard ores. This
strategy is expected to increase throughput by
another 5-10% if it combined with blast option 2
because of more fines in the ROM. This strategy
requires 8 to 10 MW of additional installed
power to operate the HPGRs. Energy intensity
with this strategy is less than the base case but
more than that from using cone crushers. However the installation of HPGR circuits requires
more CAPEX, a bigger footprint due to additional ancillary equipment and are also relatively
new to metal mining industry in this duty when
compared to cone crushers.

Simulations suggest that implementation of
higher energy advanced blast designs in medium
hard and hard ores can recover most of the lost
throughput due to increased hardness. This
strategy is also more energy efficient compared
to the base case and the standard approach of
adding another SAG mill and Ball mill. Potential risks with this strategy are increased wall
damage and blast induced dilution. It is therefore
important to understand these risks and to implement measures to manage (or mitigate) them before implementing the blast design changes as
standard operating practice. This strategy require more drilling capacity (additional drill)
and changes to explosive delivery systems to
supply emulsion explosives. This strategy requires little additional power, CAPEX and can
be implemented reasonably quickly.

The final product with HPGR pre-crush is marginally coarser than the base case but finer than
the pre-crush with cone crushers. A coarse flotation feed (-100#) can result in recoverable losses
mainly from coarse fractions. The standard approach to achieve finer flotation feed is to add
additional ball mill power. An alternative approach is to scalp the poorly liberated coarse particles from the flotation feed using cyclones or
screens and regrinding them in large ball mills
or VertiMills. Simulations indicate that oversize
scalping can reduce the final grind size and improve the recoveries at much reduced energy intensity and installed power.
5

A hybrid option is to feed the primary crusher
with higher percentage of fines (-12.5mm) in
ROM from advanced higher energy blasts and
partially pre-crush the critical size fractions in
the SAG feed with HPGR’s or cone crushers to
feed an ideal bi-modal distribution to the SAG
mill. The simulations indicate that implementation of this strategy can recover most of the
throughput loss affected by increased hardness
at much lower energy intensity compared to ad-

ANALYSIS OF SIMULATION
RESULTS

The combined effect of increasing ore hardness
and decreasing grades will result in a significant
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ditional grinding line. The simulations also suggest that partial pre-crushing with HPGR is more
efficient than cone crushers. This strategy requires some additional power and CAPEX but
less than adding a grinding line. Additionally, it
should be considered that the installation of precrushing circuits with cone crushers should be
relatively faster when compared to the installation of a HPGR pre-crushing circuit.

ball mill power. An alternative approach is to
scalp the poorly liberated oversize particles from
the flotation feed using cyclones or screens and
regrind them in more energy efficient VertiMills. This approach can improve the recoveries
by 2-3%, hence Cu recovery and production at
much reduced energy intensity and installed
power than the standard approach of adding another grinding line.

Simulations indicate that all alternative strategies coarsen the final product (-100#) to the flotation circuit compared to adding additional
grinding line.

5.1 Techno-economic Analysis
A simple techno-economic evaluation of all the
strategies used in this study was conducted using
the bubble chart shown in the Figure 7

This may have an adverse impact on recovery.
One way to recover these losses is to increase the

Figure 7

Techno-economic evaluation of strategies.

In this evaluation value is measured as % increase in throughput from base case, effort required is measured based on CAPEX and lead
time required and risks associated with each
strategy is assessed based on the readiness of the
technology used in each strategy. The size of the
bubble (or circle) represents the percentage increase in throughput compared to the base case.

proven technologies and equipment but the operation has little experience in them are considered to be manageable and requires some change
management and training of operators to get familiarized with these technologies.
High risk strategies uses proven technologies
and equipment but the operation has no experience in implementing them. These strategies are
still manageable but require significant change
management and training efforts to accept and
sustain these technologies.

Technology and implementation risks are divided into three categories. The strategies that
uses the existing technologies and equipment are
considered to pose low risk and requires very little change management. The strategies that uses
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Effort required to implement each strategy is divided into three categories based on the CAPEX
and time required for implementation:

the risk of blast damage and dilution, if not managed carefully. Hybrid strategies such as HPGR
pre-crush with advanced blasting and novel classification technologies can potentially produce
throughput levels similar to the standard approach of adding another grinding line but at
much lower energy intensity, installed power,
CAPEX and lead time.

1) Low CAPEX (1-5 Million) and quick
implementation (less than 1 year)
2) Low CAPEX (5 - 10 Million) and 1 – 2 years
for implementation
3) High CAPEX (+100 Million) and long lead
time for implementation (2-5 years)

The techno-economic evaluation used in this paper shows the potential value and risks for each
option but it is very simple and does not cover
all the risks associated with a mining project.
The value estimation should consider using multiple financial criteria (NPV, pay pack period,
IRR), investment strategies (staged investment)
and market scenarios (price volatility). Similarly
the risk evaluation should include geological,
technological and implementation risks for each
strategy. This approach should also be integrated
with mine planning and plant design right at the
pre-feasibility stage to quantify the potential
value and risks for each strategy so that the mine
and concentrator are designed and operated to
maximise the overall value of the operation
based on ore body knowledge.

Based on the above techno-economic evaluation, the conventional approach of adding another grinding line definitely provides high
value, low technology and implementation risk
but requires high CAPEX and lead time which
will impact the net present value (NPV) of the
strategy.
The other low risk strategies such as blast option
1 and partial pre-crush require less CAPEX and
lead time but the throughput increase is less than
adding additional grinding line.
Hybrid strategies such as HPGR pre-crush strategies with advanced blasting (blast option 2) and
novel classification technologies can potentially
produce throughput levels similar to the standard
approach of adding another grinding line at
much lower CAPEX and lead time. Even though
these technologies are proven, their implementation in the industry is not wide spread, hence, require more change management and training effort to manage the increased risk from the
technologies.
6
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higher installed power, major CAPEX and long
lead time.
Alternative approaches with advanced blasting
can achieve the required throughput increases at
much lower CAPEX and lead times. However
the extent of blast energy increase may increase
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A pit to gate multivariable cost control model
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ABSTRACT
The mining industry requires accurate choice of blasting decision variables (including for example
drill hole spacing and blast charge), so as to minimise the combined cost of drill & blast and crushing
(ore prep) operations. This issue is relevant both in designing new plants and in continuous process
improvement for existing plants. We present a model and a corresponding mathematical method to
find the best apportionment of investment between blasting (fragmentation) and process (crushing)
costs to provide the overall lowest cost of production and thus maximise downstream contribution
for new and existing plants. This paper considers the process from mine to gate, assigning optimal
values to the relevant decision variables.
Case studies of ore fragmentation optimisation previously presented have been on a local level and
addressed sub-system optimisation. This paper considers a mathematical methodology, providing a
generic tool that considers the overall process as a total system. The method will be demonstrated
using a hypothetical worked example, considering the solution to a common situation of fragmentation versus process investment.
1

INTRODUCTION

important part of the total system cost, which we
aim to minimise.

When a mine is being planned, preliminary drilling and sampling identifies the material to be selected as ore. The mine plan sequences the ore
extraction to yield a product flow of required
chemical and physical characteristics (see Everett, 2011, 2017). Ore selection and sequencing
procedures precede the actual mining and processing which are the topic of this paper (although the selection and sequencing plan is likely
to be continually revised as information becomes available during the life of the mine).

Typically, when an ore resource is mined, it is
drilled with a pattern of blast holes which are
packed with blasting material. After blasting, the
loosened rock is hauled to the processing plant,
where it is screened, primary crushed, screened
again and secondary crushed. The ore is then
milled and processed to be-come the final
product.
The mill requires feed of particle size below a
maxi-mum (sP) and above a minimum (sF). Any
material with size s < sF is classed as fines and
is lost to the process, as is oversize material with
s ≥ sB. Remaining material with size s > sP is
reduced in size in the first or second crush-er,
each of which will generate some fines with s <
sF. The waste ore is the sum of the initial oversize (s ≥ sB) and the total rejected as fines (s <
sF).

The ore product will have a specified size range.
To achieve this size range, the ore is first blasted
in situ (usually necessary to enable extraction)
and then further reduced in size by a primary and
commonly a secondary crusher.
Blasting will generally leave some ore oversize,
too large for the crusher, and create some fines,
with particle size too small for product. The
crushers will in turn generate some fines. The total oversize and fines constitute waste, whose
opportunity cost (lost potential product) are an

Each stage in the system can be considered a
subsystem. Optimising a subsystem does not
generally optimise the total system. Optimising
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the total system requires minimising the total
costs of the operation, including not only drilling, blasting and haulage costs, but also the operating costs for the crushers and mill, plus the
opportunity cost of oversize and fines going to
waste.



The need to optimise the total system has been
recognised (e.g. Amiel, 2008; Kanchibotla,
2014; Gaunt et al, 2015), though the common
procedure is to attempt to optimise a single subsystem, with the other subsystems taken as
given. This paper will describe a procedure for
finding the decision variable values to establish
the total system optimum, tying together subsystem models for the input/output transformation.

The process typically takes place in two environments (the pit from which the ore is extracted
and the processing plant) and includes these typical phases:

2



In the mine Ore is fragmented by blasting and
loaded on a conveying system (conveyor belt,
truck or any other):




METHOD

This paper describes methods for determining
the mix of size reduction actions to yield maximum value product. The ore to product transformation (mine to gate) involves size reduction resulting from a set of actions, traditionally
including chemical actions such as blasting, and
mechanical actions such as crushing (at different
levels) and milling. We will review the alternative actions and their downstream impact such as
costs, ore yield and productivity. We will also
review the trade-offs and tools that allow us to
maximize the value of the deposit.








Drilling for blasting.
Blasting.
Loading.

Between the mine and the process where the
material is conveyed or hauled.
At the process plant where additional sorting
and size reduction take place in order to meet the
product specification by:



Crushing, typically in one to three levels
Sorting by screens.

Our model considers the relations between actions (blasting, screening, Crusher #1 and
Crusher #2); efficiency (productivity of the
crushers); ratio of ore to product, and overall
cost.

2.1 Factors relevant to this model;


Crusher – mechanical size reduction tool that
is typically capable of 1:3 size range reduction. The crusher creates a range of sizes
which may include the product target.
Fragmentation – reduction of ore size after
initial separation from the in situ resource.

Product – a range of ore size at the size of the
Crusher #2 output, and greater than fines.
Fines - are smaller than the product bottom
size.
Oversize - are larger than the product top
size.
Waste – oversize and fines from the resource
that do not become product.
Ore size compatibility - at each phase (loading, hauling, crushing and final product),
there is a particle size range that allows best
performance of that phase. The best performance of a phase cannot be identified in isolation but depends upon its compatibility
with the ore coming in from the previous
phases and with the ore characteristics required by the following phases.
Blast – chemical tool for size reduction in the
pit.

Total cost is calculated relative to the unattainable 100% conversion of ore to product. The total
cost thus includes the opportunity cost of ore that
ends up as waste (oversize and fines).
2.2 Process factors considered:
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We outline a structured methodology using a
cost control model, integrating the system steps
from pit to gate, identifying the blend of actions
to yield the maximum value for the product size
reduction.

The ore to be blasted is assumed to have been
selected from the deposit so as to optimise the
chemical and physical properties of the ultimate
product stockpiles (see Everett, 2011, 2017).
Size distributions will depend on the ore’s chemical and physical properties.

Applying a small change to a decision variable,
the relative stress is the ratio of the change in total cost divided by the change in variable cost.
Each variable can be changed iteratively until its
relative stress is zero: when this condition is satisfied for all the decision variables, the system is
optimised.

3

THE MODEL

Figure 1 shows the flow of material through the
system, with percentages of ore flowing in each
subsystem. Figure shows the flow paths and final categories (waste, crusher feed or product
ready for milling).

It should be noted that minimising the total cost
(including the opportunity cost of waste) is
equivalent to maximising the net value of the
product.

Figure 1 The Model - Material tonnage percentages through the system
Blasted Material (B0 + C0 + D0 + P0 + F0 =
100%)

F2 goes to fines, s < sF
Typical Values for the Size Ranges

B0 is oversize, s ≥ sB, where s is the particle size

Oversize s ≥ sB = 12˝

C0 goes to Crusher #1, sB > s ≥ s2

Crusher #1 sB > s ≥ s2 = 8˝

D0 bypasses Crusher #1, to Crusher #2, s2 > s ≥
sP

Crusher #2 s2 > s ≥ sP = 3˝
Product sP > s ≥ sF = 0.5˝

P0 goes to product, sP > s ≥ sF

Fines s < sF = 0.5˝

F0 goes to fines, s < sF
Crusher #1 Output (C1 + P1 + F1 = 100%)

Total Outputs

C1 goes to Crusher #2, s2 > s ≥ sP

Oversize = B0

P1 goes to product, sP > s ≥ sF

Product = P0 + C0P1 + (D0 + C0C1) P2

F1 goes to fines, s < sF

Fines = F0 + C0F1 + (D0 + C0C1) F2

Crusher #2 Output (P2 + F2 = 100%)
P2 goes to product, sP > s ≥ sF
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Total Output

changes the size distribution profile of the mill
feed, increasing the downstream cost.

= B0+P0+C0P1+ (D0+C0C1) P2+F0+C0F1
+ (D0+ C0C1) F2

Generally, a decision variable Dk will have an
associated direct cost Xk. For example, changing
the drill hole spacing (a decision variable) will
change the cost component for drilling. Similarly, changing a crusher’s screen size will
change the crusher’s operating cost.

= B0+P0+F0+D0 (P2+F2)+C0 (P1+F1) + C1 (P2+F2)
= 100%
3.1 Transformations
The drill/blast and crusher operations each perform a transformation of the operation’s input
material to its output. The output is determined
by the input, and by the relevant decision variables.

However, there are some cost components that
are not direct costs of single decision variables
but are the indirect costs of multiple decision
variables. For example, the opportunity costs of
ore going to waste will be influenced by drill,
blast and crusher decisions.

• {B0, C0, D0, P0, F0}
= Fn{Blast & drill decisions, Resource properties}

3.3 The Objective Function
The objective is to minimise the total cost, XT,
which is the sum of the component costs, Xj, and
a function of the decision variable vector D.

• {C1, P1, F1}
= Fn{C0 composition, Crusher #1 decisions}

XT

• {P2, F2}

∑jXj

Fn

(1)

We want to find the combination of decision variable values that minimises XT.

= Fn{C1, D0 compositions, Crusher #2 decisions}

3.4 Stressing the Decision Variables

3.2 Decision Variables and Cost Components

If we change the value of a decision variable Dk
by an amount ∆Dk, so as to change its associated
direct cost Xk by an amount ∆Xk, the net effect
∆ XT on the total cost XT may be in the same
direction, or it may be in the opposite direction.
For example, increasing the blast (and its direct
cost) can be expected to decrease the oversize
but increase the fines so its net effect may be to
increase or decrease the waste. Thus, increasing
the blast cost may reduce (or increase) the material needing to be crushed, and increase (or reduce) the total opportunity cost of ore going to
waste, leading to a reduced (or increased) total
cost. We can define the direct stress for Dk as
(∆Xk/∆Dk) and its total stress as (∆XT/∆Dk). The
relative stress is therefore the dimensionless ratio Sk, where:

Each stage of the process involves one or more
decision variables Dk (k = 1, 2, ... K).
Examples of the decision variables are the drill
hole spacing, the blast hole charge, the screen
sizes, etc.
Any set of decision variable values can be considered a solution vector D = {D1, D2, ... DK}.
Each stage of the process also incurs one or more
cost components Xj (j = 1, 2, ... J).
The cost components include not only the direct
expenses of each phase (drilling blasting, haulage and crusher operation), but also the opportunity cost of the ore that goes to waste instead
of becoming product to feed the mill.

Sk

As a simple example a blast producing high volume of ore in the D0 category (bypasses Crusher
#1) increases the productivity of the loading,
hauling and Crusher #1 phases, thus reducing
their costs but at the same time it overloads
Crusher #2 (bottlenecking the process) and

∆XT/∆Dk / ∆Xk/∆Dk
∆XT/∆Xk

(2)

If Sk is negative, then increasing the decision
variable’s direct cost Xk will decrease the total
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4

cost XT. If Sk is positive, then decreasing the decision variable’s direct cost Xk will decrease the
total cost XT.

COST MINIMISATION

The total cost XT = ∑jXj = Fn(D) of equation (1)
can be thought of as a contour map of XT with
dimensions corresponding to the decision variables Dk.

Consider a starting solution with a decision variable vector D = {D1, D2, ... DK}.
Given cost and transformation functions are
known, then we can calculate the relative stress
vector S = {S1, S2, ... SK}. The most promising
improvement will be achieved by changing the
decision variable for which |Sk| is largest, increasing the expenditure on Dk if Sk is negative,
and decreasing the expenditure on Dk if Sk is
positive.

If there were only two decision variables, the
contour map of XT could be plotted as in Figure
2. From a starting decision vector {D1, D2}, the
optimum could be achieved by taking small
steps for each variable alternately, reversing the
direction each time so as to spiral down towards
the minimum.

Figure 2 Finding the minimum cost - down hill spiralling
In Figure 2, from the starting values of D1 and
D2, D1 is increased by an amount ∆D1, to point
A. This decreases XT, so a further ∆D1 increase
is applied, taking us to point B. The total cost XT
has now increased, so we return to point A and
start changing D2 in increments of -∆D2. Points
C and D yield successively lower values of XT,

but point E does not, so we return to point D and
increment D1 by ∆D1/2.
Each time we change direction, the increment
for that decision variable is halved, and its sign
is the negative of the variables relative stress.
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4.1 More Dimensions

5

OPTIMISING THE OVERSIZE
PERCENTAGE

For more than two decision variables the contour
map needs increased dimensions, but the method
follows the same principles. With more than two
variables, as movement along one dimension
ceases, the next dimension to increment is chosen as the one having the highest magnitude relative stress |Sk|.

When ore is drilled and blasted, we are generally
left with a small percentage of the resource remaining as boulders, too large for the first
crusher, together with a percentage of fines going to waste, because they are of too small a dimension to serve as product feeding the mill.
If we adjust the drill hole spacing and/or increase
the blasting charge, we can reduce the percentage of boulders at the expense of increasing the
fines going to waste. Since this may change the
percentage going straight to the mill and the percentage going to the first crusher, the net result
can be counter-intuitive.

4.2 Validity of the Method
The spiralling downhill method described (often
referred to as the “hill climbing method” if maximising) is a robust and reliable method to minimise a continuous function without discontinuities. In case there are local minima, it is wise to
repeat the procedure using different feasible
starting points, defined by the initial decision
variable vector D. The method has been used
successfully for many years (see for example:
Bullard et al, 1965; Russell & Norvig, 2003,
Skiena, 2010). With current cheap computing
costs, the method can be considered preferable
to more sophisticated but more complicated
steepest descent or gradient methods (as discussed in Avriel, 2003; Snyman, 2005).

We will consider a worked example, making
some reasonable assumptions as to the inter-relation of the variables. These assumptions are
made for illustrative purpose only and would
need to be confirmed or modified for any actual
application of the method.
5.1 Assumptions (for illustrative purposes
only)
Drill & Blast:

4.3 Alternative Methods

Decision Variables:

An alternative method to the down-hill spiralling
is to use an optimisation algorithm to take us directly to the minimum for a single decision variable in one subsystem, keeping the decision variables for the other subsystems constant. Solver
in Excel provides a convenient set of algorithms
for this purpose.

Drill diameter (d), Spacing (w),
Burden (b), Explosive s.g. (g)
Parameters:
Bench height (h), Column height (c), Rock s.g.
(G)
Frag Index = f = 1000 c π (d g/w b)/(G h)

4.4 Programming

Blasting Cost/tonne = $1.30 f/1000

Visual Basic in Excel can be used to minimise
total cost, programming either the iterative procedure described or using Solver for the optimisation. The next section describes how the
drill/blast subsystem can be programmed to find
the optimum Boulder percentage. The other subsystem decision variables can be included in the
program in a similar manner.

The Blasted ore divides into:
B0 = 100/8f ; F0 = 1/(1+124 B0)
P0 = (1-B0-F0)*15% ;
D0 = (1-B0-F0)*32% ; C0 = (1-B0-F0)*53%
Crusher #1:
Capacity = 7,000 tonnes per hour,
Cost = $14,000 / hour (idle or active)
The Crusher #1 feed divides into:
F1 = 7% ; P1 = 33% ; C1 = 60% ;
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Crusher #2:

The model was programmed (using Solver and
VBA) to find the minimum total cost per tonne
of the ore resource. This total cost included the
opportunity cost of the waste fines and oversize
boulders. It was assumed that the crushing time
was the maximum time taken for each of the two
crushers, so one crusher generally had some idle
time, incurring its normal hourly cost.

Capacity = 6,000 tonnes per hour,
Cost = $15, 000 / hour (idle or active)
The Crusher #2 feed divides into:
F2 = 17% ; P2 = 83%
Product Value = $10 per tonne.
5.2 Worked Example

If the crusher idle cost differs from its active
cost, then that can be readily included in the
model.Figure 3 shows how the output percentages change as the oversize percentage increases.

The model was used to construct an Excel
spreadsheet to explore the effect of changing the
oversize percentage by adjusting the drill and
blast decision.

Figure 3 Output Split related to Oversize Percentage
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Figure 4 Output split related to oversize percentage
The product percentage initially increases, passing through a maximum of about 70.8% product
(with 8.2% oversize) before declining as the
oversize percentage is further increased.

was 9.7%, giving a minimum total cost of $4.84
per tonne, and thus a maximum product yield of
$5.16 per resource tonne.
Note that the 9.7% oversize percentage giving
minimum total cost is greater than the 8.2%
oversize that yielded the maximum Product percentage from the ore resource.

Figure 4 shows how the cost components change
with increasing oversize percentage. As the
oversize percentage increases, the cost of blasting decreases; the crusher costs initially increase
and then slightly decrease, and the Product percentage reaches a maximum and then diminishes.

Figure 5 shows the value obtained from each
tonne of ore resource as a function of oversize
percentage. The value is the value per tonne of
the product minus the total cost per tonne of resource ore, including the opportunity cost of ore
waste (as fines or as oversize).

The opportunity cost for lost product has two
components: for Fines it decreases, while for
oversize it increases as we increase the oversize
percentage. The optimum oversize percentage
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Figure 5 Value optimised at $4.32 per resource tonne with 9.7% oversize
6

DISCUSSION



This paper has shown that:






A wide spectrum of issues related to different phases of the mining process determine
the value of the deposit.
It is possible to incorporate seemingly different types of information such as rock properties, blasting agent properties, blast design,
loading capacity, crusher performance and
size distribution output in maximising the
value.
The flexibility of the model allows for different types of data, subsystems and decision
variables to be incorporated.
The model is able to look at the whole process, act as a capstone and enable the maximum value to be extracted from the deposit.




There are available tools for the tasks of the
model’s subsystems. Mining software stem from
task management such as extraction, blending,
task monitoring, data collection, process management and so on. These tools are unique in
striving to monitor, optimize and plan a task
such as drilling, blasting, mining and blending,
haulage, process and so on. Some derive from
the mining aspect – quality and economy, some
from the equipment performance aspect (for example, see Tamir 2012; ADRP 2012). They drill
down to finite details of the sphere they address.

The capacity of the model to express value based
on a wide range of data sources provides decision makers an extremely powerful tool that:


Provides fast feedback allowing a timely reaction to changing circumstances such as
identifying and taking advantage of opportunities or reacting to changes in the market.
Acts as a continuous improvement tool creating & validating benchmarks and suggesting a Course of Action (COA).
The logic of the concept of Situational
Awareness based decision making is inspired by the military decision process.

Creates an accurate balanced situational
awareness (SA), an understanding of the environment, impacting factors and their contribution to their business goals. This SA in
turn allows them to make knowledge-based
decisions. The fact that the model can resolve such a wide spectrum of data types
makes it more accurate and reliable.

The model discussed here does not try to compete with them on their core competencies. Instead it suggests a method to harness and integrate them to create an understanding of the
overall value.
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7

CONCLUSION
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In this paper we have produced a working
demonstration, a limited proof of concept. We
have picked a set of decision variables that all
correspond to particle size. We have not dealt
with the chemistry of the deposit, but the same
methods used here can be applied to that aspect
as an additional module.
Further action is required in the following areas:




Allow the model to link to the key subsystems - mine planning, operations management and process in a way where it is possible to impact their more of their decision
variables to impact the value.
Create the opportunity to examine value
through more than one set of values, creating
multiple COA, rather than optimizing only
one.

We have demonstrated building a model to integrate the different mine to gate phases that expresses the value of the deposit based on the
mining and production decision variables.
Using the stress model, iteratively adjusting
each of the decision variables, it is possible to
resolve the highest value of the reserve.
This platform allows management at all levels to
plan long term, react faster to changing environments (market swings, production setbacks and
opportunities, taking advantage of technological
advancement and so on).
It is a strong management tool that allows all levels to understand and participate in contributing
to the bottom-line.
The ability to structure the process of assigning
value in a relatively quick and structured way
enables management at multiple level to internalize a shared goal. It allows better detailed
long and short-term planning, a swift reaction to
changing conditions and the taking advantage of
opportunities.
8
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ABSTRACT
Primary Blasting in an aggregate quarry has a unique role as compared to normal blasting in mining.
In aggregate quarries, the percentage recovery of aggregates dictates the overall mine economics.
Blast designing has always been a complex process in mining operations, right from the feasibility
stage, throughout the life of the mine. Selection of drilling parameters and explosives and initiating
systems has attracted a lot of scientific inputs over the years. While geology and Geological Strength
Index (GSI) have an overriding effect, inputs like mean block size, RQD%, powder factor, Maximum
Charge per delay (MC), and ratios of hole-diameter, spacing, stemming with burden hold key to determining mean fragment size of blasted rock. In this paper, the overall improvement in productivity
with improved fragmentation, without compromising on Health Safety Environmental norms and
regulatory framework in a Thailand Quarry, is presented. Excavator output improved from 200 TPH
to 245 TPH, with reduction in mean fragment size from 0.27 m to 0.13 m. The R2 value with Artificial
Neural Network (ANN) was 0.845 as compared to 0.674 with Multi Variate Regression Analysis
(MVRA).
1

INTRODUCTION

The aggregate quarry under this study had an annual production capacity of 2.5 MTPA and has
expanded its capacity to 5 MTPA. The existing
quarry uses 76 mm diameter DTH drills, 2.2
Cum back hoe excavators and 25 t dump trucks.
The feed size to the primary crusher is 800 mm.
The objective of this study is as follows:

In Thailand, world class infrastructure is being
developed in and around Bangkok. Consequently, a number of construction aggregate
quarries and limestone quarries have been developed as shown in Figure 1.
Construction aggregates consists of Permian Ordovician limestone, Cretaceous granite and Tertiary basalt. Typically, large quarries use 200
mm diameter drill holes. In these, blast patterns
of burden X spacing range from 5 m x 6 m to 6
m X 8 m. These patters give powder factors
ranging from 0.4 to 0.66 kg/ cu m (Tangchawal,
2017). In such quarries, maximum charge per
delay varies from 64.31 to 160.85 kg per delay
for a distance of 150 m and 534.91 to 643.40 kg
per delay for a distance of 300m. In smaller
quarries blast patters of 1.5m X 1.8 m to 3.5 m
X 3.5 m as burden X spacing are used.

a) to classify the rock mass based on Geological Strength Index (GSI)
b) to investigate key parameters influencing
blast fragmentation through multi variate regression analysis (MVRA) and artificial
neural network (ANN)
c) to evaluate the efficiency of excavator with
fragmentation.
Analysis by previous researchers (Ash, 1968;
Hustrulid, 1999; Jimeno et al., 1995) shows that
fragmentation depends upon rock mass properties and geological discontinuities, properties of
explosives, blast hole diameter, burden, spacing,
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bench height, stemming length, blast hole alignment and deviation, type of blast hole pattern
rectangular or staggered and blast hole sub drilling. Prediction of blast fragmentation depends
upon three main factors – rock mass properties,
instant release of explosive energy and blast design.

Figure 1

The conversion of in-situ block with its size distribution, to blasted block with its size distribution, is through blasting process (Latham and Lu,
1999). Explosive energy which results in breakage of rock during blasting can be considered in
two ways – ratio of explosives consumed to the
overall rock mass, represented by powder factor.
In the explosion process, a gas pressure is instantly created to break rock after hole is fired.
Maximum charge per delay in each blast can be
correlated with maximum release of energy instantaneously. From the various studies carried
out to predict mean blast fragment size, powder
factor is considered as the most crucial parameter (Chakraborty et al, 2004; Morin and
Ficarazzo, 2006; Saliu and Akande, 2007;
Gheibie et al, 2009; Kulatilake et al, 2010, 2012;
Singh et al, 2016; Sharma and Rai, 2017;
Mehrdanesh et al, 2017). Maximum charge per
delay to predict blast fragmentation is demonstrated by Monjezi et al (2009) and Faramarzi et
al (2013).
Studies by NIRM and CIMFR in India recommended that minimum hole diameter should be
one hundredth of the bench height. On the other
hand, Adhikari (1999) proposed the maximum
hole diameter to be 0.01666 of the bench height.
Bhandari (1997) proposed burden to be 15 to 40
times of hole diameter for effective blasting in
opencast mines. For good blast fragmentation,
stiffness ratio (ratio of bench height to burden)
should be between 2 to 4 as per Konya and Walter (1990). Research studies at limestone quarries show that with increase in stemming length
higher number of boulders are generated mainly
from stemming portion (Venkatesh et al, 1999
and Cevizci and Ozkahraman, 2012). Thus, from
various studies it is observed that instead of each
parameter like hole diameter, burden, spacing
and bench height being considered independently, it is in fact the ratios of these parameters that contribute to blast performance. In prediction of mean blast fragmentation size, ratios
of burden to blast hole diameter, bench height to
burden, spacing to burden and stemming length
to burden have been found to play an important
role (Chakraborty et al, 2004; Kulatilake et al,
2010, 2012; Faramarzi et al, 2013; Singh et al,
2016; Sharma and Rai 2017; Mehrdanesh et al,
2017).

Small and large aggregate quarries around Bangkok, (Tangchawal, 2017).

In-situ block size and distribution and discontinuities play an important role in blastability of
rock mass (Wang et al 1991; Lu and Latham
1996; Lu 1997). As per blast fragmentation
study by Kulatilake et al (2010, 2012) and
Mehrdanesh et al (2017), mean in-situ block size
plays crucial role in predicting mean blast fragment size. RQD is a measure of unweathered
drill core longer than 10 cms (Deere, 1966).
RQD being easy and quick, it is used to indicate
joint density for core hole logs. To establish
mean fragment size, RQD of blasting face is
considered to be an important parameter
(Chakraborty et al, 2004; Saliu and Akande
(2007); Mehrdanesh et al, 2017).
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The selected limestone quarry at Thailand is well
developed with number of benches as shown in

Figure 2
2

Figure 2. There is significant variation in block
size, orientation of joints and spacing of joints.

Limestone quarry at Thailand.

METHODS

Table 1 Summary of data collection

Knowledge of rock mass classification based on
GSI is useful for blast design. Every blasting
face was classified under one of the four types of
rocks based on GSI for jointed rock mass (Marinos and Hoek, 2000). For this study, rock mass
is classified as blocky, very blocky,
blocky/seamy and disintegrated.

Parameter
GSI
RQD%
Insitu block size XB
Burden, spacing
Hole diameter
Bench height
Stemming height
Powder factor
Maximum charge per
delay
Powder factor
Mean fragment size
X50

GSI depends upon fundamental geological processes consisting of blockiness of rockmass and
condition of joints (Marinos et al, 2007). From
visual examination of each blasting face, GSI is
assessed based on lithology, structure, joint condition. Average in-situ block size and RQD%
were measured at each blasting face and GSI
recorded for each blast.

Excavator efficiency

Blast design parameters consisting of hole diameter, burden, spacing, bench height, stemming
height were recorded from individual blast design to determine various ratios. Maximum
charge per delay and powder factor were also
recorded. For each individual blast, photographs
were taken by placing a ball at blasted muck pile
and the image analysed by software.

Drill efficiency

Source of data/
methodology
Visual examination of face
Actual field measurement

Blast design of individual
blast

Photograph of blasted face &
analysis with software
Blast wise loading rate by excavator in TPH based on a)
Boulders >800mm per 100 T
b) mean fragment size X50
Drill hole diameter, drilling
output in meters per hour

(SB) spacing to burden ratio, stiffness ratio (HB)
consisting of ratio of bench height to burden,
(TB) stemming height to burden ratio.
A total of 78 blasting data sets were collected for
analysis. Methodology of multivariate regression analysis (MRA) and Artificial Regression
Analysis (ANN) was adopted to predict mean
blast fragment size (XB). Data on excavator output in Tonnes per hour (TPH) for each blast was
collected. Excavator output was compared with
no of fragments of size greater than 800 mm
(Boulders) and mean fragment size (X50). Drilling output was recorded in terms of meters per
hour for each size of drill.

Following input parameters are considered to
predict mean fragment size: Mean block size
(XB), RQD%, powder factor, maximum charge
per delay, (BD) burden to hole diameter ratio,
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2.1 Multivariate Regression Analysis

2.2 Artificial Neural Network

The objective of multivariate regression analysis
(MRA) is to resolve equivalent factors of a function and to determine best fit based on a set of
data observations. This technique results in a
function which is a linear (straight-line) equation. In circumstances where more than one independent variable occurs, MRA is used to form
the best-fit equation. A least square fit is performed to resolve engineering problems through
MRA. While applying this technique, some coefficients are proposed using a backlash operator. The MRA equation is given as follows
(Tonnizam Mohamad et al, 2017):

A study of the human-brain information process
motivated us to develop ANN as a soft computation technique. Network architecture, learning
rule, and transfer function are three major factors
of ANN. Recurrent and feed-forward are two
major groups of ANNs. The study by Shahin et
al, (2002) proposes that if there is no time-vulnerable factor in the ANN, the feed-forward
ANN (FF-ANN) can be carried out. The multilayer perceptron (MLP) neural network is one of
the most well-known FF-ANNs (Haykin 1999).
This type of ANN is linked to each other by
means of various weights attached to a number
of neurons in different layers (input, hidden and
output layers). Kalinli et al, (2011) expressed the
satisfactory performance of MLP-ANNs in approximating different functions in high-dimensional spaces. After feeding data into ANNs, the
ANN still requires training before finding the solution. Dreyfus (2005) reported that the backpropagation (BP) algorithm is most popular
among various categories of learning algorithms
for training the MLP feed-forward neural networks.

z = x+y1m1+ y2m2+ y3m3+….+ynmn

(1)

where m1, m2, m3 ….mn are independent variables, y1, y2, y3, …. yn are coefficients of independent variables, x is constant and z is the output of the system.
In order to develop an MRA equation for prediction of fragment size using the abovementioned
system inputs, Excel software was selected and
utilized. The 78 datasets were divided in 2 sections -- training (57 datasets) and testing (21 datasets) and then, considering only training datasets, an MRA equation was constructed as
follows:

Kuo et al, (2010) interpreted that in a classical
BP-ANN, the imported data in the input layer
kicks off to generate hidden nodes through connection weights. In the BP-ANN, the flexible
connection or weight, Wij is multiplied by the
input from each neuron in the preceding layer, li.
The sum of the weighted input signals is calculated at each node and subsequently, this value
is combined to obtain a threshold value recognized as the bias value, Bij (see Eq. 2). The output of the node is produced (see Eq.3) by combining input, Ji, and then passing it through a
non-linear transfer function f (Jj), for instance a
sigmoidal function. The output of each neuron,
generally, produces the input to the next neuron
layer. This procedure is pursued until the output
is obtained. Subsequently, the generated output
is analysed with the expected output, to pick up
errors, if any. The major reason for BP training
is to substitute the weights between the neurons
in an iterative manner, that reduces the mean
square error (MSE) to the least of the system. In
classic artificial intelligence book by Fausett
(1994), the BP algorithm is illustrated.

BS is burden to spacing ratio. RQD is expressed
in %. MC is maximum charge per delay in Kg.
PF is powder factor in Kg per cum of blasted material. BD is burden to hole diameter ratio. HB is
bench height to burden ratio. TB is stemming
height to burden ratio.
After developing the above equation, it was
evaluated through 21 testing datasets. Results of
training and testing datasets showed that an acceptable performance prediction can be
achieved by the MRA equation so developed.
Several performance indices consisting of coefficient of determination (R2), root mean square
error (RMSE) and variance account for (VAF)
were used to evaluate predictive models in this
study where their equations can be found in
other studies (Armaghani et al, 2017). More discussion regarding the developed MRA will be
given later.
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plied. Another important issue in designing an
ANN model is number of hidden nodes where
the maximum number of hidden nodes were reported by Hecht-Nielsen (1987) as 2Ni + 1. In
this study, with Ni = 8, the maximum number of
hidden node can be equal or less than 17. Hence,
many ANN models were built based on the different number of hidden nodes and finally, according to obtained performance indices, a
model with 11 hidden nodes outperforms the
other models. The results demonstrated that by
developing new ANN model, accuracy of the developed model was increased significantly compared to created model by MRA. Evaluation of
the selected ANN model is given later.

(2)
(3)
Khamesi et al, (2015) illustrated that as a part of
ANN modeling procedure, the prepared database was normalized during first stage in order
to simplify the design procedure and given below:
Znorm = (Z – Zmin) / (Zmax‐ Zmin)

(4)

where Z and Znorm are the measured and normalized values, respectively. Zmax and Zmin are the
maximum and minimum values of the Z.
Researchers, in the past, have suggested different percentages for the testing datasets. Amounts
of 20%, 25% and a range of 20%-30% of total
datasets were recommended for testing dataset
in the previous studies (Swingler, 1996). Hence,
as mentioned earlier, in the present study, 80%
and 20% of total datasets were practiced for
model development and confirming the developed models, respectively. In ANN modelling,
choosing of the ANN training algorithm and also
decision of selecting the network architecture
are the most challenging task. Levenberg-Marquardt (LM) was chosen among all ANN training algorithms and utilised to train the ANN systems. On the contrary, as stated by many
scholars (e.g. Singh et al, 2006), an ANN network with only one hidden layer can evaluate almost all engineering problems, therefore, an
ANN network with one hidden layer was ap

3

RESULTS AND DISCUSSION

3.1 GSI
Geological study was undertaken, and rock mass
was classified based on geological strength index. Rock mass at different locations was classified into four categories (a) Blocky limestone (b)
Very blocky limestone (c) Blocky/ seamy limestone and (d) Dis-integrated limestone as shown
in Figure 3.
From 78 blasting data sets, it is observed that
GSI based rock mass classification, mean in-situ
block size range for blocky limestone is 0.8 to
1.2 m, very blocky limestone is 0.5 to 0.8 m,
blocky / seamy limestone is 0.3 to 0.6 m and disintegrated limestone is 0.1 to 0.3 m.

Developed limestone faces showing benches

Blocky Limestone

Very Blocky limestone

Blocky/Seamy Limestone

Disintegrated Limestone

Figure 3 Rock mass classification based on GSI (Bhatawdekar et al., 2016).
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Figure 4

Photographs of blasted limestone at Thailand Quarry for image analysis.
and ANN models as shown in Table 5. R2 values
achieved were 0.678 and 0.764 for training and
testing of MRA, respectively, while these results
were obtained as 0.825 and 0.845 for ANN
model. Apart from R2, considering RMSE and
VAF results, it was found that ANN is capable
of increasing accuracy of the prediction of fragment size. By focusing on VAF results, it can be
observed that by developing an ANN model,
VAF values were significantly improved from
about 65% to more than 80%. This shows ability
of ANN model in solving problem of predicting
fragment size. Generally, it can be concluded
that ANN model, as compared to MRA, has performed better and can predict fragment size with
a higher accuracy level. The predicted fragment
size values by MRA and ANN models together
with their measured values are shown in Figures
6 and 7, respectively. These figures prove that
ANN predictive model can provide a higher accuracy in predicting fragment size.

Figure 4 shows photographs of blasted muck
pile. Given the blast fragmentation as per Figure
4, a blast fragmentation analysis is carried out
using rock-mass classification based on blocky,
very blocky, blocky/ seamy and disintegrated.
Figure 5 shows image analysis done with software and graphs are classified based on limestone as per GSI stating in situ mean block size
(X) for a given blast. Four graphs consist image
analysis weight % finer Vs mean fragment size.
Figures 5(a), (b), (c) and (d) consist of image
analysis for blocky limestone, very blocky limestone, blocky/ seamy limestone and disintegrated limestone respectively. From blast fragmentation distribution curves in Figure 5, it is
observed that disintegrated limestone has 40%
below 0.1 m and thus maximum fine generation.
3.2 MVRA and ANN
As stated before, R2, RMSE and VAF were used
to evaluate the obtained results. These performance indices were calculated for both MRA
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Figure 5

Blast fragmentation distribution (a) Blocky limestone (b) Very blocky limestone (c)
Blocky/ Seamy limestone (d) Dis-integrated limestone.

Table 2

The obtained results of developed models

Model
MRA
ANN

R

2

Train
0.678
0.825

Test
0.764
0.845

Performance Index
RMSE
Train
Test
0.026
0.038
0.182
0.214
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VAF (%)
Train
Test
66.684
64.768
82.001
80.286
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Figure 6

The predicted fragment size values by MRA model together with their measured.

Figure 7

The predicted fragment size values by ANN model together with their measured
values.

Table 3

Excavator output in TPH compared with fragment > 0.8 m (Boulder) per 100 T

Fragment > 0.8m
per 100 T
4
5
6
7
8
9
10
11
12

200205

206210

211215

Excavator output TPH
216- 221- 226- 231220
225
230
235

3.3 Excavator Performance

236240

241245

246250

greater than 0.8 m (boulder) from 4 to 12 per 100
T of blasted limestone, excavator output drops
from 245 to 200 TPH. For increase in mean fragment size from 0.13 to 0.27 m, excavator output
drops from 245 to 200 TPH. Based on 8 variable
inputs, it is possible to predict mean fragment
size with ANN model and improve productivity
of excavator.

Table 3 shows excavator output based on number of fragment size greater than 800 mm (boulder) per 100 T of blasted material. Table 4 shows
excavator output based on mean blast fragment
size in ‘m’.
The output of the excavator varies from 200 to
250 TPH. For increase in number of fragments
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Table 4

Excavator output in TPH compared with mean fragment size (X50) in m

Mean fragmentation m
From
0.131
0.141
0.151
0.161
0.171
0.181
0.191
0.201
0.211
0.221
0.231
0.241
0.251
0.261

To
0.140
0.150
0.160
0.170
0.180
0.190
0.200
0.210
0.220
0.230
0.240
0.250
0.260
0.270

Excavator output TPH
200205

206210

211215

216220

3.4 Drill performance

226230

231235

236240

241245

246250

Input parameters consisting of mean block size
(XB), RQD%, powder factor, maximum charge
per delay (MC), (BD) burden to hole diameter
ratio, (SB) spacing to burden ratio, stiffness ratio
(i.e. ratio of bench height to burden (HB), (TB)
stemming height to burden ratio, play significant
role in predicting mean fragment size, and are
suitable for predicting mean fragment size (X50).

A study was carried out to determine whether to
have additional DTH (Down The Hole) drills or
new Top Hammer (TH) drills. New 102 mm diameter TH drills are procured to meet enhanced
drilling requirement. The new TH drill output
was 30 m/hour as compared to old DTH drills
output of 12 m/hour. Top hammer drills have improved productivity from 12m/hour for DTH
drill to 30 m/ hour for Top hammer drill. Hole
diameter also increased marginally from 76 mm
to 102 mm without having adverse environment
impact on fly rock, ground vibration and air over
pressure for meeting local regulations. Spacing
and burden was also proportionately increased,
thereby improving drilling productivity from
270 TPH to 1300 TPH of drilling.
4

221225

R2 achieved was 0.678 and 0.764 for training
and testing of MVRA, respectively; whereas R2
achieved for training and testing of ANN, was as
0.825 and 0.845 respectively.
Excavator output improved from 200 TPH to
245 TPH when mean fragment size was reduced
from 0.27 m to 0.13 m and percentage of large
fragements (bigger than 0.8 m) was reduced
from 1% to 4%.

CONCLUSIONS

Introduction of top hammer drill from DTH drill
improved output from 270 TPH to 1300 TPH.

Rock mass classification is an effective tool for
blast design. This has to be done on the basis of
study of geology of the area and field observations of the blasting face. The limestone rock
classified into four types -- blocky, very blocky,
blocky/seamy and disintegrated limestone -supports blast design based on observation of
blasting face.

Thus, the objectives of improving overall
productivity of the aggregate quarry through
drilling and blasting were achieved.
REFERENCES
Adhikari, G.R. (1999) Selection of blasthole diameter for a given bench height at surface

381

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

mines. International Journal of Rock Mechanics and Mining Sciences, 36(6), pp.843847.
Armaghani, D.J., Mohamad, E.T., Narayanasamy, M.S., Narita, N. and Yagiz, S.
(2017) Development of hybrid intelligent
models for predicting TBM penetration rate
in hard rock condition. Tunnelling and Underground Space Technology, 63, pp.29-43.
Ash, R.L. (1968) The design of blasting
rounds. Surface mining, p.387.
Bhandari, S. (1997) Engineering rock blasting
operations. A. A. Balkema. 388, p.388.
Chakraborty, A.K., Raina, A.K., Ramulu, M.,
Choudhury, P.B., Haldar, A., Sahu, P. and
Bandopadhyay, C. (2004) Parametric study to
develop guidelines for blast fragmentation
improvement in jointed and massive formations. Engineering Geology, 73(1), pp.
105-116.
Cevizci, H. and Ozkahraman, H.T. (2012) The
effect of blast hole stemming length to rockpile fragmentation at limestone quarries. International Journal of Rock Mechanics and
Mining Sciences, 53, pp.32-35.
Deere, D. U., Hendron, A. J., Patton, F. D. and
Cording, E. J. (1966) Design of surface and
near-surface construction in rock. In The 8th
US symposium on rock mechanics
(USRMS). American Rock Mechanics Association.
Dreyfus, G. (2005) Neural networks: methodology and applications. Springer Science &
Business Media.
Faramarzi, F., Mansouri, H. and Farsangi, M.E.
(2013) A rock engineering systems based
model to predict rock fragmentation by blasting. International Journal of Rock Mechanics
and Mining Sciences, 60, pp.82-94.
Fausett, L. and Fausett, L. (1994) Fundamentals
of neural networks: architectures, algorithms,
and applications (No. 006.3). Prentice-Hall,
Geological report of limestone deposit, Thailand
Quarry (2010)
Gheibie, S., Aghababaei, H., Hoseinie, S.H. and
Pourrahimian, Y. (2009) Modified Kuz—
Ram fragmentation model and its use at the
Sungun Copper Mine. International Journal
of Rock Mechanics and Mining Sciences, 46(6), pp.967-973.
Haykin, S. (1999) Adaptive filters. Signal Processing Magazine, 6, p.1.

Hecht-Nielsen, R. (1989) Kolmogorov's mapping neural network existence theorem.
In Proceedings of the International Joint Conference in Neural Networks (Vol. 3, pp. 1114).
Hudaverdi, T., Kulatilake, P.H.S.W. and Kuzu,
C. (2011) Prediction of blast fragmentation
using multivariate analysis procedures. International Journal for Numerical and Analytical Methods in Geomechanics, 35(12),
pp.1318-1333.
Hustrulid, W.A. (1999) Blasting principles for
open pit mining: general design concepts.
Balkema.
Kalinli, A., Acar, M.C. and Gündüz, Z. (2011)
New approaches to determine the ultimate
bearing capacity of shallow foundations
based on artificial neural networks and ant
colony optimization. Engineering Geology, 117(1), pp.29-38.
Khamesi, H., Torabi, S.R., Mirzaei-Nasirabad,
H. and Ghadiri, Z. (2014) Improving the performance of intelligent back analysis for tunneling using optimized fuzzy systems: case
study of the Karaj Subway Line 2 in
Iran. Journal of Computing in Civil Engineering, 29(6), p.05014010.
Konya, C.J. and Walter, E.J. (1990) Surface
blast design. Prentice-Hall.
Kuo, R.J., Wang, Y.C. and Tien, F.C. (2010) Integration of artificial neural network and
MADA methods for green supplier selection. Journal of cleaner production, 18(12),
pp.1161-1170.
Kulatilake, P.H.S.W., Qiong, W., Hudaverdi, T.
and Kuzu, C. (2010) Mean particle size prediction in rock blast fragmentation using neural networks. Engineering Geology, 114(3),
pp.298-311.
Kulatilake, P.H.S.W., Hudaverdi, T. and Wu, Q.
(2012) New prediction models for mean particle size in rock blast fragmentation. Geotechnical and Geological Engineering, 30(3), pp.665-684.
Latham, J.P., Van Meulen, J. and Dupray, S.
(2006) Prediction of fragmentation and yield
curves with reference to armourstone production. Engineering geology, 87(1), pp.60-74.
Lu, P. and Latham, J.P. (1996) In-situ Block Size
Distribution Prediction with Special Reference to Discontinuities With Fractal Spacing
382

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Distributions. In ISRM International Symposium-EUROCK 96. International Society for
Rock Mechanics.
Lu, P. (1997) The characterisation and analysis
of in-situ and blasted block-size distributions
and the blastability of rock masses (Doctoral
dissertation).
Lyana, K.N., Hareyani, Z., Shah, A.K. and Hazizan, M.M. (2016) Effect of Geological Condition on Degree of Fragmentation in a SimpangPulai
Marble
Quarry. Procedia
Chemistry, 19, pp.694-701.
Marinos, P. and Hoek, E. (2000) GSI: a geologically friendly tool for rock mass strength estimation. In ISRM international symposium.
International Society for Rock Mechanics.
Marinos, P., Marinos, V. and Hoek, E. (2007)
Geological Strength Index (GSI). A characterization tool for assessing engineering properties for rock masses. Underground works
under special conditions. Taylor and Francis,
Lisbon, 13-21.
Mehrdanesh, A., Monjezi, M. and Sayadi, A.R.
(2017) Evaluation of effect of rock mass
properties on fragmentation using robust
techniques. Engineering with Computers,
pp.1-8.
Monjezi, M., Rezaei, M. and Varjani, A.Y.
(2009) Prediction of rock fragmentation due
to blasting in Gol-E-Gohar iron mine using
fuzzy logic. International Journal of Rock
Mechanics and Mining Sciences, 46(8),
pp.1273-1280.
Morin, M.A. and Ficarazzo, F. (2006) Monte
Carlo simulation as a tool to predict blasting
fragmentation based on the Kuz–Ram

model. Computers & geosciences, 32(3),
pp.352-359.
Saliu, M.A. and Akande, J.M. (2007) Drilling
and Blasting Pattern Selection for Fragmentation Optimization in Raycon Quarry Ore,
Ondo State. J. Eng. Applied Sci, 2(12),
pp.1768-1773.
Shahin, M.A., Maier, H.R., and Jaksa, M. B.
(2002) Predicting settlement of shallow foundations using neural networks. J GeotechGeoenvironEng 128(9):785–793
Singh, T. N., Singh, V.K., Sinha, S. (2006) Prediction of cadmium removal using an artificial neural network and a neuro-fuzzy technique. Mine Water Environ 25(4):214–219
Swingler, K. (1996) Applying neural networks:
a practical guide. Academic Press, New York
Tangchawal, S. (2006) Planning and evaluation
for quarries: case histories in Thailand.
Tangchawal, S. (2017) Quarry evaluation and
control of bench blasting. ASEAN Journal on
Science and Technology for Development, 23(1), 19-26.
Tonnizam Mohamad, E, Armaghani, D. J., Mahdyar, A., Komoo, I., Kassim, K. A., Abdullah,
A. and Majid, M. Z. A. (2017) Utilizing regression models to find functions for determining ripping production based on laboratory tests. Measurement 111, 216–225
Wang, H., Latham, J. P. and Poole, A. (1991).
Blast design for armour stone production. Quarry Management, 18(7), 17-21.
Wang, H., Latham, J.P. and Matheson, G. D.
(1992) Design of fragmentation blasting in
surface excavation. In: Hudson, editor. Rock
Characterisation, Thomas Telford, London,
1992;233-238.

383

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

384

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Improving downstream performance through a highly flexible
energy explosive
P. Couceiro, J. Pascual, M. Lopez Cano, F. Beitia and M. Laguillo
MAXAM Terra Solutions, Madrid

ABSTRACT
In times of scarce resources, declining ore grades and demanding environmental and safety commitments, sustainable mining strategies are a key for long term mining. This scenario raises the concern
of how efficiently the energy is used in all unit operations and processes, especially in the comminution phase. Any mining, quarrying or excavation can be regarded as a set of interconnected processes,
where energy is consumed in a sequence and where the performance of downstream operations is
potentially influenced by the initial energy input. From this viewpoint, the influence of blasting on
other unit operations is well known. The conscious use of an explosive with adjustable energy outputs
in a certain rock mass strongly contributes to reduce the total energy consumption in the mining
processes by improving downstream energy use. The controlled release of the detonation energy contributes to maximize rock fragmentation and heave during blasting process. This paper explores the
use of a non-aluminized adjustable energy explosive for blasting and its role on performance of downstream unit operations in mining applications. This watergel bulk explosive has highly flexible energetic properties and a broad range of densities. Finally, some practical cases studies show how the
energy released by the explosive during a detonation improve the unit operations downstream by
lowering loading time, increasing the haulage efficiency and improving crushing and milling performance.
1 INTRODUCTION

process, a part of being the most efficient
method of fragmentation. On the other side,
blasting can be considered the easiest stage in all
comminution processes to implement changes
and modifications. Although mining is complex,
it can be regarded as a set of interconnected processes, where energy is consumed in a sequence,
following all unit operations from the pit to the
concentration. In this sense, the performance of
downstream operations is potentially influenced
by the initial energy input. As the explosive is
the source of all energy used for rock blasting
fragmentation and heave, its conscious use plays
a strong role in all downstream mining performance.

Since energy efficiency is becoming important
for long term mining strategies, inefficient use
of available energies are not desirable, requiring
cost-effective energy optimization strategies to
increase energy efficiency and productivity
while minimizing environmental impact. These
optimization strategies involve continuous ability to model and measure all related phenomena
and operational performance, integrated under a
continuous improvement program where all involved counterparts act in close coordination
(Couceiro et al. 2018). In this line, highly flexible energy blasting is recognized as one of the
main strategies for mine energy optimization
projects.

2

Several aspects contribute to make blasting an
attractive strategy of optimization. For one side,
it is the lowest energy cost when compared with
the energy cost per ton of processed rock
(Hawke and Dominguez 2015) for rock breaking

BLASTING: A PATH FOR
DOWNSTREAM IMPROVEMENTS

The basic modern aim of blasting is the achievement of an adequate rock particle size distribution in order to positively impact downstream
unit operations. A balance of macro and micro
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fragmentation, together with the muckpile disposal and swelling, are demanded in order to
achieve optimal results in term of cost and energy consumption downstream. Thus, this section briefly discuses some of the most relevant
impacts of blasting on the ore comminution and
digging performances.

where
is the blasted work index;
is the
in-situ work index;
is the operational index
of reference;
is the operational index of the
studied blast, defined by:
(2)
where a, b and c are fitting parameters. E is the
specific energy consumption of the blast expressed in kwh/ton.

2.1 Comminution Performance
The effect of dynamic actions during the fragmentation process has been the subject of research for years. However, while the effect of
blast macro-fragmentation on the subsequent
unit operations is evident, the role of microcracking on downstream performance is still under further investigation (Workman and Eloranta, 2003; Katsabanis et al. 2004, 2008, Seccatore et al. 2015). Workman and Eloranta (2003)
reasonable postulated that both macro-fragmentation and the internal weakness of individual
particles can affect crushing and grinding effectiveness, where the role of micro-cracking at the
grinding state is especially important.

The Oi is defined as the specific energy, expressed in kwh/ton, resulting from a theoretical
blast design which presents a fragmentation
curve with the same entropy of the in-situ block
sizes distribution. The equation (1) is only valid
when Oi Oi and can be used to trace the behavior of grindability as a consequence of a
highly flexible energy blasting.
2.2 Digging Performance
The consecutive unit operation after blasting is
normally the loading and haulage operations. In
this step, the digging performance, in what correspond to the blast results, is directly influenced
by the fragmentation size distribution, shape and
swelling of the muckpile while better fragmentation (size and uniformity) improves the usage
of trucks capacities in terms of tons per round.
Although there are other important factors influencing the overall performance of loading and
haulage, such operator’s skills, floor and
whether conditions, and others, specific studies
have proven the impact of blasting on these operations (Segarra et al. 2010, Ozdemir et al.
2007, Singh et al. 2005, Doktan 2001).

There are evidences that the work index can be
used to quantify the potential impact of the dynamic actions from blasting in the processes of
internal weakening of individual particles (Nielsen and Kristiansen 1996, Workman and Eloranta 2003). The relationship between the amount
of energy used in the blasting and the behavior
of the work index is frequently reported (Workman and Eloranta 2003, Katsabanis et al. 2004,
2008, Seccatore et al. 2015), although the effects
of micro-cracking strongly depend on the type of
rock.

Based on the measured digging performance
data, a site-specific diggability model can be developed. In this effort, some relevant parameters
of the blast and excavator equipment are used to
proper fit the model. Thus, the following sitespecific model can be used:

Hence, the contribution of the energy released
during the blasting process and corresponding
potential reduction of the work index can be a
function of the specific energy of the blast. This
specific energy will be strongly influenced by
the explosive type, blast geometries and timing.
For a given set of experimental or operational
grindability data, the blasted work index, which
is related to the grindability of the blasted material, can be fitted by the following expression

(3)
where
is the digging productivity (t/h); is
the blast volume (m3); is the bench height (m);
is the blast speis the bucket capacity (t);
3
cific energy (kJ/m );
rock factor, as proposed by Segarra et al. (2010);
= adjustable
parameters;
= other parameters or calibration functions.

(1)
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ronment. This process makes the product resistant to water and renders impervious to the ingress of aggregate stemming. The stemming
control is very important to the quality fragmentation, better confinement of the gases energy
and the control of ground vibration generated by
blasting. Especially in very hot weather, where
the emulsion gassing process suffers to be controlled, the cross-link together with mechanical
gassing technology allows a complete control
over the sensitizing process and, as a consequence, a perfect charge length. Other advantage of the cross-linking process is the minimum migration through cracks and fractures.

In terms of haulage, a direct consequence of a
higher (lower) loading productivity on the
transport operation, assuming that all the other
parameters are kept constant, such as the skill
and efficiency of the truck operator, trip distances and others, is that the truck would need to
be at the loading position for a smaller (larger)
amount of time. Thus, it is reasonable to think
that is the step in the total truck cycle time which
may be directly influenced by blasting results.
3

HIGHLY FLEXIBLE ENERGY
EXPLOSIVE

RIOFLEX is a non-aluminized highly energy
bulk watergel explosive. A fit for purpose explosive in both non-reactive and reactive ground
conditions, with a wide range of adjustable densities and excellent water resistance for use in
wet and dry blastholes, in open pit and underground metal mines. It consists of a base Oxidant
Matrix, a sensitizer and a cross linker, capable of
being blended with ANFO. This flexible explosive can be manufactured with either dense or
porous Ammonium Nitrate, which increases it
manufacturing capabilities. Water is required to
make a liquid explosive that can be pumped but
the additional water in the Emulsion phase reduces the amount of reacting chemicals and also
it consumes energy as it is vaporized. Better use
of explosive energy as less water (inert) has to
be heated to the explosion temperature (~2500
K).

Figure 1 shows the density distribution of the
HFE watergel along of the borehole charge in
comparison with a standard emulsion for an average density of 1150 kg/m3. In this example, the
energy distribution for the same in-hole density
(or product quantity) is much better with the
HFE watergel; yielding higher densities at the
bottom and lowers at the top. This distribution
increases the available energy at the bottom of
the hole, allowing the explosive to deliver more
energy in this rock zone.

This highly flexible energy (HFE) watergel can
be broadly grouped into three main families of
sensitizing process: chemical and mechanical
gassing and physical sensitizing with micro-balloons. As a combination of special energetic run
materials and high-density flexibility, this explosive can deliver unique and individually tailored
performance in a wide range of rock types and
conditions. This highly flexible energy watergel
allows not only significant improvements on
rock fragmentation and heave, which can positively impact downstream operations, but also
drill patterns expansions without impacting blast
results and load and haul rates.

Figure 1

Flexible density distribution of
the HFE watergel in comparison
with a standard emulsion.

Energy capacity is another point of interest. Figure 3 shows the isentropic curve and expansion
work for the standard non-aluminized HFE watergel formulation at 1400 kg/m3 calculated with
the thermodynamic code W-DETCOM

Once the HFE watergel is sensitized, the density
distribution is fixed by the cross-linking process
and will not drift through the influence of envi387
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four rows fired towards two free faces. Holes
were drilled with 0.5m subdrilling with the
charge confined by a 2.4m stemming. Powder
factor were in a range of 0.209 to 0.284 kg/ton.
The initiation sequence was performed with
non-electrical detonators with inter-hole and inter-row delays of 25ms and 65ms, respectively.

(MAXAM). Since very high densities can be obtained at the bottom of the hole, the expansion
work capacity in this region can deliver considerable amount of energy. In the case of the
100MPa cut-off pressure criterion, the effective
energy is 2894 kJ/kg while in further expansion
state, for example, the energy delivery at 20Vo,
it can achieve 3197 kJ/kg. Because of its better
density distribution, the HFE watergel is more
efficient in breaking the rock at the bottom region when compared with standard emulsions.
20

Pressure (GPa)

3

12
2
8
Pressure
(GPa)

4

1

Energy (MJ/kg)

4

16

0

0
0,5

Figure 2
4

In these trials, four relevant bulk waterproof explosives from three different suppliers were
evaluated: the HFE watergel (RIOFLEX), Emulsions A, B and C. The HFE watergel was chemical sensitized as the Emulsion B and C while the
Emulsion A was a physically sensitized with
glass micro-balloon. The first measurements
were related to the confined velocity of detonation (VOD) in borehole of 105mm. A total of 32
measurements were carried out. Table 1 shows
the average VOD and the standard deviation of
measurements of all four tested explosives. A
part of having a superior VOD in comparison
with all Emulsions, the HFE watergel was also
more consistent, as can be seen Figure 3. It is
well accepted by the scientific community that
the VOD is an important indicator of the explosive steady detonation regime. In this sense, as
the detonation pressure is proportional to the
square of VOD, higher velocity means higher
detonation pressure. This higher capacity to deliver shock energy have a direct impact on rock
fragmentation and pre-conditioning (micro fractures) for the hard material and therefore on
crusher operation.

1,5

2,5
3,5
4,5
Specifc Volume (V/Vo)

Isentropic and expansion work of
HFE watergel at 1400 kg/m3.

CASE STUDIES – IMPROVING
DOWNSTREAM PERFORMANCE

Three practical cases studies are discussed in this
section. The first one is related to the general
evaluation of explosive’s performance in a
quarry in Australia, the second is focus on digging improvements in an open pit gold mine in
Brazil while the third one deals with the overall
downstream improvements in another open pit
gold mine in Australia.

Table 1

4.1 Case 1 – Explosive Performance
Evaluation in an Australia Quarry
Blasting trials were performance in a Brisbane
granite quarry, in Australia, in order to evaluate
explosive performance and cost effectiveness of
bulk waterproof explosives relative to traditional
ANFO and cartridge products. The bulk explosive performance was measured using several
KPIs, where the most relevant were the velocity
of detonation, muckpile shape, heave and fragmentation indices. In general, blasting was performed in 14m benches, using 105mm diameter
with drill-holes at 5º inclination normal to the
blast row. The blast size was typically formed by
388

Experimental confined VOD

Explosive
type

Density

HFE watergel
Emulsion A
Emulsion B
Emulsion C

1.2
1.2
1.2
1.2

(g/cm³)

Mean
VOD
(m/s)
5447
5284
5028
4731

Standard
Deviation
81
163
317
323
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0,006

1,4

RIOFLEX
Emulsion A
Emulsion B
Emulsion C

0,005
0,004

1,246
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0,8

0,003

0,997
0,603
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0,001
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Normal distribution of experimental confined velocity of detonations.

Figure 4

Emulsion A Emulsion B Emulsion C

Specific Heave Index with average value and statistical variation.

Finally, the major concern was related to the
fragmentation results. Since the oversize from
blasting, and the correspondent secondary
breakage, represent a substantial portion of the
total Drill and Blast cost, the fragmentation analysis has been focused mainly on oversize generation. Thus, fragmentation results were evaluated between HFE watergel and Emulsion C in
equality of conditions: same drilling pattern
(4.5x4.0m), diameters, bench height, etc. Both
blasts were located as close as possible in order
to minimize the effect of variable geology and
geomechanical conditions. Thus, even with a
slightly lower powder factor than the Emulsion
C (0.21 kg/ton), the HFE watergel (0.19 kg/ton)
achieved better fragmentation performance, reducing the oversize to 7%, while Emulsion C
had achieved 14%.

The kinetic energy was measured based on the
average burden velocity and mass of rocks displaced. The average burden velocity was obtained by calculating the vertical and horizontal
center of masses displacements between the
bench before blasting and the final muckpile
shape. Using simple equation of parabolic motion and assuming an initial movement angle, the
average burden velocity can be estimated. Then,
the kinetic energy was normalized relative to the
charge mass used in the blast, expressing a specific heave index in terms of MJ per kilogram of
explosive:
2

0,0

(4)

where is the specific heave index (MJ/ton); V
is the average burden velocity (m/s) and is the
powder factor (kg/ton).

4.2 Case 2 – Improving Digging Performance
in an Open Pit Gold Mine (Brazil)

Figure 4 shows the specific heave index for all
tested explosives. It was clear that the HFE watergel has been achieved the highest heave index. This is a result of the great capacity of HFE
to deliver effective energy even in higher gas adiabatic expansion volumes.

One of the major Brazilian gold producer, responsible for 22% of the national production, is
currently increasing production capacity and inventory under a strong sustainable and environment strategies. The main challenge is to attend
a demanding blast production at very short distances to the surrounding communities, sometimes closer than 500m. Located in Minas Gerais
state, blasting operations need extreme control
regarding vibrations, fumes, dust, fly-rocks and
noise. In an effort to improve downstream efficiencies and productivity, a technical and economic study were stablished in order to evaluate
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the potential impact of a blended HFE watergel
explosive in comparison with the traditional
blended emulsion in downstream operations
without disturbing the current safety and environment scenario.

air overpressure, fragmentation (P80) and loading (instantaneous digging rate).
Digging analysis is a fundamental strategy to
evaluate blasting performance. Although the impact on all the other subsequent unit operations
are needed to have a complete overview of blasting performance, the instantaneous digging rate
are still one of the best method to evaluate the
quality of the macro-fragmentation. The analysis
of loading performance on both HFE watergel
and emulsion muckpiles were carried out in
close collaboration with mine operations. After
each shot, the post-blast mark-up of areas to be
monitored was done in coordination with short
term planning, operation and dispatch areas.
Digging cycle videos were taken from all loading and hauling operation in order to measure
not only the instantaneous digging but the overall loading cycle.

Emulsion

HFE Watergel

The analysis indicated a more expressive performance on the HFE watergel muckpiles (Table
2). In relation with the instantaneous digging
rate, the bucket fill time presented a reduction
from 58.31s with traditional emulsion to 45.3s
with HFE watergel, a reduction of 22.4%. In
terms of total loading cycle, the HFE muckpiles
were also more productive, leading a reduction
of 17.8% in the total time. All these improvements were achieved without disturbing the current levels of environmental issues, such as
ground vibrations, noise, fumes, dust and flyrocks.

Emulsion

HFE Watergel

Figure 5

Side by side blast comparison.
Higher swelling from the HFE
watergel can be observed.

Table 2

A comparative study with 20 shots was carried
out. All these blasts were performed using the
same blast parameters such as drilling pattern,
diameter, stemming, explosive in-hole density
and powder factor. Benches with similar geological and geotechnical properties, with Work Indexes varying from 7.7 to 14.2, were divided in
two areas, one charged in HFE watergel and another charged with the traditional emulsion, both
blended with 30% of ANFO, as show in Figure
5. The effective energy of HFE was in a range of
2350-2938 kJ/kg while the emulsion was 23962689 kJ/kg. Specific KPIs were established in
order to proper compare the performance of both
explosives downstream: ground vibration and

Average field results

Product

Instantaneous
Digging Rate (s)

HFE watergel
Emulsion
Improvement

45.3 ± 2.5
58.3 ± 5.0
22.4%

After this first phase, a pattern expansion processes were designed and implemented. The
continuous measurements of the blast results indicated that even expanding the pattern up to
11%, the HFE watergel could deliver slightly
better fragmentation and excavation productivity, reducing 5.8% the fill bucket time in com-
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parison with the traditional emulsion shots, Figure 6. As a consequence of drilling meter and
powder factor reductions, jointly with full operation control, the potential economic benefits –
only in drill and explosive consumptions – was
in the order of USD 970 thousand/year.

was compared with the last six months of the
previous incumbent. During these last six
months, two different emulsions were used,
called here as emulsion A and B, before the mine
changed to the HFE watergel.
A significant improvement in dig rates was observed with the advent of HFE watergel. As
shown in Figure 7, an improvement of 17% in
the average instantaneous digging rate has been
achieved as a consequence of better blast results.
The average digging productivity over the last
three months, corresponding to the HFE watergel application, were superior of 4000 ton/h.
Even discarding the lowest productivity level of
2894 ton/h, computed in the emulsion B period
– since this lower productivity outcome could be
caused by factors other than blasting results –,
the HFE watergel productivity is still appreciated. Hence, taking into account the historical
average diesel consumption per hour and the actual monthly digging productivity, the average
digging energy per ton could be estimated, leading to a reduction of 21.7% in digging energy (

70
66

Bucket Fill time (s)

65
60
55
49

50

58,3

52

45
40

45,3

42

35
30
HFE Watergel

Figure 6

Emulsion

Average bucket fill time with
their maximum and minimum
values.

4.3 Case 2 – Improving Comminution Energy
Performance in an Open Pit Gold Mine
(Australia)

Table 3). As these figures are based on monthly
average performances, further statistical analysis was proposed to mine management in order
to better correlate blasting results with digging
productivity.

A large open pit gold mine operation in Australia
is currently applying a HFE watergel explosive.
The mine operation consists in a conventional
load and haul, drill and blast open-pit operation.
Ore material is hauled by standard mining truck
from the pit to either a stockpile area or directly
fed into the primary crusher. The processing
plant currently processes 7.5 Mt per year and
consists of a circuit composed by crushing, two
stages grinding, sulphide flotation, regrind and
CIL recovery.

4500
Average Dig Rates (t/h)

4000
3500
3000
2500

Interested in continuing improving their processes, the mine has recently implemented the
use of a highly flexible energy explosive in their
blasting operations. The evaluation of this implementation consisted in the analysis of various
processes, from mining to milling, which could
be impacted by the blasting results. Based on
that strategy, several KPIs where selected in order to track potential improvements in both instantaneous dig rates and energy consumptions.
The impact of the HFE watergel on these processes over the first three months of operations

Emulsion A

Emulsion B

HFE watergel

1

4

7

2000

Figure 7
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Average instantaneous digging
productivity over a period of 9
months under analysis.
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Blast impact on digging and milling

Explosive
Emulsion A

Emulsion B

HFE watergel

Process

Impact

Blasting
Digging
Milling
Blasting
Digging
Milling
Blasting
Digging
Milling

0.79 kg/m3
0.34 kwh/ton
27.88
0.90 kg/m3
0.35 kwh/ton
27.60
0.87 kg/m3
0.27 kwh/ton
27.24

cate figures, the mine expressed interest in continuing improving milling throughput via special
highly flexible energy blasting solutions.
30
29
Energy (kwh/ton)

Table 3

28
27
26

Emulsion A

Emulsion B

HFE watergel

1

4

7

25

Figure 8

One of the mine major interests was the potential
impact of blasting on milling efficiency, specifically on SAG mill throughput. At this point, the
macro-fragmentation starts to lose important in
favor of micro-cracking. While blast macrofragmentation can have a direct impact on loading and haulage, and also in the primary crusher,
the potential internal weakness induced by blasting dynamic actions can play an important role
on milling efficiency. In this line, the energy
consumption per ton was analyzed based on the
total power draw consumed from SAG and ball
mills divided by the total dry tons milled. Although there are a large number of variables that
could affect the milling performance such as water contents, mill rotation speeds, blending of
different materials and others, the HFE watergel
have presented the lowest average energy consumption in a period of three months. As shown
in Figure 7, the average mill energy was 27.24
kwh/ton ± 0.82 while the emulsion A and B have
achieved 27.99 kwh/ton ± 0.49 and 27.6 kwh/ton
±0.74, respectively.

5

2

3

5
6
Months

8

9

Milling energy consumption from
different products along of 9
months.

CONCLUSIONS

Sustainable mining strategies involve conscious
use of the energy along of all unit operations and
processes. In this regard, strong evidences of
downstream improvements were raised as a result of the HFE watergel application in combination with special blast design. Despite of all
complexities involved in a set of interconnected
mining processes, the influence of blasting on
other unit operations contributes to reduce the
total energy consumption by improving downstream energy use. The controlled release of the
detonation energy contributes to maximize digging rates and comminution performance. Three
case studies were presented highlighting these
potential improvements by lowering loading
time and improving crushing and milling performance.
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ABSTRACT
Rock fragmentation and movement are two important outcomes of the blasting process in open pit
mines. They are influenced by the blast design parameters, as well as by the physical and geomechanical
characteristics of the rock mass. This paper presents the results of analyzing multi-year blasting data
from an open pit mine in Canada and proposes a predictive model for the blast-induced outcomes that
incorporates both rock mass properties and blasting parameters. The analysis employed the Random
Forest (RF) technique to determine influential parameters, confirming that blast-induced outcomes
(fragmentation and movement) are influenced by different rock mass characteristics (i.e., intact rock
strength and RQD), as well as by blast design parameters. Using recursive decision trees, it was possible
to determine blast design parameters that could be modified to achieve better blast-induced outcomes
based on the rock mass conditions at the mine site.
1

INTRODUCTION

(Kuznetsov
1973,
Cunningham
2005,
Outcherlony 2005, Sanchidrian & Ouchterlony
2017). These methods can be used to predict
particular size ranges for rock fragments, like
mean/median fragment size. The predictions are
based on the rock mass characteristics, the blast
design parameters, and the properties of
explosives. A shortcoming of these empirical
models is that most of them have been developed
based on limited quantities of field experimental
data. Moreover, the rock mass parameters used
by these empirical models are mostly
qualitative, determined based on engineering
judgment, and difficult to ascertain. Numerical
techniques based on continuum and
discontinuum models have been adopted to
estimate rock fragmentation by blasting
(Onederra et al. 2012, and Carmona et al. 2014).
However, in the majority of these models, the
rock mass characteristics have been oversimplified.

Blasting is the initial stage of comminution in
open pit mines and has significant influence on
the cost and efficiency of downstream
operations (Kanchibotla et al. 1999, Mosher
2011). In addition, in metalliferous open pit
mines with a highly heterogeneous orebody, the
control and minimization of blast-induced rock
movement are required to control ore loss and
dilution (Domingo et al. 2015). Accurately
quantifying blast design parameters to achieve
desired blasting outcomes (fragmentation and
movement) has always remained a challenge due
to the complex interaction between explosives
and rock mass (especially because of the spatial
variation and anisotropic nature of jointed rock
masses). The properties of rock mass (both intact
rock and discontinuities) play a significant role
in blast-induced outcomes. Changes in the rock
mass properties require the modification of blast
design parameters to produce optimum fragment
size distribution, looseness, and muck pile shape
(while minimizing and controlling muck-pile
movement).

Monitoring and predicting blast-induced rock
movement is crucial for grade control in mining
operations, as it can have a significant impact on
ore dilution and ore loss. Different techniques
and models have been proposed for measuring
and predicting blast-induced rock movement in

Different empirical models have been developed
to predict blast-induced rock fragmentation,
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order to control ore dilution (Taylor & Firth
2003, Issaks, et al. 2013, Hunt & Thornton 2014,
Domingo, et al. 2015). The main deficiencies of
these models are their inability to take into
consideration the effect of variation in the rock
mass mechanical properties, as well as the
inaccurate modelling of blast energy transfer.

from more than 500 production blasts performed
between 2013 and 2016 were assessed (The
collected data are presented in section 2). The
Random Forest (RF) technique, as a supervised
Machine Learning technique, was used to
determine the important influential parameters
on blast-induced outcomes. The results show
that blast-induced outcomes (fragmentation and
rock movement) are influenced by different rock
mass characteristics, as well as by blast design
parameters. In addition, simplified Recursive
Decision Tree (RDT) models were developed
for specific blast-induced outcomes by
incorporating the most influential rock mass and
blasting parameters.

In the presence of historical blasting data,
predictive analytics techniques can be used to
assess current blasting practices and make sitespecific predictions about future events.
Machine learning, a branch of artificial
intelligence (AI), is a data analysis method
which allows building analytical models
automatically. The methods use algorithms that
iteratively learn from data, enabling making
predictions and the discovery of hidden insights.
Several researchers have used machine learning
algorithms to predict various blasting
phenomena, such as; flyrock (Amini et al. 2011;
Khandelwal & Monjezi 2013, Ghasemi et al.
2012),
blast-induced
ground
vibration
(Hudaverdi 2012, Khandelwal et al. 2017), and
blast-induced back break and damage (Shirani et
al, 2016).

2

A data collection campaign was undertaken at
the Detour Lake open pit mine. Figure 1 shows
the location of the project area (approximately
150 km north of Cochrane, in North-eastern
Ontario, Canada), and the general view of the
pit. The final pit limit will extend about 2.5 km
in the E-W and 1 km in the N-S directions, with
a final depth of 475 m. The approximate annual
production rate of the mine is 120 Mt and the
mining process is carried out from benches of 12
m height using conventional drill and blast.
Blasted material is transferred to the mill using
shovel and truck.

This paper presents the results of applying data
analytic techniques to multi-year blasting data
from the Detour Lake mine in Canada that
includes the blasting parameters, the rock mass
properties, and the blast-induced outcomes. Data

Figure 1

DATA COLLECTION AND
PREPARATION

Location and general view of Detour Lake mine.
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Table 1

For this study, the blasting data collected at the
mine site between 2013 and 2016 was entered
into a SQL analytical database. The numerical
dataset was subjected to multiple data cleaning
steps. This includes sorting the data and
removing the extreme high and low numerical
values. The resulting dataset includes four main
components for each blast location; rock mass
characteristics, drilling and blasting data,
loading data (used as an indirect indicator of
rock fragmentation), and blast-induced rock
movement. The characteristics of these four
components are described in the following
subsections.

Rock
Code
MF
KP
PF
KM
CG
TC
FV
FI
VC
CH
CB
MI

2.1 Rock Mass Characteristics
2.1.1 Geological rock units
Detour Lake mine is located at the contact of a
volcanic assemblage and a sedimentary
sequence. The volcanic assemblage comprises
of primarily massive and pillow mafic volcanic
and minor ultramafic rocks, while the
sedimentary assemblage comprises of a clastic
sedimentary package of rocks. All the rock units
are locally intruded by gabbro and diorite to
quartz diorite stocks, dykes, and sills. The bulk
mineralization at Detour Lake mine is associated
with E-W oriented Sunday Lake Deformation
Zone (SLDZ) (Golder Associate Ltd., 2008).
Geological investigations have shown that 12
different rock types are present at the mine. The
rock units and their codes along with their
proportional occurrences at the mine are
summarized in Table 1.

Different rock types encountered
at Detour Lake mine.
Rock Type

Occurrence
within the pit (%)
Mafic Flow
40.7
Potassically Pillow
20.8
Flow
Pillow Flow
16.9
Potassically Mafic
7.4
Flow
Chloritic
5.0
Talc Chlorite
3.2
Feldspar Volcanic
2.7
Felsic Intrusive
1.2
Volcaniclastic
0.7
Chert Marker
0.6
Carbonated
0.6
Mafic Intrusive
0.2

A lithological block model of the mine was used
to assign a specific rock unit to each blast
location. The locations of blast-holes related to
each blast location were superimposed into the
lithological block model and the dominant rock
types were determined for the blast location. The
majority of the blasts (~85%) were implemented
in mafic flow, pillow flow, and their Potassically
altered forms (first four rows in Table 1). They
are typically located on both sides of the
mineralization zones in the middle of the pit.
2.1.2 Geomechanical parameters
The geomechanical characteristics of rock mass
for blast locations were determined by using the
information of geotechnical boreholes drilled
within the pit. Rock Quality Designation (RQD)
and intact rock strength (measured using the
point load strength test, IS50) were used as
characteristics of rock mass discontinuity and its
intact rock strength, respectively. The
geotechnical logging information along the
boreholes was composited into fixed 12 m
vertical intervals (equal to the bench height).
Geotechnical attributes were assigned to each
blast location based on the nearest composited
point. Overall, based on the collected RQD data,
the rock mass at the mine is classified as
“Excellent” in quality. However, there are local
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Table 3

zones with lower RQD values. Moreover, the
majority of the recorded point load test data,
used as the index of intact rock strength, indicate
the IS50 values between 8 and 12 MPa, which
represents the very strong (R5) to extremely
strong (R6) rock according to the ISRM (1981)
classification.
The
geomechanical
characteristics of the rock mass at Detour Lake
mine are summarized in Table 2.
Table 2

Minimum
Maximum
Average
Std.

Burden
Spacing
Bench Height
Sub-Drill
Powder Factor
Hole Diameter
Stemming
Explosive
Rel. Eff. Energy

Basic statistics of the geotechnical
parameters at Detour Lake mine.
RQD (%)
48
100
93.0
7.1

General blasting
Detour Lake mine

IS50 (MPa)
4
14.7
9.6
2.2

practice

at

6-7 m
7-8 m
6 and 12 m
0.5–1.5 m
0.22 kg/t
216 mm
4–5 m
Fortis Extra 70
114 (RWS)

2.3 Loading Data
Loading and hauling are the immediate
processes that follow blasting. The size of the
blasted material has a direct impact on the
productivity of trucks and shovels. In fact, a
better fragmentation results in material with a
better "diggability" index, easier to be loaded by
shovel (Kennedy, 1995). Accordingly, the
loading time of the shovels at each blast location
at the Detour Lake mine was extracted from the
fleet management database. The dataset consists
of approximately 850,000 records of loading
times corresponding to more than 500 blast
locations. Two types of shovels are used at
Detour Lake mine including hydraulic shovel
CAT 6060, and Rope shovel CAT 7495. For the
purposes of this study, only the loading time of
the hydraulic shovels are presented.
Consequently, for each blast location, the
average loading time of the hydraulic shovels
was used as an indirect indicator of blastinduced rock fragmentation. Figure 2 shows the
histogram of the average (at each blast location)
of the hydraulic shovel loading time observed
across all the blast locations.

2.2 Drilling and Blasting Data
The collected drilling and blasting data includes
the blasthole patterns (burden, spacing, bench
height, sub drill, and hole diameter) and the
blasting parameters (explosive type, powder
factor, stemming length, delay, initiation type,
and type of confinement). The typical blasthole
diameter used at the mine is 216 mm. The blast
holes are charged with bulk Fortis Extra 70
(Density of 1.05 g/cm3, Velocity of Detonation
(VOD) of 5,600 m/s, and Relative Effective
Energy (REE) of 169) and initiated by a nonelectric detonator (Exel handit-SL). Pentex AP
16-454 (Velocity of Detonation (VOD) of 7,900
m/s, and produced a pressure of 25 GPa) was
used as the booster. The typical blasting pattern
is V-type detonated by a typical sequential
system (with 42ms delay within a row and
100ms delay between rows). The mine is using
a comprehensive Quality Assurance / Quality
Control (QA/QC) procedure to ensure that the
blast design parameters are accurately
implemented in the field. This includes using
sensors (e.g. GPS data from drilling machines
for accurate measure of burden and spacing), as
well as field inspection and monitoring. Table 3
summarizes blasting parameters of a typical
production blast at Detour Lake mine.

200
180

Average: 4.32 min
Std.: 0.96 min
Minimum: 0.52 min
Maximum: 8.11 min
Mode:5.0 min

160

Frequency

140
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Loading time (min)

Figure 2
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Histogram of average loading
time for different blast locations.
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2.4 Blast-induced Rock Movement

3.1 Rock type

Grade control at Detour Lake mine is performed
using Blast Movement Technology (BMT,
2010). It involves putting few blast movement
monitoring (BMM) transponder balls into
separate holes within the body of each blast
location (not in front, back or centerline), and
then locating the balls after the blast. GPS data
are used for both pre- and post-blast locations of
BMMs. This enables accurate determination of
the vectors of the ball displacements which are
typically governed by blast specification and
rock mass properties rather than BBM’s
location.

Figure 4a presents a comparison of loading time
ranges for different rock types encountered at
various blast locations at the mine site in terms
of box plots. The loading time varies for blasts
carried out in different rock types. However, the
results of ANOVA analysis indicate that the null
hypothesis which the mean loading time is the
same for all lithological units cannot be rejected.
Figure 4b shows the box-plot of the recorded
horizontal rock movement for different rock
types. Maximum and minimum horizontal
movements have been recorded for FI (Felsic
Intrusive) and CB (Carbonated Breccia),
respectively. The results of ANOVA analysis
show that the null hypothesis which the mean
blast-induced horizontal movement is the same
for all lithological units is rejected.

More than 1500 BMM records were captured
from different blast locations. The blast-induced
horizontal movement varies between 0.09 and
14.39 m. The histogram of horizontal movement
is shown in Figure 3.

Figure 3

3

Histogram of average blastinduced horizontal movement for
different blast locations.

Figure 4a Box-plots of average loading time.

INFLUENCE OF ROCK MASS
CHARACTERISTICS ON BLAST
OUTCOMES

Any variations in the blast-induced outcomes
(fragmentation and rock movement) can have
substantial influences on the performance of the
operation and, consequently, on the profitability
of the mine. Therefore, understanding the
influence of rock mass characteristics on the
blast outcomes is crucial to the mine operation.
Accordingly, the influences of rock mass
parameters (rock type, RQD, and intact rock
strength) on the blast-induced outcomes were
investigated.

Figure 4b Box-plots of horizontal rock
movement for blast location with
different rock types
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3.2 Rock Quality Designation (RQD)
Blast locations were categorized based on the
RQD of their rock masses. The majority of blast
locations are classified as "Excellent" and there
is no blast location with rock mass quality of
“Poor” and “Very Poor”. Figure 5a shows a
comparison of loading time ranges for different
categories of rock mass quality in term of RQD.
Figure 5a indicates that the average loading time
slightly increases as the RQD of rock mass
improves. The averages loading times for the
Fair, Good, and Excellent classes are 3.48, 3.53,
and 4.2 minutes, respectively. The results of
ANOVA analysis indicate that the null
hypothesis which the mean loading time is the
same for all RQD class of rock mass is rejected.

Figure 5b Box-plots of horizontal movement
for blast location with different
RQD classes.
3.3 Intact Rock Strength

Figure 5b shows the box-plot of the recorded
horizontal movement for different RQD classes.
The results show that horizontal rock movement
varies slightly between different RQD classes
(from 4.18 m to 5.03 m) and no particular trend
can be observed. Also, the performed ANOVA
analysis indicates that the null hypothesis which
the mean horizontal rock movement for all the
RQD classes are the same cannot be rejected.

Using the ISRM classification for intact rock
strength (ISRM, 1981), the blast locations were
classified into the three intact rock strength
classes R4, R5, and R6 with the approximate
UCS ranges of (50-100), (100-250), and (>250)
MPa, respectively. Figure 6a shows the box-plot
of average loading time for different classes of
intact rock strength. The loading time increases
as the compressive strength of intact rock
increases. The ANOVA analysis demonstrates
that the null hypothesis which the mean loading
time is the same for all the intact rock strength
classes is rejected.

Both loading time and horizontal rock
movement were recorded for the majority of
blast locations. However, for some blast
locations only one of them was measured. This
explains the differences in RQD ranges for
loading time (three classes) and rock movement
(four classes).

Figure 6b presents the box-plot of horizontal
rock movement for different classes of intact
rock strength. The results indicate that the
strength of the intact rock has a substantial
contribution to the magnitude of blast-induced
rock movement. The horizontal movement
decreases as the intact rock strength increases.
This observation was confirmed by a statistical
ANOVA analysis. The average horizontal
movements for the R4, R5, and R6 intact rock
strength classes are 5.38, 4.35, and 3.98 m,
respectively.

Figure 5a Box-plots of average loading time
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Machine Learning techniques to analyze the
collected data and to construct predictive models
for blast outcomes.
For this study, a combination of two supervised
algorithms (Random Forest "RF" and Recursive
Decision Tree "RDT" (Breiman, 2001)) was
employed to investigate blast outcomes at
Detour Lake mine. The following subsections
present the predictive models developed using
the collected database.
4.1 Feature Engineering
The success of machine learning algorithms
heavily depends on the way the data is prepared.
The features selected can influence the quality of
the predictive models, i.e., good feature
engineering contributes to better models
(Brownlee, 2014).

Figure 6a Box-plots of average loading time.

For this study 11 different variables were
considered for each blast location, including
three rock mass parameters (Rock Type, RQD
and Intact Rock Strength (IS50)), four blasting
parameters (Blast Type, Blast Pattern, Initiation
Type, and Confinement), as well as four blast
design ratios (“B/HD”, “S/B”, “BH/B”, and
“ST/B”, where “B” is burden, “HD” is blast-hole
diameter, “S” is spacing, “BH” is bench height,
and “ST” is stemming length). The techniques
used in the study considered both categorical and
numerical variables.

Figure 6b Box-plots of average horizontal
rock movement for blast locations
with different intact rock
strength classes.
4

4.2 Predictive Modelling

APPLIED DATA ANALYTICS TO
BLAST-INDUCED OUTCOMES

The suggested modelling process includes two
steps: Identifying the influential factors using
Random Forest (RF) algorithm; and building
Recursive Decision Tree (RDT) for each target
parameter. The accuracy, efficiency, and ability
of RF technique to estimate missing data and its
capability to balance error are the reason this
technique was chosen for this study (Breiman &
Cutler, 2004). However, the trees generated by
the RF algorithm do not have the simplicity that
decision trees have when interpreted visually by
users. Conventional decision trees, which can be
easily employed as operational guidelines, were
established based on the most important
numerical variables resulted in the first step.

The results of bench blasting in terms of
fragmentation and rock movement can be
influenced by blast design parameters as well as
rock mass characteristics. At Detour Lake mine
blast design parameters have not been changed
considerably during the period of this study
(2013-2016). However, many studies have
shown that even small changes in the blasting
parameters can result in considerable differences
in the final blast outcomes (Eloranta 1997, Silva,
et al. 2015). Accordingly, a data analytics
technique was employed to develop predictive
models which take all the blasting and rock mass
parameters into account. The presence of a fairly
large database of diverse data allowed using
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4.2.1 Random Forest Model

burden “ST/B” are the most important blasting
parameters, while for blast-induced rock
movement, the ratios of burden to hole diameter
“B/HD” and stemming to burden “ST/B” are the
most important blast design parameters.

The dataset was cleaned to remove the extreme
datum based on boxplots. The out of range
datum (lower quantile-1.5*interquartile range,
higher quantile +1.5*interquartile range) were
discarded as extreme values. The following
criteria resulted in loading time range (1.2 - 9.0
min) and horizontal movement range (0.5-19 m).
This was done in consultation with the technical
staff at Detour mine. The cleaned dataset,
comprised of 451 blast location data, was used
for the development of predictive models for
horizontal movement and loading time. The
dataset includes 11 different independent
variables, as described before, as well as the
target variables (loading time and movement).
The RF algorithm does not need any crossvalidation to get an unbiased estimate as it is
done internally during the run. In fact, when the
dataset for a particular tree is drawn by sampling
with replacement; about one third of the cases
are left out of sample. This out of bag (OOB)
data is used to get a running unbiased estimate
of the classification error as trees are added to
the forest (H2O, 2017).

The fact that the blasting parameters were not
ranked among the most influential features in
this case study can be partially attributed to the
lower variation of the blasting parameters at the
mine site during the period of study.

Figure 7a Important features identified for
loading time

Random Forest models were tuned by applying
Grid-Search on "maximum_tree_depth" and
"Min_rows (minimum number of samples
allowed in each leaf of the tree)". For the two
target variables, Random Forest models have
same hyper-parameter combinations: number of
trees = 300, maximum tree depth=10, min
rows=5.
Figure 7b Important features identified for
horizontal
movement
using
Random Forest algorithm.

Figures 7a and 7b show the most important
features for loading time and horizontal
movement as the target parameters, respectively.
Out of 11 input variables, 10 appeared in the
feature importance graph. This is due to the Blast
Pattern variable for which 449/451 are
"Staggered", while only 2/451 are "Square".
Highly skewed Blast pattern gives no much
information to the model, thus not important at
all.

After training the model with the historical data,
the trained model was further evaluated using
10-Fold cross validation. In the cross validation,
dataset was divided into 10 equal-sized subsets.
One of the subset was selected as test data while
the other nine subsets are selected to be train set,
the model was first trained on train set, then the
R square error and Mean squared error were
reported. The process repeated for 10 times, and
the average of R square errors and Mean squared
errors were used as the evaluation metrics. Table
4 presents the error metrics of the model trained
on 11 features.

Intact rock strength and RQD are the first two
most important parameters for the both
developed models with significantly higher
importance factor. This is followed by rock type
for the both models. For loading time, blast
initiation time, and the ratio of stemming to
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Table 4

Error metrics of model trained on
11 features.
Horizontal
Loading time
Movement (m)
(min)

Mean Squared
Error (MSE)
Mean Absolute
Error (MAE)

1.2083

0.3078

0.8771

0.4224

It should be noted that the interpretation of the
statistical results presented in section 3 are
different from the results of data analytics
method presented in this section. While the
objective of the statistical analysis in section 3
was to determine whether the blast outcomes are
linearly correlated with the rock mass
parameters, the data analytics method used in
this section aims to determine the non-linear
multivariate relationship between rock mass
parameters, blast design parameters and the blast
outcomes.

Figure 8a Recursive decision tree of loading
time.

4.2.2 Development of Recursive Decision
Tree
Decision trees were developed for each target
parameter (loading time and horizontal
movement) using the most important numerical
features, both blasting (e.g. dimensional ratios)
and rock mass (e.g. RQD) features, identified in
the Random Forest model. Categorical features
(e.g. blast pattern) were excluded from this
analysis for the purpose of simplifying the
visualization of the final model, as numerical
features are dominant in terms of feature
importance. The potential benefits of using a
predictive model such as simple RDT lies on the
ability of this model to simply illustrate the
influential parameters and the decision path to
select
appropriate
blasting
parameters.
Established decision trees are presented in
Figure 8a and 8b for loading time, and horizontal
movement, respectively.

Figure 8b Recursive decision
horizontal movement.

tree

of

In Figure 8b, comparison of leaves 6 and 7
indicates that changing the ratio of stemming
length to burden to less than 0.79 reduces the
blast-induced horizontal movement. Moreover,
comparison of leaves 2, 3, 4 and 5 shows that the
ratio of spacing to burden (S/B) is a key factor
which can influence the blast-induced rock
movement and the associated ore dilution and
ore loss.
It should be mentioned that the impact of
suggested modifications on blast-induced
outcomes needs to be checked in the future
blasts to ensure that the results would be
satisfactory.

In Figure 8a, comparison of the leaves 4 and 5
indicates that changing the stemming length to
less than 0.72 of burden decreases the loading
time from 4.282 to 3.47 min. The economic
impact of reducing loading time would be
substantial, considering many trucks that should
be loaded for mucking out each blast location.

5

CONCLUSION

This paper presents the results of analyzing
multi-year blasting data collected from an open
pit mine in Canada. The collected data includes
the blasting parameters, the rock mass
geological and geotechnical properties, as well
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as the blast-induced outcomes (loading time and
blast-induced rock movement). Analysis of the
collected data indicates that rock mass properties
(intact rock strength and the degree of rock mass
fracturing (RQD)) can influence the blastinduced rock fragmentation, indirectly assessed
by loading time. In addition, intact rock strength
can influence the magnitude of blast-induced
rock movement, while RQD might not have a
substantial contribution to the blast-induced
rock movement. Higher blast-induced rock
movements were recorded for rocks with lower
mechanical strength.

data, together with instrumentation and
monitoring of blast-induced outcomes, can
facilitate the development of accurate predictive
models which can be used to improve the
blasting outcomes at the mine site. The validity
of the developed predictive models was
evaluated (Table 3) and in the future works, their
accuracy can be enhanced by incorporating new
records into the database, particularly with
different blast design parameters. Providing
geological and geotechnical data of higher
accuracy can also help to improve the reliability
of these models.

The Random Forest algorithm was applied to
analyze the collected blasting data at Detour
Lake mine. Both categorical and numerical data
was used to investigate the important influential
attributes on blast-induced outcomes (loading
time and horizontal rock movement). The results
showed that rock mass characteristics (intact
rock strength and RQD) are the most important
influential parameters for both blast-induced
outcomes. The ratio of stemming to burden
“ST/B” is one of the most influential blasting
parameters for both loading time and rock
movement (The ratio was identified in both
RTDs (dividers 4/5 and 6/7, in Fig. 8) for loading
time and rock movement RDTs, respectively).
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ABSTRACT
Two Optimized Comminution Sequence tests have been carried to evaluate the effect of preconditioning induced by bench blasting in two different types of mortar, in a comminution process. The
materials were collected from 15 small scale bench blasting tests on originally virgin material. All of
them had 3 successively shot rows of 7 holes each and were of dimensions 660×280×210 mm with
burden and spacing B×S = 70×95 mm. These tests allow comparing the specific surface created by
the applied specific energy consumption required to crush and grind the 25-40 mm fractions of the
blast fragmented mortar down to 1 mm size. The results obtained showed a reduction of about 11%
and 15% for batch 2013 and batch 2014 respectively in specific energy consumption due to the blast
preconditioning of the third row burden relative to the blasted burden of the first row.
1

INTRODUCTION

with a higher specific charge, under given conditions creates a finer fragmentation that requires less energy to crush than blasting with a
lower specific charge. How the internal properties of fragments of the same size from the two
blasts change is more open to debate.

To produce a saleable product from a mine, different operations have to be performed: drilling,
blasting, crushing, grinding and concentration.
The purpose of blasting is to provide the feed to
the mechanical comminution in a form that the
crushing/grinding circuit can process effectively
(Kim & McCarter 1998). The purpose of this
comminution process is the reduction of a coarse
size distribution of blasted rock fragments to a
finer size distribution, by applying energy to the
blasted fragments with mechanical devices. Experience indicates that blasting has an important
effect on the performance of downstream processes in a mine (Nielsen & Kristiansen 1996;
Nielsen 1999; Katsabanis 2010). Many investigations in the last decade indicated that blasting
influences not only the fragmentation but also
physical properties of rocks like strength, modulus and wave velocity (Katsabanis et al. 2003a,
b; Workman & Eloranta 2003; Michaux &
Djordjevic 2005; Parra et al. 2014). Preconditioning is defined as “The alteration of the rock
physical properties magnitudes after blasting,
due to the creation and extension of cracks and
micro cracks”. It is clear that blasting harder, i.e.

In this research, two Optimized Comminution
Sequence tests have been carried to evaluate the
effect of preconditioning induced by bench
blasting in two different types of mortar, in a
comminution process.
2 RESEARCH METHOD
2.1 Materials
The materials for this research were collected
from the small scale blast tests carried out by
Ivanova (2015). In that work 15 specimens of
magnetic mortar weighing about 80 kg each
were blasted, at an approximate scale of 1:100
relative to normal bench blasts. Small scale
blasts patterns had 3 rows of 7 holes each and
were of dimensions 660×280×210 mm with burden and spacing B×S = 70×95 mm. The blasting
was done one row at a time with 20 g/m top initiated PETN cord in through going 10 mm holes
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Table 1

and a short initiation delay (73 μs) between holes
(Figure 1).
Ivanova’s (2015) tests were made with two
batches with different mortar recipes, batch
2013 and batch 2014. The mechanical properties
of the 2013 and 2014 mortar batches are given
in Table 1 and they differ significantly. The sieving was done manually with the set of mesh sizes
125; 100; 80; 63; 50; 40; 31.5; 25; 20; 14; 12.5;
10; 6.3; 4; 2; 1; 0.5 mm. Examples of sieving
curves are given in Figure 2.

Figure 1

Material
property

Mechanical properties of mortar
From Appendix 2 in Ivanova
(2015)
Batch 2013

Batch 2014

Mean
St. dev
Mean
St. dev
Density
2274
25
1986
35
(kg/m3)
Uniaxial
Compres58.1
5.5
35.8
4.6
sive
Strength
(MPa)
Brazilian
tensile
5.52
0.09
3.56
0.56
strength
(MPa)
Young’s
23.9
0.5
14.0
0.9
modulus
(GPa)
Poisson’s
0.12
0.01
0.17
0.03
ratio
P-wave
3756
79
3056
36
velocity
(m/s)
S-wave
N/A
N/A
1989
36
velocity
(m/s)
Note: A mistake was made with batch 2013 in that mortar
from row 2 of specimen CH01B02 was mistakenly used
instead of mortar from row 1. This amounts to about 1.6
kg or 10% of the mortar.

The small scale test carried out by
Ivanova (2015)

In this paper, the blast fragments in the size
range 25 to 40 mm from Ivanova’s (2015) tests
for the first row (virgin mortar before blasting)
and the third row (twice preconditioned by the
shooting of rows 1 and 2) were collected and
subjected to the so called Optimized Comminution Sequence (OCS) testing (Steiner 1991) to
find out if the mechanical comminution properties of fragments of the same size from the 2013
and 2014 batches of specimens have been influenced by the different blast preconditioning (Table 2).
2.2 Test and calculations procedures
The Optimized Comminution Sequence (OCS)
is designed for energy optimized comminution
(Steiner 1991). It consists of a succession of
comminution stages in closed circuit design to
guarantee a small size reduction ratio and to
avoid regrinding of material. Figure 3 shows the
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comminution product with a particle size distribution characterized by the smallest variation of
particle sizes at a given maximum particle size
independently of the machinery used. Therefore
this particle size distribution is regarded as a material’s property called the Natural Breakage
Characteristic (NBC). In Table 2 the machines
used and the corresponding feed and product
sizes for each step are presented.

flowsheet of the Optimized Comminution Sequence built up for investigating the effect of
blast preconditioning in our investigation. It includes two steps of crushing and two steps of
milling.

Crusher
1

Jaw
crusher

BB 200 /
Mangan

40-25

< 16

Crusher
2

Jaw
cruser

BB 200 /
Mangan

166.3

< 6.3

Mill 1

Rod
mill

In-house
Ø0,15×0,3
m

6.33.15

< 3.15

Flowsheet of the Optimized
Comminution Sequence built up
for determination of preconditioning effect.

Mill 2

Rod
mill

In-house
Ø0,15×0,3
m

3.151.0

< 1.0

The net energy consumption and the specific
surface of selected particle size of the comminution product are measured at each stage as well
as the particle size distribution of the feed and
the intermediate and final comminution products; streams 1, 4, 7 and 10 in Figure 2. According to Steiner (1991) this method delivers the
409

Model name

Product size mm

Figure 3

Description of machine type and
model plus feed and product sizes
in four-step OCS (after Boehm et
al. 2002)

Feed size mm

Table 2

Type of machine

Sieving curves of sample B11 of
batch 2013, rows 1-3, Ivanova’s
(2015) tests.

Steps in OCS

Figure 2

The accumulated mass specific values of surface
and energy are then plotted in a so called energy
register diagram (Figure 4). According to Steiner (1991) the energy register is defined as the
minimum amount of energy that has to be
expended per mass unit for the comminution
from the initial state the desired maximum
particle size. The difference between two
energy register values corresponds to the
specific energy consumption of each step in
the OCS.
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3 RESULTS
The Natural Breakage Characteristic (NBC)
curves for the two rows of the two batches display a reasonable self-similarity as indicated by
the parallel shift along the ordinate. Figures 5-8
show the NBC curves of the first and third rows
for batches 2013 and 2014. Stream numbers refer to Figure 3.

Figure 4

Energy register functions for 1:
the energy optimized comminution by OCS, and 2: not energy
optimized

The determination of mass specific surface of
comminution products is based on the measurement of volume specific surface av (cm2/cm3) of
particle size class 0.040-0.10 mm, using the average of the values obtained by Blaine’s method
(ÖNORM 2010) and by the Permeran method
from Outokumpu, and the calculation of the surface equivalent particle size and shape factor by
the GGS-theory (Boehm et al. 2002) for fragments larger than 0.1 mm. They have been carried out for all four streams (1, 4, 7 and 10) of
each of the four piles, i.e. 2 rows from each of 2
batches of material.
To obtain the energy register function, the
streamwise accumulated (stream 1, streams 1+4,
streams 1+4+7 and streams 1+4+7+10) specific
surface values aM (cm2/g) of the tested material
are plotted versus the streamwise accumulated
specific energy consumption e (J/g). If the
measured data set can be approximated by a linear function, then the slope or gradient is known
as the Rittinger coefficient R (cm2/g). The NBC
and the Rittinger coefficient are machinery independent material parameters suited for the characterization of the comminution behavior of a
given raw material. The particle shape factor, the
density and the minimum particle size of mechanical fragmentation complete the set of material parameters (Figure 4), (Boehm et al.
2002). In this paper, the collected materials were
fragmented to less than 1 mm and the calculated
shape factors lie between 12.1 and 22.9.
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Figure 5

The NBC curves of first row,
batch 2013

Figure 6

The NBC curves of third row,
batch 2013
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well as of the mass specific surface aM of the
products are given in Table 4.

Table 4

100 % < 1 mm
(Stream 9)

Table 4 shows the measured av,i values, i.e. for
i = 1 (0-40 μm) and 2 (40-100 μm). Table 3 The
values of the mass specific net energy ΣΔe, as

100 % < 3.15 mm
(Stream 6)

The NBC curves of third row,
batch 2014

100 % < 6.3 mm
(Stream 3)

2013
/
Row
1
2013
/
Row
3
2014
/
Row
1
2014
/
Row
3

100 % < 16 mm
(Stream 1)

Figure 8

The NBC curves of first row,
batch 2014

Measurement results for volume
specific surface av

Particle Size Class

Figure 7

Batch/Row

Table 3

[μm]

[cm²/
cm³]

[cm²/
cm³]

[cm²/
cm³]

[cm²/
cm³]

100/
40

1966

2059

1860

2033

< 40

9461

12541

11677

12126

100/
40

1905

1925

1945

1785

< 40

10132

12668

12436

13332

100/4
0

3542

3532

3417

3681

< 40

21239

21863

20998

21123

100/4
0

3504

3252

3369

3485

< 40

22280

22672

21379

20856

The aM values are divided into the measured and
the calculated parts, aM, meas and aM,calc respectively.

Summarized energy registers and Rittinger coefficients
Batch 2013/ Row 1

Comminution stage

ΣΔe

aM [cm²/g]

Batch 2013/ Row 3

Batch 2014/ Row 1

Batch 2014/ Row 3

ΣΔe

aM [cm²/g]

ΣΔe

aM [cm²/g]

ΣΔe

aM [cm²/g]

[J/g]

aM,meas + aM,calc

[J/g]

aM,meas + aM,calc

[J/g]

aM,meas + aM,calc

0.476
2.226

107+34=141
311+79=390

0.409
1.639

95+33=128
269+71=340

[J/g]

a

100% < 16 mm
100% < 6.3 mm

0.540
2.228

23+16=39
94+43=137

0.509 24+15=39
2.101 96+40=136

100% < 3.15 mm

3.859

138+64=202

3.604 144+61=205 3.426 388+125=513 2.850 360+124=484

100% < 1 mm

6.415 239+107=346 6.051 256+102=358 5.586 567+208=775 4.749 547+204=751

Rittinger coeff. cm²/J
2

Coeff. of determ. r , %

*
M,meas

+aM,calc*

51.4

56.9

122.8

141.1

99.6

99.7

99.7

99.6

* aM,meas + aM,calc = the measured Blaine values for material classes 0-0.04 and 0.04-0.10 mm + the calculated values for
the other size classes
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Table 5

Figure 9 and 10 show plots of aM versus ΣΔe for
rows 1 and 3 of batches 2013 and 2014 respectively. Linear regression or trend lines were fitted
to the data, the slopes of which give the Rittinger
coefficients R (cm2/J). The high coefficients of
determination (> 99.6 %) justify the linear dependence approximation of the data.

Figure 9

Statistical differences between the
first and the third rows, batches
2013 and 2014

Batch 2013
Row 1
Row 3
Standard Error,
2.25
2.17
cm2/J
Conf. interval
±6.6
±6.3
(90% CL), cm2/J
Significance level of differences 75%
Batch 2014
Standard Error,
5.00
6.26
cm2/J
Conf. interval
± 14.6
± 18.3
(90% CL), cm2/J
Significance level of differences 84%
The R values of batch 2013 and their confidence
intervals are 51.4 ± 6.6 cm2/J for row 1 and 56.9
± 6.3 cm2/J for row 3. The R values of batch
2014 and their 90% confidence intervals using
linear regression are 122.8 ± 14.6 cm2/J for row
1 and 141.1 ± 18.3 cm2/J for row 3.

Energy register functions of the
first (lower line) and third (upper
line) rows, batch 2013

The Rittinger-coefficients for the row 3 mortar
has, compared to the row 1 mortar, increased by
11% and 15%, respectively for batches 2013 and
2014. This shows that energy consumption to
achieve the defined comminution for the third
row mortar is lower than for the first row mortar.
It is also possible to make a deeper analysis of
the energy register data in the way suggested by
Napier-Munn (2014). This multi-step analysis of
the difference between two trendlines (linear regression lines) yields a slightly different result.
As shown above the slopes of the trendlines for
rows 1 and 3, i.e. the Rittinger coefficients themselves are not significantly different at a 90%
confidence level. The intercepts of the trendlines
for row 1 and row 3 are not significantly different for the batch 2013 but for the batch 2014 they
are. Finally, the mean slope (gradient) trendlines
for rows 1 and 3 are compared. For batch 2014
the separation between these mean slope trendlines is significant, 1-P(t) = 0.951, and for batch
2013 the separation is almost significant, 1-P(t)
= 0.894.

Figure 10 Energy register functions of the
first (lower line) and third (upper
line) rows, batch 2014
A statistical evaluation of the results and the
trendlines was carried out to find out whether or
not the Rittinger coefficients, derived from the
OCS tests, were significantly influenced by the
preconditioning due to blasting of previous
rows. The results are presented in Table 5. A
confidence level (CL) of 90% was used to determine confidence intervals. In mineral processing
a confidence level of 90% may sometimes be acceptable though it makes risking a 1-in-10
chance of being wrong (Napier-Munn 2014).
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The deeper analysis outlined above addresses
the probability that two trendlines may have a
significant separation even if their Rittinger coefficients (slopes) do not. In our case this trendline separation is significant for batch 2014 (CL
95%) and almost so for batch 2013 (CL 89.4%).
It is very probable that the latter value would
have been pushed above 90% if the material
mix-up hadn’t occurred. This would amount to
the same as saying that for both our batches of
mortar the difference in specific area created for
a mass specific energy expenditure in an OCS
circuit (ideal comminution with minimal losses)
is significant.
4

CONCLUSIONS

In this paper, to evaluate the effect of preconditioning induced by bench blasting on the comminution process, two Optimized Comminution
Sequence (OCS) tests have been carried out. The
tested materials were the mortar blast fragments
of size 25 to 40 mm from Ivanova’s (2015) tests
for the first and the third of successively blasted
rows of holes in model scale bench blasting
specimens of virgin mortar. Two different
batches with different mechanical properties
were used, batches 2013 and 2014. The performance of the OCS method allows assessing the
specific energy consumption in the crushing and
milling processes. It consists of a succession of
four comminution stages in closed circuit design
from 40 down to less than 1 mm to guarantee a
small size reduction ratio for each step. This
made it possible to compare the specific energy
consumption and specific surface values created
by the applied energy.

A reduction of about 11% in specific energy
consumption due to the preconditioning can
be seen in third row material relative to first
row material for batch 2013. Due to a minor
mix-up of materials, the real reduction
should be somewhat higher.



A reduction of about 15% in specific energy
consumption due to the preconditioning can
be seen in third row material relative to first
row material for batch 2014.

Specific surface vs. specific energy trend
lines fitted to the first and third row data for
mass specific area created aM (cm2/g) and
specific energy spent ΣΔe (J/g) yielded determination coefficients of more than 99.6%.



A deeper analysis shows that the separations
of the mean slope trendlines are different at
a confidence level of 95% for batch 2014 and
at 89.4% for batch 2013. Without the minor
material mix-up the 89.4% confidence level
of the trendline separation would probably
be pushed above 90%.



The four step OCS procedure used makes it
possible to quantify a significant impact of
the different blast preconditionings on the
comminution process.
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Safe dismantling of unstable boulder using controlled blasting
in the historical Town of Gaya, India
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CSIR-Central Institute of Mining & Fuel Research, Jharkhand, India

ABSTRACT
A torrential rain caused displacement of a big size boulder in Brahmayoni Hills which was situated
in the historical town of Gaya in India, posing serious threat to many residential houses located
below the boulder. The district administration had evacuated more than 70 families who were
resided below the unstable boulder. A concrete support was constructed at the base of the boulder
for temporary preventive measure and for the permanent solution, it was decided to dismantle the
whole boulder using controlled blasting. The boulder was of gneiss granite rock somewhat pyramid
in shape with irregular trapezium at the base having 16 m circumference and 8 m height. It was
located in very congested area on the hill slope and the nearest residential house was situated at 2.3
m only. No machinery could be deployed for removal of any blasted materials due to unapproachability of the area. The dismantling work of the boulder was carried out in three stages
using controlled blasting from top to bottom. Double-layered wire-mesh covering, anchoring with
wire rope, double layer fencing below the boulder, conveyor belts and sand bags were used to
control flyrock and possible rolling down of the blasted material. The blasthole diameter used was
32 mm drilled with jackhammer and depth of holes in the different stages of dismantling work
varied from 1.2 to 1.75 m. The spacing of holes varied from 0.30 to 0.45 m and the explosive
charges were distributed in the hole using decked charging to obtain smaller fragment sizes for
manual removal of the blasted materials. This paper discusses detailed planning of the dismantling
work, protective arrangements made, design of the blast and successful dismantling works of the
unstable boulder without causing any harm and damage to the nearby habitants
1

INTRODUCTION

foothill as well as the slope side of Brahmayoni
Hill in Gaya city.

Gaya is located in the South-central Bihar state
in India and is a city of ancient historical and
mythological significance. It is situated 100
kilometres south of Patna, the capital city of
Bihar. It is the 2nd largest city of Bihar with a
population of more than 4.70 million.
Bodhgaya, the world’s historically famous
place where Gautama Buddha received his
enlightenment is located only 12 km away from
Gaya. Situated on the banks of the Phalgu
River, Gaya is a place sanctified by the Jain,
Hindu and Buddhist religions. It is surrounded
by small rocky hills viz. Mangla-Gauri,
Shringa-Sthan, Ram-Shila and Brahmayoni and
the river flowing in the eastern side. The city
has a mix of natural surroundings, old-age
buildings, green areas and narrow-by lanes.
Several houses were constructed all along the

Due to excessive rainfall on 5th & 6th
September 2016 in Gaya District, a very large
size boulder of 8 m height and 16.20 m
circumference, located at Brah-mayoni Hill,
which is situated in the southern portion of
Shahmir Takiya in Gaya was displaced from its
original position and continuously sliding
down-ward, posing serious threat to many
residential houses located below the boulder.
The District Administration had evacuated
more than 70 peoples who were residing below
the unstable boulder to a safer place.
Immediately, the 104 Engineering Regiment,
Ranchi had carried out reconnaissance and
recommended short-term and long-term
preventive measures to prevent further sliding
of the boulder. Based on the report submitted
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by the 104 Engineering Regiment (308/1/GS2016), the short-term preventive measures
included channelizing of rain water around the
boulder, anchorage of the boulder with 2.5 inch
diameter steel wire rope using rock bolts,
concreting support at the base of the boulder
and placement of I-Section iron rails of 10 to 15
feet height at the foot of the boulder for
temporary barrier. As per the recommendations
of the 104 Engineering Regiment, a support
using stone masonry and concrete was
constructed at the base of the boulder as shown
in Figure 1. A brick wall of 0.75 to 1.0 m
height was also constructed above the unstable
boulder to divert rainwater as shown in Figure
2. For long-term preventive measures, the 104
Engineering Regiment recommended to
construct retaining wall and break the entire
boulder using silent explosives (controlled
blasting) in a phase manner.
The design of dismantling works of the
unstable rock boulder was entrusted to the Rock
Excavation Engineering Division of CSIRCentral Institute of Mining & Fuel Research
(CSIR-CIMFR), Dhanbad. The boulder was
located in a very crowded area and no vehicle
and any machinery can be deployed for clearing
the blasted broken rocks. The residential houses
were present very near to the boulder. The
feasibility of dismantling the unstable boulder
using
silent
explosives
(non-explosive
chemicals and non-detonating explosive) was
assessed and explored. However, due to time
constrain and the uncertainty of effective
breaking with non-explosive chemicals, the
boulder was suggested to dismantle using
commercial explosives (CSIR-CIMFR Report
of Investigation, 2016). The detailed planning
of dismantling works, methodology and blast
design patterns used in the total dismantling
works of the boulder using controlled blasting
are discussed in this paper.

Figure 1

Concrete support constructed at
the base of the unstable boulder.

Figure 2

Brick wall constructed above the
unstable boulder to divert rain
water.

2

DESIGN AND PLANNING OF THE
DISMANTLING WORKS

The rock type of the boulder was gneiss-granite
and rebound hardness value tested on the
weathered boulder surfaces using Schmidt
Hammer was more than 40. The shape of the
boulder was rather pyramid having irregular
trapezium base with maximum height of 8 m as
shown in Figure 3. The circumference of the
boulder measured at the base was 16.20 m. The
largest side at the base was 5.2 m, facing
towards down-slope side of the hill (i.e.
Southern side). The lengths of the other three
sides of the boulder were 4.8 m, 4.6 m and 2.3
m respectively. The approximate volume of the
boulder was 50 m3. The boulder was resting on
an inclined rock slope surface with inclination
of about 20°.
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Two processes were considered for dismantling
the boulder viz., (1) dismantling the entire
boulder in one-go (single-shot) and (2) stagewise dismantling in a phased manner. The area
was very congested and the nearest residential
house was only at a distance of 2.5 m from the
boulder. No sufficient space was available for
displacement of broken rock if the dismantling
work was carried out in one-go. It would be
difficult to control the rock movement and
could damage the nearby houses. Therefore, it
was decided to carry out the dismantling work
of boulder in stage-wise manner, from top to
bottom.

Non-detonating explosives produce low
detonation velocities and do not produce
detonating shock waves as in case of the
conventional explosives. However, nondetonating explosive products are not readily
available in Indian market. A non-detonating
explosive also produces displacement of the
fragmented materials. Therefore, controlled
measures are required to prevent flyrock as in
case of conventional explosives when blasting
are to be conducted in sensitive area. The
effectiveness of non-detonating explosive for
proper breakage of the unstable boulder was
also difficult to assess as the rock was very
hard. Therefore, controlled blasting using
industrial explosives was finally decided for
effective dismantling of the rock boulder with
minimum execution time.

The different methods assessed for dismantling
the boulder in stages were: (1) use of nonexplosive chemicals, (2) use of non-detonating
explosives and (3) use of commercial
explosives with controlled blasting. Nonexplosive chemicals like acconex, crackamite,
etc. are often used to break or disintegrate the
rock boulders. In this process, to induce cracks
in the rock, holes are drilled at close intervals.
The non-explosive chemicals are then poured
into the drilled holes after mixing with water.
The uncharged portion of the hole is then
packed completely. The diluted non-explosive
chemical swells after some time and exerts an
expansive thrust on the hole-wall, fracturing the
wall and splitting the rock across the line of the
drill holes. In general, it takes 12 to 24 hours to
induce cracks in the rock mass or boulders.
There is no displacement of the fractured rock
and the rock has to be displaced or broken into
small pieces manually from the place of parent
boulder itself.

The followings were considered for planning
and designing of dismantling works of the
unstable boulder using controlled blasting with
commercial explosives.
1) Drilling machine, blasthole diameter, type
of explosives and blasting accessories to be
used.
2) Smaller fragment sizes should be obtained
as the blasted materials have to be removed
manually.
3) Complete control on flyrock and throw of
the blasted materials as the area is very
congested where the residential houses
located very near to the boulder.
4) The possibility of boulder movement/destabilization during drilling operations.
5) The possible generation of cracks to the unblasted base portion of the boulder, which
might generate the boulder into different
un-stable and separate blocks.

Figure 3

It was difficult to arrange the drilling machines
other than jack hammer drill by the blasting
contractor. Therefore, jack hammer drill
machine with 32 mm diameter and 25 mm
diameter cartridge (125 gram weight per
cartridge) were finally decided to be used. Due
to sensitiveness of the area and possibility of
stray electric currents, shock tube initiation
system (Nonel) was decided to be used for in-

Sketch showing dimensions of
the boulder.
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hole explosive as well as surface hole-to-hole
initiation.

300 mm x 300 mm with diameter of 10 mm.
Double layers of HEA Panel was used for
covering the entire boulder as shown in Figure
5. For anchoring the boulder, nine rock bolts
were grouted in the exposed hard rock surface
at 6 m distance above the unstable boulder.
Stainless steel wire rope of 30 mm diameter
having tensile strength more than 580 MPa was
used for anchoring the unstable boulder as
shown in Figure 6. For the first layer fencing
below the boulder to prevent blasted materials
rolling downward side, HEA Panel with mesh
size of 300 mm x 300 mm was erected using ISection iron rail poles as shown in Figure 7.
However, for the second layer fencing below
the 1st layer fencing, fall protection net having
mesh size of 80 mm x 100 mm was used.

In order to obtain smaller fragment sizes of the
blasted materials, higher quantity of explosive
charge (higher value of charge factor) should be
required. However, higher explosive charge
would generate more throw of the blasted
materials and flying fragments. Therefore all
the controlled measures are required to ensure
safety during the controlled blasting operations.
The following protective arrangements were
recommended and used for safe dismantling of
the unstable boulder using controlled blasting.
1) Anchoring of the rock boulder: Anchorage
of the rock boulder using wire rope as
recommended by the 104 Engineering
Regiment.
2) Wire-mesh Fencing: Double-layer wiremesh fencing up to a height of 2 m were
erected to protect the broken material from
rolling down to the downward side. The
first layer of fencing was erected in the
down-slope side at 2 m distance from
boulder. The second layer of fencing was
also constructed at 5 m distance from the
first layer fencing in the downward side of
the boulder.
3) Wire-mesh for covering: The entire
boulder was covered with double layers of
two different wire-mesh types having high
tensile strength and firmly fixed with the
anchoring wire ropes.
4) Conveyor Belts and Sand Bags: Conveyor
belts were cut into smaller pieces and
covered on top of the boulder with
sandbags.
The protective arrangements such as anchoring
the rock boulder using wire ropes, covering the
boulder with double layers of two different wire
mesh and erection of double layer fencing were
assigned to M/s Maccaferri Environmental
Solutions Pvt. Ltd. Initially, the boulder was
fully covered with double layer rock fall
protection net having mesh size of 80 mm x
100 mm and diameter of 2.7 mm (Figure 4).
The tensile strength of the wire mesh is 380 500 N/mm2. High Energy Absorption PanelRock Fall Protection (HEA Panel) of M/s
Maccaferri was used for outer covering of the
boulder. The HEA Panel used had mesh size of
420

Figure 4

1st layer covering of boulder
using rock fall protection net.

Figure 5

2nd layer covering of boulder
using HEA Panel.
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distributed inside the hole using stemming
materials. Before final stemming of the hole at
the top, detonating cord was cut and dropped
inside the hole so that no detonating cord would
be placed outside the holes. For surface hole-tohole, 25 milliseconds delay (Trunk-line-delay
or TLD) was used. The initiation patterns were
selected based on the desired direction of rock
displacement as shown in Figure 9.
Table 1
Figure 6

Blast
Design
Parameters
Hole depth

View
of
the
anchoring
arrangement of the boulder to be
dis-mantled.

Blast design parameters used for
dismantling the boulder
1st Stage
Blast
1.2 - 1.5
m
21

2nd
Stage
Blast
1.6 1.75 m
70

3rd Stage
Blast
1.0 - 1.4
m
33

Number of
holes
Spacing of
0.35 0.40 0.40 holes
0.40 m
0.45 m
0.45 m
Charge per
0.125 0.125 0.063 hole
0.170 kg 0.187 kg 0.125 kg
Charge
0.55
0.55
0.45
3
3
factor
kg/m
kg/m
kg/m3
Total charge
2.500
11.475
2.125
kg
kg
kg
Figure 7
3

View of the 1st layer fencing below
the boulder using HEA Panel.

THE DISMANTLING WORKS

The entire boulder was dismantled in three
stages from top to bottom using controlled
blasting. The blast design parameters used in all
the three stages are given in Table 1. In order to
obtain smaller fragment sizes for manual
removal of the blasted materials, spacing
between holes were kept as 0.35 to 0.45 m.
Decked charging was also used to distribute
explosive charge inside the hole using
detonating cord of 10 gm PETN per meter. For
blasthole depth more than 1.5 m, three
explosive decks were used. However, for
blasthole depth less than 1.5 m, two decked
charges were used as shown in Figure 8. The
explosive charge was initially primed with
down-the-hole
delay
(DTH)
of
450
milliseconds at the hole bottom along with
detonating cord. The explosive charges were

Figure 8

Charging pattern of holes for 1.5
m and 1.2 m depth.

The top portion of the boulder was pointed and
irregular in shape. Therefore, smaller portion of
the boulder was initially blasted to obtain more
uniform height at the top for the second stage
blasting. In the 1st Stage Blast, blasthole depth
used varied from 1.2 to 1.5 m. The total number
of holes in the blast was 21. The total quantity
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However, proper blast fragmentation was also
essential for removal of the blasted debris
manually. Hence, a charge factor of 0.45 kg/m3
was used in the last and final stage blast. The
total number of holes drilled in the 3rd Stage of
Blast was 35 and the total explosive charge
used was 2.125 kg.

of explosive charge was 2.5 kg. To obtain
smaller fragment sizes, the charge factor used
was 0.55 kg/m3. The approximate volume of
the boulder left after the 1st Stage Blast was 40
m3. The height of the boulder from the concrete
base support varied from 4.3 m. The blast hole
depth used in the 2nd Stage Blast varied from
1.6 to 1.75 m and the total number of holes was
70. The explosive charge per hole varied from
0.125 to 0.187 kg and the total explosive charge
used in the blast was 11.475 kg.

Figure 9

In all the three stages of blasting, the top
portion of the blasting areas were covered with
conveyor belts and sandbags for extra
precautionary measure to prevent flyrock as
shown in Figures 10 to 12. In the last stage
blast, more sandbags were used for muffling
top portion of the boulder as well as the
protective wire-mesh portion as proper
anchoring of the boulder was difficult due to
shorter in height. Sandbags were also placed
along the wall of the nearest house from the
boulder as shown in Figure 13. All the nearby
houses were vacated during the blasts.

Drilling and surface hole-to-hole
firing pattern used in the 1st
Stage Blast.

The height of boulder left after the 2nd Stage
Blast varied from 1.0 to 1.8 m. In the up-slope
side (i.e. southern side), height of the boulder
was only 1.0 m and in the down-slope side, its
height varied from 1.5 to 1.8 m. The
circumference of the boulder at the base portion
was also reduced to 14.5 m from its original
size of 16.5 m after the 2nd stage Blast. Due to
more breakage obtained in the 2nd Stage Blast,
the top surface as well as side portion of the
boulder became irregular in shape. Several
cracks were also existed in the boulder.

Figure 10 View of muffling arrangement
using
conveyor
belts
and
sandbags in 1st Stage Blast.

Due to reduction in height after the 2nd Stage
blast, effective anchorage of the boulder using
wire ropes and wire mesh was difficult as the
surface area was much larger than its height.
Therefore, throw of the blasted materials was
required to be controlled as complete trapping
of the blasted material would be difficult.

Figure 11 View of muffling arrangement
using
conveyor
belts
and
sandbags in 2nd Stage Blast.
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intact and no visible cracks were observed in
the bottom portion of the boulder.
Due to larger volume of the blasted portion in
the 2nd Stage Blast, some portion of the blasted
materials were broke out from the anchoring
wire net. However, they were completely
trapped by the 1st Layer Fencing as shown in
Figures 16 & 17. Swelling of the blasted
material, inside the anchoring wire mesh did
not damage the nearby two houses which were
located at the distances of 2.3 m and 4.3 m
respectively from the boulder. Although the
maximum blasthole depth was 1.75 m, the
effective depth of breakage achieved was more
than 2.0 m. The diameter of the boulder was
also reduced to smaller size due to more
breakage obtained all along the side portions of
the boulder. Few bigger size boulders were
obtained from the side portion due to
overbreak. However, smaller fragment sizes
were obtained in the blasted portion which
could be easily removed manually. The
concrete base support remained intact and no
cracks and damage were observed in the
concrete support.

Figure 12 View of muffling arrangement
using
conveyor
belts
and
sandbags in 3rd Stage Blast.

In the 3rd and final stage blasting, throw of the
blasted materials were completely controlled as
per planning. The blasted materials were
completely trapped inside the wire mesh
covering and no movement was occurred after
the blast. Good break-age with desired
fragmentation were obtained which could be
easily removed manually without any
difficulty. Good breakage was obtained as
several cracks were already developed in the
boulder and with smaller spacing of holes along
with explosive charge distribution, the charge
factor of 0.45 kg/m3 was found to be sufficient.
Views of the blasted materials are given in
Figure 18 & 19.

Figure 13 View of protective arrangement
made using sandbags for the
nearest house from the boulder.
4

BLAST RESULTS AND DISCUSSIONS

In all the three stages of blasting, flying
fragments were completely controlled and the
blasted materials were also trapped inside the
anchoring nets as well as by the first layer
fencing. In the 1st Stage Blast, the fragment
sizes obtained were less than 0.3 m. The blasted
materials were completely trapped inside the
anchoring wire-mesh (Figures 14 & 15).
Swelling of the blasted material, inside the
anchoring wire mesh did not damage the nearby
two houses which were located at the distance
of 2.3 m and 4.3 m only from the boulder. The
concrete base support remained intact and no
cracks and damages were observed in the
concrete support. Similarly, the un-blasted,
bottom portion of the boulder also remained
423
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Figure 14 View of the blasted materials
completely trapped inside the
wire mesh anchoring in the 1st
Stage Blast.

Figure 17 View of the blasted materials
trapped by the 1st Layer Fencing
after the 2nd Stage Blast.

Figure 18 View of the blasted materials
completed trapped in the 3rd
Stage Blast.

Figure 15 Another view of the blasted
materials completely trapped
inside the wire mesh anchoring
in the 1st Stage Blast.

Figure 19 Closer view of the blast
fragmentation obtained in the 3rd
Stage Blast.

Figure 16 View of the blasted materials
after the 2nd Stage Blast.
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5

GROUND VIBRATION
MONITORING AND RESULTS

as shown in Figures 21 to 23. The houses were
constructed of bricks with mud plastering. The
selected vibration monitoring points were:

The possibility of boulder movement or
destabilization of the boulder due to vibration
generated by jack hammer operation at the time
of drilling was apprehended. Hence, drilling
operation was carried out after all the protective
measures (viz. anchoring, wire mesh covering
and fencing below the boulder) were
completed. Vibration generated by drilling
operation using jack hammer drill machine was
monitored on the concrete support nearby the
base portion of the rock boulder using
seismograph (Figure 20). One single jack
hammer was used for drilling of holes. The
minimum triggering level of the seismograph
was initially set at 0.5 mm/s. No vibration
could be recorded on the base of the concrete
support as the vibration generated by a single
jack hammer was less than 0.5 mm/sec. After
that the seismograph was set into sensitive
mode and the trigger level of the seismograph
was reduced to 0.13 mm/s. Some traces of
vibration of the magnitudes 0.13 to 0.16 mm/s
were recorded by the instrument. Therefore,
vibration magnitude generated by drilling
operation using single jack hammer was very
less to induce any chance of destabilization or
movement of the boulder as it was supported by
the concrete at the base.

1) At the nearest house from the boulder
(east-ern side) - 5.0 m
2) The nearby house located in the western
side - 8.2 m
3) The nearby house located down slope side
- 12.5 m
The magnitudes of ground vibration recorded at
the nearest residential house at the distance of
5.0 m in the 1st, 2nd and 3rd Stages blasting were
10.5 mm/s, 22.7 mm/s and 19.50 mm/s
respectively. More number of holes and
explosive charge were used in the 2nd Stage
Blast. Therefore, highest vibration data was
recorded during the 2nd Stage Blast. The
magnitude of vibration recoded nearby the
house located in the eastern side of the boulder
at the distance of 8.2 m from the boulder varied
from 2.28 to 4.85 mm/s. Similarly, the
magnitude of ground vibration recorded at 12.5
m nearby the house located below the boulder
varied from 1.92 to 4.77 mm/s. The boulder
was rested on the ground surface where the
nearby residential houses were constructed.
Therefore, lesser magnitude of ground vibration
were generated during the dismantling works
using blasting. No damages were observed and
reported due to ground vibrations as well as due
to the dismantling works.

Figure 20 Monitoring
of
vibration
generated by jack hammer
drilling operation.

Figure 21 Monitoring of vibration at the
nearest house from the boulder.

Ground vibrations generated during the three
stages of dismantling of the unstable boulder
were monitored at the nearby residential houses
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explosive charge was 2.50 kg. Smaller
fragment sizes were obtained in the 1st
Stage Blast as per the design. The total
blasted materials were completely trapped
inside the wire-mesh covering. The
anchoring arrangement using wire ropes
was found to be very effective. Flying
fragments were completely arrested by the
wire mesh cover and the anchoring wire
rope.
2) In the 2nd Stage of controlled blasting, the
total number of holes was 70 with total
explosive charge of 11.475 kg. Effective
breakage of more than 2.0 m was achieved,
although the maximum blasthole depth
used was 1.75 m. This reduced the height
and volume of the boulder significantly for
the 3rd Stage Blasting. The first layer of
wire mesh fencing was found to be very
effective
which
completely
stopped/arrested the blasted materials
during the 2nd stage of controlled blasting.

Figure 22 Monitoring of vibration nearby
the house located in the western
side of the boulder.

3) In the final stage of controlled blasting (3rd
Stage), the explosive charge was restricted
to control the throw of the blasted materials
as proper anchorage of the boulder was
difficult due to short in height with larger
surface area of the boulder. The total
number of holes was 35 with hole depths
varying from 1.0 to 1.2 m. The total
explosive charge was 2.125 kg.

Figure 23 Monitoring of vibration nearby
the house located in down-slope
side.
6

4) Throw of the blasted materials was
completely controlled as per planning in
the final stage blasting. The blasted
materials were completely confined inside
the covering wire mesh. Good breakage
and fragmentation were obtained which
could be easily re-moved manually without
any difficulty.

CONCLUSIONS

The unstable rock boulder located at
Brahmayoni Hills, Shahmir Takiya in Gaya
City, Bihar which had threatened to the life of
several people resided below was dismantled
safely using controlled blasting on 16th
December, 2016. Followings were the
conclusions made from the dismantling works
of unstable boulder using controlled blasting.

5) The protective arrangements such as
anchoring of the boulder, double-layer
covering of the boulder with rock fall
protection net and High Energy Absorption
Panel-Rock Fall Protection (HEA Panel) of
M/s Maccaferri were very effective. Using
those, smaller fragment sizes could be
obtained with higher charge factor with
effective control on fly-rock and throw of
the blasted materials.

1) The total dismantling of the unstable
boulder was carried out successfully in
three stages from top to bottom. In the 1st
Stage, the top portion of 1.5 m height was
blasted. The total number of holes in the 1st
Stage dismantling blast was 21. The charge
factor used was 0.55 kg/m3 and the total
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6) The ground vibrations generated from the
dismantling works using controlled
blasting did not cause any structural
damage to the nearby residential houses.

supports during the dismantling works of the
boulder.
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Explosive performance: from detonics to rock on the ground
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parameters determination
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ABSTRACT
A microspheres-sensitized emulsion, to be used in blasting tests in the SLIM project, is
characterized by means of the cylinder test. This test measures the expansion of a copper tube after
the detonation of an explosive charge inside. A total of 8 tests have been made with two diameters
(50 mm and 100 mm) and two densities (1.18 g/cm3 and 1.03 g/cm3) in a 2×2×2 test matrix. The
influence of density and diameter on the expansion energy has been studied, showing that the
density affects but the diameter apparently does not, which suggests that this explosive, at the
densities studied, behaves close to ideal already at 50 mm. The Jones–Wilkins–Lee (JWL) equation
of state parameters have been obtained for this emulsion at the densities and diameters tested. These
parameters have been validated with LS-DYNA Lagrangian models, with an outstanding correlation
between the model and the test results. The JWL parameters are being used for the explosive
modelling in rock blasting tests simulations.
1

INTRODUCTION

numerical modelling of these explosives and
their interaction with e.g. rock, is to have a
library of equation of state parameter sets for a
sufficiently ample range of densities, diameters
and detonation velocities. Since these
characteristics are usually known for a given
blasting application (e.g. the detonation
velocity is easily measured on-site for the
actual diameter, density and surrounding rock),
the modelling can be accomplished selecting a
parameter set of a similar composition, with
properties and test characteristics as close as
possible to the ones of the explosive in the
application concerned.

The cylinder test was developed at Lawrence
Liver-more Laboratory (LLNL) (Lee at al.
1968, Souers et al 1995) with the aim of
characterizing the adiabatic expansion of the
detonation products, by measuring the motion
of the cylinder wall while it is expanded by the
detonation products of the explosive charge
inside. The cylinder test typically yields an
expansion radius history curve that can be
associated with the relative expansion volume
and the Gurney-type energy density. The
expansion energy function of the volume
obtained in the cylinder test is commonly used
to derive the detonation products equation of
state, of which the JWL (Jones-Wilkins-Lee) is
the most widely used.

The methodology described in Sanchidrian et
al. (2015) is used for the calculation of the JWL
parameters sets. This methodology, that has
been assessed with thirteen data sets of a
number of commercial explosives of ANFO
and emulsion type, is applied at the present wok
to an emulsion with different densities and
different diameters.

While originally designed for military
explosives, the cylinder test has also been used
for characterizing commercial compositions
[Davis and Hill 2002, Nyberg et al. 2003, Esen
et al. 2005, Hansson 2009, López et al 2013].
Of those, ANFOs and emulsions cover
nowadays the vast majority of explosives in
civil applications. A practical approach to the
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2

CYLINDER TESTS

in the test. The charge was initiated with a 250
g pentolite booster primed with a detonator.
Two wooden discs were used to maintain the
cylinder upright until detonation. Figure 1
shows a sketch of the test setup. A set of 10
ionization pins were radially mounted on a pin
support specially designed for the test using
parallel precision blocs (see Figure 2-a). The
contact pins, manufactured by Dynasen Inc.
were connected to a pin-mixer which sends a
signal to an oscilloscope each time the pin is
ionized. The distances from every pin to the
original wall tube surface, Δry and the
corresponding expansion ratios, v/v0, are
presented in Table 2 for each of the tests.

The explosive that has been characterized at the
present study is a microspheres-sensitized
emulsion, to be used in large scale blasting
tests. A total of eight tests were carried out
during May-June 2017 in “La Marañosa”
(Madrid): four with 50 mm diameter (C-50) and
four with 100 mm diameter (C-100). Cylinder
dimensions, copper and explosive mass data are
collected in Table 1. Soft, oxygen-free,
annealed copper EN 12449 was used for the
tests. The explosive charge is located inside a
copper cylinder with the VOD cable, so the
tube wall expansion and VOD were measured
Table 1

Cylinder Test parameters

ρ
d
L
s
C
M/C
3
(kg/m )
(mm)
(mm)
(mm)
(g)
1
E1C50
1193
50
600
2.5
1369
1.61
2
E2C50
1027
50
600
2.5
1181
1.86
3
E1C50
1182
50
600
2.5
1355
1.62
4
E2C50
1022
50
600
2.5
1176
1.86
5
E1C100
1179
100
1000
5
9098
1.63
6
E2C100
1026
100
1000
5
7923
1.88
7
E1C100
1176
100
1000
5
9077
1.63
8
E2C100
1029
100
1000
5
7942
1.87
: explosive density; d: cylinder diameter; L: cylinder length; s: tube thickness; C: explosive mass;
M/C: copper/explosive mass ratio
#

Test

(2015) to describe the wall displacement (r) −
time (t) data:
1

1

(1)

where a, b, u0 and t0 are fitting parameters. The
value of u0 is the initial velocity of the cylinder
expansion and t0 value is subtracted from t in
order to have the same time origin for different
tests. Figure 2-b shows the experimental
expansion points with the fitting curve using
equation (1) for test #1.
Figure 1

Cylinder Test setup.

Usually, a combined linear and exponential
function is fitted to the cylinder expansion
points (Horberg and Volk 1989) resulting in a
non-initial velocity at time zero. However, this
is not true (Souers 2005), so a new fitting
function was developed in Sanchidrian et al.
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Table 2
Pin#
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10

Figure 2a Ionization pins location.

Pin location and expansion ratio.
C50
Δry
0.5
5
10
15
20
25
30
35
40
45

C50
v/v0
1.04
1.43
1.93
2.49
3.12
3.81
4.57
5.40
6.29
7.25

C100
Δry
0.5
10
20
30
40
50
60
70
80
90

C100
v/v0
1.02
1.48
2.04
2.68
3.40
4.20
5.08
6.04
7.08
8.20

A representation of the expanding cylinder wall
is shown in Figure 3 for a detonation moving
downwards;  is the angle of the metal wall
with the cylinder axis, D is the velocity of
detonation and t the time after the wall starts to
expand. As the sensors (ionization pins) are
radially mounted in the same plane, the
expansion measured is r and so, velocity
measured is the radial, um.
The expansion energy can be written as a
function of the measured value r:
Figure 2b Expansion fitting curve for test
#1 (E1C50).
ln

cos

cos

4

(2)

where R can be expressed as a function of r as
/
2
]; being
and
the initial explosive density and the initial metal
density, respectively. From Equation (3), the
relative volume V can be estimated along
in
Figure 3 that extends the normal direction from
the cylinder wall back to form a cone, which
becomes longer as the wall expands (see
Sanchidrian et al. 2015 for further details).

cos

(3)

Figure 3
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Sketch of the cylinder expansion.
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3

JWL CALCULATION

calculations like explosives modelling for
describing
the
pressure-volume-energy
relationship of detonation products (Dobratz
and Crowford, 1985). The JWL expression is:

The Jones-Wilkins-Lee (JWL) equation of state
(EoS) is commonly used in hydrodynamic
1

1

(4)
Table 3

where A, B, C, R1, R2 and ω are constants to be
determined. The procedure based on seven nonlinear equations and five restrictions is
developed and explained in detail by
Sanchidrián (Sanchidrián et al., 2015) and
Castedo (Castedo et al., 2015). To solve the
system of equations a least square scheme is
used, obtaining a minimum converging to zero.
A small change has been done in this research,
as the expansion energies used here are four
instead of three (Table 5). The first point,
assuming a 100% of energy released at Vi = 7,
and three more points are obtained at 75%, 50%
and 25% of expansion energy. Note that the
energy has a positive value at V = 1, so the
percentages are relative from this value to the
maximum. This change is motivated to better
describe the expansion energy for non-ideal
explosives.
4

Properties of explosives tested,
mean values for two tests. :
charge density, D: velocity of
detonation, PCJ: CJ pressure,
VCJ: relative CJ volume, Q: Heat
of explosion.

Explosive

ρ0
D
PCJ
3
[kg/m ] [m/s] [GPa]

E1-C50
E2-C50
E1-C100
E2-C100

1187.5
1024.5
1177.5
1027.5

5323
5064
5448
5164

7.8976
6.4128
7.9375
6.6823

VCJ

Q
[kJ/kg]

0.7653
0.7559
0.7729
0.756

2235
2465.6
2341.4
2537.3

The cylinder radial expansion function is
obtained by fitting Equation (1) to the timedisplacement measurements. In the cases of
more than one test, an expansion curve is
obtained for each test, then the time is shifted
for each one by its corresponding t0 so that the
expansion curves have a common time origin,
and a unique curve is finally obtained by a least
squares fit to 10 points of each of the individual
curves. Table 4 shows the parameters of
Equation (1)-type fits; the good correlation
observed in Figure 2-b for test #1 (E1-C100) is
an example of the good representation of
radius-time expansion data by this fitting
equation. The maximum expansion ratio
reached in the test measurements is also given
in Table 4 under Vmax.

RESULTS AND DISCUSSION

A summary of the explosives properties used in
the computation system is presented in Table 3.
As two cylinders have been done for each
explosive at each diameter, mean velocity of
detonation and density are given. Pressure (PCJ)
and relative volume (VCJ) are calculated values
for a CJ state complying with the measured
detonation velocity, D (Sanchidrián and López
2006) using W-Detcom thermodynamic code.
Heat of explosion (Q) is the ideal detonation
value; it is only used in the calculations as an
upper limit for the available energy E0; the
ideal, fully reacted value, has been preferred
over the lower heat released in the actual CJ
state so as not to restrict E0 unnecessarily.

Table 4 Expansion parameters (Equation 1)
Explosive
E1-C50
E2-C50
E1-C100
E2-C100
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Test # Vmax
#1,5
#2,4
#5,7
#6,8

7.57
7.57
8.45
8.45

a
[mm/ms]
1.3267
1.2927
1.3597
1.2883

b
u0
[1/ms] [mm/ms]
0.1317 0.622
0.0613 0.5504
0.0533 0.5324
0.0366 0.4866
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The influence of density (comparison of E1/E2)
and diameter (comparison C50/C100) on the
expansion energy can be observed in Figure 5.
The blue lines correspond with the emulsion of
higher density (E1) while the green ones
represent the energy evolution of the emulsion
with lower density. When comparing C-50 with
C-100 (continuous line versus dash line for the
same colour) there is no practically difference.

In Figure 4 the radial expansion history curves
for the eight trials carried out are plotted: two
tests for each explosive. Although, the
repeatability of the test is quite good,
measurement errors caused by several factors
like the positioning of the pins, especially in the
case of tests with 50 mm with smaller pins
separation, are inevitable.

The JWL parameters obtained from the
constrained least squares scheme are compiled
in Table 5. For the test E1 – C50 the minimum
value of the function that minimize the JWL
calculation is 0.0046, while for the E2 – C50
the value is equal to 4.9 e-09 almost zero.
When working with C100 cylinders the values
are also good for the E1 explosive (0.0003) and
the E2 (0.0003).
Table 5

Figure 4

Parameter
Ed at 25%
(V)
Ed at 50%
(V)
Ed at 75%
(V)
Ed at 100%
(V)
A (GPa)
B (GPa)
C (GPa)
R1
R2
E0 (GPa)
ω

Radial expansion curves.

Once the expansion curves have been obtained,
the wall velocity is derived by differentiation,
and the calculation of the Gurney energy Ed,
Equation (2), and the expansion ratio V,
Equation (3) can be performed. The resulting
functions Ed (V) are plotted in Figure 5; their
values at the four expansion ratios used for the
JWL parameters calculation are given in Table
5.

Expansion energies (Ed ) at four
expansion ratios (V) and JWL
parameters.
E1-C50
0.943
(1.192)
1.350
(1.502)
1.757
(2.148)
2.159
(7)
617.218
15.514
0.378
6.611
1.969
2.653
0.37

E2-C50
0.755
(1.353)
1.104
(1.957)
1.453
(3.172)
1.804
(7)
176.737
0.947
0.088
4.557
0.513
1.976
0.36

E1-C100
0.852
(1.228)
1.307
(1.611)
1.766
(2.429)
2.224
(7)
435.243
4.163
0.406
5.612
1.185
2.757
0.37

E2-C100
0.700
(1.296)
1.084
(1.811)
1.470
(2.892)
1.854
(7)
191.722
1.316
0.032
4.629
0.588
1.933
0.37

In Figure 6 it can be seen, as examples, the
three pressure terms and the total pressure of
the isentropes obtained for the four explosives
calculated.

Figure 5 Gurney Energy vs relative volume.
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during rock blasting affects to the velocity of
detonation in a similar way of cylinder test, as
other works suggest (López et al 2013).
5

NUMERICAL VALIDATION

These tests have been simulated with the LSDYNA hydrocode to assess the quality of the
JWL parameter sets obtained. A 2D
axisymmetric
model
with
Lagrangian
formulation for the cylinder wall and the
explosive has been used. The cylinders had 50
mm and 100 mm inner diameters (filled with
explosive) and 2.5 mm and 5 mm respectively
wall thickness. The explosive elements size was
1×1 mm in both axial and radial directions,
while the copper wall elements were 1×0.5 mm.
Figure 6

The explosive material was modelled with a
simple high explosive burn; this LS-DYNA
material model requires explosive density ρ0,
detonation velocity D and pressure PCJ (Table
3), along with the EOS (in this case the JWL)
parameters (Table 6). The initiation points are
located at the top of the explosive charge
(simulating the booster initiation that had the
same diameter as the charge). Annealed
(OHFC) copper was modelled using the
original Johnson-Cook constitutive relation
(Johnson and Cook, 1985 -Table 6). The
standard LS-DYNA hourglass viscosity form
has been used for both materials.

Gurney energy vs density (top)
and velocity of detonation
(bottom).
Explosive
data
extracted from Nyberg et al
(2002) and López et al. (2013).
Note that the full symbols are
data from this research.

By way of comparison, Gurney energies
obtained here are shown in Figure 6 together
with other values reported [Nyberg et al. 2002,
López et al. 2013] for other blasting agents.
They are plotted as functions of density and
detonation velocity, showing a direct relation
with both parameters. All explosives reported
in [Nyberg et al. 2002, López et al. 2013] were
tested in cylinders of 100 mm diameter, except
one that was tested in 50 mm.

The Figure 7 shows contours of pressure
obtained with the Lagrangian formulation for
the E1-C100 test at two different times 60 µs
and 120 µs. The contours show the blast wave
propagation from the top to the bottom end of
the cylinder. The high mesh distortion of the
Lagrangian mesh can also be noted at the top
(where the detonation begins). However, the
model runs all the simulation time without any
numerical issue. The maximum pressure
calculated by the numerical model for the E1C100 test is 7.365 GPa and the percent error
between this value and Chapman-Jouget
pressure (PCJ) is 7.21 %. The same calculations
have been made for the other tests and the
results are summarized in the Table 7. As can
be seen from these data, the modelization of the
explosive pressure released is quite good with
errors lower than 15%. Even when PCJ is an
input parameter for detonation modelling in

Velocities of detonation were measured in six
production blasts carried out in El Aljibe quarry
(Toledo, Spain) from the end of May to the end
September 2017 under the EU project SLIM.
The blast holes had a diameter of 89 mm and
the explosive used had a density of 1156 kg/m3.
The velocity of detonation recorded ranges
from 4827 to 5453 m/s, measured in more than
one blast hole per blast, with a mean value of
5156 m/s and standard deviation of 161.2 m/s.
The velocities recorded in the cylinder trials
goes from 4901 up to 5783 m/s with a mean
value of 5251.6 m/s with a standard deviation
of 262.7 m/s. At the light of these results, it can
be stated that the confinement conditions
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LS-DYNA, it is adequate parameter for
estimation of the goodness of the mesh size
applied to the simulations.
Table 6

(Figure 8). The determination coefficient in the
four cases is very high, with no fine-tuning
required to better adjust the expansion. This
means that the methodology used is quite
accurate and useful to obtain a JWL parameters
that must be used in complex simulations of
rock fragmentation or blasting with the same
explosive type.

Elastic and strength data for
copper (Johnson and Cook,
1985).

Parameter
Density
Shear modulus
Young‘s modulus
Poisson ratio
Strength constant
Strength constant
Strength constant
Strength constant
Strength constant
Melting temperature
Room temperature
Specific heat

units
Cu kg/m3
GPa
G
GPa
E

MPa
A
MPa
B
n
C
m
K
Tmelt
K
Troom
Cp J/(kgK)

Value
8960
46
124
0.34
90
292
0.31
0.025
1.09
1356
293
383

Figure 8

Figure 7

Contours of pressure (MPa) at
60 µs (A) and 120 µs (B) for the
model.

Table 7

Comparison between theoretical
PCJ with the maximum pressure
predicted by model.

Parameter
PCJ [GPa]
PModel [GPa]
Error (P) %

E1C50
7.90
7.05
10.73

E2C50
6.41
5.50
14.18

E1C100
7.94
7.37
7.21

6

Wall expansion history for all
tests.
Comparison
of
experimental data (blue) and
modelled values (red).

CONCLUSIONS

A microspheres-sensitized emulsion to be used
in large scale blasting tests, has been
characterized with eight cylinder tests: 2 for 50
mm diameter at low and high density and 2 for
100 mm diameter at low and high density. In
both cases the Gurney energy appears to be
affected by the density but not for the diameter.
Cylinder test is the only experimental
technique, which plots the full expansion
energy (work done to the surroundings) curve
under real, i.e. non-ideal conditions. The
velocity of detonation obtained during the tests
is similar to those expected during rock
blasting.

E2C100
6.68
6.05
9.45

The nodal point in the outer wall surface where
results were captured was situated, as in the
trials, 290 mm from the cylinder bottom for all
the tests. An Equation (1)-type function was
fitted to the resulting wall expansion histories,
and compared with the experimental ones

JWL parameters have been obtained for two
different densities and two diameters. The
resulting parameter sets have been assessed by
numerical modelling of the tests with the LS437
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Adiabatic expansion of high explosive
detonation products, Report UCRL-50422,
University
of
California,
Lawrence
Radiation Laboratory, Livermore, CA, USA.
López L. M., Sanchidrián J. A., Segarra P. and
Ortega M. F. (2013) Evaluation of ANFO
performance with cylinder test, 10th Int.
Symposium on Rock Fragmentation by
Blasting – Fragblast 10, New Delhi, India
(Singh P. K., Sinha A., Eds.), CRC Press,
pp. 579-586.
Nyberg U., Arvanitidis I., Ouchterlony F. and
Olsson M. (2002) Cylinder Expansion Tests
on Reference Explosives from Production,
Technical Report No. 21/Deliverable 5–4.
EU Project GRD-2000 –25224 Less Fines,
SveBeFo, Stockholm, Sweden, 2002.
Nyberg U., Arvanitidis I., Olsson M. and
Ouchterlony F. (2003) Large size cylinder
expansion tests on ANFO and gassed bulk
emulsion explosives, 2nd World Conf. on
Expl. and Blast. Tech., Prague (Holmberg
R., Ed.), Taylor & Francis, Lisse, The
Netherlands, 181-191.
Sanchidrián, J. A., Castedo, R., López, L. M.,
Segarra, P. and Santos, A. P. (2015)
Determination of the JWL constants for
ANFO and emulsion explosives from
cylinder test data. Central european journal
of energetic materials, 12(2), pp. 177-194.
Sanchidrián J. A. and López L. M. (2006)
Calculation of the energy of explosives with
a partial reaction model. Comparison with
cylinder test data. Propellants Explos.
Pyrotech., 31(1), pp. 5-32.
Souers P. C., Wu B., Jr. Haselman L. C. (1996)
Detonation Equation of State at LLNL
(1995) Report UCRL-ID-119262 Rev. 3,
Lawrence Livermore National Laboratory,
Livermore, CA, USA.

DYNA code. The calculated cylinder wall
expansion history has been compared with the
experimental one; the agreement was excellent,
to the point that no fine-tuning of the
parameters was found to be required. This
confirms that the methodology used constitutes
a robust method that fully captures the physics
of the expansion of the detonation products
involved in the cylinder test. The JWL
parameter sets obtained may be used for
numerical modelling calculations in mining,
civil and safety engineering applications
involving explosives of the emulsion type, with
similar characteristics of those worked here.
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Continuous wavelet transforms – A way to tease explosive
performance from seismograms
D. Anderson
BlastWorks LLC

ABSTRACT
Reliable assessment of explosive performance in situ has been an elusive goal for many years. The
promise of using blast vibrations for such assessment. Evidence of detonations can be found hiding
in seismograms recorded during blasts. The detonations show up as high frequency pulses revealed
by Continuous Wavelet Transforms. This technique can be also be used to reveal misfires – missing
peaks at expected firing times, as well as to assess explosive performance. The technique results in
graphical representation of the frequencies present in a blast waveform as a function of time. The
detonations show up as parallel ridges in a time-frequency map. Lack of a ridge means no detonation,
and the slope of the ridges indicates information about the sharpness of the detonation.
1

INTRODUCTION

be correlated with explosive performance in the
borehole only in a very qualitative sense.”

Effective explosive performance is clearly
fundamental to blasting. It is also clear that the
transfer of explosive energy and resultant
fracturing are necessary for effective explosive
performance.
However,
cost-effective
measurement of that performance is not easy.
Velocity of detonation, which takes a significant
effort to measure in the field, doesn’t tell how
well the explosive energy has been used. Videos
of the fracturing process are generally too broadbrush to tell what happened in an individual
borehole. So what evidence is there of the
transfer of explosive energy?

Fortunately, there is a physical principle that
comes to the rescue: The reflections and
refractions of explosive impulses have lower
frequencies than the original pulses. Detection
of the impulsive high-frequency signals
necessitates determination of the frequency
content as a function of time.
We have developed a powerful technique,
discussed in previous articles (Anderson, 2013a,
2013b, patent pending) to extract the impulses
generated by blast detonation from these
seismograms, and applied this technique to
close-in surface data. Please refer to these
articles for more detailed discussion of the
methodology, but a brief overview follows.

Analysis of the stress waves propagated away
from the blast area would seem to be promising.
Borehole
stress
measurement
in
the
neighbourhood of explosively loaded boreholes
is an option, but is once again costly, and not
practical on a day-to-day basis.

2

BACKGROUND – WAVELET
TRANSFORMS

In the 1980s geophysicists developed wavelet
transforms to aid studies in oil and gas
exploration seismology (Goupillaud et al., 1984;
Mallat, 1989). The underlying principle is that a
signal (wave) can be decomposed into
constituents in much the same manner as Fourier
analysis decomposes a signal based upon sine
and cosine waves of different frequencies and
phases. Wavelet transform analysis gives not

What about seismographs on the surface? They
are easy to deploy and recover, but it would
seem that the reflections and refractions from
discontinuities in the neighbourhood of the
boreholes would make the waves too complex
for meaningful analysis.
Mohanty and Yang (1997) studied the use of the
waveform amplitude, and concluded that it “can
441
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only the frequency spectrum but the time history
of the frequency distribution (Daubechies,
1996).

assessment of how the frequency distribution
changes with time, a different technique is
needed, called the Wavelet Transform
Maximum Modulus (WTMM).

In Fourier analysis, the sines and cosines
comprise a set of basic functions. For wavelet
transforms, these basis functions are wavelets,
compressed and finite-length waves that are
dilated (expanded) and translated in the analysis
process. The initial form of the wavelet is often
termed the “mother wavelet.”

The WTMM is derived from the CWT by
determining the peaks (maximum of the
modulus) along the b (i.e., time or translation)
axis of the scalogram. This results in a suite of
ridge traces that are parallel or subparallel to the
scale axis. These traces emphasize the continuity
of frequencies at specific times within the
record. Visually, these are aids in determining
the sequence of events at various times, but can
also be used in other calculations.

The wavelet used in this report is called the
complex Morlet wavelet. This wavelet, ψ t , is
defined as

The low-scale/high-frequency ridges are related
to impulsive events in the record. In some
applications, this has been used to establish
discontinuities in a vibration record associated
with fracture in a mechanical system. The
impulsiveness of a signal, or a measure of the
strength of a discontinuity, is associated with
what is termed the Hölder or Lipschitz exponent.

It is basically a sinusoidal function of time t with
a Gaussian envelope. The
portion of the
exponent corresponds to the Gaussian envelope
with σ related to the width of the envelope. The
2
portion corresponds to a sine wave
with an initial (undilated) frequency .
All wavelets must satisfy admissibility criteria,
such that they are of finite energy:
|

|
| |

The WTMM values obtained can be used to
calculate the Hölder or Lipschitz exponent α ,
which shows the change of the WTMM (| |)
vs. scale (a) at constant translation (b):

∞

log| |
log

The wavelet transform
is a function of scale
a (~1/frequency) and translation b. The equation
for the wavelet transform is a convolution of the
wavelet
with the signal
:
,

1
| |

This is essentially the slope of the ridges that
correspond to the detonations, with a steeper
slope indicating a more impulsive signal.

∗

3

∗

represents the complex conjugate of the
mother wavelet. For each a and b pair, the
integral is calculated over the entire data sample.

INITIAL VALIDATION

The technique was first tested on a fairly simple
seismogram recorded about 370 feet from a
fifteen-hole electronic detonator quarry blast.
The waveform of the transverse component is
shown in Figure 1 (vertical axis = particle
velocity; horizontal axis = time in milliseconds).

To display the results of this analysis, a graph
called a scalogram is used. This is like a
topographic relief map, with horizontal axes of
time (b) and frequency (1/a), and W represented
by elevation. We have applied this technique to
quarry blast seismograms, described in the next
section.
As we will see, the scalograms give descriptive
pictures of the change in frequency as a function
of time. However, to obtain a quantitative
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The axis on the left shows the amplitude in
arbitrary units, which corresponds to the
vertical dimension.

The height of the peaks is also color coded from
grey (lowest) to red (highest), and an artificial
“lighting” is applied to make the relief stand out.

Figure 1

The low-frequency energy (in the background)
dominates the graphs. This energy, due
primarily to the influence of the geological path,
is not what we are really interested in. What is
exciting is that the high-frequency energy in the
foreground shows the contribution of individual
boreholes.

Blast Vibration Waveform

Pulses from each of the fifteen holes can be seen,
as marked by the arrows. There is some variation
in the heights of these pulses, though this blast
in general performed quite well. Recall that
higher amplitude relates to less-efficient use of
the explosive energy, so this may indicate some
variation in explosive efficiency. In any case,
evidence of the timing and energy of individual
hole firings can now be extracted from a
complicated waveform.

From the waveforms, the contribution of
individual explosive charges cannot be assessed.
Though one might try to pick out peaks, one
would be hard pressed to say if all holes fired as
designed with the inter-hole delay of 38
milliseconds, or if each hole has had the same
explosive efficiency. One might even be
tempted to say that detonations were not
effective at about 200 and 550 milliseconds.
A CWT wavelet transform scalogram is shown
in Figure 2.

Figure 2

Alternatively, the 3D plots can be viewed from
“above”, much like a map view (again with the
artificial lighting and color-coding of
amplitude), as shown in Figure 3 (“scale” is now
on the left).

Wavelet Transform of Figure 1
Waveform

The scalogram, as mentioned earlier, is a
projection of a 3D plot, something like a relief
map:



Figure 3

The horizontal axis of the CWT is time in
milliseconds

CWT View of Figure 2 from
Above

In order to more accurately analyse the
scalogram quantitatively, the location of the
ridges corresponding to detonations must be
defined. This is accomplished through

The axis on the right shows the other
horizontal
axis
which
is
“scale”
(1/frequency)
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calculating the peak levels during a traverse of
the data across time for each of the scale levels.
This process is called “Wavelet Transform
Maximum Modulus” or WTMM. For the same
data set, a WTMM plot is shown in Figure 4.

Figure 5

Figure 4

Cross section of scalogram

No detailed analysis of the explosive
performance of this particular blast was done,
either through visual analysis of high-speed
videos, or in-hole or near-hole measurements of
VOD, etc. These calculations would be needed
to be compared with such data to provide a firm
quantitative basis for the analysis.

WTMM plot of Figure 3

Some judgment is needed in determining the
threshold level for WTMM calculation, as too
sensitive a threshold yields a sea of dots, and too
stringent a threshold will not yield ridges.

4

The WTMM plot shows the isolated influence of
the explosive charges. The near-vertical lines of
dots correspond to the peaks of the ridges from
the explosive charges; the color of the dots is
related to the amplitude. A regular firing time
can be seen for each of the fifteen detonating
holes. Though the WTMM shows that there is
some change in the detonation vibration
generated by the individual holes, this blast
appears to have behaved quite regularly.
Variations in amplitude in the original waveform
appear to be primarily related to geological
influence or interference of individual waves
rather than changes in detonation behaviour.

METHODOLOGY TEST 1: FIRING
TIME DETERMINATION AND
WEAK DETONATION DETECTION

In order to assess how the results of a wavelet
transform analysis relate to actual behaviour of
the explosives, a study was arranged with a
quarry to monitor some of their blasts
(Anderson, et al., 2015). The small scale blasts
conducted at this quarry were ideal for this
research study, as it provided the opportunity to
consider a very simple scenario. Only a single
row of holes is fired here, with no more than
seven holes in any one blast.
Seven holes were drilled and loaded in a
recorded shot. The boreholes were 110 mm in
diameter, and approximately 12.2 m deep. The
quarry typically drills about ½ meter sub drill,
and each hole holds three meters of stemming,
so that the resultant powder column is
approximately 9 meters. The holes, after
insertion of a 0.5 lb. primer charged with two
non-electric detonators, are loaded with standard
ANFO. Each hole held approximately 64 kg of
ANFO, except for a slightly lower charge weight
of 62 kg in Hole 3, which was drilled 11.8
meters.

Finally, a cross section of the scalogram can be
taken parallel to the scale axis at various times
in the record, as shown in Figure 5. Though this
is shown on a linear scale (as opposed to the
logarithmic scale necessary for the calculation),
the slope of this plot could be used to determine
the Hölder or Lipschitz exponent.
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A standard non-electric blast design for the site
was employed, with a nominal inter-hole timing
of
25
milliseconds.
The
Maximum
Instantaneous Charge weight (MIC) of 66kg was
chosen to comply with the environmental
restrictions.



The pulses get weaker and of lower
frequency at the end of the sequence. This
makes sense if either the pulses decay with
distance, or the fracture process has modified
the path, or both. Note that Array 3 is closer
to Hole 1 than to Hole 7.

An extensive array of nine seismographs was
deployed on the bench immediately behind the
shot to record the generated vibrations. Five
were arrayed behind Borehole 1 (in the firing
order), and two behind Borehole 7. The other
two were close to the face on either side of the
shot.



Impulse 1 is slightly weaker than those
immediately following. It is not clear at
present why this should be the case.



Impulse 3 is slightly less distinct. This will
be discussed below with respect to
scalogram analysis of another seismogram.

Scalograms were calculated for all of the
seismograms recorded. We will focus on two
where the seismograph had particularly good
coupling on the bench face.

When the seismograph recording data from a
blast is fairly far away, the waveforms from the
individual holes appear almost as if the blast is a
point source – i.e., all of the holes are at virtually
the same distance, and the waves travel a similar
path.

4.1 Seismograph Behind Hole 1
Seismograph 3 was deployed directly behind
hole 1. The scalogram is shown in Figure 6, with
firing time pulses indicated by arrows.

In order to determine if the path is responsible
for elements of the analysis for a close-in
seismograph, we recorded the same blast with
other seismographs.
4.2 Seismograph Behind Hole 7
This seismograph recorded directly behind the
final hole in the blast, so that the first hole is the
furthest away from the seismograph. The
scalogram for this seismic record is shown in
Figure 7.

Figure 6

Scalogram for
behind Hole 1

Seismograph

We note the following observations for this
scalogram:


As is evident from the spacing of the arrows,
the timing produced by the non-electric
detonators was not regular.

Figure 7

Scalogram for
Behind Hole 7

Seismograph

This scalogram is very similar to that from the
seismograph directly behind the first hole, Hole
1. However, recall that the impulse signals from
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holes 6 and 7 were weaker in the Array 3 record.
Looking at the final hole impulse for this
scalogram, we see that it is just as strong as the
first hole impulse. Therefore, the decrease in
amplitude for the Array 3 scalograms is not
likely due to a distance effect, but rather to the
fact that the geologic path (the fractured rock) is
changed during the event, and the wave travels
through this broken ground.

of a misfire. There weren’t any problems with
the seismograph readings, but something didn’t
seem right.
The design for the blast, including the relative
locations and designed firing times, is shown in
Figure 8. The shot layout indicates that there
were 25 drilled and loaded holes in two rows,
with the initiation point five holes in from the
right hand side.

One thing to note is that only six strong impulses
are to be seen in this scalogram. If we match up
the firing times, we can see that the missing
impulse is for Hole 3. There actually is a very
weak impulse, as shown by the blue arrow in the
figure, at the expected time for Hole 3. It isn’t
clear why this should be so weak at this
seismograph location, but this same anomaly is
present for the other location.

Figure 8

Only one seismograph recorded this blast, which
was deployed for liability compliance purposes
and not to study firing times. The seismograph
was 600 meters away from the blast, to the left
and behind the shot.

While we still haven’t achieved the original goal
of obtaining explosive performance data from
the waveforms, it is still rather striking that
meaningful firing times could be deduced from
vibration records that visually appear to have no
vestiges of the detonation pulses. There is still a
lot to be learned from analysis of these low-scale
impulses, from features like:


The anomalously low amplitude from Hole
3 on the scalograms calculated behind Hole
7



The weakening of the impulses as distance
increases for the scalograms calculated
behind Hole 1



Because the shot opened several holes in from
the right hand end of the shot, the vibration
signature from the holes to the right of the
opening hole would be travelling through broken
rock, and might not be recorded strongly (as was
seen in the seismograph behind Hole 1 in the
previous example). Because broken rock is good
at filtering out the high frequency vibration that
we are looking for in the wavelet transform
analysis.
The client needed to know whether a misfire was
likely for this shot. We conducted the wavelet
transform analysis to accomplish this, using the
same procedure as described earlier. The results
are shown in Table 1.

The apparent shift in firing times as
detonation proceeds towards or away from
the seismograph. Perhaps this is due to
waves propagating through a damaged zone.

The first column indicates the times, in
milliseconds, of the impulses recorded on the
scalogram, as seen in previous examples. The
relative times are as determined in the analysis,
but the absolute times are adjusted such that the
“Fired” time for the first hole matches the
“Planned” time for that hole in the blast design.

These details will require more measurements,
further analysis, and thought. We plan further
field tests coupled with scalogram analysis. At
this point, though, it is clear that wavelet
transform analysis of seismograms is a powerful
new tool for blast analysis.
5

Blast design layout

METHODOLOGY TEST 2: MISFIRE
DETECTION

The next column (“Screen”) indicates whether
the high frequency vibration from the detonation
of a particular hole would be screened because
of the location of the seismograph relative to that

A blast in a quarry in the US seemed to behave
strangely, though there wasn’t obvious evidence
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azimuths to be compared, minimizing the
shadowing effect.

hole. This would be the case if an earlier hole
detonated in the path from the hole to the
seismograph. We saw this variability in Figure
6.
Table 1
Fired
425.00
461.15
492.35
518.75
544.15
571.45
600.75

633.05
669.15
707.25
740.45
778.55
807.85
845.85

There also is some scatter in the determination
of the ridge times (they are not perfectly straight)
as well as scatter in the firing times because, as
we understand, a pyrotechnic (non-electric)
initiation system was used.

Misfire Analysis Results
Planned
425
458
475
491
508
524
541
557
574
591
599
607
624
632
640
665
673
698
715
731
748
764
781
814
847

Screen

Misfire

There is some ambiguity about association of the
firing times for three ridges at about 601, 633
and 669 ms. Each of these could reasonably be
associated with two firing times: either a
suspected misfire or one of the regular
detonations. Where there are clear matches, the
“Fired” times appear to be slightly earlier than
the associated “Planned” times. In each of these
three ridges, taking this into account favors
association with the non-misfire holes.

X
X

X
X

However, the last three of the suspected
“Misfire” holes seem to be clearly absent from
the scalogram, and ridges corresponding to
detonation of the last five second row holes do
appear to be present.

X
X
X

One other potential factor to consider is travel
time for the waves. Separation of the holes will
induce either increased or decreased apparent
delay due to the short time for the wave to travel
between holes (a few milliseconds). This again
is a function of azimuth relative to the blast
orientation. We have not included such
consideration in this analysis.

X
X
X

All of that being said, we have made a direct
comparison of the firing times obtained from the
scalograms with those planned for the shot. The
analysis concluded that there were six holes in
this blast that misfired. This was communicated
to the client, and the evidence of misfire was
confirmed by subsequent excavation.

The remaining “Planned” pulses must either
have a “Fired” pulse or else be missing because
of some other reason than screening. Such a
missing time could be the result of a misfire. Our
best match for the remaining Planned pulses
indicates that there were Misfires at certain times
of the planned pulses.

6

As noted earlier, we have seen cases where
"shadowing" of the vibration from holes
occurred when there was evidence that the whole
shot fired properly, so lack of a good pulse
doesn't necessarily mean that the hole did not
fire properly. More than one seismograph record
would have allowed waveforms taken at various

METHODOLOGY TEST 3: WHAT
DOES A SINGLE HOLE SHOW?

While a production shot shows a wealth of
information about the detonations, analysis of
the vibration from a single hole indicates that
there is a lot more information that can
potentially be gleaned from wavelet transform
analysis.
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two powder columns, monitored with VOD and
accelerometers.

A seismogram from a typical single-hole, singlecharge shot used for seed waveform analysis
reveals a complicated pattern, as shown in
Figure 9.

Figure 9

Scalogram
and
Seismogram

In this shot, though the powder columns for all
but one of the decks were loaded with very
similar charges, the PPV values from the upper
decks were consistently higher than those from
the lower decks. This was one of the reasons
Mohanty and Yang concluded that PPV was not
a good gauge of explosive strength. Figure 10
from this important paper shows the loading
pattern.

Single-Hole

The trace of the detonation can be seen in the
foreground just after 100 ms. However, there is
obviously a lot more going on than just the
detonation. Some of that may be due to
reflections and refractions in the geological path
to the seismograph. It is possible that there may
be evidence in these data of mass movement or
direct response of the rock to the detonation.

Figure 10 Vertical Component Wave and
Scalogram
Waveforms for the shot are shown in Figure 11,
clearly displaying pulses on the longitudinal and
transverse components, with the upper deck
pulses about twice the amplitude of the lower
deck pulses.

There is also an apparent bifurcation of the
detonation pulse in the immediate foreground.
Could this be related to irregularities in the
detonation, or perhaps due to acoustic emission
from immediate fracturing?
There is not enough information at present to
decide such questions. Further study is
underway to collect such data. More evidence is
in the next section.
7

METHODOLOGY TEST 4: PPV NO –
WAVELET YES, AND OTHER
ISSUES

As indicated in the Introduction, Mohanty and
Yang (1997) analysed blast waveforms to
determine if PPV could be used effectively to
determine explosive performance. They
concluded, from analysis of seismograms that
PPV was not an appropriate indicator. One of the
blasts studied was from a single-row blast with

Figure 11 Acceleration Waveforms from
Mohanty and Yang (1997)
Bibhu Mohanty has kindly provided data from
this seven hole shot for analysis using wavelet
transforms. Each of the three seismograph
components
(Transverse,
Vertical,
and
Longitudinal) was analysed separately.
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The acceleration data was integrated and
analysed in the same way as all of the previous
data.

frequency, there are multiple pulses seen, which
may represent complex detonation, but even
more likely is an expression of acoustic emission
from fracturing due to the detonation. This
would certainly be intriguing to study.

As an example, the velocity waveform and
scalogram are shown in Figure 12.

These pulses are not due to low signal/noise
ratio: there is no indication of any such pulses on
the scalogram before or after the blast event.

Figure 12 Waveform and Scalogram for
shot

Figure 13 Scalogram of first two holes (four
decks)

Although the waveform for this component does
not clearly show pulses representative of the
detonations, it is clear from the scalogram that
the ridges interpreted as detonation pulses, at
about scale level 20, are quite similar for most of
the decks. There is some ambiguity at around
600 to 700 ms for the top deck of hole 3, and the
pulses for the final hole, at the greatest distance
from the seismograph, are in general somewhat
weaker. From this work, wavelet transform
analysis tracks the strength of the detonations
much more accurately than visual analysis of the
waveforms.

8

DISCUSSION

Analysis of blast seismograms using wavelet
transforms appears to reveal traces of
detonations, and indicates irregularities in firing
times as well as potential misfires. However,
several caveats are necessary in the
interpretation of scalograms.
First, since the method relies upon detection of
high-frequency pulses, an adequate signal/noise
ratio is necessary to avoid contamination of the
signal with high frequency noise.

This work demonstrates something even more
important. It reinforces the conclusion that
Mohanty and Yang drew as to the inadequacy of
PPV to determine explosive performance, but
shows that wavelet transform analysis can
represent the detonation pulses.

Second, adequate coupling of the seismograph is
needed to detect the low-amplitude, highfrequency signals interpreted as detonations.
Several seismographs in the array deployed in
Section 4 (Test 1) were loosely coupled to the
bench surface. Though seismic signals were
transmitted to the seismographs, the pulses seen
in Figures 6 and 7 were not present.

There is one other intriguing aspect: the
complexity of the very high frequency pulses in
the scalograms. Because high-frequency
accelerometers were used for the study. The
detonation pulses aren’t the highest frequency
events displayed, and the nature of these pulses
is still not understood.

Finally, the integrity of the path between the
detonating borehole and the seismograph is
crucial for transmission of the pulses from the
detonation. This was seen in Section 5 (Test 2),
where several of the explosive column
detonations were “screened” by fractures. This
behaviour has also been seen when two-row
trench blasts were monitored on either side of

The beginning of the same component
scalogram, only the first two holes, is shown in
Figure 13, at high frequency. At the highest
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the trench – detonation signals were detected,
but impulses from the holes on the far side of the
trench were significantly weaker. Using the
method on larger shots will require more
seismographs.
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Every blast tells its own story, encoded in the
seismic waves propagated away from the blast.
Until now, these waves have been generally
indecipherable. Long-delay tunnel rounds often
have separate pulses for each detonating
borehole, but the amplitude and character of
each pulse have seemed rather random, and not
associated with variability in the detonation
process.
Now, with the development of this technique,
wavelet transform analysis of conventional blast
seismograms displays details of the blasting
process that can’t be detected from a visual
examination of the waveforms. We can now see
low-scale (i.e., high-frequency) pulses revealed
that appear to be directly related to the
detonation process.
The effects of the geological path are then
confined to higher scale (low-frequency) pulses,
conveniently separating the two major
influences on the vibration. These higher scale
features may also be related to other events in
the fracture process, but that is a topic for future
investigation.
This study also confirms that while PPV is not a
good indicator of explosive performance,
wavelet transform analysis of the same data can
show this to good effect.
Application of this analytical technique to
blasting is in its infancy, and a lot of information
remains to be decoded. Every blast is an
exceedingly complex process, completed
blindingly fast, and (because the same exact
rocks are blasted only once) truly irreproducible.
This technique now offers a new way of
inspecting the processes in “ordinary” blasts in
an exciting new way. Much more will be
revealed as the technique is further developed.
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A relationship between detonation performance and low
density explosive physical properties
G. Cavanough1, S. Parson2 and J. Rock2
[1] QMR Blasting Analysis
[2] Hanwha Mining Service

ABSTRACT
There have been significant advances in the availability and flexibility of bulk low density explosives
used in mining over the last 10 years. Bulk low density explosives are available at a range of densities
and degrees of water resistance. However, low density explosives detonation performance is not well
understood and cannot be accurately predicted with current detonation codes. Explosive density determines the performance; consequently, the density and compressibility of the low-density material
added to the bulk explosive contributes to detonation performance. This paper reports on a large-scale
study on a polystyrene-based low density explosive. Measurements were taken of detonation temperature, detonation pressure and velocity of detonation. A laboratory study was also conducted using
a device to simulate the pressure experienced as the bottom of the blast hole. Measurement data
analysis has provided a better understanding of the performance and physical properties of this polystyrene-based low density explosive.
1

INTRODUCTION

GMB size (Chaudhri, 1993, Cooper, 1989, Hattori, 1982).

Low density explosives are being used in largescale coal operations in the United States and
Australia. This usage is due to the economic benefits from reduced explosive costs and improved performance especially with regard to reducing post blast fume risk for the ground conditions at mines.

For gas sensitized emulsions in deep blast holes,
the density at the bottom of the hole may exceed
the critical density preventing detonation. The
pressure at the bottom of the hole causes a reduction in gas bubble size. This indicates that
there is a critical void size required for detonation.

However, current explosive performance models do not adequately describe the behavior of
these explosives. The low density component of
the explosive has a significant effect on the performance, and this component and its effect have
not been the focus of research.

All of these findings are logical with regard to
the accepted mechanism for sustaining detonation being that the shock front hitting voids
causes hot spots.
For low density explosives, the low density component is the dominant sensitizing agent and the
low density component characteristics will determine the VOD, critical diameter, detonation
pressure and critical density. In the case of the
explosive discussed in this paper, the low density component is Expanded Polystyrene (EPS).
In order to understand the detonation performance a test series was completed to assess the
physical characteristics of the EPS.

For example, with regard to Glass Micro Balloon (GMB) and gas sensitized emulsions, research results have confirmed that the critical diameter is proportion to void spacing and inversely proportional to the Velocity of Detonation (VOD).
Further, experimental results indicate that the
detonation pressure of GMB-sensitized
products is inversely proportion to the individual

.
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2

LOW DENSITY COMPONENT

in any of the samples over various exposure
times.

The system provides for groups of in-hole primers to be wirelessly initiated by a firing command that communicates through rock, water
and air. This re-moves the constraints often imposed by the requirement of a physical connection to each primer in a blast.
The voids contained in the EPS are critical in
that they are the sensitizing agent. Therefore,
the physical testing of the EPS focused on the
ability to maintain the voids when the EPS was
exposed to mineral oil (as used in the explosive
formulation) and pressure (as experienced at the
blast hole bottom).

Figure 2

The mineral oil testing was conducted over three
months with the EPS submerged in 8 different
types of mineral oils over the test period. Each
week EPS beads from each oil sample were subjected to analysis including: microscopic surface
examination, crushing, and bead recovery after
crushing.Figure 1 shows the typical bead surface
observed for all samples.

Figure 1

Microscope set up for crushing
test – with weight placed onto the
slide to crush EPS bead

The crushing tests produced bubbles for all EPS
samples indicating no significant absorption of
the oil. All EPS beads exhibited some elastic
type recovery in shape after being compressed.
This indicates that there was no physical breakdown or absorption due to oil sample exposure.

Typical EPS bead Surface
Figure 3

Figure 2 shows the configuration of the microscope for the crushing test. This test involved
placing a bead between two slides, adding a 100
gram weight on top of the slide for 30 seconds,
and observing air bubbles from the bead (refer to
Figure 3). This confirmed whether the bead had
absorbed oil to a state of saturation. On removal
of the 100 gram weight, the EPS bead was observed for five minutes to assess recovery and
confirm the impact on elasticity (refer to Figure
4). The microscope observations showed no detectable change in the surface of the EPS evident
452

Typical crushing test showing
bead contains gas (i.e. EPS structure has not been saturated
with oil)
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Figure 4

Typical EPS bead five minutes
after crushing test showing elastic
recovery

A low density formulation was selected for the
pressure test. The aim was to investigate the “in
hole” density with attention to the contribution
of pressure induced EPS shrinkage.

Figure 6

Applying pressure to the syringe
with weights.

Figure 7

Mean change (%) in volume for
size fractions as a function of hole
depth.

Initial tests were conducted on EPS in water using the following procedure:
a) EPS beads were sorted into 3 fractions: 0-1
mm, 2-3 mm and >3 mm diameter.
b) The fractions were placed in water-filled syringes (refer to Figure 5)
c) Pressure was applied to each syringe and
the % change in EPS volume was calculated
(refer to Figure 6 and Table 1). (Note, a syringe containing water only was tested to
determine the amount of rubber syringe seal
compression. This amount was subtracted
from all calculations.)

Figure 5

Size fraction in syringe ready to
test

Table 1

%change in volume of EPS due to
application of pressure

Applied
Pressure
Pa
88993
274395

In hole density investigations were then conducted as per the following procedure:
a) The size distribution of the Ammonium Nitrate (AN) was measured (refer to Figure 8)
b) The size distribution of EPS particles was
measured and used to determine the amount
of each of the size fractions in the low density product.
c) Calculations were then made of the decrease in column height (slumping) during
loading due to the change in density (due to
EPS compression by column pressure). The
large size fraction was excluded from a second calculation to isolate the contribution to
density increase (refer to Figure 9.).
d) The low density product was mixed (refer
to Table 2) and placed in the density test

Size fraction % Shrinkage (mm)
0-1

2-3

>3

5.7
22.7

8.4
29.7

18.4
55.7
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cell (Cavanough et al., 2018). A head pressure of 25 m was applied and the product
density was monitored for 1.8 days (refer to
Figure 10).

Figure 8

Prill size %passing with mean
size 1.77 mm and 0.24 std

Table 2

Low Density product composition
calculations

Component

Density
Kg/m3

%
(by
mass)

Ammonium
1280
37.2800
Nitrate
Mineral Oil
800
2.3800
Emulsion
1470
59.4900
EPS
0-1mm
23
0.3662
fraction
EPS
2-3mm
23
0.4810
fraction
EPS >3mm
23
0.0028
fraction
Total of Volume Fractions

Figure 8

Instantaneous change in depth of
low density product due to pressure induced EPS shrinkage

Figure 9

Increase in density over 1.8 days
for 25 m hole depth

Volume
Fraction
0.29125
0.02975
0.404693878
0.159206806

Results in Figure 9 and Figure 10 show that the
EPS is compressed under the explosive column
head pressure. It was suspected that the large
size fraction would have a dominant contribution with regard to compression; However, Figure 9 shows that the large size fraction did not
affect the compression amount.Figure 10 shows
the low density product in the cell after the test,
where it was noted that the EPS and Prill locked
in to form a solid structure, and the EPS was
compressed. It was observed that the EPS expanded when it was removed from the cell (refer
to Figure 12). The majority of the EPS compression occurred instantaneously in this experiment, with a further 3% total compression over
1.8 days. A heavy ANFO was then prepared (using no EPS) and placed in the pressure test cell
under 25 m of head pressure.

0.209125843
0.001232569
1
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3

DETONATON PERFORMANCE

The detonation performance was monitored using detonation pressure sensors, detonation temperature sensors (Cavanough and Onederra,
2011), resistive VOD cable and VOD/detonation
pressure combination sensors (refer to Figure 13
and Figure 15). Care was taken to ensure that
the sensors were in the center of the explosive
column.

Figure 10 Pressure cell after test where it
was noted that the low density
product was tightly packed and
self-supporting.
Figure 12 shows that this product had an increase in density of similar magnitude to the
product containing no EPS. This indicates the increase in density is this experimental arrangement is likely due to absorption of the fuel phase
by the AN Prill (Cavanough et al., 2018).

Figure 11 EPS Beads retain shape after removal from cell.

Figure 13 Schematic of blast hole containing sensor and VOD cable

Figure 14 Detonation sensor connected to
VOD cable configured to keep
sensor in the hole centre
The density test cell was used to determine the
average product density (refer to Table 3). The
actual hole depth was 15 m giving an average
density of 1076 kg /m3. The measurement
results are presented in Table 4. Table 4 also

Figure 12. Heavy ANFO with no EPS showing an increase in density over 48 hours for 25
m hole depth.
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Table 4

includes previous test results to allow a
comparison with non-low density products.
The detonation temperature of the low density
explosive is higher than for the non-low density
products. This is most likely due to the different
nature of the voids provided by the low density
component.

ANFO in
Chalk1

Using the average density at 25m of 1.076g/cm3
(from Table 4) in the detonation pressure equation (Cavanough et al. 2013):
/6.6

(1)

P = Denotation Pressure GPa
VOD = Velocity of Detonation m/sec
D = Density
gives a calculated detonation pressure of 2.7
GPa in close agreement with the measured value
of 3 GPa

Depth m

Density test cell measurements as
a function of depth
Average
Density
(kg/m )

Density at the
bottom of the
hole (kg/m3)

1000
1009
1039
1066
1076

1000
1018
1077
1132
1152

3

0
4.73
8.43
11.94
15.53

Gassed
80/20
doped
emulsion
in Hard
rock1

LD
Product
in
140mPa
rock

Detonation
Pres1.6 ±0.5
5.5±0.8
3.0±0.2
sure
(GPa)
VOD
3800±320
5500
4044±120
(m/s)
Density
800
1200
1076
(kg/m3)
Tempera2900±500 3150±300 4041±40
ture
(°C)

Where,

Table 3

Low density product measurements compared to previous nonlow density products measurements.

1.Data from Cavanough et al. 2013.

4

CONCLUSION

This paper reports investigations into the physical properties EPS, with regard to sensitization
of a low density explosive, and the detonation
performance. These results have shown that low
density explosives that contain EPS are self-supporting after loading, the EPS compresses when
under pressure and the EPS causes the explosive
to detonate at a higher temperature than explosives that do not contain EPS
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Calibration and validation of reactive flow model parameters
for an emulsion explosive
C. Yi, U. Nyberg and D. Johansson
Swedish blasting research centre, Luleå University of Technology, Luleå, Sweden

ABSTRACT
A series of tests for a pure emulsion explosive were carried out with PVC confinement to obtain the
velocity of detonation (VoD) and the curvature of the detonation front for different charge diameters.
The burning process of the pure emulsion explosive has been modelled with a reactive flow model in
LS-DYNA code. The parameters in the burning rate function were calibrated with the detonation
velocities and the front curvature radii from the tests. The calibrated parameters were used to predict
the VOD and the detonation front curvature radii for the emulsion explosive with mortar confinement.
The results indicate that both the VoDs and the detonation front curvature radii from numerical modelling are in good agreement with the experimental results for big charge diameters. For small charge
diameters, the predicted VoDs are in good agreement with the experimental results while the differences between the predicted and the experimental detonation front curvature radii are obvious.
1

INTRODUCTION

of charge radii (Schoch et al. 2013). This means
that the velocity of detonation (VOD) and the
detonation front curvature depend on the confiner material as well as the charge diameter in
this range. These properties cannot be accurately
predicted by ideal detonation models such as
Chapman-Jouguet (CJ) model, in which the detonation process is treated as a one dimensional
wave of infinitesimal thickness, without mass,
momentum or energy loss, in an inviscid (no viscosity) fluid (Allum 2002).

Ammonium nitrate (AN) based emulsion explosives (EEx) are widely used in mining explosives industry. The reason is the great advantages that emulsion explosives offer
compared to other types of explosives such as
ANFO. The advantages of emulsion explosive
include safety and security, excellent resistance
to water, increased velocity of detonation,
transport, handling and storage, savings in drilling operations and low gas emissions.

Several non-ideal detonation models and /or theories have been proposed to describe the detonation process of non-ideal explosives (Wood and
Kirkwood 1954; Bdzil 1981, 2002, 2007; Kirby
and Leiper 1985; Esen 2008). Hamashima et al.
(2004) developed a method to determine JWL
parameters of non-ideal explosive from the underwater explosion test. Watt et al. (2012) developed a streamline-based approach to steadystate non-ideal detonation theory. A review of
existing non-ideal detonation models was given
by Esen (2008), who presented a new non-ideal
detonation model including sensitivity analysis.

The detonation properties of explosives have
significant effect on blast performance. It is important to understand the detonation properties
of explosives in confined environment in order
to optimize the blasting performance. Typically,
the EEx are classified as non-ideal explosives,
because their detonation performances show up
a significant dependence on the charge diameter
and on the inertial confinement nature (Kirby
and Leiper 1985; Braithwaite et al. 1990;
Persson et al. 1993; Esen 2004). Typical ANbased explosives have relatively high voidage,
either for sensitizing the explosive or lowering
the explosive density. Also, the oxidizer and fuel
are located on different molecules, leading to
non-ideal detonation behavior over a large range

The Ignition and Growth (I & G) reactive model
is popular to be used to study the non-ideality of
non-ideal explosives (Price and Ghee 2009; Kim
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et al. 2014) and the model has been implemented
in several hydrodynamic codes such as LSDYNA (2014). In this paper, the reaction rate
parameters for the I & G reactive model for a
pure emulsion explosive in Polyvinyl chloride
(PVC) confinement were calibrated by the detonation velocities and the curvature radii of detonation fronts at different charge diameters which
were measured earlier, see Nie et al. (2000). Because there are several unknown parameters in
the reaction rate function of the I & G reactive
model, these unknown parameters need to be adjusted iteratively to fit the experimental results.
The conventional method (e.g. Deng et al. 1995,
1999.) to get a set of suitable parameters is often
time-consuming. Yi et al. (2015) developed a
code in Perl programming language (Christiansen et al. 2012) to make the parameter calibration efficient. In this paper, an improved code in
Perl programming language was employed to
run LS-DYNA code, adjust parameters and get
the results automatically. A series of experiments were carried out to measure the VoD and
the detonation front curvature of the pure emulsion explosive in different charge diameters with
mortar confinement. The calibrated parameters
were used to predict the experimental results.
2

the available experimental measurements of unreacted Hugoniot states, the initial sound velocity, and the von Neumann spike state (Kury et
al.1999). The reaction product JWL equation of
state is based on the measured expansion rates in
the cylinder test (Souers and Kury 1993) and
other metal acceleration tests.
The mixing rule is
V

F Ve

FVp

(2)

where Ve is the unreacted explosive relative volume and Vp is the reacted explosive relative volume. F is the fraction reacted, the complete reaction means that F = 1 and no reaction means that
F = 0. This parameter is calculated by the Ignition and Growth reactive rate equation. The reaction rate law has three terms and each is active
for different values of the reacted fraction. This
three-term rate law describes the three stages of
reaction generally observed in shock initiation
and detonation of heterogeneous solid explosive.
dF
 I(1F)b( / 0 1a)x G1(1F)c Fd py G2(1F)e Ff pz
dt

(3)

where F is the fraction reacted, t is time, 0 is
initial density, is the current density, P is the
pressure, and I, b, a, x, G1, c, d, y, G2, e, f and z
are constants for the ignition term and the two
growth terms. Three more constants are added to
the model: Fmxig, Fmxgr and Fmngr which
limit the contributions of the three terms respectively. A maximum reacted fraction Fmixg for
the first term, a maximum fraction Fmxgr for the
second term and a minimum fraction Fmngr for
the last term. For detonation, the first reaction
term represents the ignition of the explosive as it
is compressed by the leading shock wave creating heated volumes (hot spots) as the voids in the
material collapses. The fraction of explosive ignited is approximately equal to the original void
volume. The second reaction term models the
rapid formation of the major reaction product
gases (CO2, N2, H2O, CO, etc.) in highly vibrationally excited states and their subsequent expansion and equilibration. The third term is used
to describe the relatively slow diffusion controlled formation of the solid carbon particles in
the form of diamond, graphite, or amorphous
carbon (Tarver and McGuire 2002).

IGNITION AND GROWTH
REACTIVE MODEL IN LS-DYNA

The I & G reactive model in LS-DYNA originated with the work of Lee and Tarver (1980),
and was refined in a number of subsequent articles by Tarver and collaborators (1985, 1997).
Although the model was initially built to study
the sensitivity of ideal high explosives, it essentially simulates the non-idealities of explosives.
The I & G reactive model uses two Jones-Wilkins-Lee (JWL) equations of state, one for the
unreacted explosive and another one for its reaction products, written in the temperature dependent form:
P  Ae  R1V  Be  R2V   CV T / V

1

(1)

where P is the pressure, V is the relative volume,
T is the temperature, ω is the Gruneisen coefficient, Cv is the average heat capacity, and A, B,
R1, and R2 are constants. The JWL equation of
state for the unreacted explosive is normalized to
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3

CALIBRATION METHODOLOGY

As mentioned earlier, the calibration process of
reaction rate parameters is often time consuming. The values of the reaction rate parameters
should be adjusted iteratively. The calculated
VOD and the radii of the detonation front curvature need to be compared with the experimental
results iteratively. A set of suitable values of rate
parameters that fit predicted data well to all experimental results can be calibrated after iterative simulations and comparisons. To improve
the efficiency of calibration, an improved code
in Perl programming language based on the
work of Yi et al. (2015) was developed to perform the modeling. The flow chart of the calibration process is shown in Figure 2.

In order to capture the reaction of explosive in
the reaction zone which is in millimeter order
usually, the elements of the model need high resolution. An axisymmetric model was built and
was discretized with rectangle elements. The element resolution is 0.02cm which is sufficient
for commercial explosives according to Deng et
al. (1994). After calculation, the coordinates of
the centroid of elements with the maximum pressure along the element rows (in detonation front
direction) at a certain time were output. The fitted curve for these coordinates can be treated as
the detonation front at the selected time (Bergh
2013). The locus of detonation fronts at two different times were output, see Figure 1. The distance between the two vertexes of the detonation
fronts are calculated, the time difference is
known and then the VOD can be estimated.

(a)
Figure 1

The LS-Prepost in Figure 2 is the pre- and postprocessor of LS-DYNA and the Gnuplot is a
command-line program that can generate twoand three-dimensional plots of functions, data,
and data fits. The processes in the dash frame
can be processed by the Perl code. Before running the Perl code, several values should be set
to each unknown parameter. The code can vary
the values of parameters and run the LS-DYNA
with each value as different cases. All the postprocess results such as VOD, the parameters of
an ellipse for a fitted detonation front, the figure
of a fitted detonation front, the figure of detonation front curvature radii and the value of the
curvature radius at the vertex of the detonation
front can be output within two minutes after the
calculation of LS-DYNA.

(b)
Scheme of acquiring VOD, (a)
Detonation front at T2; b) Detonation front at T1.

The detonation front can be fitted to many forms,
such as circles, second order polynomials, ellipses and the natural logarithm of a Bessel function (Kennedy 1998). In this paper, the detonation front is fitted with an ellipse in the form

R 2  aZ 2  bZ  c

(3)

where R and Z are the radial and axial coordinates respectively, a, b and c are the fitting constants. The curvature radius of the detonation
front is a function of Z and is calculated by the
following equation.
k (R) 

R

1  R 

2 3/2

Figure 2

(4)
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The flow chart for the calibration
process.
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4

CALIBRATED RESULTS FOR A
PURE EMULSION EXPLOSIVE

Several sets of experiments with different charge
diameters in PVC tube were carried out by Nie
et al. (2000) to investigate the VOD and the detonation front curvature of the pure emulsion explosive. Seven of them recorded both VOD and
detonation fronts were used for parameter calibration. The recipe of the pure emulsion explosive is listed in Table 1.
Table 1

Recipe of the pure emulsion explosive

Component

Salt solution

Emulsifier
Oil
Microballoon

Ingredient
Water
Sodium
nitrate
Ammonium
Nitrate(AN)
Lubrizol
2724
Whiterex
309
3MK20

Composition
(weight-%)
14.52

Figure 3

10.88

The parameters of JWL EOS for reacted and unreacted explosives are from Nie et al. (2000) and
are listed in Table 2. The dynamic behavior of
PVC is modeled with the *mat_elastic_plastic_hydro model in LS-DYNA combined with a
Gruneissen equation of state and the parameters
are listed in Table 3. In Table 3, C, S1-S3 and
Gama0 are constants of Gruneissen equation of
state. A is the first order volume correction coefficient. The PETN which is treated as an ideal
explosive is modelled with the *mat_high_explosive_burn model in LS-DYNA combined
with a JWL EOS and the parameters of PETN
are listed in Table 4. In Table 4, A, B, R1, R2 and
ω are constants of JWL EOS, E0 is the initial specific internal energy of the PETN.

65.31
1.5
4.51
3.28

The LS-DYNA set-up for the computations is
shown in Figure 3. In order to avoid numerical
instability due to large deformation, the booster
of PETN consists of two parts. Both parts have
exactly same parameters. After a certain computation time, the first part (PETN 1 in Figure 3) is
deleted so that the computation can be carried
out smoothly to the end. Axisymmetric geometry is used in the computation.
Table 2

LS-DYNA computation set-up.

JWL parameters and the calibrated reaction rate parameters

JWL parameters of the unreacted explosive
A (GPa)
2701900
B (GPa)
-20.9
R1
23.9
R2
2.42
ω
2.42
Cv(GPa/K)
2.58e-3
T(K)
298.0

JWL parameters of the
reaction products
A(GPa)
505.59
B(GPa)
14.77
R1
6.12
R2
2.1
ω
0.6817
Cv(GPa/K)
1.0e-3
E0 (GPa)
3.58
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Reaction
model
I
b
a
x
G1
c
d
y

rate parameters for 3 terms
4000.0
0.667
0. 05
7.00
45
0.667
0.222
1.0

G2
e
f
z
Fmixg
Fmxgr
Fmngr

800
1.0
0.222
3.0
0.01
0.50
0.00
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Table 3

Parameters of PVC

Density
1367 kg/m3
Table 4

Shear modulus
1.15 GPa

Yield stress
37.8 MPa

C
2314 m/s

S1
1.469

S2
0

S3
0

Gama0
0.40

A
0

Parameters of PETN

Density
1500 kg/m3

VOD
7450 m/s

CJ pressure
22 GPa

A
625.3 GPa

B
23.29 GPa

R1
5.25

R2
1.6

ω
0.28

E0
7.78 GPa

burn fraction of the same case are shown in Figure 5(b) with the calibrated parameters.

(a) VOD vs. the inverse of charge diameter

a) Contours of pressure
of 34mm charge
diameter

Figure 5
5

Example of numerical results
with calibrated parameters.

VALIDATION OF THE CALIBRATED
PARAMETERS

To validate the calibrated parameters, a series of
tests were carried out for the pure emulsion explosive with a mortar confinement in different
diameters. The set-up for detonation curve
measurements is shown in Figure 6.

(b) Radii of curvature vs. the charge diameter

Figure 4

b) Contours of burn
fraction of 34mm
charge diameter

Comparisons between experimental results and numerical results.

After iterative simulations, a set of suitable parameters for the reaction rate function in the I &
G reactive model was calibrated for the pure
emulsion explosive and is listed in Table 2. The
results of the simulations for the pure emulsion
explosive together with the experimental results
are shown in Figure 4. It can be seen that the radii of front curvature are in good agreement with
the experimental data while VOD is not good for
charge diameters below 22 mm maybe because
of unsteady detonation.

Figure 6

Set-up for detonation curve measurement.

Figure 7 (left) shows details of the charge end
surface. In Figure 7 (right) the detonation front
is shown as it is pictured on the streak camera
CCDs.

The contours of pressure of 34 mm charge diameter are shown in Figure 5(a) and the contours of
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Flat mirror
reflecting
light to

camera

Figure 7

Lag ≈ 1 μs

Assembly of breakout surface,
image scale, VOD probe, argon
hose and indication of camera slit
(left) and original detonation
wave breakout profile for pure
emulsion explosives test T6 Ø65.3
mm charge (right) recorded at
CCD.

Figure 8

Stress limit surfaces and loading
scenario in the RHT model.

The numerical results and the experimental results for the pure emulsion explosive with a mortar confinement are shown in Table 5.

Numerical modelling for the detonation of the
pure emulsion explosive in a mortar cylinder
was carried out to validate the calibrated parameters. The numerical model is similar with the
model in Figure 3. Only the confinement is mortar with different thicknesses. The Riedel-Hiermaier-Thoma (RHT) material model in LSDYNA was used to describe the behavior of the
mortar. RHT material model is an advanced
damage plasticity model for brittle materials
such as concrete and rock (Riedel et al. 1999).
The material model involves three limit surfaces
that describe the strength of the material see Figure. 8 (Borrvall and Riedel 2011). The first surface is the yield surface that is limited by a cap
surface. Beyond this surface, the material starts
to deform plastically with a linear hardening description. When the material reaches the failure
surface, the damage of the material starts to
evolve until the damage is equal to one. When
the residual surface is reached, the material is
considered to be fully damaged and the strength
is determined by the residual surface. The strain
rate effect is also included in this model. The parameters of mortar used for RHT model can be
found in Yi (2013).

It can be seen that for the cases of 50 mm and
65.3 mm diameter, both VoD and curvature radius of the detonation front from numerical modelling are in good agreement with those from experiments. For the case of 40mm diameter, the
VoD from numerical modelling is a little higher
than VoDs from Tests 7 and 8. The relative difference is about 5.6%. Therefore, the numerical
result is acceptable. The VoD recording of Test
9 is not so good. For the case of 25 mm diameter,
the VoD of numerical modelling is much close
to the experimental VoD for both tests while the
curvature radius of the detonation front is less
than that of experimental results.
Table 5

Numerical and experimental results with mortar confinement

Numerical
results
Diam.
Test
Cur.
(mm) VOD
Radius
(m/s)
(mm)
T2
50,0
T3
50,0
5469 118.2
T4
50,0
T5
50,0
T6
65,3
5638 141.4
T7
40,0
T8
40,0
5324
78.9
T9
40,0
T10 25,0
5094
47.4
T11 25,0
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Experimental
results
Cur.
VOD
Radius
(m/s)
(mm)
5455 119.0
5499 112.4
5194 122.1
5214 127.3
5683 138.0
5072 94.6
5009 93.6
3387 102.9
4987 81.7
4937 62.0
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CONCLUSIONS
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Kennedy, D.L. (1998) Multi-valued normal
shock velocity versus curvature relationships
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of the 11th International Detonation Symposium.
Kim, B., Park, J., Lee, K.C. and Yoh, J. (2014)
A reactive flow model for heavily aluminized
cyclotrimethylene-trinitramine. Journal of
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176-186.
Kury, J.W., Breithaupt, R.D, Tarver, C.M.
(1999) Detonation waves in trinitrotoluene.
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The reaction rate parameters in the Ignition and
Growth reactive model were calibrated for a
pure emulsion explosive by the detonation velocities and the detonation front curvature radii
at different charge diameters. A code in Perl programming language was developed to make the
parameter calibration efficient. The calibrated
parameters were used to predict the detonation
behavior of the emulsion explosive in different
diameter with mortar confinements. Comparison
between the predicted results and the experimental results indicates that the accuracy of the
prediction is acceptable. The calibrated reaction
rate parameters can be used for numerical modelling of emulsion explosives and confinement
used in this paper.
ACKNOWLEDGEMENTS
The authors would like to thank the support from
the project of SLIM funded by the European Union’s Horizon 2020 research and innovation program un-der grant agreement nº 730294 and the
support from CAMM2.
REFERENCES
Allum, J. (2002) A study of the behaviour of
emulsion explosives. Ph. D Thesis, Cranfield
University.
Bergh, M. (2013) Personal communication.
Bdzil, J.B. (1981) Steady-state two-dimensional
detonation. J. Fluid Mech. 108:195-226.
Borrvall, T. and Riedel, W. (2011) The RHT
concrete model in LS-DYNA. 8th European
LS-DYNA users conference. Strasbourg,
Germany.
Braithwaite, M., Farran, T., Gladwell, I., Lynch,
P.M., Minchinton, A., Parker, I.B. and
Thomas, R. M. (1990) A detonation problem
posed as a differential/algebraic boundary
value problem. Math. Engng. Ind. 3: 45-57.
Christiansen, T.,Wall, L. and Orwant, J. (2012)
Programming Perl: Unmatched power for
text processing and scripting, 4th edition.
Deng, J.H., Nie, S.L. and Chen, L. (1995) Determination of burning rate parameters for an
emulsion explosive. SveBeFo Report 17.
Deng, J.H., Nie, S.L., Nyberg, U. and Ouchterlony, F. (1999) A burning model for five

465

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

analysis using a new macroscopic concrete
model for hydrocodes. In: Proceedings of the
9th International Symposium on Interaction
of the Effects of Munitions with Structures,
Berlin. 315-322.
Schoch, S., Nikiforakis, N., Lee, B. and Saurel,
R.
(2013) Multi-phase simulation of ammonium nitrate emulsion detonations. Combustion and flame.160:1883-1899.
Souers, P.C., Kury, J.W. (1993) Comparison of
cylinder data and code calculations for homogeneous explosives. Propellants, Explosives,
Pyrotechnics 18:175.
Tarver, C. M. and McGuire, E.M. (2002) Reactive flow modeling of the interaction of
TATB detonation waves with inert materials.
12th International Detonation Symposium.
(San Diego, California)
Tarver, C.M., Hallquist, J.O. and Erickson, L.
M.(1985) Modelling short pulse duration
shock initiation of solid explosives, The

Eighth Symposium (International) on Detonation, 951-960. (Albuquerque, NM, USA)
Tarver, C.M., Kury, J.W. and Breithaupt, R. D.
(1997) Detonation waves in triaminotrinitrobenzene, J. Appl. Phys, 82, 3771-3782.
Watt, S. D., Sharpe, G. J., Falle, S. and
Braithwaite, M. (2012) A streamline approach to two-dimensional steady non-ideal
detonation: the straight streamline approximation. Journal of Engineering Mathematics,
75(1): 1-14.
Wood, W.W. and Kirkwood, J.G. (1954) Diameter effect in condensed explosives. J. Chem.
Phys. 22, 1920-1924.
Yi, C.P. (2013) Improved blasting results with
precise initiation-Numerical simulation of
small- scale tests and full-scale bench blasting. Swebrec Report 2013:2.
Yi, C.P, Nyberg, U. and Johansson, D. (2015)
Parameter determination of an ignition and
growth model from emulsion explosive tests.
Fragblast 11, Sydney.

466

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Mass blasts in surface and underground operations
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Present-day sublevel caving functionality uncovered – what`s
next?
M. Wimmer and A. Nordqvist
LKAB Kiruna, Sweden

ABSTRACT
High-performance sublevel caving (SLC) relies essentially on blast function, fragmentation and gravity flow. For the ore recovery to be as high and the waste rock dilution as low as possible all three
elements have to work as planned. R&D work in this field is ongoing for decades and will continue
to be of importance as safety and efficiency needs enhancement in deep underground mass mining.
In recent years, the approach has though substantially changed. Using new technologies and customized measurement systems, a holistic approach to study the functionality of SLC at LKAB`s Kiruna
mine was pursued. Full-scale production rings are highly instrumented which enable a comprehensive
study of both the initial blast movement and subsequent gravity flow. Mucking at the draw point as
the only apparently visible process is monitored in detail as well. In addition, numerous downscaled
blasting tests contributed to fill possible knowledge gaps for blasting in confined situations but were
also necessary for the development of different measurement systems. Combined with the analysis
of flow disturbances from hang-up surveys the understanding of current SLC functionality has improved significantly. It is now time to consistently implement results and reap the awards! The present
paper gives a synopsis of the past 10 years SLC research together with an outlook of future actions,
condensed in a program entitled “SLC 2020”.
1

INTRODUCTION

Sublevel caving (SLC), see Figure 1, is a mass
mining method based upon the utilization of
gravity flow of blasted ore and caved waste rock
(Kvapil 1998). It relies on the principle that ore
is fragmented by blasting while the overlying
host rock fractures and caves under the action of
mine induced stresses and gravity. Thereby the
caved waste originating from the overlying rock
mass fills the temporary void created by ore extraction. SLC is used in LKAB`s Kiruna mine
since mining transferred underground in the
early 1960s.

Figure 1

Sublevel caving in LKAB´s iron
ore mines.

To remain profitable from ever increasing
depths in an extremely competitive iron ore market the scale has changed dramatically in the
1990s (Hustrulid & Kvapil 2008), see Table 1.
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Table 1
Year
Sublevel
height
Drift
spacing
Drift size
wxh
Ring
Burden
Blasthole
diameter

Change in SLC geometry at the
Kiruna mine.
1963

1983

1995

2008

m

9

12

27-29

27-29

m

10

11

25

25

m

5x3.5

5x4

7x5

7x5

layout
ton
m

fan

fan

fan

silo

660
1.6

10000
3

10000
3

mm

45

1080
1.8
5776

115

115

Hence, it is reasonable to assume a somewhat increased primary recovery. However, this does
not necessarily show up in the run-of-mine figures. Persisting to use the fan-shaped design, the
shorter and flatter side holes still fulfill the function of pre-breaking. Losses are again eradicated
with the staggered drift pattern. That seems to be
the case with LKAB`s Malmberget mine which
still uses the fan-shaped design with a comparable overall result.
Curiously enough, silo-shaped ring designs were
already tested in the early years but could not
prevail
LKAB´s competiveness highly depended
throughout the years on the use of cutting edge
mining technology but also the R&D work related specifically to better understand the functionality of large-scale SLC. At the heart of the
SLC process lie the core elements blast function,
fragmentation, and gravity flow (Wimmer
2012). For the ore recovery to be as high as possible and for the waste rock dilution to be as low
as possible all three elements have to work as
planned. They are affected by a number of given
factors and controllable factors. The effect of
rock mass characteristics and a semi-confined
blasting situation are largely unknown. The controllable factors are related to mine planning
(SLC and ring design), charge and initiation pattern, performance of drill and blast work, and
draw control.

Early on, it was already tried to change the ring
design from fan-shaped to silo-shaped, i.e. to
make the side angles steeper. However, it could
not prevail because probably the accuracy in
drift development and drilling was rather poor
(Kullman & Hermansson 1971). First the technological progress with drill and charging technique made a change finalised in the year 2008,
see Figure 2.

All three elements were intensively investigated
in different projects in the last decade. Even
though most of the research has a reference to
the Kiirunavaara mine, generally valid conclusions can be drawn on confined blasting and its
impact upon material flow characteristics. The
present paper gives a synopsis of the research together with an outlook of future actions to implement the learnings in production.
Figure 2

North-South section showing the
transition from fan-shaped to
silo-shaped ring design.

2

PRESENT-DAY TOOLS IN SLC
RESEARCH

2.1 Marker tests

This new design reflects also well the marker trials made at the late 1990s in which one has seen
that flow occurs within a relatively slim vertical
zone (Larsson 1998, Quinteiro et al. 2001).

Gravity flow has been studied throughout the
years at the Kiruna mine by so-called markers
installed in extra boreholes within the burden
(Kullman & Hermansson 1971, Larsson 1998).
They should survive the blast, follow the gravity
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flow and end up at the muck pile where they can
be detected. Earlier it was common practice to
use simple markers e.g. pieces of steel cables
with an unique identity. However, the required
manual detection was both tedious and imperfect.

2.2 3D surveys
Both the actual blasted geometry and the breakage itself are hidden in the controlled SLC mining operation, which makes it very difficult to
observe the actual blasting result. However, under certain conditions observations are possible
in an open cavern, e.g. in the opening phase,
remnant pillar situations or hang-ups.

In recent years, markers based on long-lasting,
shock-proof RFID technology (Whiteman 2010)
became available which enable a much more reliable detection nowadays. Due to the high attenuation of radio waves in magnetite the marker id
cannot always be reliably detected from the
filled LHD bucket but markers are successfully
detected at the ore pass while dumping.

This idea was originally implemented in a dedicated test area in the LKAB Malmberget mine
with blasts into an open stope, which allowed
taking photographs in steps from the bottom to
the top of 3 ring faces (Rustan 1993). The subsequent interpretation of 2D images stitched together led to revised design rules and to a recommendation for an increased minimum
distance between charged boreholes to obtain
undisturbed detonations.

In the current tests an intense coverage of the
blasted SLC ring with regards to both depth,
width and height is sought which leads to an alltime high measurement resolution for gravity
flow. For this purpose, up to 18 additional boreholes are drilled within a 3 m burden, which contain about 220 marker. A prerequisite for an accurate evaluation is the detailed survey of all
boreholes (Wimmer et al. 2014).

This idea was resurrected and given the tremendous development in imaging technology since
then, a photogrammetry system was actually put
into operation in 2008 (Wimmer et al. 2012). To
enhance safety against a debris surge an additional pile of material is loaded in-front of the
carrier with the camera crane mounted.

The holistic approach of recent marker tests requires measurement of several factors influencing the gravity flow:
-

Blast performance is verified by high-speed
filming, near-field vibration monitoring and
VoD measurements.

-

Fragmentation is evaluated from images with
different techniques (Wimmer et al. 2015)

-

Mucking at the draw point is closely monitored with regards to the position of the LHD
bucket during filling, the corresponding inflow, weight and volume of the filled bucket.

The system delivered accurate 3D image colour
data at a low hardware cost, which is relevant
given the risk of sudden rock fall or even collapse of the surveyed cavity. A reasonable large
data set with totally 30 surveyed SLC ring blast
inside openings was evaluated (Wimmer et al.
2012). This made it possible to study, i) broken
geometry and height, ii) over- and underbreak
and their effects on subsequently blasted rings,
iii) interaction effects between adjacent
holes/rings, iv) mapping of geological structures
and their influence on the blast result, and v)
drilling accuracy based on identified boreholes.
In an attempt to categorize breakage problems
also a considerable proportion (10% of the incompletely broken holes) was found to be
caused by undetonated charges. To eliminate
these problems has been a focus through many
years (Nordqvist 2013).

The preparation and realization of suchlike tests
is a long-time project. At this stage, the results
from test 1 with totally 10 SLC rings, performed
in block 12 at level 820 m, are available
(Nordqvist & Wimmer 2014, Nordqvist & Wimmer 2016). Another test is currently ongoing in
block 26 at level 1051 m, for which a coarser
fragmentation is expected.

The photogrammetry system did not reach beyond the prototype stage so that it was replaced
in 2014 by a system which combines a 3D scanner with panorama photography (Clauss 2015).
A full scan (sphere) consists of about 4 Million
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In recent years, the focus was very conscious on
simple test geometries, which should allow parametric analysis for blasting against confinement (Johansson 2011). Petropoulos (2017)
went one-step further and studied the behavior
of the confining material with a specially developed impact test machine, which should mimic
blasting conditions.

laser points and 1 Gigapixel panorama photo
(built up using 120 color photos) and takes about
20 minutes in asynchronous mode. In addition,
HDR imaging is supported.
In the past focus was increasingly the survey of
a specific hang-up type, see Figure 3. The actual
hang-up evolves from an obstruction in the upper part of the extracted SLC ring caused by either incomplete breakage or clogging of the flow
zone during the run of extraction. Such ‘frozen’
hang-up situations, in which a temporarily stable
arch is built up during further extraction, might
be viewed as a snap-shot to investigate the blast
result and its effect on gravity flow. Depending
on the actual stability conditions, several of the
previous SLC rings might be uncovered. With
continued extraction, the cavity enlarges and finally become unstable, collapses and both previously ‘frozen’ ore and waste enter the draw point
periodically.

Figure 3

Principle sketch
hang-ups

of

Parallel to lab work a series of drift wall blasting
tests were carried out in the last decade (Olsson
et al. 2009, Wimmer et al. 2012, Petropoulos
2017). The basic idea has been to instrument the
burden with various sensors to study the effect
of confinement on dynamics of burden movement and breakage in full-scale. Studies of burden movement have been carried out in the past
with various systems ranging from very simple
to advanced ones but with installation in-front of
the blast. By contrast, the recent tests required
the measurement of burden movement from the
reverse side. All measuring equipment must
therefore be installed inside a borehole or alternatively at the borehole collar. The drift wall
blasting tests were primarily for the development of suitable measuring methods, however,
important findings could also be obtained.
The methods developed are mature now so that
they were employed in full-scale (Petropoulos
2017). About 50 m long measurement holes
were drilled from a footwall drift into a specific
burden covering the middle and upper region of
two SLC rings, see Figure 4.

surveyed

To date, about 15 surveys are existent. Especially interesting above all are the surveys made
in conjunction with the extraction of the marker
rings (see 2.1) with the purpose to verify different results.
2.3 Blasting experiments
Small-scale flow models have provided important input for the design of block and sublevel
cave mines from the beginning despite numerous limitations (Wimmer 2010). It was recognized that small-scale flow modeling also needs
to incorporate blasting due to the importance of
material properties on flow behavior (Rustan
2000). As a result SLC designs were laboriously
reproduced in scale (Rustan 1970, Zhang 2004).

Figure 4
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Burden instrumentation of SLC
blast rings in block 26 at 1022 m
level (N Petropoulos, pers.
comm., 21 Feb)
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The purpose of the holes is different:
-

TDR cables will indicate under- and overbreak (holes in black).

-

So-called live systems (accelerometers and
potentiometric displacement sensor) will
measure burden acceleration and displacement (holes in red).

-

Draw wire sensors are used to measure the
post blast movement of blasted burden (holes
in blue).

As the instrumented SLC rings are actually part
of the ongoing marker test (see 2.1) it is expected
to gain a comprehensive picture of the processes
from the time of first burden movement until final extraction at the respective level.
3

BREAKAGE AND FLOW
MECHANISMS

The wealth of data available from the use of different research tools (see 2) has led to an improved general understanding of gravity flow
(see 3.1) but also enabled the differentiation of
two different flow types (see 3.2).

Figure 5

3.1 General appearance of gravity flow

Hang-up observation with gravity
flow lenses, drift 135, 792 m level.
Image and section at 776.8 m with
projection of the flow lens from
ring 7.

Its convex shape primarily reflects the available
swell. The concave shape of the rear side in turn
reflects the swell for the subsequent ring. It is
also the “mirror image” of the ring face after
blasting (over- and underbreak). Additional to
this, Mucking might also promote such a shape.
Given the wide LHD buckets (~ 3.6 m) relative
to the drift width (7 m including ditches), some
material is always mucked from the center. Also,
boundary conditions at the sides might be relevant and hence cause the observed crescentshaped flow lenses. The shape itself is similar for
different flow types (see 3.2 and 3.3), but its size
is different. Actually, the flow lenses from ring
7 and 6 in Figure 5 are actually an example for
shallow and standard draw, respectively

Based upon 3D surveys in hang-up situations,
see 2.2, it was found that gravity flow occurred
in well-defined, crescent-shaped lenses, see Figure 5. However, the mapped flow lenses are considered unbiased, as they exposed from previous
rings, for which the operating figures indicate a
disturbance-free extraction. Comparing the
mapped flow zones with the corresponding
marker data at a specific height shows that the
marker data does reveal coherent flow zones
(Wimmer 2017). Hence, it might also be erroneous to assume that marker recovery equals primary recovery. Markers might not only exhibit
different flow behavior than rocks but also be
undetected or rather delayed in detection at a
certain draw point.

Burden movement is initiated due to dynamic
loading of the blast holes followed by dilation of
the blasted ore, which swells into the flow zone
of the previous rings. As this available zone
might be limited in depth and width, this implies
both compaction and secondary fragmentation
of the material in front of the burden. Blast holes
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multiple of the burden (Belen`kii et al. 1969,
Petropoulos 2017). There is evidence that
slightly wet material exhibits a larger compaction zone (Petropoulos 2017). Surveys inside
hang-ups reveal that the material in-front of an
SLC ring with standard draw is competent in
such a way that it can build up the limiting wall
towards the cave masses. The large angle of repose indicates the introduction of tensile
strength in the material at the burden interface.
This was also clearly observed in the drift wall
blasting tests (Petropoulos 2017). Likely,
slightly wet material conditions intensify this effect and lead to an apparent cohesion (Parker
2003).

first in the initiation sequence, i.e. the mid holes,
are thereby in favor of the largest swell possibility. Gradually the available porosity diminishes
with the initiation of further boreholes. Finally,
the side holes are confined to such an extent so
that a loosening of the material is difficult or
even impossible to achieve, some dilation of the
burden interface might though occur.
An important insight from mapped flow zones,
ranging from 5-35 m height from the roof, is that
their width is virtually unchanged. The width of
flow zone is assumed to actually depend on the
fragmentation characteristics given a certain
ring design. However, this hypothesis is expected to be confirmed by the results from
marker test 2 (see 2.1). Marker data indicates
that the flow area in the uppermost top of the
SLC ring might change again. It is reasonable to
assume that flow is unrestricted (like a block
cave draw point) and that it ideally alters to an
uniform cylindrical flow (Brunton et al. 2011).
It might also reflect the available swell volume
which is assumingly large for the mid holes in
the upper part (= start of initiation)- the blasted
material closest to the brow has the highest
available swell as it can fill the void in the drift.

Overall, it suggests a “stiff” blasting with extensive compaction of the cave masses in-front. Not
least, the choice of 25 ms delays between the
blastholes contributes to this effect. This interface temporarily builds up a stabilized strip and
hence allows essentially an extraction of the entire burden (3 m). An important insight, though,
is that the compacted interface is not - as erroneously assumed by Kvapil (2004) - caused by
some of the ore being pressed into the gaps of
caved waste.
Basically, standard draw corresponds to the way
in which the extraction of SLC rings should
work. However, dilution also occurs at an early
stage (see Figure 8) and obviously then derives
from in-front. This form of inflow is regarded as
critical; since it presumably contains a high proportion of waste.

Summarized, the post-blast situation reflects a
blasted burden with significant spatial differences in fragmentation and porosity. This affects
material mobility and the initial conditions for
gravity flow.
Depending on the initial situation for the blasting of an SLC ring with respect to the extraction
of previous rings different flow types might develop.

Based upon the marker data it is not clear to say
at which height this inflow occurs. However,
from the 3D surveys, which show well-delimited
flow lenses, a lateral waste inflow, appears
though implausible at least at the actual height
of observation. Consequently, it can only be
speculated that this happens

3.2 Standard draw
For standard draw, flow propagates in both
height and depth. Figure 6 is a typical example
for the progressive extraction of markers.
In the case of standard draw, a favorable condition for blasting into compressible materials is
existent. The burden of previous rings is broken
and mobilized during extraction, so that the expected flow zones are now filled with cave
masses with a fairly high porosity. Depending on
the actual material characteristics and the blast
design, the depth of compaction might exceed a
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-

at the bottom of the draw point when the LHD
penetrates deeply,

-

higher up (cavity formation hypothesis) or

-

at any height if the compaction is insufficient.
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15 % extraction

53 % extraction

Final (94 %) extraction

Standard draw, ring 99-21
46 % extraction

112 % extraction

Final (152 %) extraction

Shallow draw with very late transition to standard draw, ring 101-16
Markers from the burden

Marker from a ring behind the burden

Detected in an extraction rate interval

Marker from a ring in front of the burden

Figure 6

Spatial recovery of RFID markers at different extraction, example for standard and
shallow draw, marker test 1.

so early. In analogy with the observations from
the drift wall blasting tests (see 2.3), it is assumed that fine fragmented fine ore drawn initially originates from an erosion of the blasted
burden (Petropoulos 2017). The depth of the
flow zone is close to half of the burden (1.2-1.5
m). With the experiences from confined blasting

3.3 Shallow draw
For shallow draw, flow propagates along the
blasted ring plane and reaches the uppermost top
very early (at about 10-20% extraction). There
are indications on an initially existing slot which
might cause markers installed high up to report
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The type of material filling the flow zones in
shallow draw (see Figure 5) seems to be purely
waste rock (ochre-colored) and reflects that
mucking was ceased as waste rock inflow became too large. Several mechanisms, such as
self-breakage and abrasion during long flow
paths but also crushing through the blast loading
might be relevant for the fine fragmentation.

tests (Wimmer et al. 2012, Petropoulos 2017), it
is fair to assume the front part of the burden only
being fractured but still immobile because porosity is not present. The controlled blasting tests
rather show the extremum as the blast holes were
simultaneously initiated.
Depending on the actual remnants above, the
material drawn might actually still report with
high Fe-content. In most of the shallow draw
scenarios recorded (5 out of 7) in marker test 1
(see 2.1) a blockage of the narrow flow zone has
occurred at an extraction rate of 65-125%. This
mechanism can be described as shallow draw,
which shifted to delayed standard draw. An example is Figure 7 which captures the narrow
flow zone and its blockage just before the actual
collapse of so far immobilized burden material
happened.

If the recovery of these remnant pillars does not
succeed though the formation and collapse of a
temporary hang-up, they are consistently exposed to further loads with the subsequent ring
blasts. Its slim nature in combination with the
overall stress field causes them eventually to
fail. A recovery of these remnants on the lower
levels appears to be successful, if the total recovery is compared with the primary recovery figures (see 3.4).
3.4 Operational impact

Figure 7

Large variations in the performance between
large-scale SLC rings (recovery/extraction rate)
are well known since a long time but details
about disturbed flow were not revealed. Nowadays, the occurrence of disturbed flow in largescale SLC is generally recognized (Power 2004,
Brunton 2009) and limited to three main conceptual models are i) standard draw, ii) shallow
draw and iii) deviatory apex draw..

Blockage of flow zone at 28-30m
height at 78% extraction for ring
19, drift 101, 820 m level.

Apex draw is when the flow deviates out of one
or both upper draw points due to low mobility in
the apex. This observation was made in the 7holes ring design at the Ridgeway mine in Australia. However, it was not explicitly observed at
the Kiruna mine yet. It is believed that there are
less breakage problems with a ring design,
which has 2 blast holes in the apex instead

Based upon this flow type, the draw is preserved
for a long time from dilution in-front of the ring,
and enables finally also an essentially complete
extraction of the burden depth wise. Figure 6 is
a typical example for the progressive extraction
of markers.
Potential remnant ore “pillars” in-between flow
lenses are incompressible and act as a limiting
wall for the blast compaction. It is solely (Apart
from negligible swell into the draw point) the
flow lens of the preceding ring, which allows the
burden of the subsequent ring to swell. Hence, in
this situation compaction equals swell numerically, which can be measured by a diligent geometrical evaluation of completely exposed flow
lenses in combination with data from borehole
surveys. The maximum swell (distance) is in the
order of 10-20 % in the mid part of the ring. At
the sides swell is almost inexistent, some dilation might though occur.

Nevertheless, so-called disturbed flow cannot be
equated with bad performance. Evidence for this
is manifold:
1. During normal production undetected, but in
3D surveys revealed flow zones from shallow draw can deliver amazingly good results
(Wimmer et al. 2012). To give an example,
a recovery of 117% at an extraction rate of
134% was observed for ring 18 in drift 99
during the marker test 1 (Wimmer 2017).
The flow lens had an area of merely 5.5 m2
(width 5m, depth 1.5m) and did not shift to
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standard draw. All the extracted ore is assumed to have passed through this narrow
zone.

3. In operational mining many hang-ups are not
recorded, but are rectified by the mucking
procedure. If that does not succeed, pillars
seem to degrade relatively easily. This is also
reflected in the results from marker test 1. If
primary recovery is just about 50-60%, the
total recovery is up to 80-85%. In addition,
SLC always allows revisiting upper levels
for which production was ceased once. This
kind of loading of remnants at the footwall
contact has proven to be profitable in the last
years. Hence, if applied on large-scale the
method itself is inherently forgiving mistakes.

2. Operational figures for the SLC rings from
marker test 1 show that shallow draw actually outperforms standard draw, see Table 2.
Table 2
Draw
type
Standard
Shallow

Summary, extraction and recovery in marker test 1
SLC
rings
3
6

Extraction
%
66-100
119-152

Recovery
%
46-67
86-120

Note: The figures for shallow draw in ring 19/drift 99
(extraction 43%, recovery 30%) are not shown. Mucking was stopped at an early extraction rate. Due to
charging problems the upper part of the SLC ring remained unbroken."

The SLC rings studied in marker test 1 point out
that out that the behavior of subsequent SLC
rings highly depend on the initial situation prior
blasting. This means that the draw mechanism
for the subsequent SLC ring may not be changed
without a specific event. For example, an un-released temporary hang-up results in a void situation for blasting which might enable a change
from shallow draw to standard draw behavior
(Wimmer 2017). However, unclear are still the
mechanisms that cause a certain draw type to develop initially.

Even though the data set is small, it shows that
shallow draw can be beneficial, in particular if it
deepens during the run of extraction. This raises
the question when to continue and when to stop
loading. In Figure 8 extraction curves for standard draw respectively shallow draw are compared. Standard draw (ring 99-21) is characterized by a gradually decrease in Fe content.
Shallow draw (ring 101-16) is characterized by
a possible late peak in Fe content. However, depending on the inflow from above the ore content may also remain at a high level throughout
the extraction (ring 99-18). A way forward could
be developing methods for identifying shallow
draw early and finding new methods/strategies
for proper handling during extraction.

4

“SLC 2020” PROJECT

The purpose of the “SLC 2020” project is to implement the latest research results in production.
Focus areas are working methods and the actual
technique for drilling, blasting and loading
openings and standard SLC rings. Specific goals
should be achieved by developing, testing, evaluating, and implementing ideas from now to
2020.
Overall, the extraction/recovery ratio in the mine
is excellent. Hence, the room for improvement is
rather of incremental nature, which is not less
important. For example, it is considered difficult
to outperform an already high recovery. However, if the same recovery can be reached at a
lower extraction rate (i.e. less dilution), costs are
lower and capacity might be increased.

Figure 8

The benefit for some improvements is not always easy to determine. What is, for example,
the practical value for increasing the primary recovery to a certain level (measurable with markers only) if the total recovery (measured in tons
Fe) is satisfactory?

Fe content versus extraction rate
for SLC rings with different flow
types from marker test 1.
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By contrast, the benefit of other improvements
is obvious even though it might be difficult to
quantify; for example, if the safety for charging
is improved or if the blast function is improved
so that more holes detonate and nitrogen losses
decrease.

The stepped SLC ring induces an “artificial
hang-up” corresponding to a temporary hang-up,
which might preferably develop and allow a
shallow draw to deepen (see 3.3). The burden
does not change relatively seen between rings.
The expected result of the experiment is that
very limited dilution occurs up to about 50-70%
extraction, i.e. up to the maximum expected primary recovery. A retained/increased Fe recovery
at a lower extraction rate should outweigh the
extra effort for drilling and charging.

In the following, recent ideas to optimize the
production from SLC rings should be briefly
outlined. The first idea is to hinder shallow draw
to develop by an altered drill design, see Figure
9.

Figure 9

Staggered SLC ring design

The second idea (Ouchterlony 2016) is to change
the initial situation for gravity flow fundamentally with respect to fragmentation and porosity.
It comprises the blasting of two rings in reverse
order, see Figure 10.

Figure 10 SLC ring design with free face
blasting situation
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The task for ring 1 is to compact and stabilize the
cave masses in front, whereas ring 2 can utilize
a free face and swell volume behind. Ring 1 and
2 might be termed a pre-split and production
ring, respectively. Ring 1 should be initiated
near simultaneously whereas the boreholes in
ring 2 should be individually delayed at the time
of maximum burden movement. This idea is definitely worth to test but requires further engineering and preparatory work, e.g. the feasibility
to charge larger holes (> Ø 115 mm) and its ability to pre-split different S/B ratio need to be investigated.
5
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CONCLUDING REMARKS

The combined results of the last 10 years research has led to a sufficiently accurate understanding of the functionality of present-day
SLC. Even though not in detail described herein,
a variety of possibilities for improvement were
identified. In the short-term, the briefly outlined
“SLC 2020” project will now focus on the optimization of working methods and techniques.
Even if the research is based on the conditions in
the Kiruna mine for the time being, most of the
results are considered applicable to similar operations. The results obtained should also be used
more frequently to calibrate numerical models in
the near future.
In the long term, the present-day SLC design
possibly may require a major review. Production
on recent main levels in both LKAB underground mines will actually diminish before
2030. It is therefore indeed high time to design
the future mining and production system. Crucial questions are related to the functionality of
the SLC method and mastering of rock mechanical problems at large depth. Future infrastructure investments and the estimated higher production costs require an even more efficient
production. It remains to be answered if this is
achievable by upscaling again the SLC layout or
if a new mining method needs to be developed.
To address these questions, LKAB has recently
started a framework program referred to as
“Mine 5.0”.
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Mechanics of dynamic rock blasting
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ABSTRACT
Blast-induced fines often negatively influence economics and environment. The Austrian Science
Fund (FWF) sponsors a project to investigate the cause of the fines by studying blast fragmentation
of cylinders by means of experimental tests and by numerical simulations. The tests include blastloading confined rock or mortar cylinders by detonating cord with 6, 12 and 20 g/m of PETN. The
blast-driven radial cracking with branching and merging at the end face of the cylinder opposite to
the initiation point is filmed by means of high-speed photography at 20,000-37,000 frames per second
(fps). The filming is followed up by CT scanning of the internal crack systems. The investigation will
also include sieving of specimens that have been broken open to quantify the amount of fine material
created. The paper describes the test set-up, the resulting crack development and patterns, and how
these might be related to the generation of the fines
An investigation on blast fragmentation and
fines usually includes further simplification of
the approach by altering the investigation focus
from multi-hole blast rounds to single-hole
blasting (Ouchterlony & Moser 2012a).
Accordingly, single-hole blast tests in small
scale, along with numerical modeling, provide a
more direct and seemingly less complicated
approach. Many researchers have included
small-scale blast tests to investigate the effects
of blast loading in rock and mortar samples on
the resulting fragmentation and crack patterns
(e.g. Wilson & Holloway 1987, Moser et al.
2003, Reichholf 2003, Grasedieck 2006,
Johansson 2008, Schimek et al. 2013). Although
post-blast observations may infer that the
branching-merging mechanism causes the
majority of fines, it has not been directly
observed in rock and mortar.

1 INTRODUCTION
Rock exploitation and processing highly rely on
rock breakage and fragmentation procedures. Up
to date, explosive blasting is the most effective
commercial method for initial breaking and
primary fragmentation of rock material.
However, the highly dynamic process of rock
blasting results in many negative effects
including generation of waste fines. With
development of modern technologies and
demands for sustainable and low-impact rawmineral production, blast-induced fines attract
increasing attention (Moser 2005, Ouchterlony
and Moser 2012b, Bhandari 2013).
The necessity of understanding the process of
blast-fines generation has resulted in large
research efforts to provide a theoretical
explanation. Much interest has been attributed to
possible sources of blast-induced fines and how
they are related. Ouchterlony & Moser (2012b)
provided an overview of traditional models of
blasting fines and related experimental research
indicating their major aspects and issues.
Furthermore, they suggested the branchingmerging mechanism during dynamic crack
propagation as a possible major source of fines.

The ongoing three-year FWF project “Fines
generated by dynamic crack propagation, as in
blasting of rock,” which started in late 2015,
aims to find out if the branching-merging
mechanism is a major source of blast fines. The
project consists of developing an experimental
method and a numerical model for capturing and
evaluating blast-induced dynamic crack
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2 TEST SET-UP AND MATERIALS

propagation and fragmentation in rock and
mortar material.

The blast-test procedure includes controlled
blast loading of a hollow granite or mortar
cylinder inside a special confinement whilst the
resulting dynamic cracking is filmed at the front
end face of the cylinder by means of high-speed
photography.

The branching-merging mechanism leaves
traces in the form of visible crack intersections
and crack meandering, which relates to
generation of multiple branching-merging points
on the micro scale, directly increasing the crack
path length and roughness in 2D (Nukala et al.
2008). As the surface roughness of blast-induced
cracks can be related to the level of consumed
energy, and hence fragmentation (Steiner 1991),
a relation between the branching-merging
phenomenon and associated fragmentation
seems logical.

The blast loading is achieved by detonating a
fully-decoupled
PETN
(Pentaerythritol
tetranitrate) cord (6, 12, or 20 g/m) inside a
through-going central borehole oriented in the
axial direction of the cylinder. PETN cord is a
reliable high explosive for inducing dynamic
loading of high strain rate. The velocity of
detonation (VOD) varies only slightly for the
selected charge concentrations, i.e., 7,300 ± 50
m/s (Schimek et al. 2015). Therefore, VOD can
be considered constant and the same in the blast
tests. Table 1 shows used PETN cords with
important parameters.

The experimental method consists of small-scale
blast tests, where confined rock or mortar
specimens are explosively loaded. The method
utilizes high-speed photography to capture the
resulting dynamic crack development and
fragmentation, including crack branching and
merging at the specimen surface. The blast tests
were conducted at the Montanuniversitaet
Leoben’s blast site at the Erzberg mine (Styria,
Austria).

The explosive detonation is initiated by means
of a NONEL system. The hand-triggered
initiation starts in a blasting machine (ExelTM
Start DS2) for the initiation pulse to further
propagate through a shock tube and reach a
detonator (Detinel MS N-7 or N-6), which is
directly coupled with the explosive charge.
When initiated, the detonation propagates along
the PETN cord inside the cylinder towards the
frontal end face that is being filmed.

High-speed photography enables filming of the
fast-occurring fracturing process on the
specimen surface though not inside. Wilson &
Holloway (1987) presented several common
difficulties when applying this method. Since
boundary effects influence blast-induced crack
propagation, resulting crack patterns at the
surface are expected to differ to some extent
from those inside the specimen. Therefore, the
investigation includes additional steps following
the blast test, i.e., determining post-mortem
blast-induced crack patterns throughout the
whole fragmented specimen, the fragment size
distribution, and analysis of generated crack
surfaces. Resulting image sequences of crack
development, analysed crack patterns, and
fragmentation data will provide necessary
information for achieving the project aim.

The blast specimens are of cylindrical shape to
provide radial symmetry. During the initial stage
only Ø140×280-mm mortar cylinders have been
blasted. Later, the testing included both granite
(Neuhaus
granite,
Poschacher
Naturalsteinwerke GmbH, Austria) and mortar
cylinders of Ø150×300 mm size. The geometry
of the blast cylinders was changed due to
available core-drilling equipment in the
laboratory (Montanuniversitaet Leoben). All 40
blasted cylinders had a central axial borehole
with 10-mm diameter.

The paper presents the experimental method, the
high-speed filming arrangement, obtained
experimental results with related issues, and a
preliminary comparison with selected results
from the numerical modelling.
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Table 1

PETN cords (MaxamTM) used
for the blast tests.

Product

Charge
[g/m]

Sipecord
Riocord
Riocord

6
12
20

Charge
diameter
[mm]
4.3
5.3
5.6

A stemming plug is positioned at the frontal end
face 25-30 mm deep inside the borehole to
reduce the blast-fumes leaking in out through the
end face and obscuring the crack development.
The best working plug configuration comprises
two aluminium cylinders of Ø10×10 mm in size
and an intermediate expanding silicone layer for
coupling. Additionally, the plug protects the
camera from the detonation-induced flash
emanating from inside the borehole.

PVC-skin
thickness [mm]
0.3 – 0.4
0.3 – 0.54
0.3 – 0.56

The mortar-cylinder production follows a recipe
similar to those used by Johansson (2011),
Schimek et al. (2013) and Ivanova (2015).
However, as shown in Table 2, the mortar
mixture contains a higher percentage of quartz
sand instead of including magnetite powder.
This resulted in mortar samples with lower drystate density (1.7 g/cm3). At the same time,
specimens for further material testing related to
each specimen batch have been produced. The
paper describes work in progress and detailed
lab investigations about the described material
properties have not been finished yet. The
following material properties testing of the
mortar and the granite specimens is under way:
uniaxial compressive strength tests (UCS),
uniaxial tensile strength tests (Brazilian UTS),
ultrasound tests (measurement of P- and S-wave
propagation speed), and Wedge-splitting tests.
Table 2

Following a completed blast test, the cylinder
contains information on blast-induced crack
patterns and fragmentation. To preserve the
fragmented material during and after the blast
test, the cylinder, see Figure 1, is radially
enveloped by two layers of aluminium tape
(Tesa® 56223) and a layer of linear low-density
polyethylene (LLDPE) foil. Further, the cylinder
(1) is radially confined by a damping layer (2)
inside a four-segment (3) blast chamber.
Another purpose of the foils around the cylinder
is to prevent water from the freshly-poured
damping material to penetrate the cylinder and
alter its material properties.

Ingredients for the mortar mixture.

Ingredient
Amount [%]
Quartz sand (0.1-0.3 mm)
59.06
Portland cement 42.5N
24.84
Water
15.78
Plasticizer (Mischöl XF, Murexin)
0.07
Defoamer (Estrilan K, Avenarius Agro)
0.24

The granite blast cylinders, with dry-state
density of 2.65 g/cm3, are core-drilled from the
same block in the same direction to improve
experimental repeatability. The borehole in the
granite cylinders is made by drilling, whereas
the casting procedure for the mortar cylinders
includes fixing an aluminium rod where the
borehole is intended inside each cylinder mold
(plastic pipe). A thin layer of white paint
followed by a square-grid mesh is applied onto
the frontal end face of the cylinder, the area
where the dynamic crack propagation is to be
filmed.

Figure 1

Transverse cross-section of the
blast chamber with the damping
layer and the cylinder inside (1 –
Blast cylinder enveloped in
aluminium and LLDPE foil; 2 –
Damping layer; 3 – Chamber
segment).

The purpose of the damping layer is to improve
acoustic impedance matching of propagating
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temporary radial gap between the chamber
segments and the damping layer. This action
reduces shock-wave transmission back from the
segments into the cylinder and potential
cracking in the segments. The rear metal plate
includes a central Ø30-mm opening (7) aligned
with the cylinder borehole for inserting the
PETN cord. The frontal metal plate includes a
central window opening of Ø150 mm in
diameter. A protective Polycarbonate (PC) 14
mm thick window (2) fits between the end face
of the cylinder and the frontal metal plate. The
window is evenly pressed onto the end face by
tightening the nuts on the rods to 30 Nm torque.
Thus, the dynamic cracking process can be
safely filmed by a high-speed camera in front of
the chamber.

shock waves at the radial cylinder boundary and
reduce reflected tensile waves (Rossmanith &
Uenishi 2005). The set-up has employed
different materials for the damping layer during
the project. The final set-up employs a
commercial fast-hardening concrete mixture
(Trockenbeton 20, Baumit) for the damping
layer. Johansson (2011) showed how radial
confinement affects the fragmentation in smallscale blasting of mortar cylinders. Therefore, the
material properties of the damping layer are also
important and they will be measured.

3 FILMING EQUIPMENT AND
CONFIGURATION
High-speed filming captures the crack
development at the frontal end face of the
cylinder following the borehole detonation. The
high-speed images allow detection of crack
initiation, direction of propagation, crack arrest,
and branching and/or merging at crack
intersections.

Figure 2

The crucial part of the event occurs after the
detonation front reaches the stemming plug and
produces cracking observed at the end face. The
moment this happens is apparent on the
recordings due to slight axial movement of the
plug and occasional appearance of a dimmed
detonation-flash around the plug.

Axial half-cross section of the
blast chamber with the damping
layer and the cylinder inside (1 –
Front-end metal plate; 2 –
Protective window; 3 – Borehole
with stemming; 4 – Blast
cylinder; 5 – Damping layer; 6 –
Chamber segment; 7 – Rear-end
metal plate with an opening).

The filming set-up utilizes a 12-bit CMOS highspeed camera Imager HS 4M (LA Vision GmbH,
Göttingen, Germany) and a high-performance
LED-lighting system Constellation 120
(Imaging Solutions, Emingen, Germany). The
set-up also includes a laptop computer with a
camera-specific software package (DaVIS®, LA
Vision GmbH) for controlling operation of the
camera with synchronized lighting and external
data-acquisition system (high-speed controller).
The camera captures images with a minimum
inter-frame time of 3.15 µs. The high-speed
controller (La Vision GmbH) adjusts the filming
process in real-time and performs image
acquisition with time resolution of 10 ns. As the
internal memory of the camera has limited

The blast chamber, see Figure 2, includes four
concrete segments (6) axially connected with a
frontal (1) and a rear end (7) metal plate by
means of eight axial through-going threaded
rods. A thin layer of casing oil provides coupling
between the damping layer (5) and the segments.
The segments are designed to move radially
under the influence of the blast up to about 5 mm
from the damping layer. This constitutes an
‘impulse trap’ (Sun 2013) and creates a
486

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

propagation at the end face is expected to appear
as much faster.

capacity (36 GB), each pre-set frame rate
(images per second) necessitates a trade-off
between image resolution and maximum
duration of the recording sequence. The
obtained filming results are firstly processed in
the DaVIS® software to increase the image
resolution. Secondly, the filming sequences are
separated into single frames (.jpg and .bmp
images). Finally, visible cracks on each filming
image are traced and marked in the AutoCAD®
software (Autodesk, Inc.) to allow analysis of
crack development. Figure 3 shows the
experimental set-up.

A video sequence with sufficiently high spatial
and temporal resolution exceeds the available
memory capacity for capturing the whole crack
initiation and propagation process. Therefore, to
provide sufficient filming time a compromise
must be established to fulfill the requirements
for the spatial and temporal resolution prior to
the filming. The set-up employs different
parameter arrangements to achieve this. Table 3
shows typical parameter arrangements for the
filming.
The observation distance between the camera
objective and the blast-chamber window is about
1.5 to 2 m. The camera is equipped with a 35mm lens (AF Nikkor f/2D Nikon).
Table 3

Setting
1
2
3

Figure 3

Experimental set-up for the blasttests.

Typical settings of recording
parameters for the high-speed
filming.

Recording Recording Image
Image size
rate [fps] time [s] size [pixel]
[mm]
160.0 ×
24,656
4.6
336 × 336
160.0
151.8 ×
30,122
5.1
288 × 288
151.8
141.2 ×
37,585
5.9
240 × 240
141.2

The lighting system, with maximum electricalpower consumption of 120 W, can operate in
continuous or pulsed mode producing light
intensity of up to 15,000 lm. The lighting system
is positioned slightly off-axis due to the
perpendicular orientation of the camera with
respect to the end face of the cylinder. This
provides a more uniform illumination of the end
face. Fine adjustment of the off-axis
arrangement allows avoiding local light
overexposure in video frames due to direct light
reflection from the window surface.

The estimated blast-driven crack propagation
speed at the end face determines the necessary
filming frame rate. The theoretical crack speed
cannot exceed the Rayleigh wave speed through
the cylinder. Wilson & Holloway (1987) blasted
2-3 g of PETN in concrete and measured the
propagation speed of radial cracks to range from
1000 m/s near the borehole to 200 m/s further
out. Johansson & Ouchterlony (2013) observed
rough fracture surfaces of blasted magnetitemortar specimens and estimated the crack
propagation speed to be about 200 m/s.
Similarly, Schimek et al. (2015) estimated the
speed in magnetite mortar to be about 260 m/s.
However, as crack propagation through the
cylinder is not strictly radial, the observed crack

After establishing the optical set-up, actual
scaling of the images must be performed prior to
the high-speed filming. The scaling procedure
includes the grid mesh at the end face as the
measurement reference. The high-speed
controller connected to the camera and the
computer generates the timing sequence for
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acquisition of the high-speed images. Humaninitiated triggering is applied to start the filming
sequence with a temporal off-set slightly (0.5 to
1.5 s) prior to the blast initiation.

quiet radial and axial boundary conditions.
Therefore, the shock waves hitting the outer
periphery are initially not reflected back into the
cylinder.

4 NUMERICAL MODELING

5 RESULTS AND DISCUSSION

The 3D discrete element method (DEM) code
HiDEM (Åström 2006, Åström et al. 2013) with
the explicit time integration scheme is used for
3D simulations (Iravani et al. 2018). The
particles in HiDEM are rigid spheres. They are
arranged in a Face-Centred-Cubic (FCC) lattice
and are connected with mass-less beams with the
Euler-Bernoulli (EB) beam interaction potential.
The beams break due to tension, shear, or
bending beyond the fracture limit (Åström et al.
2013). A cylindrical concrete structure with Øout
=140 mm, Øinside = 10 mm and the height of H =
200 mm was initially modelled with the
particles. The ratio H/D = 2 used in the blast tests
is not respected due to parallel computing issues
with the initially used version of HiDEM.
Johansson (2008) has shown that the
fragmentation is relatively independent of the
H/D ratio. The diameter of the particles is 3 mm.

5.1 High-speed images
Following the detonation resulting shock waves
initiate and drive primary cracking around the
borehole in the cylinder. Then blast-generated
gas forms inside the borehole, penetrates to
some extent already generated cracks
(Ouchterlony & Moser 2012a), and drives them
forward. At this point, the firstly introduced
cracks usually branch and merge in a complex
manner, forming new crack families and
intersections, leading to the final fragmentation.
Although the resulting crack patterns differ, the
images from both mortar and granite shots show
three phases of crack development. Figure 4
shows the sequence of crack development at the
end face from the blast tests 21 (mortar cylinder
#mb75) and 25 (granite cylinder #gb22).
Plug-movement is detected in the initial frame.
Then initial cracks emerge (40.56 μs) and
propagate at the end face. The cracks may
originate at the borehole, at the mantle, or
somewhere in between. The initial cracks are
mainly radial in mortar, whereas there are also
many tangential cracks at this stage, usually near
the outer rim of the end face, in the granite
cylinders.

The used material model is elastic, with material
parameters E = 19.7 GPa, ρ = 2260 kg/m3 and ν
= 0.19. The mechanical behaviour of the
granular disordered materials, e.g. concrete, is
modelled here using beams with reduced
stiffness. At the beginning of the simulation, 10
per cent of the beams in the whole model are
randomly selected to have their stiffness reduced
to 10 per cent of that of the originally defined
normal stiffness. Åström et al. (2013) describe
the fracture criterion implemented in the
HiDEM code. Here, the fracture criterion is
defined by the elastic strain threshold.
The modelled blast load follows a pressure-time
history applied radially on the borehole wall.
The modelling used three peak pressures of 166
MPa, 85 MPa, and 35 MPa equivalent to 20 g/m,
12 g/m, and 6 g/m of PETN (Sanchidrián 2017).
The time of the pressure drop to the atmosphere
pressure at all three loading levels is about 1 µs.
The detonation front begins at the rear end face
of the cylinder progressing towards the front end
surface with a velocity (VOD) of 6,000 m/s. In
addition, the model includes 20 mm of stemming
at the frontal end-face side. The model includes
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In the second phase (81.12 μs), the propagation
includes multiple branching-merging at the end
face, which in some cases seems like
overlapping (en echelon) cracks (121.68 μs). As
the initial cracks extend and open sufficiently,
blast fumes rush out from them. At the start of
the third phase (283.92 μs) most of the initial
cracks have reached the borehole wall and the
mantle. At this phase the fumes are often
associated with additional fragmentation at the
end face, e.g. by loosening and further breaking
fragments near the crack edges. Furthermore,
fast propagating fumes rush out in front of the
end face carrying smaller fragments and
partially obscuring further crack development.
During the whole event, earlier visible short
cracks may close up and stay undetected during
the rest of the filming period.
The filming results indicate only a minor
influence of the charge amount on duration of
the phases. However, the third phase starts
earlier (as soon as 40.56 µs) in the granite than
in the mortar cylinders.
High-speed filming of the crack development
comes with certain limitations and uncertainties
(Wilson & Holloway 1987). The images can
indicate a crack as soon as it opens and extends
sufficiently with respect to the spatial and
temporal resolution of the filming. The images
are captured at discrete moments in time, leaving
the in-between crack development unknown.
Therefore, the images can only show the average
crack speed.

Figure 4

The pre-tests with mortar cylinders and 12-g/m
charge show that a radial crack propagates from
the borehole up to about 55 mm during a single
inter-frame time (40.56 μs). Thus, the maximum
apparent crack speed at the end face of the
mortar cylinder is at least 1,356 m/s. As
expected, the pre-test shots in the granite
material show the crack speed to be even higher
(about 1,950 m/s). However, later tests, filmed
at higher filming rates (30,122 fps and 37,787
fps), show that multiple small cracks emerge and
extend in both directions on a single path to
coalesce and form what later seems like a single
crack. When each propagating crack-tip is
analysed, the maximum crack speed is lower
(1,182 m/s for mortar). In this case, the average

Selected high-speed images of
tests 21 (left column) and 25
(right column) blasted with 12g/m PETN cord. The notes (t)
refer to the time elapsed from the
detonation.
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crack-extension speed per image is about 550
m/s for mortar, which seems more realistic
(Wilson & Holloway 1987, Johansson &
Ouchterlony 2013). The results also indicate that
the crack-speed value reaches maximum at the
end of the first and beginning of the second
phase. Figure 5 depicts how the average crack
speed changes until the third phase in the test 21.

higher number of cracklets that make up one
crack in the granite shots.
The images are being used for a crack-pattern
analysis. This categorizes the detected crack
paths based on their observed initiation point,
direction of propagation, arrest position, and
included intersections (branching-merging
points). The crack development after the second
phase is excluded from the analysis because it is
mostly caused by the localized fumes action and
spalling-like fracturing at the end face. Table 4
shows the results for selected mortar and granite
cylinders with respect to the blast charge.
Finally, the results are used to estimate the 2D
in-plane blast fragmentation based on the
number of crack paths and intersections.

Figure 5

Other fracture features may occur at the end face
due to specific stress interactions with the
surface (Rossmanith & Uenishi 2006). The
third-phase images of the granite shots show
axial movement of the end face starting near the
borehole and spreading out radially, which, most
probably, indicates a result of earlier end-face
spalling. The movement is strong enough to
bend the protective window outwards causing a
mirror image of the light source to appear and
move at the window surface. Less intensive
bending of the window may also be caused by
the plug movement and by the fumes.

Average crack speed per image
with respect to the time elapsed
from the detonation (Test 21,
#mb75).

However, the granite shots indicate an earlier
rise of the average crack speed to the peak value
(at 40.56 μs), where the maximum is much
lower than in mortar (about 150 m/s). This
difference in results is expected due to the

Results from the crack-pattern analysis for blast tests 21 (#mb75), 22.2 (#mb71),
25 (#gb22), 26.1 (#gb21), and 26.2 (#bg24).

Initiated
in-between

Arrested

Intersection
points

Fragment
count

6
6
12
12
20
20

Initiated at
the mantle

mortar, test 22.2
granite, test 26.1
mortar, test 21
granite, test 25
mortar, test 23.1
granite, test 26.2

Initiated at
the borehole

Blast charge
[g/m]

Crack count

Blast cylinder,
test

Table 4

2
3
7
7
11
12

2
3
5
2
4
5

2
1
4
12
2
7

3
3
3
4
3
5

2
1
4
12
3
3

5
6
15
20
16
23
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the axial direction. Figure 7 depicts different
transverse cuts along the axis of the same CTscanned cylinder (Test 3, cylinder #mb13) with
respect to the distance from the end face (d).

5.2 Post-mortem images
After the blasting, the frontal plate and the
protective window are removed from the
chamber exposing the end face of a blasted
cylinder for post-mortem photographing in
higher resolution (4608×2592 pixels).

Figure 7

Figure 6

Post-mortem CT images of a
mortar cylinder. (Test 3, #mb13)
blasted with a 12-g/m cord. (d –
Distance from the end face in the
axial direction).

Although the crack pattern does change along
the cylinder axis, the total number of main radial
cracks remains almost the same. Furthermore,
most of the larger-crack intersections are
consistent for at least 20 mm in the axial
direction.

Post-mortem end-face images of
blasted cylinders with respect to
blast charge and material of the
cylinders (Left column: #mb71,
#mb75 and #mb76; Right
column: #gb21, #gb22 and
#gb24).

5.4 Comparison with the simulations
The numerical modelling (Iravani et al. 2018)
has to date obtained simulation results of blastdriven crack development that show similar
cracking as in the real blasted cylinders.
However, the resulting number of main radial
cracks and branching-merging points is
significantly higher than in the blast tests for the
same loading levels (Figure 8).

The images are afterwards scaled based on the
length references measured at the end face.
Visible cracks are traced and marked in the same
manner as in the high-speed images. Figure 6
shows the post-mortem images from blast tests
22.2, 21, and 23.1 (left column) and 26.1, 25,
and 26.2 (right column).
5.3 Internal cracks
Computer tomography (CT) provides an insight
into blast-induced crack patterns inside the
cylinder. The obtained transverse cuts show how
the crack pattern and radial swelling change in
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2018). The modelling results will expectedly get
improved after the results from the ongoing
testing of material properties is applied in a
recalibration of the model.
Therefore, more investigations on material
properties and applied blast parameters followed
by the recalibration of the numerical model are
necessary before a final comparison the results
of the blast tests and the numerical simulations.
6 CONCLUSION
The filming results show that the process starts
with 2 to 12 radial cracks at the borehole,
depending on the amount of charge and material
of the cylinder. The cracks further propagate
towards the mantle of the cylinder and start
branching and merging, where the branchingmerging is more frequent with a larger charge.
The peak crack-propagation speed is detected
during this stage. The crack speed reaches the
peak value earlier in the granite (after 40.56 μs)
than in the mortar shots (81.12 μs), although the
average crack speed is significantly lower in the
granite (about 150 m/s) than in the mortar (about
550 m/s) material. Similarly, the branchingmerging starts earlier and occurs more
frequently in the granite cylinders.

Figure 8

Then, about 240 μs after the detonation, blast
fumes rush out from developed cracks and
induce additional fragmentation of the end face
and partially obscure further crack development.
In the later stage, spalling-related flaking may
occur at the end face which is more probable at
higher loading levels (12 and 20 g/m of PETN)
and in the stronger material.

Three dimensional crack network
of three blast load levels (from top
to bottom) Ppeak = 35 MPa, 85
MPa and 166 MPa equivalent to 6
g/m, 12 g/m and 20 g/m of PETN.

Certain result differences are expected due to
mismatch of several modelling parameters with
those in the blast tests. Firstly, the modelled
VOD is 6,000 m/s instead of 7,300 m/s.
Secondly, the modelled cylinder is of different
height and diameter. Thirdly, the stemming
(material and geometry) is different. Fourthly,
material properties of the cylinder are different
as the related measurements are yet to be carried
out. Finally, for the same reason, the axial and
radial boundary conditions in the model do not
match those in the blast tests. Still, the blast
simulations of the model provide relatively
realistic fragmentation results (Iravani et al.

Although the post-mortem end-face and internal
crack patterns differ, the main cracks and
intersections, which are detectable before the
final crack-development stage (about 280 μs
after the detonation), do not change significantly
in the axial direction during the scanned depth of
50 mm from the end face.
The experimental results obtained from the blast
tests provide valuable information on the
dynamic blast-driven process of crack branching
and merging in mortar and granite cylinders. The
information
supplements
findings
and
indications of other investigations on blast
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fragmentation to improve understanding of the
dynamic process and its link to the generation of
blast fines.
Before a final comparison of the simulation
results with the blast-test results, the model
needs to be recalibrated to match the relevant
parameters of the blast tests.
Ongoing and future work includes determining
material properties of the blasted cylinders, axial
and radial boundary conditions, and direct
fragmentation analysis. The analysis, e.g.
sieving and laser diffractometry, will provide
fragment size distributions of several blasted
cylinders to determine whether and in which
proportions the detected branching-merging is
linked to the generated fines.
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ABSTRACT
A series of large scale single-hole blasting (SHB) tests were conducted in two underground salt mines
in Canada to investigate and quantify the influence of burden on the crater shape and size. Test results
were surveyed using LiDAR technology to provide detailed mapping of the rock surfaces, both before
and after blasting. SHB investigation and associated reporting methodology is revisited in light of the
detailed results from the LiDAR surveys. SHB plots are presented for various portions of the craters
to examine the consistency of the observable trends. Recommendations are made for reporting SHB
test results in terms of crater fractions to reduce inconsistencies arising from various influence factors
including excavation surface roughness. The relationship between burden and breakout angle is assessed based on the obtained results. Outcomes of the SHB testing campaigns at the two mines are
summarized through newly developed characteristic plots, with an emphasis on reproducibility and
analysis of the results.
1

INTRODUCTION

salt and potash mines with relatively thick ore
seams.

Drilling and blasting is arguably the most flexible and cost-effective method to loosen and fracture rock as part of mining or tunneling operations. Modern explosives and their use in rock
fragmentation allow effective blasting of hard
rock masses on large scales and offer new possibilities for tunnel development.

The German company K+S, and its international
subsidiaries (Morton Salt, USA; Windsor Salt,
Canada; esco, Europe; Kali, Europe; K+S Chile,
Chile) is one of the world’s largest Salt and Potash producers. K+S underground rock salt mining operations are exclusively conducted
through conventional drilling and blasting methods. Drill and blast practices therefore represent
a significant component of the mining cycle, resulting in a drive for continuous improvements
to achieve higher blasting efficiency, lower
overall comminution costs, and decreased fines
generation.

Weaker rock materials such as evaporites have
also benefitted from the use of modern drilling
and blasting practices. Mining of so-called soft
rock deposits (i.e. potash bearing minerals, rock
salt, coal) can involve both rock blasting and
continuous miner technology for mining advance. Continuous mining technology provides
certain benefits associated with rapid advance
rate in small excavations and limited steps in the
mining cycle at the face. Nevertheless, geological conditions, capital costs, limited excavation
dimensions and low machinery availability has
limited the use of continuous miners, resulting in
an emphasis on drill and blast methods in rock

Evaporite mining operations, including rock
salt deposits, present significant differences
when considering blasting conditions and specific charge requirements, as compared to other
rock types. Rock blasting in rock salt presents
two unique features that drastically affect drilling and blasting practices:
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i.

Friable material with low cohesion, low
compressive strength, and soft response to
elastic deformation.

ii.

Comminution process oriented towards
producing coarse fragmentation and minimizing the generation of fines.

2009), and at larger scales for blast design experiments (e.g. Bilgin, 1991; Ye, 2008). SHB
testing aims to quantify the crater shape and size
based on blasting conditions.
SHB campaigns were carried out at two K+S
Windsor Salt rock salt mines in Canada based on
experiences from German mines. The objectives
of these testing campaigns were two-fold: assess
and optimize the blasting efficiency through burden variation, and characterize the operational
blasting conditions. The later objective aimed at
creating a method by which data sets can be
compared, with procedure standards defined for
efficient reproducibility.

The first aspect mainly impacts the charge size
and blasthole diameter, as the material tends to
break apart fairly easily. Rock salt typically exhibits a compressive strength in the range of 20
to 30 MPa, and a tensile strength below 1 MPa
(Hansen et al, 1984; Jeremic, 1994). The low
stiffness of rock salt (Young’s Modulus of 15 to
25 GPa from load-unload cycles) also limits the
amount of elastic energy in the rock before brittle failure. The low stiffness of rock salt tends to
limit or even prevent the use of blast patterns relying on violent release of the stored energy such
as shallow v-cuts.

The proposed single blasthole testing procedure
and reporting methodology is discussed in the
following sections. The testing procedure relies
on three-dimensional surveys for consistent
measurements and analysis. The procedure was
applied at K+S Windsor Salt mines Ojibway
(Windsor, Ontario, Canada) and Pugwash (Nova
Scotia, Canada). Results of the two campaigns
are presented with sample calculations and examples for typical reporting graphs. The SHB results and differences between the two mines are
further discussed with respect to the characterization of blasting conditions.

The second feature tends to impact the spacing
to burden design ratio, and number of blastholes.
As road de-icing is the main application of bulk
salt, the amount of fines (< 2.36 mm) content
must be limited for efficient use. While underground comminution processes for traditional
hard rock masses (e.g. sulfide metal ores) have
similar considerations, the final post-processing
fragmentation relates to liberation size for efficient extraction of the valuable material. This aspect will tend to affect the overall comminution
stream based on efficiency of the various crushing points versus desired final product.

1.1 Field investigation for blasting and the
concept of single-hole blast tests
Single blasthole test shots have been a popular
method for rock blasting investigation for several decades (e.g. Field and Ladegaard-Pedersen, 1971; Bilgin, 1991; Kou and Rustan, 1992;
Wimmer, 2007). Ouchterlony and Moser (2013)
summarized key concepts and practical applications for certain forms of single blasthole testing.
They noted that single blasthole tests were helpful in calibrating design parameters and investigating blasting conditions, but may provide conservative estimates of the specific charge and the
relative impact on the overall rock mass.

Drilling and blasting optimization in rock salt
mines is often assessed through large scale field
trials. These types of tests aim to define the optimal spacing and burden dimensions required to
successfully blast the rock mass. The quality of
a blast is usually assessed by advance rate and
rock mass blasted, boulder size, fines content,
and contour wall roughness.
Burden tests have been used extensively at K+S
underground operations to assess feasible dimensions and to avoid choking. This testing approach is very similar to the concept of singlehole blasting (SHB) with two degrees of freedom performed at model scales for blast fragmentation investigation (e.g. Rustan et al., 1983;
Lin, 1988; Fourney et al., 1993; Tian and Qu,

Single-hole blasting test campaigns rely on systematic variation of the burden, B (m), the distance from the blasthole to the nearest open surface (usually parallel to the hole axis). SHB
investigation is performed under confinement
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conditions similar to bench blasting, and therefore involves two degrees of freedom (i.e. two
free surfaces).

200

Bilgin (1991) performed a series of large scale
SHB shots in an iron open pit mine to investigate
the optimal burden B for bench blasting. The
work focused on the measurements of three parameters: (i) the crater breakout angle, α (°); (ii)
the muckpile volume, V (m3); and (iii) the backbreak fracturing length (m).

H
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320
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280
Bc

240
200

2

3

Figure 2

4

B (m)
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6

Single blasthole testing campaign
results, expressed in terms of the
breakout angle, α, and the volume
of rock broken, V, plotted as a
function of burden, B (taken from
Bilgin, 1991).

A key takeaway from Bilgin’s testing is the profile of the breakout angle to burden relationship.
At the first Fragblast conference, Rustan et al.
(1983) used small scale model test results to
demonstrate how the linear trend between
breakout angle and burden varies according to
geomechanical properties, with steeper slopes
for stronger rock masses.

burden (m)
crater width

(m)

Rustan et al. (1983) also suggested that the optimal volume of rock removal can be achieved
with a burden value slightly lower than the critical burden, Bc.

H: bench height
(m)

Figure 1

360

0

Legend:
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160
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Figure 1 presents a conceptual visualization of
an SHB configuration adapted from Bilgin’s
case study. The resulting crater is characterized
as a triangular wedge defined by the breakout
angle α and the crater width, W (m). The bench
height H (m), in Figure 1, is equal to the borehole length. In such a situation, the crater portion
near the toe would typically exhibit a curved
(bowl-like) shape (Wimmer, 2007; Outchterlony, 2013). This aspect is of little concern when
considering a bench height much larger than the
burden tested.
Borehole col-

V (m3)
400

α (o)

Single blasthole test configuration
for shots performed along the
vertical rock surface at an open
pit mine (adapted from Bilgin,
1991).

SHB investigations have provided valuable information on fragmentation by blasting mechanisms. However, reported methodologies pose
some significant challenges because of the assumptions and limitations with respect to the
testing procedure, measurements, and interpretations. These include:

Figure 2 shows the results from Bilgin’s SHB
testing campaign. The breakout angle (α) and
blasted volume (V) of the test shots are plotted
with respect to the burden.

i.

Bilgin (1991) suggested that the burden at which
the highest volume is achieved represents the
lowest possible specific charge under SHB conditions. The breakout angle data is generally interpreted to have two linear trends, with the inflection point defining non optimal blast design
near the critical burden, Bc (m), at which a crater
cannot form.

ii.
iii.
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The influence of non-planar nature or
rougness of the excavation surfaces,
both pre and post testing results.
The valid range over which plane strain
can be assumed, for which a crater
shape solely depends on dimension B.
The crater shape simplification to a triangular wedge.
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iv.

Limited feasibility to test burden values
close to or above the critical burden Bc
due to safety considerations.

These limitations may directly impact the reproducibility of SHB shots, while leading to subjectivity in interpretation of the specific value to
represent a given test. This aspect is addressed
in the following, by describing observations and
key measurements from three-dimensional surveys of the crater test shots.
2

METHODOLOGY AND SITE
DESCRIPTION

2.1 Horizontal Single-hole blast tests along
underground mine pillars

Figure 3

SHB shots can be characterized according to the
degree of freedom (i.e. number of free surfaces)
(Ouctherlony and Moser, 2013). Test shots with
two degrees of freedom simulate a cratering configuration associated with vertical bench blasting, and horizontal burden removal through a relief volume (i.e. undercut kerf or burn cut). The
experimental campaigns conducted at the Pugwash and Ojibway mines used SHB with two degrees of freedom.

Idealized
horizontal
single
blasthole test configuration near
the corner of a pillar, defining the
main parameters used the characterize the resulting crater. The
reference three-dimensional coordinate system is presented with
all axis vectors pointing in the
positive direction

The crater in Figure 3 is depicted as a distorted
cylinder with an ellipsoid cross-section. This
three-dimensional representation was reported
by Wimmer (2007) and is confirmed by the observations of the test shots performed for the
study reported here. It is beyond the scope of this
paper to define the actual shape of the crater. The
ellipsoid shape depicts a generic geometric
shape to emphasize potential discrepancy from
subjective measurements with respect to the true
crater shape. It is inferred that an ellipsoid shape
relates well to the fracture contour created by the
interaction between the emitted and reflected
blast pulse in conjunction with the well acknowledged fracture propagation process outlined by
Field and Ledegaard-Pedersen (1971).

SHB shots in underground room and pillar
mines were performed by drilling individual
boreholes horizontally near pillar corners. Figure 3 illustrates a test blast configuration where
the single-hole is drilled in the side of a pillar.
The figure also defines key test parameters: the
distance from the blasthole to the parallel free
surface (i.e. burden, B, m), the crater width (W,
m), the borehole length (l, m), and the breakout
angle (α, o).
Figure 3 also illustrates a set of three-dimensional vectors used as consistent reference axes.
The X-axis is defined by the borehole alignment,
with the original collar location defining the zero
mark. The Y-axis represents the horizontal burden dimension perpendicular to the borehole
length. The Z-axis represents the vertical direction associated with the crater width W, perpendicular to the X and Y axis. The Y-axis and Zaxis have their origin defined at the centre of the
borehole.

The shape of the crater near the toe of the
blasthole is depicted as a bowl-like or cone-like
shape. Horizontal SHB differs from bench configurations where the toe of the hole is at or below floor elevation. The continuous free surface
provides the means for further fracture propagation, hence the prolonged cone-like or bowl-like
shape near the
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horizontal row near the kerf are drilled at an angle to reduce the burden dimension as can be
seen in Figure 4 (a).

2.2 SHB measurements by Light/Laser
Detection and Ranging (LiDAR) surveys
The location of the test site, including the collar
of the drilled blasthole, as well as the resulting
blasted craters were surveyed using a FARO Laser Scanner Focus3D X 130 HDR. The scanner
relies on the concept of light/laser detection and
ranging (LiDAR) to collect three-dimensional
point clouds of the test surfaces. The laser scanner projects a laser beam onto a rotating mirror
seated on a rotating head, and measures the time
of flight response of the light reflected from the
object of interest. This configuration provides a
360 degree horizontal survey range and 320 degree vertical survey range.
The registration and initial scan placement was
performed using the SCENE software (FARO,
2016). Details of the point cloud placement and
registration process are presented in Aubertin et
al. (2017). 60% of the collected point clouds are
spaced less than 4-mm apart, and a maximum
spacing < 10 mm.

Figure 4

2.3 Site description
2.3.1 Two K+S Windsor Salt mines were identified for drilling and blasting optimization purposes. Ojibway mine
The Ojibway mine is located south of the city of
Windsor (Ontario, Canada), on the East shore of
the Detroit River. The deposit is exploited at a
depth of approximately 300 m by room and pillar mining. Rock salt is encountered in the form
of a shallow tabular formation, interlayered with
small amounts of clay and anhydrite. The deposit is part of the large Michigan basin located
North West of Lake Erie.

Production (a) jumbo drill and
(b) undercutter at the Ojibway
mine, Windsor, Ontario. The undercutter creates a relief space at
the bottom of the face for blasting
purposes. Some of the production
blastholes are drilled sub-horizontal to induce a projection of
the muckpile away from the face
as seen from the drilling orientation on picture (a)

2.3.2 Pugwash mine
The Pugwash mine, located in the north-eastern
region of the Province of Nova Scotia (Canada),
produces de-icing road salt from a shallow evaporite deposit located approximately 130 meters
below surface, and extending vertically for several hundreds of meters. The column of evaporite originated from buoyant flow induced by
progressive increase in overburden and differential density between the material and its surrounding host rock.

Rock salt extracted at the Ojibway mines serves
primarily as bulk de-icing road salt. Conventional drilling and blasting is used to horizontally develop the ore bearing layer. A saw cut relief volume is created along the bottom of the
face to generate a second free face parallel to the
blastholes (i.e. kerf cut).
Figure 5 shows a picture of a production jumbo
drill in use at the Ojibway mine in a typical active production room. Figure 6 shows an undercutter used at the mine to generate the relief surface near the base of production faces. The first

The Pugwash deposit is composed primarily of
rock salt with disseminated anhydrite. Massive
anhydrite is also present in the form of vein-like
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intrusions. Disseminated anhydrite tends to increase stiffness and overall cohesion of the salt.

2.5 SHB reporting procedure and crater
conceptualization

Rock salt at Pugwash is mined by conventional
drilling and blasting of two consecutive horizontal cuts, one on top of the other. Room heights
can reach approximately 18 meters. Jumbo drills
and undercutters are used for the mining process.

The proposed reporting methodology for SHB
tests relies on three-dimensional surveys collected using LiDAR to describe the crater shape
and features. Detailed mapping of the crater surface provides substantially more information by
capturing traditional measurements (B,α,W), at
defined increments along the length of the borehole.

2.4 Drilling and blasting parameters
SHB tests were performed at the Ojibway and
Pugwash mines under site operational specifications for drilling and blasting practices. Test
specifications for both mines are presented in
Table 1 SHB specifications for the two mine
sites are listed in Table 2
Table 1

Figure 5 shows a conceptual representation of a
cross-section for an SHB crater. The crater shape
is close to that of an ellipse, but it is commonly
simplified as a triangle spanning from the borehole axis to the crater’s extent (Fornefeld, 1988).
The crater width W (m) is measured from the distance between the upper and lower crater extents. The burden B (m) is measured perpendicular to the borehole as the smallest distance from
the borehole axis to the vector defined by the
crater extent.

SHB specifications for Ojibway
and Pugwash

Parameters

Specification

Drilling length

4m

Powder column length 3.05 m
Bulk explosive

Bulk ANFO (0.85 g/cc)

Initiation

Non-electric detonator at the
bottom of the hole connected to
PETN detonating cord (4 g/m)

Priming

8-grams booster

Loading pressure

550 KPa (down the loading
hose)

Rock salt density

2.17 g/cc

Table 2

SHB measurements along the borehole axis are
used to compute the breakout angle α (°) and the
crater area A (m2) corresponding to the simplified triangular shape. The crater area is calculated to provide a two-dimensional analogue to
blasted volume.

Respective SHB parameters at
the Ojibway and Pugwash mines.

Parameters

Ojibway

Pugwash

Drilling diameter

44.4 mm

50.8 mm

Linear charge concentration

1.5 kg/m

1.7 kg/m

Blasthole vertical height
along the wall

3m

4.5 m

Test location room height

6.1 m

18. 3 m

Rock compressive strength

23 MPa

24 MPa

Elastic modulus (from unload 15 GPa
cycles)

25 GPa

Burden test range

0.8 – 1.8 m 0.8 – 1.6 m

Figure 5
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Single blasthole crater cross-section schematic view per-pendicular to the borehole (from Aubertin et al., 2017).
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2.5.1 Crater partitioning

3

RESULTS AND OBSERVATIONS

SHB measurements in Figure 6 are based on the
crater extent defined by the intersection between
the original and blasted surfaces. Alternatively,
SHB measurements can be carried out by best fit
measurements of the crater shape to account for
roughness and localized inconsistencies near the
crater extent. This approach incorporates subjectivity into the measurement process and therefore affects reproducibility of the overall procedure.

3.1 Observations from SHB results
Eight and thirteen SHB full scale shots were successfully conducted at the Pugwash and Ojibway
mines respectively. A crater test from Ojibway
is presented to illustrate sample calculations.
Figure 7 presents a picture from the considered
test shot, taken looking along the borehole
length. It can be observed from the picture that
the crater exhibits an ellipsoid like cross-sectional shape. The test shot illustrated in Figure 7
had a nominal design burden value of 1.2 meters.

It is proposed to partition craters relative to the
maximum burden measurement. The subscript i
(%) is introduced to represent the fraction considered. i is defined by the ratio of burden considered (Bi) with respect to the total (i.e. B100).
Figure 6 illustrates the concept of crater partitioning for i = 50%, 70% and 100%, giving the
location of Bi and the corresponding measurement of the crater breakout angle αi .

Figure 7
Figure 6

Single-hole blast schematic for
crater partitioning with α and B
measurements for crater fraction
defined by i = 50, 70 and 100 %.

SHB crater view looking parallel
to the borehole axis.

Figure 8 shows a three-dimensional view of the
surveyed crater point cloud from the software
CloudCompare (Girardeau-Montaut, 2015). Figure 8 (a) highlights the crater’s collar, toe and
discernible remaining half barrel. Figure 8 (b)
shows a top view of the crater point cloud with
highlighted toe of the blasthole.

Crater partitioning as illustrated in Figure 6 effectively removes the need to best fit a straight
line along the crater surface. It also provides a
quantifiable approach to assess the validity of
the triangular simplification (i.e. a triangular
crater implies α100 = α70 = αi).

Three sections are discernable from the crater in
Figure 8: (i) the cratering section near the collar,
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(ii) the main crater section, and (iii) the crater
fanning towards the original surface past the toe
of the hole. The cratering section near the collar
is explained by the geometrical configuration of
the blasthole column. In this section of the hole
near the collar, the charge is located at a similar
distance from the two free surfaces, providing an
additional mode of fracture propagation and
wave reflection. The crater section past the toe
of the hole progressively fans towards the open
surface and exhibits mechanisms similar to
crater blast with one degree of freedom. In both
cases, it is most important to factor out these two

Figure 8

sections from the crater analysis to properly describe the burden to crater shape relationship.
It is hypothesized that the crater portion along
the half-barrel exhibits plane strain behavior
governed primarily by the burden. The analysis
of this section, considering burden and volume
removed, is required in order to systematically
investigate the influence of blasting parameters
through SHB testing.

Three-dimensional representation of surveyed crater point cloud from (a) oblique
view and (b) top view. Reference axes are shown

3.2 SHB reporting sample
SHB measurements are collected from perpendicular cross-sections along the borehole axis at
a predefined incremental distance. Increments of
half the borehole diameter were selected for the
purpose of this work.
Figure 9 presents the burden and breakout angle
measurements along the borehole axis for the selected crater. A notable portion of the blasthole
length is absent from the plot. This is due to broken material covering the periphery of the crater
surface: scans were taken prior to scaling operations. This type of inconsistency can be encountered with horizontal SHB configuration and
must be filtered out to avoid incorrect results.

Figure 9
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SHB measurements for simplified
burden and breakout an-gle
along the borehole axis. The
origin of the borehole axis is defined by the position of the preblast borehole collar.
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Figure 10 presents the burden and breakout angle measurements for i = 70. It can be observed
that the burden and breakout angle trends are
comparable to Figure 9 Moreover, more detail
along the borehole is available given the reduced
impact of the original excavation surface roughness and remaining broken rock resting in the
crater.

Figure 11 Breakout angle and crater area
with respect to simplified burden
for crater fraction i = 70 %
A near linear trend can be observed from Figure
11 between the breakout angle and the crater
area with respect to the burden. This observation
suggests that the behavior reported by Bilgin
(1991) for multiple holes and depicted in Figure
2 can be observed within a single blasthole. This
observation also tends to support the plane strain
hypothesis along a section of the blasthole axis.

Figure 10 SHB measurements for simplified
burden and breakout an-gle
along the borehole axis, for 70%
of maximum burden. The origin
of the borehole axis is defined by
the borehole collar

Figure 12 regroups the breakout angle and the
crater area with respect to burden for crater fractions i = 50, 60, 70, 80, 90, and 100 (%).
It can be observed from Figure 12 that the combined αi and Ai relationship with respect to Bi
does not follow a linear trend. Larger i values
tend to exhibit a shallower slope for the crater
area to burden relationship. This translates into
larger crater areas for larger fractions of the
crater considered.

Three sections are again observable from the
plotted measurements. The crater first exhibits a
rapidly increasing burden from a very low value
to the approximate nominal design, as is observed near the collar. The crater then presents
more consistent burden and breakout angle values. This portion represents the main section of
the crater where plane strain is assumed. The
crater exhibits a sharp drop in breakout angle
measurements, near the toe of the blasthole.

In summary: the following observations can be
made from SHB tests plotted in Figure 9 through
12.

Figure 11 presents the breakout angle α70 values
plotted with respect to burden distance B70. The
figure also plots the corresponding triangular
crater area A70 (m2) measured along the blasthole
length with respect to B70. The plot is limited to
the half-barrel section where the plane strain hypothesis is posed.

SHB measurements from one crater present a
seemingly linear αi to Bi relationship along the
borehole axis.
When considering multiple crater fractions, the
burden to breakout angle and burden to simplified crater area appears to be non-linear. Larger
fractions tend to exhibit shallower αi to Bi slopes.
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Figure 13 Ojibway α and A SHB characteristic plot for i = 70% crater fraction considering eight different
test shots
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Figure 12 Breakout angle and crater area
with respect to simplified burden
B for crater fractions 50%, 60%,
70%, 80%, 90%, and 100%.

Figure 14 below presents the characteristic plot
for the SHB campaign performed at the Pugwash
mine. The α and A with respect to B relationship
of the ten successful shots are presented for i =
70%

The crater portion near the collar and past the toe
will exhibit an irregular α to B relationship due
to the charge’s confinement geometry. These
sections should be filtered out of the SHB results.
3.3 Site results
Site characterization by SHB is performed by
plotting the breakout angle and simplified crater
area with respect to burden measurements for the
different test shots conducted and surveyed. In
the context of the present work, crater fraction
for i = 70% was chosen to describe the SHB
campaign results performed at the Ojibway and
Pugwash mines for consistent comparison purposes. Combining multiple crater fractions for
the different test shots does not yield a useful
representation at this time and will require further analysis to identify representative crater
shape trends.

Figure 14 Pugwash Ojibway α and A SHB
characteristic plot for i = 70%
crater fraction considering ten
test shots

Figure 13 presents the SHB results for the 8 successful test shots performed at the Ojibway
mine. The α and A with respect to B relationships
of the 8 shots are presented together with respect
to the burden for i = 70%.

3.4 Comparing sites
The two sites investigated for blasting conditions can be compared through characteristic
SHB plots for similar crater fractions. The burden measurements are normalized with respect
to the borehole diameter for comparison perspective. The relationship between burden and
borehole diameter was discussed by Kou and
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Rustan (1992), who suggested that a linear trend
should be adequate for comparable scales and
small differences in blasthole diameter.
Figure 15 compares the breakout angle – burden
relationship for the Pugwash and the Ojibway
mines. The breakout angles measured for the
two SHB campaigns are presented with respect
to the burden normalized by the borehole diameter.

Figure 16 Simplified crater area with respect to normalized burden for
the Pugwash and Ojibway mine
for i = 70%.
The proposed SHB procedure provides a strong
basis for systematic and reproducible investigation process. Crater partitioning further improves the reliability and consistency of the
measurements by filtering inconsistencies near
the crater surface. Using a specified crater fraction provides a consistent means of comparison
between different test locations.

Figure 15 Breakout angle relationship with
respect to normalized bur-den for
the Pugwash and Ojibway mines
at the 70% crater fraction
The figure suggests a steeper breakout angle α to
B relationship for Ojibway when compared to
Pugwash. This trend is also found when comparing the crater area A to the normalized burden B,
as shown in figure Figure 16.

4.1 Observations
Observations made possible by LiDAR surveying highlighted shortcomings of the triangular
simplification. It can be seen from the characteristic SHB of a given shot for different crater fractions that the seemingly linear trend between αi
and Bi progressively dampens for larger values
of i. This would not be the case for a truly triangular blast crater geometry.

Figure 16 suggests that Pugwash will yield a
larger crater area for comparable normalized
burden values. This leads to the conclusion
based on SHB tests that Pugwash powder factor
for individual blastholes is lower than Ojibway.
4

DISCUSSION AND CONCLUSION

It is worth noting that the craters observed in the
field consistently showcased non-triangular
shapes, and exhibited ellipsoid crater surfaces.

Single blasthole testing (SHB) campaigns were
performed at two rock salt mines to investigate
the influence of the burden on blasting outcomes. A detailed procedure for the analysis of
SHB with two degrees of freedom was outlined
and illustrated using sample results from test
shots

It is noted here that the powder factor of singlehole blasts is seemingly lower for the Pugwash
mine than for the Ojibway mine despite a lower
rock mass strength at the latter. It is hypothesized here that the larger stiffness induced by the
anhydrite impurities at Pugwash reduces the
elastic wave propagation impedance and facilitates rock breakage. This concept, and the relatively low density of salt compared to hard rock
mass could explain the pronounced ellipsoid505
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like shape observed at the Ojibway and Pugwash
mines.

borehole axis to quantify differences, if any, between upper and lower angle measurements. It is
recommended that the point cloud analysis of the
crater be divided into upper and lower halfs, on
a horizontal plane through the borehole axis.
The measurements can be subsequently combined to quantify the total geometry. This additional step in the analysis procedure checks that
the burden value measurement is representative
of the crater shape.

4.2 Inspection of the crater shape
Test results as part of this work exhibited nontriangular crater shapes. This observation is consistent with report from authors in relevant literature (e.g. Fornefeld, 1988; Wimmer et al.,
2008). Two hypothesis are inferred to explain
this pronounced concavity of SHB craters with
respect to rock salt mechanical features.

4.4 Path forward

It is first postulated that halite mineralogy presents a defined inter-crystalline structure that
could potentially affect the breakage mechanism. Large salt crystals tend to present cubiclike shapes. These crystals exhibit preferential
failure modes associated with the crystalline
structure influenced by the historical evolution
of horizontal stress of the deposit (Jeremic,
1994).

The work presented here relates to large scale
systematic investigation method for rock blasting. The proposed procedure relies on detailed
analysis of test surfaces through the use of LiDAR to enhance the amount and significance of
information collected through testing.
Moving forward, work will be focused on better
defining the crater shape from single blastholes
with two degrees of freedom. Plots from different crater fractions suggest that the linear trend
and triangular simplifications are not representative, and therefore are inaccurate. in light of the
enhanced details provided by the novel surface
mapping technique.

The second postulate relates to rock salt’s geotechnical properties. Rock salt’s lower density
and moderately high elastic modulus will tend to
limit impedance on pressure pulse propagation
and reflection. Furthermore, rock salt exhibits
low compressive strength and tensile strength. It
is inferred that the interaction between the propagating and reflecting pulse create localized
points of weakness resulting in failure due to the
low rock mass strength. The resulting crater
shape is a combination of circular spalling typically observed for very small burden values and
the typical triangle shape resulting from propagating fractures near the blasthole as described
by Field and Ladegaard-Pedersen (1971).

A refined definition of key SHB concepts and
parameters (i.e. burden to crater shape relationship, crater characteristic reference shape) will
be developed to provide practical means to investigate individual parameters more systematically for blast design (e.g. borehole diameter,
stress field conditions, rock mass parameters).
The procedure and associated reporting methodology can be conveniently reproduced, and efforts should be devoted to demonstrating the applications and feasibility for small model scales
and through numerical modelling tools.

4.3 Sources of error
The presented testing procedure relied on threedimensional surveys to present SHB results in
the form of ranges as opposed to absolute results.
This largely reduced localized inconsistencies
associated with drilling and loading practices
and challenges arising from large scale tests.
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It must be noted that horizontal SHB can present
additional inconsistencies from the impact of
gravity on the muck pile throw and the orientation and variability of the surface geometry.
Measurements from SHB surveys must discern
the half breakout angle (α/2) with respect to the
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ABSTRACT
Large-diameter blastholes and expanded blast pattern create good mechanized operations conditions
for the on-site mixing and loading of explosives vehicles and large excavation equipment. But large
blast pattern often results in massive oversized boulders in muckpile and toes on the floor, which
affect the efficiency of downstream operations and increase the cost of secondary breaking. A nonideal detonation model and a statistical damage model are implemented in dynamic finite element
analysis to study the energy distribution in large blasthole blasting and the formation mechanism of
oversize boulders and toes. A blasting scheme with combined blastholes with different diameters is
proposed to solve the problems of oversize boulders and rock toes. The damage evolution process of
rock blasting fragmentation is simulated, and the scheme is further optimized. Finally, a productive
test was conducted in a coal mine to examine the effects of different blast design parameters on the
oversize boulders and toes. The study shows that the new blasting approach of combined blastholes
with different diameters can effectively reduce the oversize boulders and toes as well as the production costs.
1

INTRODUCTION

pit mine. The explosive loading has been
achieved by on-site vehicle for mixing and loading of explosives. As the blasthole diameter becomes larger, the bench height increased, and the
blast pattern is correspondingly expanded, thus
the drilling cost can be reduced and the construction efficiency can be improved.

Profitability of a mine depends upon the ability
of a mining engineer to produce a fragment size
distribution as close as possible to the optimal
range and reduce rock toe problem for downstream operations. From practical standpoint,
oversize is defined as a size, which needs secondary breakage before further handling. And
the toe is defined as the hard ridge that protrudes
above the bench floor for a certain height. The
presence of oversize boulders and rock toes in
the blasted muck causes not only loss in production, but also increases the cost of its handling
and transportation systems. In other words, the
cost and efficiency of loading, transportation,
crushing and grinding operations are seriously
affected by the outcome of blasting operations.

Many researchers (Hustrulid 1999, Taji et al.
2013, Sazid et al. 2015) have investigated the effect of blast pattern on rock fragmentation. A
small ratio of space over burden may result in an
excessive superposition of the stress waves between adjacent holes, resulting in a waste of explosion energy. Meanwhile excessive space-burden ratio may cause incomplete fragmentation
between adjacent holes and result in a lot of
oversize boulders and toes.

In open cut blasting, the drilling cost accounts
for 20%~30% of the total cost of mining. At present, drilling equipment with 200 mm hole diameter and above are widely used in large open-

Blasthole diameter has significant effect on rock
fragmentation, since it is the primary blast design parameter and has influence on the choice
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of burden, spacing, stemming length etc. In order to choose the proper blasthole size for bench
blasting, Dick and Olson (1972) established the
relationship between the hole diameter and spacing and burden parameters. Eloranta (1994)
points out that an increase in the blasthole diameter increases the mean fragment size and decreases the total drilling and blasting cost. Singh
and Narendrula (2009) conducted fourteen
blasts with four different hole sizes to observe
the effect of the hole sizes on the fragmentation.
Engin (2009) monitored and analyzed the fragmentation size distribution in a limestone quarry
by the Wipfrag system. According to his test,
when the specific charge keeps constant, the average fragment size in-creases with the increase
of hole diameter, and the total drilling and blasting cost decreases.

net effect of increased energy factor and the inhole VoD leads to a better fragmentation. All
far-field phenomena including, but not limited
to, stress wave propagation, fracture, vibration
and muckpile formation are intrinsically and irrevocably dependent upon near-field phenomena or mechanisms. The energetics involved in
such near to far field transitions are not fundamentally relevant as they are simply progenitors
of these processes (Minchinton 2015). The correct and comprehensive understanding of the
detonation process is the basis and prerequisite
for the dynamic analysis of rock fragmentation,
damage evolution and seismic wave propagation.
However, previous studies have concentrated
primarily on field tests, fuzzy neural network
and stress-strain analysis. The fragmentation
mechanism of large blasthole blasting has not
yet been studied in depth, particularly the detonation mechanism of large blasthole blasting,
the explosion energy distribution characteristics
and the formation mechanism of oversize boulders and toes.

Pradhan (2007) monitored the in-hole VoD of
the ammonium nitrate and fuel oil (ANFO) and
site mixed emulsion (SME) under different diameters. The test results show that the in-hole
VoD of the commercial explosives increases
with the diameter until the value of optimum diameter is reached. Similar conclusions have also
been obtained by the numerical calculations of
Furtney et al. (2009). However, Dhekne et al.
(2016) carried out a new artificial neural networks model to analyze the effect of blasthole
diameter on the number of oversize boulders.
And they hold the view that the increase in the
in-hole VoD due to increase in the diameter of
the hole has no effect on the generation of oversize boulders as this increase was not substantial
both in Emulsion and ANFO blasts.

In the present study, a blasting scheme with
combined blastholes with different diameters is
proposed to solve the problems of oversize boulders and toes under the condition of large-diameters blasthole and expanded blast pattern.
2

PROBLEM PRESENTATION

2.1 Formation mechanism of oversize boulders
and toes in large blasthole blasting
A series of bench blasting productive tests were
conducted in Xinjiang Shengxiong Coal Mine
with site mixed ANFO. The rock mass of the
quarry is slightly weathered sandstone, the saturation moisture compressive strength is 24~42
MPa, and the natural density is 2.41~2.69 g/cm3.
In the case of a constant specific charge, when
the blasting design changes from a small
blasthole diameter (138 mm) to a large blasthole
diameter (200 mm), the spacing and burden between the blastholes increases, as shown in Figures 1 and 2.

Large-diameter blasthole and expanded blast
pattern reduce drilling costs and improve construction efficiency, but their shortcomings are
obvious. Large blast pattern often results in massive oversize boulder in the muck-pile and rock
toe on the floor, which has a detrimental effect
on the economy and productivity of the downstream operations. Therefore, it is of great significance to optimize the drilling blasting
scheme to reduce the comprehensive cost and
improve the construction efficiency.
However, the previous researches often ignore
the influence of the change of hole diameter on
the detonation performance of explosives. The
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ingly enlarged, thus the drilling cost can be reduced and the construction efficiency can be improved. However, the large spacing and burden
between boreholes will lead to uneven distribution of blasting energy. Oversize boulders and
toes will form in the area between the holes
where is not sufficiently broken. The increase of
stemming length also increases the risk of the
oversize boulders in the upper part of blastholes,
as show in Figure 3. It is found that oversize
boulders occur mainly in the following parts:
stemming regions, the front row, two sides of
blasting area, between two adjacent boreholes
with larger blast pattern. And the toe problems
are quite common with larger blast pattern, up to
two meters in some place.

Small
hole

Small hole

Small hole

Figure 1

Case 1-Only small holes.

Large
hole

(a) Serious toes problem on the bench floor

Large
hole

(b) Oversize boulders in the muckpile
Figure 2

Case
holes.

2-Only

large-diameter

Figure 3

The blasthole diameter used in the previous
blasts is 138 mm, the use of small holes leads to
a large number of holes and low drill-and-blast
efficiency. As the blasthole diameter increases
to 200 mm, the blasthole pattern is correspond-

Oversize boulders and toes in
large-diameter blasthole bench
blasting.

Figure 4 shows a typical bench floor and remaining toe, where ‘HF’ is the average increased
height of bench floor and ‘HJ’ is sub-drill.
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is mainly concentrated in the lower part of the
blasthole. The surface rock cannot get enough
explosion energy to make a sufficiently breakage, resulting in oversize boulders on the top part
of blasthole as well as the bench face and backward. As for the back row and lateral side of the
blasting area, with inadequate free surface and
strong confinement, the burden area is difficult
to break. The stress wave propagates to the backward or lateral side, producing a strong tension
stress, which fragments the rock into large
blocks.

Blast Block
(after extraction)

Remaining Toe
HF
HJ

Figure 4

A typical bench floor and remaining toe.

In bench blasting, there are two types of
blasthole patterns, quadrangular pattern (including square and rectangular) and staggered pattern (Figure 5). Excessive blast pattern parameters result in less cooperation between boreholes
while the rock mass between multiple holes cannot be sufficiently broken because of the uneven
distribution of explosion energy, as shown in
Figure 5. By the way, when the hole space and
burden are too large, the explosion energy cannot effectively overcome the strong confinement
in the hole bottom, resulting in the generation of
hard ridge protrudes above the bench floor.

The volume percentage of oversize boulders in
the muckpile can be defined as:
n

 BO 

V
i 1

i

(Vi  Vcr )

(1)

V

Where, ηBO is oversize ratio, Vcr is the volume
threshold of oversize boulder, the boulder volume greater than this value is defined as oversize
boulder, Vi is the volume of block size i, V is the
total volume of blasting excavation.
When large diameter blastholes are adopted, the
length of the stemming is increased; the charge

Overlaped

Figure 5

Uncovered

Comparison of three types of blast pattern.

2.2 Approaches to reduce the oversize
boulders and toes

actions: place pocket charges of high VoD explosives in the stemming portion, as shown in
Figure 6(a). Drill satellite/stab holes between the
production holes, as shown in Figure 6(b). Although those two approaches can effective improve the bench top fragmentation with additional charge, they cannot reduce the oversize in
the bottom above the bench floor as well as the

There are several traditional approaches to reduce the oversize boulders on the top, among
which the pocket charge or stab holes are the
most widely used. The oversize on the top of the
muckpile can be taken care of by the following
512
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toe problem. Therefore, a new blasting scheme
with combined blastholes with different diameters is proposed to solve the problems of oversize boulders and toes under the condition of
large-diameter blasthole and expanded blast pattern, as shown in Figure 6(c).
Main
charge

Large
hole

Satellite
charge

Small
hole

Pocket
charge

Satellite
charge

Small hole

Main
charge

Main
charge

Large hole

(a) Case 3-with pocket charges
Figure 6
3

(b) Case 4- small satellite blastholes (c) Case 5-new approach

Approaches to reduce the oversize boulders and toes.

EFFECT OF CHARGE DIAMETER
ON DETONATION PROFERMANCE

Where a and b are constants; Dc is the confined
VoD; Du is the unconfined VoD of explosive at
a given charge diameter; DCJ is the ideal VoD; ρr
is the rock density; vp is the P-wave velocity of
intact rock; and ρ0 is the density of the unreacted
explosive.

Extensive research has shown that in-hole VoD
is dependent on the blasthole diameters in coupled charges. It is well recognized that commercial explosives exhibit non-ideal detonation behavior since their performance is influenced by
blasthole diameter and confinement (Johansson
2011). A mathematical relation between unconfined detonation velocity and charge diameter is
suggested by Esen (2004) as following:

Du 

DCJ
1 m / d  n / d 2

A field test was conducted in Heishan Coal in
Xinjiang, China. The in-hole VoD of an ANFO
explosive under different diameters was monitored. The test results show that the in-hole VoD
of ANFO increases from 4886 to 5570 m/s when
the diameter of blast hole increases from 138
mm to 200 mm, as shown in Figure 7. The increase of in-hole VoD will inevitably lead to the
improvement in brisance of explosive.

(2)

Where Du is unconfined-detonation velocity; m
and n are fitting constant; d is the charge diameter; and DCJ is the ideal detonation velocity.

4

Ideal detonation model assumes that, on initiation, the detonation wave travels away from the
initiation point with a prescribed detonation velocity, and each particle of explosive is detonated when the detonation wave arrives at that
particle.

Based on the in-hole VoD measurements, the
following empirical model was developed to determine the unconfined VoD:

  D  Du
Dc  Du 1   CJ
  DCJ

  M 

b 
  1  aM  

NON-IDEAL DETONATION MODEL

(3)

These ideal detonation models (Leiper and Plessis 1987, Cunningham 2001, Eto et al. 2005) are
suitable for modeling ideal explosive, such as

With M   r vp / (  0 Du )
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high explosive TNT, whose detonation characteristics are independent of charge diameter and
confinement. However, they are not suitable to
simulate non-ideal explosives such as ANFO
and emulsion explosives. Thus, a careful attention is required in the simulation of the size effect of commercial explosive.

only needs to determine the two parameters C0
and S1 of on the unreacted Hugoniot curve,
which can be used to describe the EoS of the explosive in the unreacted zone.
Therefore, an improved non-ideal detonation
model was performed by adopting the Murnahan
EoS for the unreacted explosive, JWL EoS for
its reaction products, and the three-term ignition
and growth reaction rate model for the chemical
reaction rate. The improved non-ideal model
contains the following parts:

10
9
8
Distance (m)

7
6
5
4

(1) A reacted JWL EoS

4886 m/s

3
2

The JWL EOS is widely used to express the relationship between pressure and specific volume
in the explosion process since it is the easiest to
calibrate.

1
0
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(a) Blasthole of 138 mm in diameter
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C
0 v n 1
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Distance (m)

8

Where A, B, R1, R2,
and n are material
constants, v is the relative volume of detonation
products. The subscript “unreacted” and
“reacted” represents the corresponding values of
reactive and unreacted explosives, respectively.
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6
5570 m/s
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(2) An unreacted explosive Murnahan EoS

1.0

Time (ms)

(b) Blasthole of 200 mm in diameter
Figure 7

The Murnahan EoS is a simpler EoS not including any energy term as seen in following equation (Souers et al. 2015),

Raw Micro Trap VoD data for
ANFO explosive with different diameters.

punreacted 

A non-idea detonation model requires two Equations of state (EoS), one for the unreacted explosive and one for its reaction products, and a reaction rate law are also needed for the
conversion of the explosive to detonation products(Jayasinghe et al. 2017). In many previous
non-idea reaction models, the unreacted explosive and its reaction products all share the JonesWilkins-Lee (JWL) EoS, such as the ignition
growth model for LS-DYNA and AUTODYN.
However, for the unreacted explosive, there are
difficulties in parameter selection if the JWL
EoS is still used. It is tedious and costly to calibrate the unreacted explosive EoS by experiment. The lack of EoS parameters brings great
difficulties to the accurate simulation of the detonation process. The Murnahan EoS (Johansson
2011, Souers et al. 2015) is relatively simple and

1 1

 n  1
n  v


(5)

With，
n  4S1  1
and



1
 0C02

Where n and κ are the unreacted EoS coefficients
derived from measured us-up (shock velocityparticle velocity) relations; C0 is the sound velocity, and S1 is the slope of the line fitted to
shock Hugoniot curve for the unreacted explosive.
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(3) A reaction rate law for the conversion of the
unreacted to reacted explosive

I、 G1、 G2、 a、 b、 c、 d、 e、 g、 x、 y and z are
constants. λ is the fraction of explosive that has
been reacted, λtgmax, λG1max and λꞏ are constants
depend on material.

A popular reaction model is the three part
Ignition and Growth (I&G) model, which has
been successfully implemented in some gridbased methods and used to solve many explosive
safety and performance problems (Yi et al.
2015).

The first term on the right-hand side of Eq.(6) is
the ignition term, and the second and third terms
are the growth and completion terms, respectively. All three terms in the reaction rate equation work during their specific steps of λ. The
ignition term runs from 0 ˂ λ ˂ λtgmax, the first
growth term from 0 ˂ λ ˂ λG1max, and the second
growth term is calculated from λG2 min ˂ λ < 1.

The reaction rate is defined as:
d
 1  2  3
dt

(6)

0
  tg max


1  
b 
x
 I (1   ) (   1   ) 0   tg max
0


0

c d
y
G1 (1   )  p

  G1max

0

e g
z
G2 (1   )  p

  G 2mi x

2  

3  

0   G1max

0   G 2mi x

Esen (2004) carried out a series of ANFO dynamite blasting experiments without constrained
conditions and measured the VoD of explosives
with different diameters. Various parameters fitted to the experimental data are given in Table 1.
In addition, the improved non-ideal detonation
model was verified by the experiment data of explosive under different charge diameters. Figure
8 shows that the results of numerical simulation
agree well with the experiment data. The maximum error is 12.5% and the error of the absolute
value is 7.7%, proving that the non-ideal detonation model can reflect the effects of charge diameters on blasting.

(7)

(8)

(9)

Where ρ0 is the initial density, ρ is the current
density, ɑ is the critical compression for ignition,
Table 1

Non-ideal detonation parameters of explosive in the improved model.

Murnahan EOS
JWL EOS for reaction
Three-term ignition and growth reaction rate
for the unreacted
products
explosive
3
1.15
A (GPa)
298
I (1011μs-1)
120
y
0 (g/cm )
7.0
B (GPa)
2.7
0.09
n
a
z
κ (Mbar-1)
194
R1
4.5
0.667 G1((100GPa)-yμs-1)
b
R2
1.1
0.667 G2((100GPa)-zμs-1)
c
0.35
0.333
λtgmax
ω
d
PCJ (GPa)
7.19
0.666
λG1max
e
E0 (J/m3)
4.37×109
1.0
λG2min
g
7.0
x
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Figure 8

Comparison of numerical result
and experiment data under different charge diameters.

0.8

Reaction extent
(200mm hole)
Reaction extent
(138mm hole)
Reaction Rate
(200mm hole)
Reaction Rate
(138mm hole)

CJ
CJ

0.6
0.4

0.6
0.4
0.2

0.2

/μs -1

0.8

3
V  0


F  f    
1  sin 
(10)
 1  1  sin   3  V  0

Where σ1 is the maximum principal stress, σ3 is
minimum principal stress, φ is the internal frictional angle, εv is the volumetric strain.

Reaction rate

1.0

Reaction extent

damage model. In this damage model, rock materials are assumed to be composed of a series of
tiny elements. Each element remains completely
elastic until it ruptures when the force reaches its
rupture strength (Yang et al. 2017). Many experimental and numerical studies show that rock
subjected to explosion pressure or stress redistribution is fractured in tension or compressionshear mode (Yilmaz and Unlu 2013). Since the
stress state of tiny elements of rock mass reflects
the danger degree of tiny elements, in this study,
the maximum tensile stress criterion and the
Mohr-Coulomb criterion are, respectively, used
as the rock strength criterion in tension and
shear. Under the convention of compression
positive, the variable F regarding the stress state
can be expressed as:

0.0

0.0
0

Figure 9

5
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15
20
Time (μs)

25

30

Effect of hole diameter on explosive energy release.

Damage variable is defined as a ratio of the number of already ruptured elements to the original
number of elements. Then

The in-hole VoD of the commercial explosives
also depends upon blasthole diameter. What is
more, the reaction process and reaction rate of
the same explosive with different charge diameters are quite different, as shown in Figure 9. The
reaction process variable of explosive in Φ200
mm blasthole at the sound velocity point is
λ=0.81, while for the explosive in Φ138 mm
blasthole is λ=0.72. The energy release rate of
explosive in Φ200 mm blasthole is significantly
higher than that of explosive in Φ138 mm
blasthole. The explosive in Φ200 mm blasthole
have more proportion of energy released outside
the detonation wave structure, and the detonation peak load is much higher.
5

  F m 
Nf
 1  exp     
D
(11)
N
  F0  
Taking Eq.(10) into Eq.(11), the damage variables in tension or compression-shear mode can
be obtained as following respectively:

    mt 
Dt  1  exp    3  
  F0 t  



(12)

mc
 



1

sin

3
1


Dc  1  exp  


(13)
  F0 c 1  sin  F0 c  


Where, the subscripts t and c represent the tension mode and compression-shear mode. The
above rock damage model involves four necessary parameters of Weibull distribution: shear
damage parameters F0c, mc and tensile damage
parameter F0t and mt, respectively. According to
Cao et al. (1998), F0t and F0c represents the average tensile strength and compressive strength
of macroscopic rock, respectively.

ROCK DAMAGE MODEL

As a kind of geological material, natural defects
and initial fractures are inevitable in the rock
mass. By introducing the statistical strength theory into continuum damage theory, Krajcinovic
and Silva (1982) proposed a simple but efficient
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6

Under blasting loading conditions, rock strength
is strain rate dependent. According to the study
of Li and Gu (1994), the relationship between
dynamic strength and strain rate can be approximately expressed in the following form:

 cd   cd1/3
 td   td1/3

NUMERICAL SIMULATION OF
BLASTING WITH DIFFERENT HOLE
LAYOUT SCHEMES

In the present paper, several models are built to
study the characteristics of energy distribution
and the formation mechanism of oversize boulders and rock toes. It aims to find an effective
way to solve the problems of oversize boulders
and rock toes under the condition of large
blasthole diameters and blast pattern. Therefore,
the non-ideal detonation model and statistical
dynamic damage model mentioned above are
implemented in dynamic finite element model
(DFEM) to analyze the feasibility of new approach with combined blastholes of Φ200 mm
and Φ138 mm.

(14)

(15)
Where σcd and σtd are the dynamic compressive
and tensile strength of rock, σcs and σts are the
static compressive and tensile strength, and  is
the strain rate. Since the scale parameter F0 in
Eq.(11) represents the average strength of macroscopic rock, it is considered that F0t = σtd and
F0c = σcd.
In the numerical calculation, first, the MohrCoulomb criterion is used to determine whether
compressive shear failure occurs or not. If not,
then the maximum tensile stress criterion is used
to determine whether tensile failure occurs in the
rock mass. Accordingly, corresponding damage
variables are selected according to Eq.(12) and
Eq.(13).

Kuhlemeyer and Lysmer (1973) show that for
accurate representation of wave transmission
through a model, the element size must be
smaller than approximately one-tenth to oneeighth of the wave length. In this model, a
graded mesh is adopted to capture the change of
damage extent in the numerical model. Element
sizes vary from 0.04 m near the blasthole to 2.8
m in the border. The section of mesh size gives
consideration to both the calculate accuracy and
calculation efficiency.
Table 2 gives the drilling and blasting parameters for different analysis case. The bench height
is 10.5m. The blasting fragmentation effect under different conditions are compared quantitatively. It should be noted that the specific charge
for each case was kept the same. Table 3 is the
material parameters for rock mass and stemming.

Figure 10 Damage evolution and fragmentation process (Clayton, 2008).
Fragmentation of the local rock mass is assumed
to occur over a small-time period, beginning
when the damage reaches a threshold value D =
DT, as shown in Figure 10. According to Liu et
al. (2016), the damage threshold of critical
breakage rock mass in the range of 0.75–0.85.
When the damage variable exceeds the threshold
DT, the rock mass will be broken into pieces. In
this paper, the damage threshold DT is taken as
0.8.

6.1 Case 1-Conventional small hole layout
scheme
The blasthole diameter used in the previous
blasting is 138 mm. The numerical results of the
analyses are shown in Figure 11.
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Table 2

Drilling and blasting parameters for different analysis cases.

Analysis cases
1. Only Φ138 mm
2. Only Φ200 mm
3. Pocket charge
4. Satellite blastholes
5.Combined holes with
Φ200 and Φ138 mm

Table 3

138
200
200/90
200/138

Subdrilling
(m)
1.0
1.5
1.5
1.5

200/138

1.5/1.0

Hole
diameter
(m)

Space
(m)

Burden
(m)

Hole
length
(m)

Stemming
(m)

Specific
charge
(kg/m3)

6
10
10
10

6
8
8
8

11.5
12
12
12/4

4.0
4.0
4.5
4.5/1.6

0.34
0.35
0.35
0.35

10

8

12/10

5.0/3.5

0.35

Material parameters for rock mass and stemming.
Ρ
(kg/m3)
2650
1800

Material
Rock
Stemming

E
(GPa)
20
9

μ
0.23
0.30

C-S parameters
C /s-1
P
2.5
4.0
2.5
4.0

18m

A

A

F0c (MPa)

mc

F0t (MPa)

mt

1.0
1.0

35.2
10.0

4.0
3.2

3.0
1.0

2.5
1.5

size boulders ratio and rock toes are under control. However, the use of small holes leads to a
large number of holes and low drill-and-blast efficiency.

Φ138 mm
blasthole

40m

β

6.2 Case 2-Large hole layout scheme
As blasthole diameter increases to 200 mm, the
drilling cost can be reduced and the construction
efficiency can be improved. However, the numerical results show that, in case 2, large spacing and burden between boreholes will lead to
uneven distribution of blasting energy. Large diameter holes in an expanded pattern are unable
to deliver energy uniformly to all blocks especially the rock mass between holes. Oversize
boulders and toes will from in the area between
the holes where is not sufficiently broken. The
toe problem on the bench floor is quite obvious,
as show in Figure 12. Previous study showed
that fragmentation and toe problems were generally encountered in massive rocks for a burden
height ratio greater than 0.3 (Singh, Mandal,
2007). Therefore, this approach with large hole
layout scheme is obviously undesirable.

23m

(a) Three-dimensional damage distribution

(b) Damage distribution in cross section A-A

Figure 11 Damage distribution under the
blasting with conventional small
holes layout scheme (Case 1).
The area of D=0.8~1.0 presents the completely
broken rock. The isoline of DT in bottom region
represents the remaining surface on the bench
floor. Smaller diameter holes in a reduced pattern provides uniform energy distribution. The
fragmentation result is quite good, and the over-
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portion as shown in Figure 6(a). Compared with
case 2 in Figure 12, the 10.0 × 8.0 m pattern with
pocket charges yields better fragmentation than
the blast of case 2.

(a) Three-dimensional damage distribution

(a) Three-dimensional damage distribution

(b) Damage distribution in cross section A-A

(b) Damage distribution in cross section A-A

(c) Damage distribution in cross section B-B

(c) Damage distribution in cross section B-B

Figure 13 Damage distribution under the
blasting with small pocket
charges in the stemming (Case 3).
(d) Damage distribution in cross section C-C

6.4 Case 4-Small satellite blastholes between
production holes

Figure 12 Damage distribution under the
blasting with only Φ200mm holes
layout scheme (Case 2).

Another method to reduce the oversize coming
from the top of the muckpile is drilling satellite/stab holes between the production holes, as
shown in Figure 14. The 10.0 × 8.0 m pattern
with satellite holes and longer stemming provides better fragmentation than the blast with
small pocket charges even though they have the
same powder factor.

6.3 Case 3-Small pocket charges in the
stemming
When blast pattern is large in a hard rock, some
additional small charges can be used together
with the main blasting charges to improve bench
top fragmentation. Small pocket charges of high
energy explosives are placed in the stemming
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mentation with additional charge, it cannot reduce the oversize in the middle and bottom of
bench as well as in the toe area.

Figure 13 and Figure 14 indicated that holes pattern with small pocket charges or satellite
charges providing more uniform energy distribution in the stemming region than the case 2
with only large diameter hole.

Therefore, it is possible to consider the combination of the 200 mm hole and the 138 holes,
adding small holes among the big holes, as
shown in Figure 6(c) above. Figure 15 shows the
rock blasting damage evolution process.
Numerical simulations show that combining
blastholes with diameters of 200 mm and 138
mm makes the blasting effect preferable, with a
low oversize ratio and an even floor surface, as
shown in Figure 16. This could be attributed to
the blast pattern integration of large diameter
holes and smaller diameter providing more
uniform energy distribution in the stemming
region and toe area than the case 2, case3 and 4.

(a) Three-dimensional damage distribution

7

RESULTS AND DISCUSSION

According to the above comparative analysis,
drilling Φ138 mm holes between the Φ200 mm
production holes can effectively enhance the
rock fragmentation between big holes, reduce
the oversize ratio, meanwhile, and significantly
reduce the height of toes on the bench floor, as
shown in Figure 17.

(b) Damage distribution in cross section A-A

Although the toes height in case 5 is slightly
larger than that of case 1, the toes problem is effective controlled, and the fragmentation result
is good in general. Thus, the method of combined blastholes with different diameters can obtain similar fragmentation results to that of the
conventional scheme of small holes. What is
more, the new approach has obvious advantages
in the cost of blasting and drilling efficiency than
case 1 with only Φ138 mm holes.

(c) Damage distribution in cross section B-B

Figure 14 Damage distribution under the
blasting with satellite holes between main holes (Case 4).
6.5 Case 5-Combined blastholes with different
diameters
Although approaches proposed in Case 3 and
Case 4 can effectively improve bench top frag-
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(a) The first delay

(b) The second delay

(c) The third delay

(d) The last delay

Figure 15 Damage evolution with combined blastholes with diameters of 200 mm and 138 mm
(Case 5).

(a) Damage distribution in cross section A-A

(b) Damage distribution in cross section C-C

Figure 16 Damage distribution with combined blastholes with diameters of 200 mm and 138
mm (Case 5).
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20%

2.5

2.13

1.4

1.5
1.0
0.5

Oversize ratio

Toe height (m)

2.0
1.3

0.65
0.46

15%

13.7%
9.7%

10%

5.4%

5%

3.1%

1.9%

0.0

0%
Case 1 Case 2 Case 3 Case 4 Case 5

(a) Toe height

Case 1

Case 2

Case 3

Case 4

Case 5

(b) Oversize ratio

Figure 17 Comparison of fragmentation effect of different cases

(2015) demonstrate that middle initiation turns
out to be the best mode to decrease the toes,
which will increase the damage areas of the
bottom and top regions and give a better blasting
effect. Therefore, the initiation points in Φ138
mm holes are adjusted from the bottom to the
middle-upper part. It helps to increase the
explosion energy that transfers to the top and
bottom region, reducing oversize boulder ratio
and toes. The numerical result shows that the
average toe height reduces from 0.65 m to 0.52
m, and the oversize boulders ratio reduces from
3.1% to 2.7%.

Finally, a productive test was conducted in a coal
mine to examine the effects of different blast design parameters on oversize boulders and rock
toes. The test result shows the bench floor is
leveled and remaining rock surface is planar, and
loading equipment productivity is good for
digging and leveling, as shown in Figure 18.
To further reduce the toes on the floor and
oversize boulders on the bench top, improved
design of initiation point placement is conducted
in numerical simulation, as shown in Figure 19.
Simulations results conducted by Liu et al.
Table 4

Summary of oversize boulders and toes condition with different blasthole pattern.

Analysis cases
1. Only Φ138 mm
2. Only Φ200 mm

3. Pocket charge
4. Satellite holes
5. Combined holes with Φ200 and Φ138 mm

Oversize ratio
Toes condition
Good fragmentation, low over- Bench floor is leveled and its surface
size ratio
is planar
Bench floor is unleveled, irregular
Bad fragmentation, oversize and unleveled with hard toes, its surface is stepped, toes located between
boulders between holes
holes and in front of holes
Bad fragmentation, oversize Bench floor is unleveled and its surboulders between holes and in face is undulating, toe located between holes and in front of holes
middle and bottom of holes
Some oversize boulders beBench floor is leveled and its surface
tween holes and in the bottom of
is rough
holes
Good fragmentation, low over- Bench floor is leveled and its surface
size ratio
is planar
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Figure 20 Damage distribution under the
improved design of initiation
point placement.

(a) Good fragmentation with low oversize ratio

8

CONCLUSIONS

The present study provides insight into the
mechanism of toes and oversize boulders in
large diameter blasthole bench blasting. A nonideal detonation model and a statistical damage
model are implemented in DFEM to study the
characteristics of energy distribution in large
blasthole blasting. The primary conclusions are
as follows:
1) The in-hole VoD of the commercial
explosives also depends upon blasthole
diameter. The energy release rate of
explosive in large blasthole is significantly
higher than that in small blasthole. The
increase of in-hole VoD in large blasthole
will inevitably lead to the improvement in
strength and brisance of explosive.
2) Excessive space and burden cause
inadequate fracturing between charges,
along with serious toe problem. Pocket
charges and satellite blastholes can only
improve bench top fragmentation, but they
cannot reduce the oversize in the middle and
bottom of bench as well as the toes problem.
The blast pattern case 1 with only small
blastholes provides the most uniform
energy distribution but costs more for
drilling.
3) The new approach of staggered pattern with
the combination of Φ200 mm and Φ138 mm
holes can provide acceptable fragmentation
so as to improve mill throughput for the
mine under the condition of constant
specific charge. To a certain extent, the
small diameter holes can weaken the
advantage of the expanded blast patterns.
However, the new approach has an
advantage over case 1 with only small
blastholes in drilling costs and construction

(b) Good toes condition on the bench floor

Figure 18 Experiment result of blasting of
combined blastholes with different diameters.

Figure 19 Further improved design of initiation point placement.
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Investigation of blasting safety control of high rock slope with
joints
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ABSTRACT
Dynamic response of the rock joint under blasting stress wave was investigated carefully with the
blasting damage technology and time-history method of dynamic stability. Results demonstrate that
the dual-controlled mechanism of damage extension and stability fluctuation exists in the safety
control of the slope with joints. A new approach of determining the Blasting Safety Control Standard (BSCS) considering the rock joints was proposed. Results reveal that a critical angle exists, and
if the inclination is bigger than the threshold value, the BSCS depends on the rock damage extension, otherwise it is determined by stability fluctuation. The sonic wave test and displacement
measurement were implemented to verify the rationality of the new control approach. BSCS obtained from the measurements match well with that of the numerical simulation, and could achieve
the good control of blasting in the jointed slope.
1 INTRODUCTION

slope is one of the most concerned problems
during the construction. Compared to the underground excavation, the slope excavation
generally tends to be less stable because it often
features a lower in-situ stress state, weathered
rocks and a more active groundwater region. As
a result, it is believed that the dynamic response
associated with the slope blasting excavation
would be more complicated (Goodman 2000).
Requirement of stability and safety in longterm
makes the blasting safety control investigation
of high rock slope is important and absolutely
necessary (Chen 2012).

Rock fragmentation by explosions is a common
practice in the mining and construction industries (Khandelwal et al. 2013; Onederra et al.
2012). With increasing scale of these operations, proper design of blasts and control as
well as prediction of blast results has become
imperative in most operations. The capability of
predicting and controlling blasting disturbance
in the remaining rock mass is important. For the
last many years considerable efforts were made
to study the blasting damage or vibration on the
rock and also to minimize the harmful effect resulting from blasting (Wu 2003; Martino et al.
2004; Park et al. 2009). The response of the
rock mass to such time varying high-amplitude
stresses is even more complex, as all the relevant strain-rate-dependent properties of the subject rock are not known.

Since the high rock slopes usually consist of the
jointed rock mass, the blast wave propagation
in the rock mass is significantly influenced by
the joints (Goodman 1976). The interaction between a blast-induced stress wave and rock
joints, which relies on the impinging angle,
type of the incident wave and the joint property
mechanically, dissipates the blast energy (Li
2010). Because of the numerous numbers of
discontinuities in a rock mass in terms of the
cracks and joints, their properties such as positions, orientations, strength and stiffness, etc.,
are impossible to be known exactly.

High rock slope is an important structure often
employed in the hydropower and mine projects.
In recent years, a large number of huge hydropower stations whose height of rock slope exceeds 300m are being built in the southwest of
China, the blasting excavation of high rock
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In practice, many researchers used equivalent
rock material properties in theoretical and numerical studies of rock mass responses to either
static or dynamic loads. But it should be pointed out the influences of the shape, orientation
and distribution of joints in a rock mass usually
result in different material properties in different directions owing to their usual predominant
orientation in certain direction. Therefore, it is
meaningful to take the joints in rock mass into
consideration precisely in order to have more
accurate estimations of its behavior under blasting loads.

shock-waves, fly rocks, noise, noxious gases,
blast-induced earthquakes, etc. Reasonable
safety regulations of blast vibration should be
established to guarantee a successful blasting
operation. During the construction, the allowable velocity of blasting vibration would be determined based on geology condition, field test
result, vibration and damage monitoring, engineering analogue, etc. (Bohloli 2006; Hudson
2009; Tripathy 2002). Table 1 plots the employed BSCS for several famous slopes in China. But it should be pointed out that the joint in
rock mass was ignored during the blasting vibration control process of high rock slope.

Blasting excavations are always causing negative effects, such as blasting vibration, air
Table 1

The conventional employed BSCS for several famous slopes in China

Order

Name

Slope height (m）

Angle (°)

1
2
3
4
5
6
7
8

Xiaowan
Jinping
Da gangshan
Xiluodu
Tianshenqiao
Xiangjiaba
Nuozhadu
Wudongde

700~800
>1000
>600
300~350
400
350
800
830~1036

47
>55
>40
>60
50
>50
>43
>43

In the present study, the dynamic response of
the rock joint induced by blasting stress wave
was investigated carefully based on the blasting
damage technology and time-history method of
dynamic stability with the secondary development of LS-DYNA. The influence mechanism
of the rock joint impacting the blasting safety
control was revealed. Then a new approach appropriate for the rock slope with joints was
proposed by determining the Blasting Safety
Control Standard (BSCS). At last, based on the
excavation of Baihetan high rock slope, the
sonic wave test and displacement measurement
was implemented to verify the rationality of the
new proposed approach.
2

Excavation
height (m）
670
530
380~410
300~350
350
200
400~600
430

Dam
height (m)
294.5
305
210
276
178
161
261.5
263

BSCS
(cm/s)
10~15
10~20
8~15
5~15
10~15
10~15
10~20
8~15

schematic diagram of disturbance mechanism
of joint induced by blasting stress wave was
plotted in Figure 1. When the shock wave
comes to the joint plane, two kinds of important
response could be found. Firstly, the shock
wave is reflected by the interface and converted
into a tensile wave. Because of low resistance
of rock mass to tension, tensile damage may be
produced. Secondly, the sharp stress gradients
induced by blasting may result in the stability
fluctuation of the joint.
2.1 Numerical tool and blasting damage model
To achieve a better understanding of this process, numerical simulation was implemented
based on the case study of the excavation of
Baihetan high rock slope. Figure 2 shows the
developed numerical model to study the blast
wave propagation in rock media. The model
size was set to be 130 m long, 30 m wide and
100 m high, while 317,456 elements and
428,532 nodes were used in the numerical simulation. The source of explosive is represented

THE BLASTING DAMAGE
EVOLUTION AROUND THE JOINT
UNDER BLASTING STRESS WAVE

It is well known that the detonation of an explosive generates violent expansion of hot gases, producing a pressure wave that moves outward at high velocity from its source. The
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by a detonating cord containing a core load of
emulsion explosive. Table 2 plots the used JWL
equation of state parameters of explosive. The
contact setting of LS-DYNA was employed in
the joint simulation. Non-reflecting boundaries
are applied to the other surfaces, except the top
surface which has the free boundary condition.

Figure 1

In our previous study, we proposed a tensilecompressive damage model by incorporating
the compressive damage into the exited damage
model (Hu et al. 2013).

Schematic diagram of disturbance mechanism of joint induced by blasting stress
wave.

Joint plane

Stress wave

Blasting zone

Figure 2

Left: Schematic of the numerical model Right: Mesh of the numerical model.

Table 2

JWL equation of state parameters of explosive used

Density
(kg/m3)
1000

VOD
(m/s)
3600

PCJ
/ GPa
3.24

A
/ GPa
220

B
/ GPa
0.2

In the tensile-compressive damage model, tensile damage is determined following the equations derived by Budiansky and O’Connell
(1976) for a random array of penny-shaped
cracks in an isotropic elastic medium. The tensile damage scalar Dt is related to the damaged
Poisson's ratio and the crack density parameter
through

R1

R2

ω

4.5

1.1

0.35

E0
/ GPa
4.2

2

16 (1   )
Dt 
Cd
9 (1  2 )

(1)

Dt is the tensile damage scalar, µ represent the
degraded Poisson’s ratio for damaged material,
Cd is the crack density parameter. The crack
density parameter could be determined as Eq.
(2):
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Cd 

K IC
5
) 2  vm
k(

2  C v max

The degraded bulk modulus and shear modulus
are defined as follow:

(2)

An expression based on the percolation theory
(Englman et al. 1987):

K  K (1  D)
G

16
   exp(  Cd )
(3)
9
On the other hand, when the rock material is in
compression, based on the coupling principle of
strain-rate effect in the Furlong-Davis-Alme
(RDA) model (Furlong et al. 1990), the compressive damage Dc is expressed as:
D c 


λW
p

2.2 Determination of rock parameters in
simulation
The damage constants used in the tensilecompress damage model for the rock mass and
joint are listed in Table 3 respectively. The material constants such as elastic modulus, Poisson's ratio et al are determined carefully according to the geological data and field experiments.

By this way, there are the tensile damage scalar
and the compress damage scalar in the model at
the same time. Introducing the symbol D into
expressing the damage scalar and considering
the biggest dam-age effect, the damage scalar
can be got:

Damping determine the attenuation characteristics of stress wave in rock mass, the damping
selection is correct or not would directly affect
the accuracy of the calculation results seriously.
In the present study, calibration of damping parameters is implemented by trial calculation
based on the vibration measurement. Figure 3
plots the arrangement of vibration measuring
points and the comparison of the simulated and
measured attenuation of peak particle vibration
in the rock mass as a function of scaled distance
from the charge center.

(6)

On the other hand, when the rock material is in
compression, the von Misses yield condition is
expressed as:
  2   y2  0

(10)

Where εkk and εij are the volumetric and deviatoric strains respectively, while δij is the Kronecker delta function.

(5)

D  max(Dt , Dc )

(9)

K

dij  Kd kkij  2Gdeij

Where λ is the sensitivity constant of Dc which
is taken to be equal to 1.0×10-3kg/J in this
study. While the plastic work Wp is computed
by

W p    ij d  ijp

2(1   )

The constitutive relations recording the damage
effect could be defined with Hooke’s law of increment as follow:

(4)

1  Dt

3(1  2 )

(8)

(7)

where Λ= 3 sij sij is the von Misses equivalent
2

stress, and σy is yield stress.
Table 3

Material constants and damage constants for modified damage model

Class Density
(kg/m3)

Elast.
modulus
(GPa)

Poison's
ratio

Dyn. tensile
strength
(MPa）

Rock
mass

2530

25

0.23

2

Joint

2000

2.5

0.24

0.01

Damage
const.
k
2.33
*1024
2.33
*1022
530

Damage
const.
m

KIC
(MN*
m-3/2)

Damage
const. λ
(Kg/J)

Mat.
Const.
β

7

0.92

0.0001

0.5

0.1

0.001

0.00001

0.05

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Figure 3

Trial calculation results for the determination of the calculation parameters.

The result of trial calculation demonstrates that
when values of mass and stiffness damping
used in our case are 4.0 and 0.000018 respectively, the simulated PPV attenuation is seen to
match well with the test data at all the vibration
measuring points. In the following sections, the
dynamic response around the joint under blasting stress wave is investigated by using the
damping parameters selected by calibration.

joint. Figure 5 plots the maximum damage variable versus the angle of the joint.

2.3 Spatial distribution characteristic of
blasting damage around the joint plane
The above described numerical tool and damage model were used to simulate the blasting
dam-age distribution around the joint plane.
The results of different joint angle were plotted
in the Figure 4.

Figure 4

It can be seen that when the stress wave came
to the joint plane, damage is obviously found
around the joint plane. Two import kinds of
phenomenon could be observed. Firstly, the
damage position is quite different when the
joint angle varies. The dam-age could be found
at the bottom of the joint when joint angle is
low, while the damage zone distributes at the
top of the steep joint. It could be explained that
the angel of the joint affects the reflection and
propagation of blasting stress wave, which induces the tensile stress state exceeding the
strength appears at different position. Secondly,
the damage degree around the joint of lowangle is much larger than that of high-angle

Damage distribution induced by
blasting stress wave for the joint
of different angle. Top: The angle of 15°. Bottom: The angle of
75°.

0.6
0.5

Damage varible

0.4
0.3
0.2
0.1
0
0
-0.1

Figure 5
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Angle of the joint plane (°)

The maximum damage variable
versus the angle of the joint.
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on slice i are defined as Fxi and Fyi, respectively. The following expressions can be obtained
by the principle of static equilibrium x = 0, y =
0:

Results demonstrate that when the angel of
joint is 15°, the maximum damage variable
around the joint is 0.5, while that is only 0.07
for the joint of 75°. The former is nearly eight
times larger than the later. Combining the damage distribution, the damage was found at the
farther position when the joint angle is larger. It
is known that the blasting stress wave attenuated sharply with the increasing of the detonation
distance, so the damage degree is much less
than of the low-angle joint. It can be concluded
that for the low-angle slope, the damage may be
the control focus during blasting excavation.
3

Ti cos i  Ni sin i  Fxi  KcWi 
xi 1 sin i 1  xi sin i  Ei 1 cos i 1  Ei cos i  0
Ti sin i  Ni cosi Wi  Fi  Fyi 
xi1 cos i 1  xi cos i  Ei1 sin i1  Ei sin i  0

(11)

(12)

where Ti and Ni are the shear force and normal
force, respectively, on the bottom surface of
slice i; xi and xi+1 are the shear force on the side
of slice i and slice i+1, respectively; Ei and Ei+1
are the normal forces on the side of slice i and
slice i+1, respectively; Fi is the external force
on top of the potential landslide; Fxi and Fyi are
the horizontal and vertical inertial forces of
blasting vibration, respectively, on slice i; i and
i+1 are the angles between the sides of slice i
and slice i+1 with vertical direction, respectively; and δ is the angle between the sliding surface of slice i with horizontal direction.

TIME-HISTORY DYNAMIC
STABILITY ANALYSIS OF JOINT
SLOPE UNDER BLASTING STRESS
WAVE

3.1 The time-history dynamic stability analysis
of high rock slope
The dynamic stability analysis of high rock
slopes under blasting vibration is a complex
problem. Chen et al (2013) proposed a method
for dynamic stability of the high rock slope
with the Sarma method of the limit equilibrium
analysis. In the present study, this approach was
implanted into the LS-DYNA with its user subroutine interface. The Sarma method assumes
that the slope is in the state of limit equilibrium
when it begins to slide, and the potential landslide is divided into several slices.

The following expression is available from the
Mohr–Coulomb criterion:
Ti   Ni Ui  tan b i  Cb i bi seci

(13)

where Ui is the hydrostatic pressure on the bottom surface of slice, bi and Cbi are strength parameters of the sliding surface, and bi is the
width of the bottom surface of slice i. If it is assumed that the forces of the two sides E and x
are in a state of limit equilibrium, it is expressed as:
xi   Ei  PWi  tan Si  CSi di

(14)

xi1   Ei 1  PWi 1  tan Si1  CSi1 di1

(15)

where PWi and PWi+1 are the hydrostatic pressures on the sides of slice i and slice i+1, respectively,  Si and C Si are the strength parameters of the side of the slice, and di and di+1
are the length of the sides of slice i and slice
i+1, respectively. The relationship between the
inertia force of slice i in a certain direction, the
weight and the centroid acceleration of slice i
can be described as follow:

Figure 6 Diagram of forces acting on slice i
Slice i in a potential landslide shown in Figure
6 is used as an example. The horizontal and
vertical inertial forces of the blasting vibration
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Fi (t ) 

Wi
ai  t 
g

(16)

The acceleration variation of each point of the
slope is closely related to the distance from the
explosion source. The relationship can be expressed by eq. (17).
0


ai  t     t ( r / C p )

2 f cos 2
Ve



 
f t  
 



r      
C p   0 
 

(17)

In this way, the stability safety factor of the potential landslide stability can be acquired during
the entire duration of the blasting vibration, and
the minimal factor is chosen as the dynamic
stability safety factor. With the user subroutine
interface of LS-DYNA, the dynamic stability
safety factor is record with historical variables
hsv(i) based on the secondary development of
LS-DYNA and FORTRAN program. It should
be pointed out the tensile-compressive damage
model was still employed. Figure 7 plots the
schematic diagram of the realization of the
time-history dynamic stability analysis.

Figure 8

Numerical model

Results demonstrate that an obvious shock
could be found in the time-history curve of stability coefficient. The blasting stress wave affects the stress state around the joint significantly, and the safety factor could be strengthen
or weaken when the stress state changed. Because of the further attenuation of blasting
stress wave, safety factor achieve another stable
state finally. The minimum value is signed with
the green line. It can be seen that the minimum
safety factor varies when the joint angle is different. Figure 9 plots the relationship between
the dynamic stability safety factor and rock
joint angle.

Ls971.exe
Calculation results
User-defined
subroutine
stress

Vibration

Fortran
Force
(Ti…..)

Constants
Fortran

Fortran
Equivalent
acceleration

Mohr-Coulomb
criterion

LS-prepost
Time-history dynamic stability analysis

Figure 7

Evolution curve of dynamic safety factor for the joint of different
angle. Top: The angle of 15°.
Bottom: The angle of 75°.

It can be seen that the minimum safety factor
decreases as the angle of the joint increases.
When the angle of joint is 15°, the minimum
safety factor is about 2.7, while that of the joint
angle of 75° is only about 1.3. The former is
twice as much as the latter. As the joint angle
increases, the safety factor of stability decreases
and the rock slope are more likely to fail under
blasting loading. So for the high-angle joint in
rock slope, the stability of slope may be the
control focus during blasting excavation.

Schematic diagram of the realization of the time-history dynamic stability analysis.

3.2 Dynamic stability analysis of high rock
slope considering the joint plane
With the above time-history approach of slope
dynamic stability, Figure 8 plots the evolution
curve of dynamic safety factor for the joint of
different angle.
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measurement position should also prevent the
equipment from the strong blasting slung shot
and air shock wave. During the engineering
practice in China, the inside of the berm at last
bench was seen as the most ideal position as
shown in Figure 10.

Coefficient
of stability
动力稳定性安全系数

3
2.5
动力稳定性安全系数
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1
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0
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倾角（°）
Angle
of the joint (°)

Figure 9

Blasting vibration control standard

Relationship between the dynamic stability safety factor and rock
joint angle.

Joint plane

4 DETERMINATION OF BLASTING
VIBRATION CONTROL STANDARD
CONSIDERING THE JOINTS

Dangerous for equipment

Blasting zone

Figure 10 The schematic diagram of the
position of the BSCS.

With the understanding of the dynamic response of rock joint under blasting loading, a
new blasting safety control approach appropriate for the rock slope with joints was investigated in this section. Actual practices usually
adopt vibration velocity as safety indicator, for
better evaluation of dynamic response of
slopes. To protect the safety of the rock slope,
the Blasting Safety Control Standard (BSCS)
should be determined. The blasting vibration
equipment should be fixed as close as possible
to understand the blasting disturbance, but the

4.1 The determination approach of BSCS
considering the joint plane
As illustrated in the section 2 and 3, the damage
extension and stability fluctuation are two focuses during blasting excavation control of high
rock slope with joint. Figure 11 plots the determination of BSCS considering each control
focus respectively.

Figure 11 Determination of BSCS considering the damage extension and stability fluctuation.
If the blasting load was increased gradually, the
damage extension appears when the blasting
loading exceeds a certain value and there is a
corresponding PPV at the last bench. The PPV
could be determined as BSCS considering the
damage extension, which is signed as the PPV-

D. The same procedures could be used to determine the BSCS considering the dynamic stability. When the stability coefficient reduces to
the limit value of slope, the corresponding PPV
is the BSCS considering the dynamic stability,
which is signed as the PPV-S. During this pro534
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cess, the threshold value of the damage degree
and stability coefficient should be determined.
For example, the limit of the damage degree of
high rock slope in China is as follow: According to the Chinese Code of Rock Foundation
Excavation Techniques for Hydraulic Power
Plant Engineering (SL47-94), when change in
sonic wave velocity η is more than 15%, the
rock is considered to be seriously damaged. In
the present study, the limit value of the damage
degree was determined as 0.2. The threshold
value of slope stability should be determined
according to the requirement of the high rock
slope, but the minimum value is just 1. In the
present study, the limit of the stability coefficient was set as 1.2 to consider the safety redundancy. Figure 12 plots the calculation results of the BSCS-D and BSCS-S with the
above approach.

when the joint angle is lower. Results demonstrate that BSCS-D varies with the joint angle
and the conventional BSCS is not safety
enough for the low-angle joint when considering the damage extension. In Figure 12 (bottom), as the joint angle increases, the BSCS-S
decreased obviously. When the joint angle exceeds 50°, the BSCS-S is less than the conventional BSCS of 10 cm/s, which means that the
control of blasting vibration should be more
strict when the joint angle exceeds 50°.
4.2 The couple determination approach of
BVCS considering the joint plane
According to the above results, it can be concluded that the final BSCS should be the couple
control results of the damage extension and dynamic stability. The actual adopted threshold
should be the minimum value of them to protect the security during the blasting excavation,
which could be described as follow:

Blasting vibration control standard
(cm/s)

25.0
20.0

BSCS  min( BSCS  D, BSCS  S )

y = 6.008e0.0147x
R² = 0.9866

15.0

The approach could both take the effect of
damage extension and dynamic stability analysis into account, which is more fine and reasonable than the conventional method. Figure 13
plots the results of the BSCS determination
with the couple method of the damage extension and dynamic stability.

10.0
5.0
0.0
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Angle of the joint plane (°)
25

Blasting vibration control standard
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(18)

25.0

Blasting vibration control standard
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20
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Figure 12 Top: The BSCS-D of different
joint angle Bottom: The BSCS-S
of different joint angle.

Figure 13 Results of the BSCS determination with the couple method.

The relationship between the joint angle and
BSCS-D obeys the exponential function highly
and the correlation coefficient exceeds 0.95.
But it should be pointed out that when the joint
angle is large than 35°, the BSCS-D exceeds
10cm/s. That means the conventional criterion
of high rock slope is appropriate when the joint
angle is larger than 35°. But it is not safety

It can be seen that the BSCS-D increases with
the joint angle while the BSCS-S decreases
with the joint angle. A critical value of the joint
angle exists, when the inclination is bigger than
the critical one, the BSCS depends on the damage extension, but if inclination is little than the
critical one, it is determined by stability control.
For rock mass employed in the present study,

Angle of the joint plane (°)
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distribution of the Baihetan abutment rock
slope.

the critical angle is about 50°. It can also be
seen that the final BSCS considering the joint is
between 5 cm/s~9 cm/s, which reveals that the
blasting safety control should be stricter if the
joint is taken into account during the blasting of
high rock slope.
5 IMPLEMENTING AND
VERIFICATION BASED ON THE
BLASTING EXCAVATION OF
BAIHETAN HIGH ROCK SLOPE
5.1 Engineering background

Figure 14 Rock lithology distribution of the
Baihetan abutment rock slope.

To verify the determination of the BSCS of
high rock slope considering the joint, a large
number of site measurements were implemented based on the excavation of Baihetan high
rock slope. Baihetan hydropower station is the
biggest hydropower station which is under
building in the southwest of China in recent
years. It is located in the valley which is between Qiaojia County in Yunnan province and
Ningnan County in Sichuan province. The
height of dam abutment rock slope is as high as
300 m. The rock of the slope body is the upper
Permian series basalt of EMei Mountain. According to the geological prospecting of the left
slope, the joint angle varies from 70° to 20° and
decreased with the elevation gradually, which
provides a good condition for the experiment of
this study, Figure 14 plots the rock lithology

Three kinds of unique important measurement
were implemented. The first is the displacement
measurement, and its aim is to evaluate the stability of slope. The multipoint displacement
meters were fixed in the slope body at every
bench. The displacement was record before and
after every times of blasting. The second is the
sonic wave test, which is used to understand the
damage extension. It was also implemented at
the last bench before and after the current
bench blasting. Thirdly, the PPV at the inside
of the berm at the upper bench was measured
during blasting. Figure 15 plots the distribution
of multipoint displacement meters at the abutment slope and the arrangement of the sonic
measurement holes.

Figure 15 Distribution of multipoint displacement meters at the abutment slope and the arrangement of the sonic measurement holes.
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5.2 The experiment results of blasting damage
extension and displacement change

when the PPV is less than a value (signed with
the green line), no damage extension at the
slope body of last bench could be found, which
means it is effective to establish BSCS for the
blasting safety control of slope.

With the above measurement, the development
of damage depth and PPV at the upper bench
were selected to be investigated. Figure 16
plots the curve of damage depth extension and
the PPV of different benches.

Figure 17 plots the measurement results of displacement during the blasting excavation, and
the comparison between the displacement
change and PPV at every bench was also implemented. Results demonstrate that the displacement increased two or three times in the
past year, but according to the happening time
of the displacement change, the dis-placement
increased only at some benches during blasting
of the next bench. The waveform of the development curve of displacement and PPV versus
the elevation is also similar. It can be seen that
an obvious threshold value of PPV exists, and
when the PPV could not exceed it, no displacement change could be found.

After blasting, the damage depth increased at
different degrees for some benches. For the
bench of elevation 640 m, the increased depth
of the last bench is 20 cm, but no obvious damage depth extension could be found for elevation of 615, 600 and 590 m.

EL.834m

0.06
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EL.824m
EL.815m

0.05

EL.805m

0.04

EL.795m
EL.785m

0.03

(a) Development of the damage depth

EL.775m
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EL.735m
EL.725m

0
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(a) Development of the displacement

(b) Comparison of the damage depth and PPV
Figure 16 Curve of damage depth extension
and the PPV of different benches.
The increase of the damage depth mainly happens at the blasting excavation of the near
bench, and it doesn't increase with time. From
the Fig (b), two important phenomena could be
described as follow: Firstly, the waveform of
the development curve of damage depth and
PPV versus the elevation is quite similar, which
means it is reasonable to use PPV to determine
damage extension of rock mass. Secondly,

(b) Comparison of the displacement change
and PPV
Figure 17 Curve of displacement change
and the PPV of different benches.
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5.3 The verification of BSCS determination for
rock slope with joints

strate that the BSCS depends on the damage
depth extension when the joint angle is low, but
it is determined by the stability fluctuation for
the steep joint. With the above measurement results, the BSCS considering the joint of high
rock slope could be determined as shown in
Fig. 19, in which the numerical simulation results were used as the comparisons.

Based on the above measurement results, the
BSCS could be determined. The relationship
be-tween PPV at the upper bench, damage
depth extension and displacement change were
plotted in Figure 18, the different angle of the
joints were selected.
From Fig. 18 (a), it can be seen that when the
PPV at the upper bench is larger than 5.3 cm/s,
the damage depth extension could be found.
But the stability change happened until the PPV
exceeds 8.6cm/s.
0.025

Increasment of damage depth
Increasment of displacement
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Figure 19 Comparison of the BSCS determined by measurement and numerical simulation.
It can be seen that the measurement results
match well with that of the numerical simulation results, which validates the rationality of
the new de-termination approach of the BSCS
considering the joint. The final BSCS is closely
related to the angle of the joint plane. The biggest threshold value of vibration control could
be found when the joint angle is about 50° for
the rock mass in the present study. When the
angle is little than critical angle, the BSCS is
determined by the damage extension, and the
BSCS becomes little when the joint angle decreases. When the angle is larger than 50°, the
determination BSCS depends on the stability
change of slope, and the BSCS decreases with
the enlarging of the joint angle. It can be seen
that the conventional BSCS of 10 cm/s is not
safety except when the joint angle is between
40° and 50°. When the joint angle is 25°or 75°,
the BSCS considering the joint is about 6 cm/s,
which is just 60 percent of the con-ventional
value. Results demonstrate the joint should be
taken into consideration during the determination of BSCS and the conventional value of 10
cm/s is not safety enough for the blasting vibration control of high rock slope.
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Figure 18 Relationship between PPV at the
upper bench, damage depth extension and displacement change.
According to the BSCS determination approach
of high rock slope considering the joint plane,
the minimum threshold value should be adopted. So in this case, the actual BSCS should be
selected as 5.3 cm/s. The results are quite different when the joint angle increases. For the
Fig. 18 (b), the stability of slope changes when
the PPV exceeds 6.8 cm/s, and the damage
depth extension occurs when the PPV is larger
than 9.3 cm/s. So the final BSCS is 6.8 cm/s
when the joint angle is 70°. Results demon538
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6 CONCLUSION
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zone in crystalline rock in the context of radioactive waste disposal. Environ Geol.
57:1275-1297.doi:10.1007/s00254-0081554-z
Khandelwal, M. and Monjezi, M. (2013) Prediction of Backbreak in Open-Pit Blasting
Operations Using the Machine Learning
Method. Rock Mech Rock Eng. 46(5):389396.
Li, J. and Ma, G. (2010) Analysis of blast wave
interaction with a rock joint. Rock Mechanics and Rock Engineering 43(6): 777-787.
Martino, J.B. and Chandler, N.A. (2004) Excavation-induced damage studies at the Underground Research Laboratory. Int. J. Rock
Mech. Min. Sci. 41:1413-1426.
Onederra, I.A., Furtney, J., Ewan, S. and Stephen, I. (2012) Modelling blast induced
damage from a fully coupled explosive
charge. Int. J. Rock Mech. Min. Sci. 58
(4):73-84. doi:10.1016/j.ijrmms.2012.10.004
Park, D., Byungkyu, J. and Seokwon, J. (2009).
A Numerical Study on the Screening of
Blast-Induced Waves for Reducing Ground
Vibration. Rock Mech Rock Eng. 42:449473.

The following conclusions and understandings
may be drawn from the present study:
The damage evolution and stability response of
the joint plane under blasting loading was investigated with the second development of LSDYNA. Results reveal that the damage extension could be found more obviously when the
joint angle is low, but the stability change happened when the joint is steep. So for the slope
with low-angle joint, the damage extension may
be the focus of blasting excavation control, but
object to the high-angle joint, the dynamic stability fluctuation was more likely to happen.
The determination approach of BSCS considering the joint plane was proposed. The opposite
relationship could be found during the determination of BSCS when considering the damage
extension and dynamic stability. The BSCS-D
increases with the joint angle, while the BSCSS decreases with the joint angle. A critical value of the joint angle exists, when the inclination
is bigger than the critical one, the blasting vibration was determined by damage ex-tension,
otherwise it is determined by stability control.
Based on the excavation of Baihetan high rock
slope, a number of site measurements were implemented to verify the determination of the
BSCS of high rock slope considering the joint.
Results reveal the BSCS depends on the damage depth extension when the joint angle is low,
but it is determined by the stability fluctuation
for the steep joint. The BSCS obtained from the
measurements match well with that of the numerical simulation results, which validates the
rationality of the determination approach of the
BSCS considering the rock joint.
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ABSTRACT
For study the dynamic fracture process of rock under blast loading from adjacent borehole, the singlehole loading and double-hole loading experiments are carried out in granitic samples. High-speed
(HS) and digital image correlation (DIC) method are employed to quantify the dynamic response and
observe the crack propagation under dynamic loading. Based on Johnson-Holmquist (J-H) model, the
breaking process with different uncoupling factors (K) is simulated. The results show that shock wave
is rapidly reduced in air-medium, and cause the partial failure around blast hole. For double-hole
loading, micro cracks are obviously concentrated on zone between two holes, and run though sample
by stress wave superposition. According to numerical simulation For study the dynamic fracture process of rock under blast loading from adjacent borehole, the single-hole loading and double-hole
loading experiments are carried out in granitic samples. High-speed (HS) and digital image correlation (DIC) method are employed to quantify the dynamic response and observe the crack propagation
under dynamic loading. Based on Johnson-Holmquist (J-H) model, the breaking process with different uncoupling factors (K) is simulated. The results show that shock wave is rapidly reduced in airmedium, and cause the partial failure around blast hole. For double-hole loading, micro cracks are
obviously concentrated on zone between two holes, and run though sample by stress wave superposition. According to numerical results, the dynamic response are agreed well with experimental results. The borehole pressure is much high for K=1, the borehole pressure is linearly decreased as K
increases. The intensity of stress wave superposition is slowly decreased with K, and the horizontal
through crack is generated when K=2~5, and the length of random crack around holes is linearly
decreased as K increase.
1

INTRODUCTION

Adding the medium (air or water) in the place
between pore wall and cylindrical charge is a
cost-effective way to reduce the high-pressure of
shock wave and prevent the existing cracks from
developing under explosion gases loading. A
sketch of failure mechanism for smooth blasting
is showed in Figure 1, the borehole pressure decrease sharply for the smaller charge with the decoupling structure. Adjacent boreholes provide
free face for initial shock wave, and the reflected
tension wave would drive radial cracks growing.
Stress superposition phenomenon appears after
adjacent cylindrical charges are detonated, and
lead to micro cracks concentrating on central
zone between holes in the horizontal direction.
Subsequently, the explosive detonation products
(gases) permeate the existing cracks and pressur-

One of the latest developments in blast engineering, smooth blasting is widely used in many applications such as tunnel engineering, road cuts
and mining excavation. Precisely controlling
blast is effective way to reduce the cost and ensure safety in blasting. However the fracturing
process between adjacent holes is complex and
influenced by many factors, such as explosive
types, charging structure, coupling media and
various geological condition (Ma et al., 1998;
Zhao et al. 1999; Cho et al. 2004; Rathore et al.
2007; Wu et al. 2016; Wu et al. 2012). Therefore, the mechanism study of dynamic fracture
process is essential for rock blast operations.
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peak stress is 752~1720 MPa, stress wave pressure decreases with K, the pressure of explosive
gas expansion not be affected with K increased.

ize in the internal crack surfaces, and micro fissures grow further and combine with each other.
At last, the horizontal cracks run through rock
mass, the damage zone area in vertical direction
is smaller than horizontal zone (Persson et al.,
1993; Zhu et al. 2007; Banadaki et al., 2012). Li
(2017) found the stress concentration of target
borehole wall is obviously under the stress wave
from the primary borehole, and the initial cracks
are easier to produce along holes.

Given the above background, the theoretical research on the dynamic fracture process under
blasting is relatively difficult, and both experimental study and numerical study are used to explore the failure process. This paper focus on the
dynamic crack propagation in granitic rock under air medium decoupling charge, single-hole
loading and double-hole are designed in laboratory-scale experiments. High-speed cameras
(HS) and digital image correlation (DIC) technology are used to quantify the dynamic response and observe the crack propagation.
Based on J-H constitutive model, the crack processes with different K are simulated in AUTODYN.
2

EXPERIMENTAL METHODS

2.1 Materials
Figure 1

Sketch of air decoupling charge
blasting.

The granite samples in this experiment were
taken from Fang Shan area in Beijing. China and
all samples were come from the same parent
rock. Water drilling, friction sanding and polishing techniques are used to avoid germinating micro cracks during processing. Both parallelism
of two end planes and perpendicularity are
smaller than 0.2 mm.

The dynamic fracture process of rock is complicated subjected to explosive loading, which
mainly consists of stress wave and explosion
gas, and both of them make significantly contribution to the process of dynamic fracture (Brinkman 1987). In order to separate two loads,
Brinkmann (1990) used the hole liner in experiment with four kinds of explosives, and found
that the high velocity of detonation (VOD) emulsion produced greater shock wave compare with
the lower VOD dynamite. McHugh (1983)
adopted a sheathed borehole in plexiglas to contain the gaseous explosion and an unsheathed
borehole on PETN explosion, and the results indicated that radial cracks caused by the circumferential tensile stresses alone would be about
0.02 to 0.05 m long.

The quasi-static properties of the granite were
tested using the WDW-300 electronic universal
testing machine in the Laboratory of Explosion
at the Beijing Institute of Technology (Beijing,
China). SHPB was used for testing the dynamic
strength with higher deformation rates (approximately 100 /s) at China University of Mining
and Technology (Beijing, China). The parameters of the Fang Shan granite were as follows:
density= 2.43 g/cm3, Poisson’s ratio=0.16, Pwave velocity=4088 m/s, Young's modulus=40.6 GPa, tensile strength=6.14 MPa, compression strength=87 MPa, and dynamic compressive strength=120 MPa (strain rate=115 /s).

Wu (2012) found the tensile failure was the main
effect of soft interlayer on middle-air-decked
charge structure, and caused the extension of
rock at the bottom of borehole. Zhao et al. (2011)
studied the blast wave action and damage variable distribution when K is 2.0, 2.5, 3.0 and 3.5,
and the explosion shock wave last 2~3 μs, the

2.2 Blast facility
There are many factors need to consider during
establishing the experiment system. When selecting geometry size of specimen, types of explosive and uncoupling factors for air medium
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decoupling charge structure, the crushing zone
around hole should be as small as possible,
meanwhile make sure the center cracks between
two adjacent boreholes can be generated. The
diffusion of explosion gas would reduce the
sharpness of photograph, and the nonpenetrating
borehole is chosen to prevent explosion gas
overflowing from borehole.

reducing. The experimental platform was displayed in Figure 3.

After a series of preliminary experiments, cuboid specimen is made into 250×250×100 mm
by water cutting, the borehole with 10 mm in diameter and 90 mm in depth is obtained by water
drilling. The distance between two adjacent
boreholes is approximately ten times than borehole diameter according to the design from literature (Wu et al. 2012), more information about
specimen is showed in Figure 2. The PETN is
pressed with 3.8 mm in diameter, 40 mm in
length, density is 1.0 g/cm3, and loaded at the
end of boreholes in rock sample. Air medium is
adopted as the coupling materials between cylindrical charge and hole wall.

Figure 3

Specimen, 1 ribbed plate; 2 steel
frame; 3 oil cylinder; 4 steel plates.
5 hydraulic loading; 6 fixed bolts.

A lot of techniques have been developed to detesting the cracks growth in brittle materials under dynamic loading. The test system consists of
two synchronized Fastcam SA5 high-speed
camera, VIC-3D software ver.7, different focal
length of lens and optical lens. The array size is
512×272, and 2 000 W halogen lamps are used
to provide sufficient light intensity and improve
the sharpness of photos. The speed of HS is 30
000 frames /s, the interval time between two images is 33.3 μs, the pan angle between the two
optical axes was approximately 60°, and the distance between specimens and camera lens was 2
m.
DIC is a relatively accurate measurement technique to measure the displacement field on the
material surface. It based on binocular stereo imaging principle and adopts a pair of cameras and
image acquisition device to test the displacement
field. The strain field, velocity field and others
can parameters be calculated after getting the initial displacement field information. Before the
blast loading, the 9 mm calibration grid plate is
selected to calibrate cameras, the similar experimental procedure can be found in previous study
(Tiwari et al. 2005).

Figure 2 Single-hole and double-hole model
During the test preparation, DIC test surface of
sample was polished, and ring fixing device was
used to make sure the perpendicularity of cylindrical charge. The steel plates are used to eliminate the reflected tension wave along the boundary of samples. In order to reduce the fragments
near boundary, the confining pressure of 6.9
MPa was applied in the horizontal and vertical
directions by hydraulic system. Two hydraulic
oil cylinders were applied to the square specimen in biaxial direction, and eight screws were
tie up by lock nut to prevent confining pressure

3

EXPERIMENTAL RESULTS

3.1 Dynamic response under single-hole
loading
The dynamic deformation in three dimensions
under single-hole loading is calculated by digital
image correlation method, as seen in Figure 4.
The process lasts approximately 266 μs. After
the cylindrical charge detonated, the vertical
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motion is obviously, large deformation appears
near the borehole under compressive stress, and
the centrosymmetric damage zone is formed.
The displacement of center point is more than
0.5 mm; meanwhile, the strain peak rises to
0.010 at 133 μs. The deformation exceeds the
static failure strength of rock, but not causes the
material failure due to the dynamic loading is too
short. As time goes on, the deformation zone develops along radial direction and the vertical motion is gradually decreased, the strain value in
damage zone decreases with the distance increase. The strain peak drops to the original state
at last, elastic deformation plays a dominant role
and the irreparable damage by plastic deformation are not obviously.

Figure 4

Figure 5

Strain-time curve of seven target
points in vertical direction under
single-hole loading.

3.2 Dynamic response under double-hole
loading
In the double-hole loading experiment, the left
borehole is detonated firstly, and then left borehole begin to load after 200 μs. Figure 6 clearly
exhibits the crack process at different times, the
left blast hole is detonated firstly and the right
blast hole. The peak value of displacement on
left hole reaches 2.68 mm in vertical direction
which is larger than the value in right hole, and
the area of damage zone around left hole is less
than right damage zone. The narrow deformation band originates from left and develops
into right during first loading; the average strain
in damage zone is more than 0.004. The damage
between two holes is growing after second loading, and peak strain rises up to 0.012. The width
of middle damage band increase from 5 mm to 8
mm and lots of micro cracks are generated after
second loading. The cracks appear in both sides
near the boundary zone, and this phenomenon
may be owing to reflected wave.

Dynamic response of the test surface in three dimensions under
single-hole loading.

To quantify elastic deformation and analyze the
attenuation of strain under single-hole loading,
seven target points were located with a spacing
of 10 mm in horizontal direction were selected.
Figure 5 exhibits strain-time curve on different
points. At the first stage, the largest strain appears in 0 mm nearby blast hole and reaches
0.01. The stress wave loading lasts 250 μs, the
strain peak reduces with distance increases. At
the second stage under detonation gas loading,
the strain is smaller and action time is longer.
For instance, the peak strain on 0 mm is 0.01 in
first stage then reduces to 0.005 under second
loading. The action time of second stage is 1.2
ms which is five times than first stage.

Figure 7a shows the strain-time curve of seven
points in horizontal direction, the maximum
strain on -50 mm rises to 0.025 at 270 μs, and
then droops back to 0.01 after first loading.
When the right cylindrical charge is detonated, a
second rising process is observed clearly on 50
mm, and peak strain exceeds 0.028 at 1000 μs,
which is higher than the value on left borehole.
Notably, the strain peak of 75 mm point is 0.044,
indicate damage zone closed to the free boundary would further extended under tensile loading
from reflected wave.
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4

NUMERICAL SIMULATIONS

4.1 Geometric modeling
The Johnson-Holmquist model is among the few
useful and relatively complex damage models
that can be used for investigating the impacting
and blasting problems on rock materials. Johnson and Holmquist suggested a constitutive
mode for brittle materials that has been widely
applied to brittle material (Tiwari, V et al. 2005;
Holmquist T. J et al. 2001). Based on JH model,
compared the dynamic response under singlehole loading and double-hole loading. Meanwhile, the crack propagation under different uncoupling ratios was researched.

Figure 6

The results of the static and SPHB experimental
results are used for calibration the parameters of
J-H model base on the reference literature (Shi
X et al. 2015), the parameters as shown in Table
1. The geometric model is set up in Solidworks,
then import into ANSYS Workbench for meshing and boundary loading. Explicit Dynamics is
selected for analyzing the dynamic response of
rock in AUTODYN.

Dynamic response of the test surface in three dimensions under
double-hole loading.

Meanwhile, five points with 8 mm spacing in
vertical direction are selected (Figure 7b). The
bimodal curve can be found along the center line
and the accumulation of elastic deformation is
obviously. The strain on 0 mm rises to 0.014 rapidly at 700 μs and drops to 0.011 during first
loading. Subsequently it reaches 0.013 at 1 000
μs after second loading. Both two loadings have
the similar influence on deformation in the damage zone, and the strain peak decreases with distance form explosive source increasing. In addition to the horizontal damage band, other zones
are mainly influenced by elastic deformation under two loadings, no visible cracks are found.
Compare with the results under single-hole
blasting, the irreversible deformation is seriously under double-hole loading, fragments and
spall cracks closed to free boundary are more
widely.

Figure 7

Strain curve under double-hole
load, (a) seven points in horizontal direction, (b) five points in vertical direction.
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Table 1

Parameters of J-H model.

Parameters
Equation
of
state
Reference density
Bulk modulus
Polynomial EOS
constant
Polynomial EOS
constant
J-H
strength
model
Shear modulus
Hugoniot Elastic
Limit
Intact Strength
Constant
Intact Strength
Exponent
Strain Rate Constant
Fractured
Strength Constant
Fractured
Strength Exponent
Max. Fractured
Strength Ratio
J-H
failure
model
Hydro Tensile
Limit
Damage
constant
Damage
constant
Bulking
constant
Type of tensile
failure

Unit

Value

(g/cm3)

2.43

(GPa)

19.9

(GPa)

-4500

(GPa)

300000

(GPa)

17.5

(GPa)

4.26

length), these meshes are fine enough for the requirement of precision (Figure 8). A total of
eight groups are completed, the parameters are
summarized in Table 2, text 1~2 are used to
compare with experimental results, text 3~8 are
set up to study the crack growth with K=1~6. At
the same time, the key points are selected and
located the same position with experiment.

0.97
0.64
0.005
0.32
0.64
∗

0.25

(GPa)

-51
0.005
0.70
0.50

Figure 8

Hydro

The rock model and PETN cylindrical charge
structure are the same as experiment, JWL equation is used for hydrodynamic of explosive detonation products, which has been widely used in
numerical simulations. The number of elements
for rock is approximately 120 000 (0.7 mm in
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Table 2
Text

1
2
3
4
5
6
7
8

Parameters of eight tests.
Model

Singlehole
Doublehole
Doublehole
Doublehole
Doublehole
Doublehole
Doublehole
Doublehole

Charge
diameter
/mm

Borehole diameter
/mm

K

2.4

10

4.2

2.4

10

4.2

2.4

2.4

1

2.4

4.8

2

2.4

7.2

3

2.4

9.6

4

2.4

12

5

2.4

14.4

6

Figure 9

4.2 Simulation results and experiment results

Stress wave process under single
loading.

Figure 10 (a) stress curve on six points, (b)
comparison between two results.

Figure 9 shows the Mises stress distribution under single-hole loading. The central symmetry
stress wave spread round at 5 μs after loading,
the pressure on hole wall is 150 MPa and exceeds the failure strength of rock. Smaller cracks
are densely populated near the borehole and only
two visible radial cracks propagate along boundary, the length of radial cracks is 30~50 mm.

Figure 11 shows the evolution of the dynamic
stress under double-hole loading, two cylindrical
charges are detonated at the same time. The
cross-shaped cracks originate from holes and extend to the free boundary at 10 μs. Stress waves
from two holes meet and overlap with each other
on the central band at 12 μs, and cause the hoop
tensile stress improved. The horizontal radial
cracks further grow by hoop tensile stress and
connect with each other at 25 μs. Meanwhile,
macro cracks run through the specimen under reflected wave form boundaries. The length of the
vertical cracks is approximately 60 mm, and the
reflected wave has a little influence on its
growth.

It can be seen that the loading time under stress
wave is 7 μs which is smaller than experimental
results, it is mainly because the expansion of
gaseous is not considered in JWL equation. Figure 10a exhibits the strain-time curve at different
positions along the horizontal direction. The
stress peak on 10 mm is more than 120 MPa and
the plastic deformation is generated in damage
zone around borehole, the stress value declined
sharply with stress wave far away from the hole.
The comparison between simulation and experimental results is described in Figure 10b, the
strain peak on 10 mm in experimental results is
about double times than simulation results. The
difference between two results gradually reduces with distance increases. Within the scope
of 30 mm near hole, the strain decrease more
rapidly.
547

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Figure 12 (a) stress-time on three points, (b)
stress-time on five points.
4.3 Simulation results with different K
The simulation results under 1~6 coupling coefficients are shown in Figure 13, and three moments at 13 us, 20 μs and 50 μs are selected to
describe the process of stress wave meet, overlay
and final state, respectively.

Figure 11 Stress wave process under double-hole loading.

When K=1, the shock wave with high pressure
directly act on borehole wall, the zone immediate vicinity of blast hole is pulverized and micro
cracks are built up in the crushed zone. The narrow stress concentrated is formed along center
line under the superposition of stress waves at 20
μs. The square damage zone appears between
two holes, the horizontal and vertical cracks extend to the free boundary at last. The process of
stress superposition zone is successfully simulated under blasting.

Figure 12a presents stress-time curve on 0 mm
and ±25 mm in horizontal direction, and peak
stress on 0 mm reaches 70 MPa at 7 μs and is
lower than the superimposed stress at 13 μs (80
MPa). This phenomenon is consistent with experimental results. The circumferential stress is
the dominant driving force for crack growth between holes. As time goes on, the stress superposition is generated at different times in the
center zone, but the similar phenomenon is not
obviously on ±25 mm. The stress wave attenuation along vertical line is slowly decreased, as
shown in Figure 12b.

When air is used as the decoupling medium in
the cylindrical charge structure, the pressure on
the borehole wall is sharply decreased under
shock waves. Both the number of cracks and
area of damage zone decrease with K increase,
the horizontal cracks run through sample when
K is 1~5. As K increases, the intensity of stress
wave and the vertical cracks length reduce gradually, while the area of the damage by the superposition of stress waves reduced slowly. Cracks
are produced by superposition of stress waves
and make the block easily fully fractured in horizontal direction, while the vertical cracks would
be stopped with K increases. The pressure on
borehole wall is smaller than the yield strength
of rock when K=6, plastic deformation is only
generated around holes and obvious cracks
could not be found in other zones.

The circumferential stress of interaction stress
waves drives the crack growing between holes.
As time goes on, the stress superposition is generated several times in the center area, but the
similar phenomenon cannot be observed on ±25
mm. Five key points with spacing of 8 mm in
vertical direction are selected, and the stress
wave attenuation along the vertical line is slowly
decreased as shown in Figure 12b. For instance,
the stress difference between 0 mm and 8 mm is
only 4 MPa. With distance increase, the width of
stress wave is gradually increase, and the stress
stress-time curve is rising again at 17 μs under
the interaction between reflect wave and incident wave.
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Figure 14 Finally crack shape under different K.
The central point (0 mm) and right points near
right borehole (50 mm) are selected to analyze
the attenuation trend of stress wave with K increase in the horizontal direction (Figure 15a).
The average stress on 50 mm is higher than the
value on 0 mm. The peak stress with K=1 is over
than 160 MPa and drop to 90 MPa with K=2.
The linear decreasing tendency is clearly found
when K rise from 2 to 6, and the elastic deformation plays a major role with distance increase.
As K increased, the number of cracks around
hole is reduced, and the length of vertical cracks
linear reduce as shown in Figure 15b.

Figure 15 (a) stress-time curve of horizontal
direction, (b) vertical crack
length with different K.
Figure 13 Crack propagation with different
K.

5

CONCLUSIONS

Laboratory experiments include single-hole and
double-hole loading experiments were performed, one researched the dynamic response
under blast loading, another was focus on dynamic fracture process between two holes under
air medium decoupling charge. HS and DIC
method are successfully used to observe the
crack propagation under dynamic loading.

Figure 14 describes the shape of cracks with different K. Many nondirective micro cracks develop near the borehole, and both horizontal and
vertical cracks run through the specimen when
K=1. When air medium is used for decoupling
charge, the borehole pressure and the area of
fracture zone is decreases obviously.

The shock wave is rapidly reduced in air-medium before arrived borehole wall, and the partial failure is formed around blast hole by shear
and tensile stress from explosion. For double549
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hole loading, the narrow deformation band originates from left and develops into right during
first loading, than horizontal cracks are obviously formed in the central zone between two
holes, which is mainly caused by tensile stress
under stress wave superposition. The bimodal
strain-time curve is found along center line and
the linear accumulation of deformation is applicable under second loading.
J-H damage constitutive model in the AUTODYN 2D code is successfully applied to research
dynamic fracture process. Dynamic response
and crack propagation under two loadings are
agreed well with experimental results. The borehole pressure is much higher for K=1, in addition, the borehole pressure is linearly decreased
with K for constant charge diameter. The intensity of stress wave superposition is slowly decreased with K increase. The horizontal cracks
run through specimen when K=2~5, and the
length of vertical crack around holes is linearly
decreased with K increase.
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Numerical simulation of rock mass damage by pressure-relief
blasting in deep metal mine
W. Liu 1, X. Zhang1,2, Y. Wang2, Z. Cui2, H. Yang1,2 and H. Yi1,2
[1] Sinosteel Maanshan Institute of Mining Research Co. Ltd., Maanshan 243000, China;
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ABSTRACT
Under the mining conditions of deep mine, the geostress environment is more complicated. In order
to study the effect of high confining pressure on blasting and rock breaking, ANSYS/LS-DYNA software was used to establish the three-dimensional numerical model. The mining depth H was 1000 m,
2000 m and 3000 m three programs to carry out numerical analysis of rock blasting damage range
under three-dimensional confining pressure. The results show that under the same conditions of rock
and blasting parameters, with the increase of mining depth, the pressure of surrounding rock increases, and the confining pressure generally inhibits the scope of blasting damage. The blasting
damage volume in the charging zone decreases from 2.21 m3 of H=1000 m to 0.52 m3 of H=3000 m,
reducing the rate of 76.5%. The effect of inhibiting the tensile damage is more obvious. The types of
rock blasting damage gradually transform from tensile failure to shear failure. Under the conditions
of high confining pressure, the confining action of surrounding rock increases, which increases the
blasting difficulty to a certain extent, but it is easy to induce the rock burst accident beyond a certain
range.
1

INTRODUCTION

scholars at home and abroad have carried out relevant research work. Zhang Feng-peng analyzed
the influence on crack propagation law of vertical blasthole under bidirectional ground stress
field. Based on the mechanics model of rock
blasting established by damage mechanics theory, Bai Yu et al. studied the evolution of cracks
in double-hole blasting under different in-situ
stress conditions. Liu (2014) analyzed the influence of high and low stress fields on blasting
stress waves by numerical simulation.

Currently, blasting is still the most important
rock breaking method in mine mining. With the
increase of mining depth, significant changes
have taken place in the ground stress environment, which will have an impact on rock properties and blasting effects, making the rock fragmentation process more complicated. For the
environment of “high ground stress, high ground
temperature, high water pressure, and strong
mining disturbances” for deep mining, He et
al.(2005) proposed that the characteristics of
deep rock mechanics and deep disasters are obviously different from those of shallow rocks.
And the conventional theories and methods established based on shallow rock mass blasting
are no longer suitable for deep rock excavation,
and it is necessary to establish deep rock fracture
theory and methods. Therefore, exploring the
mechanism of high ground stress on blasting
damage of rock mass plays an important role in
the optimization of blasting scheme and improving the rock fragmentation. Many experts and

Considering the complexity of rock bursting under high stress conditions, based on the analysis
of the effect of confining pressure on blasting results, a three-dimensional numerical model was
established using ANSYS/LS-DYNA analysis
software. The influence on rock blasting damage
scope under different mining depth conditions is
analyzed, which provides a reference for the
control of blasting fragmentation and safe mining.
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2

INFLUENCE OF CONFINING
PRESSURE ON ROCK
MECHANICAL PROPERTIES AND
BLASTING EFFECT

The stress-strain curves of typical rock under
different confining pressures and the relationship between rock dilatation and confining pressure are shown in Figure 1 and Figure 2, respectively. A large number of rock mechanics
experimental studies have shown that as the increases of mining depth, the surrounding rock
pressure gradually increases. When the confining pressure is large, the lateral restraint of surrounding rock increases, which limits the expansion of the structural surface and increases the
rock compressive strength.

Figure 2

Curve of rock expansion and
pressure.

The blasting effect of rock is closely related to
the properties of explosives, rock properties, and
blasting techniques. The rock properties have an
important influence on the blasting effect.
Larger rock strength increases the difficulty of
blasting and increases the amount of rock explosive consumed. Therefore, under the same conditions, blasting the same volume of rock requires more charges at high confining pressures.
Compared with shallow mining, the increase of
rock restraint under high confining pressure in
deep deposits increases the blasting difficulty
and is not conducive to improving blasting effect.

With the increase of confining pressure, the lateral restraint force increases, causing the internal
fracture to close densely. The ratio of the lateral
strain to the longitudinal strain of rock sample
decreases, and the rock volumetric strain decreases significantly. It effectively restricts the
development of rock dilatancy deformation, the
rock softening degree is reduced, and the rock
bearing capacity is gradually enhanced, so that
its compressive strength is significantly improved.

3

NUMERICAL SIMULATION OF
INFLUENCE OF CONFINING
PRESSURE ON ROCK BLASTING
DAMAGE

3.1 The establishment of a numerical calculation model

Figure 1

Considering that the blasting hole is smaller than
the surrounding rock, in order to facilitate the
model mesh division, the design model size is 2
m×2 m×3 m for length × width × height. The
blast hole is located in the geometric center of
the model, with an aperture of 10 cm and a
blasthole length of 2.5 m. The blasthole bottom
detonation method is used. The model diagram
is shown in Figure 3.

Curve of typical rock strength
and pressure.
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3.3 Confining pressure loading
In order to prove the influence of different confining pressures on blasting damage zone and
blasting effect, the mining depths are taken as
H=1000 m, 2000 m, and 3000 m, respectively.
First, the model is applied with the ground stress
to form the initial stress field, and then the explosive is detonated. Considering that the
ground stress is relatively complex, the ground
stress calculation formula of Oliver Heidbach is
used here for analysis. The calculation parameters are shown in Table 3.
Table 3
Figure 3

Calculation model.
Conditions
1
2
3

3.2 Selection of Mechanical Parameters
The numerical calculation model established
consists of explosives, rock mass, and blocking.
The Lagrange-ALE algorithm is used to establish the connection between the explosives unit
and the rock mass and blocking structure unit.

P  A(1 

R1V

)e

 R1V

 B(1 


R2V

)e

 R2V



V

Explosive material constants

ρ

A

v
3

σH
σh
σv
(MPa) (MPa) (MPa)
52.35 41.69
29
94.35 74.69
58
136.35 107.69
87

Considering that the model is a part of the underground rock mass, in order to eliminate the effect
of stress reflection waves on the rock mass structure at the artificial boundary, non-reflective
boundary conditions are set around the model to
simulate the infinite underground rock mass.

E

Where, P—detonation pressure; V—relative
volume; E—internal energy per unit volume; ω,
A, B, R1, R2 are explosive material parameters,
as shown in Table 1. Rock and blockage material
parameters are shown in Table 2.
Table 1

H
(m)
1000
2000
3000

In the simulation model, the maximum principal
stress σH is applied in X direction, while the minimum principal stress σh and the vertical stress
σv are respectively applied in the Y and Z direction.

The elasto-plastic constitutive model is used for
rock mass and blocking, while HIGH_EXPLPSIVE_BURN model for the explosive. The
JWL state equation is as followed.



Stress parameters table of different programs

B

R1

R2

ω

E0

g/cm

cm/μs GPa GPa

GPa

1.30

0.40 42.4 0.34 3.55 0.36 0.44 3.43
Figure 4

Table 2

Name
Rock
Blockage

Rock and blockage material parameters
ρ

E
3

μ

3.4 Numerical Calculation Results and Analysis

Yield stress

g/cm

GPa

2.62

29.3

0.23

45

1.62

1.31

0.09

3.11

Stress applied of the calculate
model.

MPa

The blasting damage range of rock mass under
different mining depths is shown in Figure 5 to
Figure 7.
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surrounding rock in the blocking section has always been shear failure. As the increases of
depth, the damage volume increases from
2.36×10-3 m3 at H=1000 m to 13.35×10-3 m3 at
H=3000 m.

Figure 5

Blasting damage distribution of
H=1000m.

Figure 6

Blasting damage distribution of
H=2 000 m.

Figure 7

Figure 8

Curve of blasting damage volume
with mining depth.

The analysis considers that: due to the maximum
principal stress σH was applied in the X-Z direction while the minimum principal stress σh in the
Y-Z direction. Large confining pressure exerts
greater restraint on the deformation of surrounding rock, which limits the plastic yield failure of
rock mass. As a result, the blasting damage volume of rock mass is reduced, so that the damage
zone in the X-Z direction is significantly smaller
than the Y-Z damage zone, thereby exhibiting
different damage zone distribution shapes.

Blasting damage distribution of
H=3 000 m.

From Fig. 5 to Fig. 7, it can be seen that the distribution of the damage zone in the Y-Z direction
is approximately circular, while that in the X-Z
direction is approximately triangular. At the
same mining depth, the damage zone of the former is larger than that of the latter.

With the gradual increase of mining depth, the
in-situ stress increases, and the restraining effect
of confining pressure on blasting as a whole
gradually becomes apparent, so that the calculated blasting damage volume gradually decreases. Obviously, it can be found that for the
charge area, the tensile failure volume is smaller
than the shear failure volume, and the proportion
of the two increases. It shows that the blasting
damage type of rock mass transforms from tensile failure to shear failure, and the main manifestation is shear failure. The restraining effect
of confining pressure on tensile failure is more
obvious, and it has a certain degree of “promoting” effect on shear failure. For the blocked section of the borehole, the restraining effect of the
plugged section on the blasting stress is further
weakened as the confining pressure increases.

The simulation results show that the type of rock
damage in the charge area is tensile failure and
shear failure. With the increase of mining depth,
the total volume of blasting damage in the charge
area shows a gradual downward trend, shown in
Figure 8. The damage volume decrease from
2.21 m3 at H=1000 m to 0.52 m3 at H=3000 m,
that is, from 18.42% to 4.33% of the calculated
model with 12 m3. The tensile failure volume
was reduced from 0.99 m3 to 0.05 m3, and the
shear failure volume was decreased from 1.22
m3 to 0.47 m3. However, the damage type of the
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Under the action of strong blasting load, the explosion stress preferentially develops to the
blockage area with lower strength, making the
shear failure volume in the region increase gradually.
4 CONCLUSION
1) ANSYS/LS-DYNA numerical analysis software is an effective technique to study the influence of confining pressure in deep mining
on blasting effect analysis. The calculation
results show that the confining pressure generally suppresses the blasting damage range,
making the blasting damage volume in the
charge area reduce from 2.21 m3 at H=1000
m to 0.52 m3 at H=3000 m, and the reduction
range reaches 76.5%. At the same time, the
restraint effect of confining pressure on tensile failure is more obvious, and the proportion of tensile failure volume and shear failure volume shows an increasing trend, and
the type of rock blasting damage gradually
transforms from tensile failure to shear failure.
2) Under the high stress conditions of deep
mining, the large confining effect of surrounding rock increases the difficulty of
blasting to a certain extent, reduces the energy efficiency of explosive blasting, and is
not conducive to improving the blasting effect. However, exceeding a certain range is
easy to induce rock burst accidents, which
poses a greater threat to mine production
safety and needs close attention.
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Rock fracture and fragmentation, and derivation of improved
crushing rate indices: an alternate approach
S. Huang and B. Mohanty
Lassonde Institute of Mining, University of Toronto, Toronto, Canada

ABSTRACT
Until now, drilling, blasting, crushing and grinding operations in typical mining and excavation activities are considered somewhat independent. Thus, various performance or design parameters have
been developed to quantify each operation separately, although all involve creation of increasingly
smaller fragment sizes and corresponding new fracture surfaces, albeit at varying load rates. The
current practice is to employ empirical techniques to determine such parameters with little regard to
the fundamental breakage process. The study de-scribes laboratory-scale simulation of the crushing
process in five rock types with widely differing mineralogi-cal and strength properties. The resulting
fragment size distribution was studied for single as well as cumula-tive impacts to determine the
applicability of the currently used ‘crushability indices’, and these have been compared with the proposed Crushability Index (CRIut) as a result of this study, but based on the criteria of newly created
fracture surfaces.
1

INTRODUCTION

term “crushability” is introduced, which is defined as “the resistance of a rock to fracture inside crushers”. Based on this definition, some
quantitatively indices, developed from crushing
experiments, are used to select crushers and to
estimate the energy consumption, such as impact
work index, “t10”, hardness index “s20”, and
“crushability index”.

The bulk of mining and excavation activity involves some form of a size reduction process.
Drilling, blasting, crushing and milling are integral parts of this process. All such processes involve fracture and fragmentation of rock, albeit
at varying load rates specific to each process,
and greatly varying energy consumption. For example, a typical blasting operation in an iron ore
mine requires approximately ~0.4 kWhr/ton to
fragment ore in situ, whereas, the subsequent
crushing and grinding operations require ~3
kWhr/ton and ~18 kWhr/ton respectively; i.e.
the subsequent operations require more than an
order of magnitude in terms of energy spent
compared to the initial fragmentation process in
blasting. Until now, drilling efficiency and
crushing efficiency have been are treated strictly
as independent operations with little interaction
with blasting process. However, for improved
economics of a mining operation, these processes are to be viewed as belonging to the same
size reduction process.

Impact Work Index
The most well-known crushability index is the
impact work index, which was developed by
Bond (1947). This index is measured with a pendulum impact tester. During test, a rock specimen with particle size ranging from 50 to 75
mm, is impacted by two pendulum hammers.
The starting angle of the hammers  is 10o, and
 is increased by 5o per impact until the sample
fractures. The impact energy per sample thickness (CB, J/mm) is then calculated from  when
the sample fractures as (Bergström, 1985):

CB  117(1  cos  ) / B
where, B (mm) is the thickness of sample.

A crusher is an indispensable component of all
mining and quarrying operations. In order to
quantify the behavior of rock under crushing, the
559
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Knowing the material specific gravity s, the impact work index (Wiwi, kWh/t) is determined
from an empirical equation as:

Wiwi  53.49CB / s

Crushability Index
Toraman et al. (2010) developed the crushability
index based on the test performed in a laboratory-scale jaw crusher. During the test, 500 g
samples with a size range of 9.5-19.0 mm were
crushed by the crusher. Following this, the
weight percentage of product with size less than
9.5 mm is denoted as the Crushability Index
(CI).

(2)

The impact work index has been successfully
used in the selection of crushers in the past. For
instance, this index was used by the Metso Corporation to select crushers in the primary crushing stage: rock with low work index value (soft
rock) is crushed by the impact crusher and one
with high value is crushed by a jaw crusher
(Metso, 2015).

Thus, the three indices, t10, s20 and the Crushability Index, are dimensionless indices which are
based on the weight percentage between a fraction of the products and the feed, whereas the
impact work index reflects the breakage energy
of sample. However, several improvements can
be made to these indices: some of which were
determined from single particle crushing tests,
and the applicability of these indices to the
multi-particle crushing process requires further
investigation. The t10, s20 and CI are dimensionless indices, which represent the weight percentages of the crushed products less than a given
size. In other words, the basic assumption for
these three indices is that a part of the sample can
represent the performance of the whole sample.
However, this assumption might not be true for
the multi-particle crushing test. Considering that
fracture is a process to generate new surfaces
from the samples, the newly generated surfaces
must have crucial significance in investigating
the fragmentation process.

Criterion of “t10”
Narayanan (1986) reviewed single particle
crushing tests and reported that the tests yielded
very similar product size distributions for brittle
materials. Following this approach, a parameter
“t10” was developed. This parameter expresses
the weight percentage of the crushed product, of
which the size is less than 1/10 of the average
feed size (Sanchidrian et al., 2010). “t10” has
been widely used in the research to characterize
the comminution behaviour of rock (Tavares,
2007).
Hardness index “s20”
The brittleness index was developed by Matern
and Hjelmer in 1943 (Yarali and Soyer, 2011).
The test measures the crushing resistance of rock
sample by repeated impacts of a drop weight.
The rock particles are sieved before the test and
a particle size ranging from 11 to 16 mm is
adopted for the test. Samples, of which the
weight corresponds to 500 g material with density 2650 g/mm3 (to control the volume of rock
samples), are bedded in a box and impacted by a
14 kg weight hammer falling from 250 mm
height. After 20 impacts, the weight percentage
of fragments less than 11 mm diameter is measured, and this ratio is considered as the brittleness of rock sample (“s20”), higher weight percent means easier to be broken. This test in
combination with a surface hardness test is also
used to determine the well-known drilling rate
index (DRI) (Yarali and Soyer, 2011).

Thus, we aim to develop a new crushability index to investigate the crushing performance of
rocks under multi-particle crushing. Section 2
introduces a laboratory experimental apparatus
designed for the multi-particle crushing test. The
corresponding experimental designs are listed in
Section 3. The test results and the development
of the new crushability index are presented in
Section 4, followed by summary and conclusions in Section 5.
2 EXPERIMENTAL SETUP
In this work, a 38 mm diameter Hopkinson bar
system with a piston-holder system was employed (Figure 1). The system consists of a
striker bar (300 mm in length) and an incident
bar (1500 mm in length), both made of high
strength steel. A pair of strain gauges is mounted
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820 mm away from the interface of the striker
bar and the incident bar. The piston and holder
system is designed to contain rock samples.

where Wi and Wr are the incident energy and the
reflected energy respectively. Here, an assumption was made that other forms of energy losses,
such as energy expended in friction, heat and
sound, were negligible because of their highly
transient nature. More details about this equipment were discussed by Huang, Mohanty, and
Xia (2017).
3 EXPERIMENTAL DESIGN

Figure 1

Five rock types with a wide range of properties
have been studied in this investigation: Laurentian granite (LG), Barre granite (BG), Kuru
granite (KG), Norite (N) and Flamboro limestone (FL). The three granites are used to investigate whether similar rocks have different
crushing behaviour. LG and BG have been well
studied in terms of their mechanical and physical
properties (Dai et al., 2010a; 2010b; 2010c;
Iqbal and Mohanty, 2007; Iqbal et al., 2008;
Iqbal and Mohanty, 2006; Nasseri and Mohanty,
2008; Nasseri et al., 2005; 2006). KG was collected from Finland, which has sufficient drilling and crushing data in the mining engineering
practice. Thus, it could be used as a link between
laboratory tests and in situ application. The reasons for the selection of FL are two-fold: first, it
is a relatively soft sedimentary rock compared
with other igneous rocks in this project; second,
it also has sufficient crushing data in the nearby
Flamboro quarry, Ontario, which could be accessed in a future study. Norite is a mafic igneous rock collected from the Sudbury Basin in
Ontario, whose strength is between that of limestone and granite.

Schematic of the multi-particle
crushing system.

During the tests, the right end of the incident bar
is inserted into the hollow tube of the piston to
provide the pushing force. The fitting between
the piston and the hole in the front cap is a longitudinal sliding fit to ensure good alignment
and to minimize friction at the same time. The
samples are placed in the holder and confined by
both the piston and the holder. The holder is rigidly fixed on an I-Beam, which also provides
support for the Hopkinson bar system.
The dynamic load is generated by the impact of
the striker bar, launched by a low-pressure gas
gun, on the incident bar. This impact generates a
longitudinal compressive wave propagating
along the incident bar as incident wave i as
shown in Figure 1. When the incident wave
reaches the piston-specimen interface, part of
the wave is reflected as a reflected wave r as
shown in Figure 1, and the remainder is absorbed
by the specimen.
Based on one-dimensional wave propagation
theory, the energy W carried by the stress wave
is:
t

W   E  2 A C d
0

3.1 Mechanical and Physical Properties of
Target Rocks
The primary mechanical and physical properties
of the target rocks are listed in Table 1. The average grain size of LG and BG were reported by
(Iqbal and Mohanty 2007). The Young’s modulus, P-wave velocity and density of KG, FL and
Norite were the average values measured from
five tests. The grain sizes of KG and Norite were
determined from thin sections. Norite has the
highest Young’s modulus and density value
among these five rocks; Flamboro limestone has
the highest value of P-wave velocity.

(3)

where E = 200 GPa is Young’s modulus of the
bar; A = 1.13×10-3 m2 is the cross-sectional area
of the bar; C = 5000 m/s is the P-wave velocity
of the bar. The energy absorbed by the sample
W after each impact during tests then is:

W  Wi  Wr

(4)
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Table 1

Mechanical and physical properties of target rocks

Uniaxial
TenYoun
comsile
g’s
Rock
presstreng modutype
sive
th
lus
streng
(MPa) (GPa)
th
(MPa)
LG
212**
13**
44*
**
**
BG
259
13
45*
KG
225
16
66
FL
146
6
64
N
140
13
68
*: Nasseri and Mohanty (2008).
**: Iqbal and Mohanty (2007).

a) LG

Pwave
Velocity
(m/s)

Density
(kg/m
3
)

4340*
3940*
5625
5965
5390

2620*
2645*
2620
2605
2825

3.2 Test Procedure
The size of rock samples was strictly controlled
by sieve analysis. As shown in Figure 2, the size
ranging from 9.5 mm and 12.7 mm was selected
for all tests to ensure that more than 10 particles
were loaded in the plane perpendicular to the
piston (127 mm in diameter). This design is
aimed at reducing the influence of irregular
shape of particles in the testing results. In addition, the bulk density of the rock particle sample
was kept constant to ensure the consistency of
the test. The bulk density (g/mm3) is defined as
the weight of sample divided by the total volume
of sample taken in the holder.

b) BG

d) FL
Figure 2

c) KG

e) Norite

Rock samples with size 9.5-12.7 mm for the multi-particle crushing test: a) LG; b)
BG; c) KG; d) FL; e) Norite.

A single layer of particle was considered, which
was achieved by controlling the height of samples as 14.0±0.5 mm. The weight of samples for
each test was controlled as 170.0±2.0 g. Impact
velocity V = 3.8 m/s were considered, the corresponding air pressures to lunch the striker were
10 psi (68.9 kPa). It should be noted that the ‘impact velocity’ referred to in this study designates

the ‘compaction velocity’ of the target sample
and not the impact velocity of the striker bar.
The latter would be applicable only for a singleparticle target; whereas in this study, an aggregate of particles is employed. Therefore, the
compaction velocity is considered as the proper
measure of the impact. For each set of tests (with
one impact velocity), 10 tests were conducted;
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and samples were impacted from 1 to 10 times.
In each test, when the desired number of impacts
was completed, the crushed rock particles were
recovered for sieve analysis.

100

BGI1
BGI2
weight% finer

BGI3

4 NEW CRUSHABILITY INDEX
4.1 Test Results
Figures 3 to 7 show the resulting particle size
distribution of the five rocks for the impact velocity of 3.8 m/s. They show that particle size
decreases with increasing number of impacts as
expected. The particle size distribution also
shows that the softer limestone produces more
fine particles with increasing number of impacts
than the stronger granites. Generally, after the
sixth impact, the weight percent of fragments increases only marginally compared to those obtained with preceding impacts. This is attributed
to the ‘cushioning effect’ of the finer particles,
which prevents further transmission of the impact energy into the remaining coarser samples.
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Figure 4

Particle size distribution of granite (BG) for a set of tests (feed size
9.5-12.7 mm, single- bed layer,
and impact velocity of the piston
is 3.8 m/s; subscript of I5 denotes
analysis after five consecutive impacts).
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Particle size distribution of granite (LG) for a set of tests (feed size
9.5-12.7 mm, single- bed layer,
and impact velocity of the piston
is 3.8 m/s; subscript of I5 denotes
analysis after five consecutive impacts).
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Particle size distribution of granite (KG) for a set of tests (feed size
9.5-12.7 mm, single-bed layer,
and impact velocity of the piston
is 3.8 m/s; subscript I5 denotes
analysis after five consecutive impacts).
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Generally, t10 increases with the number of impacts for all rocks. For the single impact test,
there is no significant difference between, BG,
KG, and N. When the number of impacts increases further, the difference becomes significant. The value of t10 of LG and FL (~13.5) is
almost twice that of KG and Norite (~7.5). The
t10 value of BG is between that of LG/FL and
KG/N. Based on the definition of t10, LG/FL is
easier to be crushed than KG/N.
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Particle size distribution of limestone (FL) for a set of tests (feed
size 9.5-12.7 mm, single-bed
layer, and impact velocity of the
piston is 3.8 m/s; subscript I5 denotes analysis after five consecutive impacts).
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As mentioned in the introduction, the t10, s20 and
CI are dimensionless indices, which represent
the weight percentages of the crushed products
less than a given size. In other words, the basic
assumption for these three indices is that a part
of the sample can represent the performance of
the whole sample. However, this assumption
would not necessarily be true for the multi-particle crushing test. For instance, Figure 9 shows
the ratio of the weight percentage of fragments
smaller than 6.3 mm (w6.3) and 4.8 mm (w4.8) to
t10 in size in a set of LG tests under varying number of impacts. Based on this assumption, the ratio (w6.3/t10) should be constant when the loading
condition is controlled. However, as shown in
Figure 9, this ratio varies with the number of impacts. The highest value of w6.3/t10 is 60% higher
than the lowest one. Similar result is also found
for w4.8/ t10. Thus, the t10 cannot properly represent the overall particle size distribution in this
set of tests, and a new index is necessary for the
multi-particle crushing test.
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Figure 7

t10 as a function of number of impacts for different rock types (impact velocity: 3.8 m/s).

Particle size distribution of gabbro (N) for a set of tests (feed size
9.5-12.7 mm, single-bed layer,
and impact velocity of the piston
is 3.8 m/s; subscript I5 denotes
analysis after five consecutive impacts).

The influence of rock types on the crushing behaviour, the t10 value (i.e. the cumulative percentage passing 1/10 of the average feed size)
for each test in the five rocks is also shown in
Figure 8. For example, for the average feed size
of 11.1 mm as in this investigation, t10 would
represent the weight percentage of crushed fragments, of which the size is less than 1.1 mm.
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Then, the SFrag(x) can be determined from the
multi-particle tests, once the parameter of RR
distribution function x50 and nRR have been
known as shown in the Appendix. In the integration, x ranges from 0-12.7 mm. Since energy is
used to create new surface, the SFrag(x) should be
proportional to the input energy or the number
of impacts for a set of tests. The average newly
created surface of fragments for each impact Snew
is determined from the cross-plot of S Frag and
the number of impacts. The initial surface of the
test samples (Sinitial) is determined similarly to
Snew. For example, knowing the average feed
size F50 = 11.1 mm (9.5 – 12.7 mm feed size),
then Sinitial = 6mη/(∙F50) = 207.7m mm2. F50
represents the particle size that 50 weight percent particles of the feed are smaller than this
size.

6
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Figure 9

Ratio of weight percentage of
fragments finer than 6.3 and 4.8
mm to t10 for LG against number
of impacts at impact velocity 3.8
m/s.

4.3 Determination of a new Crushing Rate
Index (CRIut)

4.2 Determination of New Surfaces
Considering that fracture is a process to generate
new surfaces from the samples, incorporation of
the newly generated surfaces would be a sound
approach to represent the fracture process. The
most challenging task then is to calculate surface
from irregular shape of particles. In this work,
two assumptions are made. Considering that a
large number of crushed fragments are generated
in each test, the total surface of fragments S Frag
under a size x is assumed to be proportional to
the total surface of cubic particles S cube in the
same weight and size with a constant η. η is assumed to be independent of varying fragment
size. Thus, S Frag ( x)   S cube ( x) is available for
fragments with wide size range.
It is well known that the crushed fragments can
be described by empirical distribution functions
(Sanchidrian et al 2010) such as Rosin-Rammler
(RR) cumulative distribution function:
P( x)  1  e  ( x / x50 )

nRR

This new crushability index will be a dimensionless index, which considers the surfaces of samples before and after tests. In addition, this index
needs to be normalized by its impact energy to
compare the crushability of rocks in different
tests.
The first step is to calculate the ratio of the initial
surfaces of samples before tests to the newly
generated surfaces after tests. This increased
surface ratio (hereby named Sisr) is:
Sisr 

Snew
Sinitial

(6)

At this velocity, this value presents the average
crushing performance of FL. It should be emphasized here that in this analysis the energy expended due to friction among the particles is
considered negligible in view of the transient nature of the impact.

(5)

Each Sisr value is normalized by its corresponding impact energy W; then each normalized
value is scaled to that of the same energy (10 J
in this work) as shown in Table 2. This normalized value, hereby named Crushing Rate Index
(CRIut), is used as:

where x50 is the corresponding size of the fragments in the fitting curve where the cumulative
fragment weight percentage is 50%, nRR is a
shape parameter, which controls the shape of the
fitting curve. The surfaces of samples are calculated with the RR distribution which demonstrates the particle distribution of fragments.
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CRI ut  100 Sisr

12

10
W

(7)

Based on the definition of CRIut, higher value indicates more fragment surface generated after
each impact. In other words, rocks are easier to
be crushed with higher CRIut values.
Table 2

8

CRIut
4

Increased surface ratio Sisr and
the crushing rate index (CRIut)
for the five rocks under the impact velocity (i.e. compaction velocity) of 3.8 m/s.

Rock
type

Sisr (%)

LG
BG
KG
FL
N

23.4
18.6
14.6
37.3
10.9

Absorbed
energy
for each
impact
W (J)
36.52
38.95
36.66
40.42
41.01

LG
BG
KG
FL
N

0
40

45

50

55

s20

Figure 10 Comparison between CRIut and
s20 (Aalto University) of the five
rocks.

CRIut (to
10 J absorbed
energy)

5 CONCLUSION
A calibrated apparatus, based on Hopkinson
Pressure bar principles, was designed to simulate the crushing action in the laboratory to give
insight into the size reduction process in rocks.
Fragmentation and size reduction of the multiparticle samples were achieved through calibrated impacts, where the input impact energy
was strictly controlled. The resulting fragment
size reduction was correlated with the number of
impacts. The five rock types under investigation
were granites (LG, KG, BG), limestone (FL),
and gabbro (N). The samples employed were in
three feed size ranges (9.5-12.7, 6.4-9.5 and
12.7-15.9 mm) and subjected to impact velocity
(i.e. compaction velocity) of 3.8 m/s. The resulting fragments after each set of impacts were
sieved to determine the various size fractions. As
expected, successive impacts led to the reduction of average fragment size. However, the
weight percentage of finer fragments saturated
after about six impacts due to the cushioning effect in all the five rocks.

6.4
4.8
4.0
9.2
2.7

The newly determined CRIut values are compared with “s20” in Figure 10. The trend of CRIut
values of the five rocks is generally consistent
with that of s20 determined by Aalto University
(Keskiniva and Eloranta, 2011). The abnormal
crushing behaviour of LG samples is represented
in both s20 and CRIut. The three granites used in
this work, LG, BG, and KG, have similar
strength properties. However, the s20 of LG samples is 51.5, which is larger than that of BG
(46.7) and KG (45.5) and closer to that of FL
(53.2).
The CRIut value of LG is significantly higher
than that of BG and KG. Similar difference in
small-scale blasting studies has been noted with
these rocks previously by Banadaki and
Mohanty (2012). These studies showed that in
single-hole blasting tests in LG, BG and FL samples, the crack density (crack length per unit
area) of blasted LG samples was significantly
higher than that in BG and FL samples.

Although t10 generally increases with the number of impacts for the five rocks, it is hard to represent the overall particle size distribution in this
set of tests. Thus, a new index CRIut, based on
newly created facture surface has been developed. The index is found to be consistent with
that of s20. Moreover, compared with the existing crushability indices, such as t10, s20 and CI,
which represent the weight percentages of the
crushed products less than a given size. The parameter t10 is determined from single particle
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Huang, S., Mohanty, B. and Xia, K. (2017) A
multi-particle crushing apparatus for studying rock fragmentation due to repeated impacts. Review of Scientific Instruments, Vol
88, No 12, pp 125114.
Iqbal, M. J. and Mohanty, B. (2007) Experimental calibration of ISRM suggested fracture toughness measurement techniques in selected brittle rocks. Rock Mechanics and
Rock Engineering, Vol 40, No 5, pp 453-475.
Iqbal, M. J., Mohanty, B. and Xia, K. (2008) Dynamic tensile strength and mode-I fracture
toughness in granitic rocks. Proceedings of
the XIth International Congress and Exposition, Orlando, Florida, USA.
Iqbal, J. M. and Mohanty, B. (2006) Experimental calibration of stress intensity factors
of the ISRM suggested cracked chevronnotched Brazilian disc specimen used for determination of mode-I fracture toughness. International Journal of Rock Mechanics and
Mining Sciences, Vol 43, No 8, pp 12701276.
Keskiniva, M. and Eloranta, P. (2011) Test report Aalto-Kal 6/2011 (pp. 10): Aalto University.
Leet, L. D. (1933) Velocity of elastic waves in
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Handbook: Metso Corporation.
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International Journal of Rock Mechanics and
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crushing test. In contrast, CRIut has an advantage
that it uses the overall particle size distribution.
In other words, the existing indices describe the
crushability of rocks from part of crushing output, while CRIut predicts the crushability from
the overall performance of crushed fragments.
Considering that the actual crushing process in a
mining operation involves multi-particle crushing condition, CRIut determined from the multiparticle crushing test has a stronger physical basis. Further study over a wider range of particle
sizes and different impact velocities are planned
to validate the superiority of this new index in
determining crushability, further aided by actual
calibration of this index in an operating mine.
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If the fragments follow the distribution function
as shown in Equation 3, the length of cube is a,
the density of product is ρ, the volume of cubes
V(x) of the particle size x is:
V ( x) 

x

m

 P '(a)da



(a1)

0

where P’ is the derivative of function P(x) to the
variable x, and m is the weight of the samples.
Then, the number of cubes N(x) with the particle
size x is:
x

1
V '( a ) da
a3

N ( x)  
0

(a2)

where V’ is the derivative of function V(x) to the
variable x.
Thus, the total surface of fragments S Frag ( x)
with particle size less than x is estimated from
the total surface of cubic particles as:
x

x

6m
P '(a )da
a
0

S Frag ( x )   S cube    6  a 2 N '( a )da    
0

(a3)

where N’ is the derivative of function N(x) to the
variable x and η is a constant based on previous
assumptions.
 1 
Setting a constant C1 = 

 x50 

nRR

transformed as P( x)  1  eC1x

P '( x)  C1nRR x nRR 1eC1x

, Equation 3 is
nRR

. So

nRR

(a4)

Substituting Equation a4 into Equation a3,
yields:
x

S

Frag

( x )    a nRR  2 e  C1a da
nRR

(a5)

0

Setting

a
1

new

variable

 t  nRR
1
a 1 
and da 
C1nRR
 C1 

t1  C1a nRR ,
1

1

 t1  nRR
dt1 .
 
 C1 

Substituting this back into Equation a5:
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S Frag ( x)  



6mC1nRR



6mC1


0

1
n
nRR C1 x RR





C1 x nRR

t1

 t1 
 
 C1 

nRR  2
nRR

1

e  t1

1

1  t1  nRR
dt1
 
C1nRR  C1 

nRR 1
1
 t1
nRR

(a6)

e dt1

0

1

nRR 1
 nRR 1 1


1
6mC1 nRR 
  t1 nRR e  t1 dt1   t1 nRR e  t1 dt1 



 0
C1 x nRR


 1 
Knowing C1  

 x50 
formed as:
S Frag ( x)  

where

nRR

, Equation a6 is trans-

 n  1  x  nRR  
6m   nRR  1 
 RR ,





 nRR  x50   
 x50   nRR 




 n 1  
  RR
   t1
 nRR  0

 n 1 x

  RR , ( )nRR  
x50
 nRR
 

nRR 1
1
nRR
 t1

e dt1





x 


 x50 

t1

(a7)

and

nRR 1
1
 t1
nRR

e dt1 .

nRR
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Present and future prospect of exploder for underground coal
mines of India
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ABSTRACT
The exploder is a portable electric firing machine as a current source for the reliable firing of electric
detonators. The permitted type exploder is allowed in the underground coal mines to energise the
electric blasting circuit. The exploder can be a distinction made of magneto, dynamo and capacitor
types. In present, most common type of exploder is capacitor type are being used, in which low power
primary current source deliver rapidly to the blast circuit and it should be intrinsically safe which will
not cause of any source for explosion in gas group I explosive atmospheres as per IS:9836. In the era
of digitalisation, intrinsically safe high frequency exploder can be designed for suitable use in
hazardous area. The present paper describes the limitation of threshold power frequency, thermal
initiation time and threshold energy keeping the discharge time less than 4ms for intrinsically safe
high frequency exploder for coal mines in addition to the requirement of IS/IEC 60079-11.
1

INTRODUCTION

detonators with exploder circuit and its electrical
resistance which limit the required energy to
explode the desired explosive (Pingua et al,
2008).

There are two types of exploder or blasting
machines are being used for blasting operations
in mining and civil works (non-mining) namely
permitted type and non-permitted (general) type.
The permitted type exploder is used in
underground coal mines where flammable gas
hazard may be present (Bureau of Indian
Standard, 1981). In this paper only permitted
type exploder is being discussed. It is essential
that exploder must be fire the specified number
of detonators in series and or parallel as
recommended by manufacturer of exploder and
the same must be approved by the Indian
statutory authority (Directorate General of
Mines and Safety). The exploder should assess
for mechanical and electrical safety and
performance requirement by the approved
testing laboratories before use in explosive
atmospheres. The exploder circuit must be an
intrinsically safe as per IS/IEC 60079-11
(Bureau of Indian Standard, 2010). The
enclosure of the exploder must be weatherproof
as per IS/IEC 60059 (Bureau of Indian Standard,
2001), robust and free from any spark due to
friction, static charge and leakage current. The
shots of exploder depend on the connecting

The firing circuit of the exploder should be
adequately insulated from its enclosure. The
capacitor type exploder is the most common
used which stores energy for firing the circuit.
The capacitor type exploder operates on the
principle of a relatively slow accumulation of
electrical energy in the capacitor from a lowpower primary current source and a rapid
delivery of the stored energy into the blasting
circuit to set off the explosion. The primary
current source for exploder depends on the
battery source. The battery of the exploder
should be designed in such a way that it cannot
become source of the ignition in the hazardous
area. The battery should be connected with
protection circuit and then it should be
encapsulated as a single unit which will not
cause an explosion of methane-air mixtures.
The current is provided to exploder from a
battery (few dry primary cells connected in
series). It is operated by a detachable key. The
key is operated which makes the connection
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with firing circuit through condenser within
predetermined interval of time. After that it
gives indication to fire the detonators and
discharge the residual charge energy of the
capacitor. The exploder is integrated with a
continuity circuit testers, have a circuit tester
which means apparatus for testing the continuity
and indicating the condition (resistance) of a
detonator circuit.

short circuit occurring on any component or any
part of the electrical circuit during normal
operation is intrinsically safe or contains
equivalent explosion protection safeguards.
The circuit tester must be designed and
constructed as intrinsically safe as per IS/IEC
60079-11 for Group I applications which is
incapable of firing a low tension detonator, that
is a maximum short-circuit current output of less
than 50 milli amperes.

The exploder circuits must also be adequately
segregated from the circuit tester and prevent
electrical leakage and/or interference to the
circuit tester circuits by maintaining the
sufficient creepage distances and clearances as
per IS/IEC 60079-11. The firing sequence to be
abandoned at any point up to the final firing
position without producing an output greater
than 50 milliamperes.

2

The exploder can be designed based on high
frequency for hazardous area for operation from
the remote places. The exploder can have option
like high frequency tag, security feature tag,
mobile phone tag etc. by maintaining the
threshold power of radio frequency (9kHz to
60Ghz) for continuous transmissions and for
pulsed transmissions whose pulse durations
exceed the thermal ignition time. The source
may be radio frequency, Laser or other
continuous wave source or ultrasonic sources.
The digital form of exploder can give various
features and can secure the operation by a
particular person. The limitation of the
frequency for the underground coal mines
equipment in India is given in the Table 1.

The capacitor-discharge type exploders, electric
current is prevented from being available to the
output terminals until the capacitor is adequately
charged and when fired provide a 4 milliseconds
burst of firing current at 1.25 amperes. The
integrated continuity circuit tester of exploder
ensure no output higher than continuity test is
available at the firing terminals, when a single
component
malfunction
occurs.
The
malfunction includes mechanical or electrical
mal operation of a switch, an earth fault on any
part of the equipment, and an open circuit or
Table 1

Different parameters value for power, time , energy for gas group I.

Equipment for
Threshold
Threshold
Gas group
power in watt initiation time
(average
time), µs
Group I

3

HIGH FREQUENCY BASED
EXPLODER

6

200

TESTS ON EXPLODER

Threshold
energy, µJ

Output energy Output energy for
for laser wave ultrasonic source

1500

20 mW/mm2 or 100mW/cm2 and
150 mW for
10 MHz for
continuous
continuous
wave
source

according to manufacturing drawings and design
as per relevant standards for different aspects of
safety and performance. The different test are
carried out on exploder which are as follows:

The examinations and tests on exploder are very
important to understand its design and capability
for the safety to ensure compliance with the
requirement of IS 9836, IS/IEC 60079-0 and
IS/IEC 60079-11 for use in underground coal
mines in India. The exploder is examined

3.1 Open circuit voltage
The maximum open circuit voltage measured at
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the internal capacitor terminals of the exploder
is 505V.

insulated circuits and between insulated circuits
and external metal parts. The applied voltage
depends on the capacity of the exploder. After
this test the exploder should meet the
performance requirement satisfactory.

3.2 Insulation Resistance Test
The insulation resistance between live part and
metal part of the exploder should not be less than
50 mega ohms.

3.9 Carrying strap
A carrying strap/belt which is fastened to the
body of enclosure should withstand 50% extra
weight for 15minutes.

3.3 Performance test
The performance of the exploder should be
satisfactory when it is tested with a single fuse
head connected in series with additional series
resistance such that the total blasting circuit
resistance should be as per number of shots of
exploder. There should be no residual charge left
on the output terminals of the exploder. The
output energy pulse must be terminated within
four milliseconds.

3.10 Splash proof and dust tight test
The enclosure should be capable to prevent the
water and dust particle at the grade of IP54
minimum ingress protection.
4

SOME FEATURES AND
PRECAUTION

3.4 Circuit tester

Some important features and precautions of
exploder are as follows:

The circuit tester should be tested in Spark Test
Apparatus with Group – I air-gas mixture for
intrinsically safe.



Exploder should not charge if the connected
circuit has higher resistance then
recommended or the circuit is open.



Exploder should not fire till the rated output
is attained, when the firing switch is pressed.



Exploder should be provided with low
battery indicator which gives warning that
the battery is low and gets internally locked
till the battery is replaced or charged.



Exploder should discharge internally, if the
firing is to be cancelled by turning the
operating key to the "OFF" position.



Exploder body should sustain impact energy
and should free from the static charge.



While making connections, the bare ends of
the conductors should be twisted together
tightly for a length of about 3cm. The
conductors should be thoroughly cleaned
since greasy of dirty wires give a poor
connection and may cause misfires.



There are many circumstances under which
a misfire can occur and there should be
official regulations covering the treatment of
misfire.

3.5 Mechanical endurance test
The exploder should withstand the 5000
mechanical actuations at the rate not less than 6
operations per minute.
3.6 Impact test
The mechanical strength is checked with impact
test in which vertical impact energy of 20 joules
is created on the body of the exploder. Any
deformation on the body shows that body of the
exploder is not able to sustain mechanical
integrity.
3.7 Drop test
Each exploder is subjected to drop tests from
heights of one metre onto a concrete floor. It can
be repeated several position with separate
exploder depends on the satisfaction of testing
laboratory as a result of each test the safety of
the exploder is not to be impaired physically or
electrically.
3.8 Dielectric strength test
The exploder should withstand test voltage
applied for one minute between mutually
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The following reasons may be caused for
misfire:



Faulty
exploder-defective
conductor



Improper exploder capacity



Poor connection in terminals



Exhausted cells



Faulty indicator

5

Notice on OCCUPATIONAL HEALTH AND
SAFETY ACT 2000. (2011) South Walse,
Australia
Pingua, Nabiullah, Mishra and Patel. (2008)
Study on underwater blasting energy and
flame characteristics of detonators and
detonating fuse. Sci. Tech. Energetic
Material, Vol 69, No. 6, pp. 191-195.

generator/

CONCLUSION

The exploder is a vital instrument for blasting in
the underground coal mines in India. The
exploder should have all the requirement for its
safety to avoid any explosion in the underground
coal mines. It should be designed in such a way
that it cannot become a source of ignition in the
hazardous area. By keeping the safety point of
view, the importance of tests on exploder is
described in the paper. The future trends of
exploder regarding high frequency can be
achieved if the threshold power frequency,
thermal initiation time and threshold energy are
limited within the permissible limits in the
circuit of exploder for gas group I as specified in
the IS/IEC 60079-0 and IS/IEC 60079-11
standards for intrinsic safety and its general
requirements for suitable use in explosive
atmospheres.
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The class 3 permissible water gel explosive with high-strength
and its advance blasting in underground coal mine
Z. Guo1, W. Liu2, F. Liu1, F. Zhu2, C. Wang3 and L. Yuan1,3
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ABSTRACT
Tunneling roadway is an important link in underground coal mining and blasting still is an effective
and low-cost method for roadway excavating. In order to overcome the shortages of normal class 3
permissible water gel explosive used in coal mine rock blasting , such as poor utilization factor of
blast hole, a new explosive, i.e. the high-strength class 3 permissible water gel explosive, was developed. Tunneling roadway blasting results by use of the high-strength class 3 permissible water gel
explosive were analyzed statistically. It is showed that the explosion properties of high-strength class
3 permissible water gel explosive are higher than the normal class 3 permissible explosives and also
methane safety is of class 3 permissible explosive higher than the class 2 permissible explosive. The
blasting effect is obviously better than that of existing class 3 coal mine permissible explosive. The
utilization factor of blast hole and the monthly driving footage increased by 12-15% and 14-18 m,
respectively. The round numbers of advancing blasting is reduced and the great amounts of blasting
costs are saved. Meanwhile, the duration of the roadway building is shorten, which results in the
improvement of coal mining efficiency.
1

INTRODUCTION

energy contents of permissible explosives have,
the lower safety against methane of explosives
is. It is difficulty to raise the energy and maintain
the safety against methane at same time. The existing class 3 permissible water gels was imported from US in 1980’s. The formula and production technology have never changed. In the
year of 2008, an investigation was started to conduct to raise the energy content of class 3 permissible water gels and the investigation is successful. The new class 3 permissible water gels
with high strength was authenticated by Ministry
of industry and information technology in Dec.,
2012. And a certificate from the administration
office of coal mine safety was obtained in Jan.,
2015. From that time on, the new class 3 permissible water gels with high strength has been
widely used in blasting operation of roadway excavation of underground coal mine.

Coal mining permissible explosives are also
called safety explosives, which is a type of explosives permitted use in blasting operation for
underground coal mine where is of explosion
danger of methane and coal dust. According to
Chinese coal mine safety code, it is necessary for
the high gassy or methane and coal burst coal
mine to use class 3 permissible explosives in
blasting operation. There are two kinds of permissible explosives in China. One is emulsion,
the other is water gel. The energy content of
class 3 permissible emulsions or water gels is too
low to obtain good blasting efficiency for roadway excavation in underground coal mine. So,
there is a need to raise the energy level of class
3 permissible explosives. There seem to be a
contradiction between the energy content and
safety against methane and coal dust or the ignition ability of methane and coal dust. The more
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The explosion properties include explosion heat,
explosion temperature, the volume of explosion
reaction products, detonation velocity, detonation pressure, strength, brisance, etc. The break
capability of explosives is closely related to the
above properties. However, for the drilling blasting, the blasting effects mainly depend on the explosion heat and the volume of explosion reaction products. The explosion heat, explosion
temperature and the volume of explosion reaction products can be calculated and the calculation results are listed in Table.1.
Table 2

Type

The new class 3
Required by
enterprise

Testing results

≥2

3-4

≥220

220-250

Gap test (cm)
Lead block expansion test (m)l
Strength（ballistic
cast) (m)
Detonation velocity (m/s)
Fume (ml/g)
Safety against methane W50%/g）

836.8

2339.6

3042.9

860.2

2428.3

2262.8

801.3

2052.8

The existing class 2
Required
Testing reby nation
sults
standard
≥2
3-5
≥220

28.7

The existing class 3
Required by
Testing renation
sults
standard
≥2
2-4

230-260

≥180

27.5

180-220
20.0

≥3200

3300-3600

≥3200

3300-3600

≥3000

3000-3500

≤50

30-40

≤50

30-40

≤50

30-50

≥400

qualified

≥180

qualified

≥400

qualified

From the Table 1 and Table 2, the explosion
properties of new permissible water gel has been
increased compared to the existing class 3 water

Year
used

2865.7

The new
class 3
The existing
class 2
The existing
class 3

The testing results and the properties required by some standards for several permissible water gel explosives

Properties of the
test value

Table3

The calculation results of explosion properties of three types of
permissible water gel explosives
Explosion
temp (T/K)

Table 1

Vol. of explosion
products V
(l/kg)

EXPLOSION PROPERTIES AND ITS
COMPARISON

Explosion
heat QV
(kJ/kg)

2

gel and is approached to that of the existing class
2 permissible water gel while the safety against
methane still is the level of class 3.

The roadway blasting effects of the high-strength class 3 permissible water gel explosive in the year 2014 to 2016

Section
area of
roadway
(m2)
15-20
2014
12-15
15-20
2015
12-15
15-20
2016
12-15

Total
length of
roadway
excavation (m)

Drilling
length
per
round(m
)

1100
1250
1500
2600
1800
2100

2
2
2
2
2
2

Origin
utilization
factor of
borehole
70
70
71
70
70
69

Utilization
factor of
borehole
after new
explosive
used (%)
82
82
83
83
85
84

578

Origin
advance
footage
monthly

84
84
85
84
84
83

Advance
footage
after
new explosive
used (m)
98
98
100
100
102
101

Total
advance
rounds
reduced
115
131
153
291
227
272

Total
blasting
volume
of rock
reduced
(m3)
4599
3930
6120
8730
9080
8160
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3 THE BLASTING EFFECTS IN ROADWAY EXCAVATION

From Tab. 4, the great deal of direct costs of advancing blasting is saving when the new permissible water gel is used. Considering the timescale reduction of roadway excavation, ahead of
time for coal mining , and effective roadway excavation shift to the coal mining, the indirect
economic benefits is very huge. The improvement of blasting effects and efficiency will lead
to produce huge economic benefits in coal mine
construction and coal mining production.

Take the advance blasting of roadway in Xinzhuang coal mine of Henan Shenghuo Coal Industry for example, the blasting effects of new
permissible water gel is analyzed. The blasting
pattern and charge quantity of borehole is not
changed. The change is only the explosive type.
The rock mass is fine sand rock and contain
small amount of quartz. The Protodykonov coefficient of rock strength is about 10. The statistical blasting effects is listed in Table 3. When
the new permissible water gel with higher
strength was used instead of the existing water
gel explosive, it is shown that the utilization factor of borehole increased by 12%-15% and advance footage monthly raised by 14-18 m. The
blasting efficiency of rock roadway excavation
(tunneling) improved obviously.
4

5 CONCLUSION
1. The explosion performance of class 3 permissible water gel explosive with high
strength is significantly better than that of the
existing class 3 permissible water gel explosive and approaches to that of the class 2 permissible water gel explosive while its safety
against to the methane was still higher than
that of class 2 permissible explosive and
maintain the level of class 3 permissible water gel explosive.
2. The utilization factor of blast hole and the
monthly driving footage increased by 1215% and 14-18 m, respectively. The round
numbers of advancing blasting is decreased
and the great amounts of direct blasting costs
were saved.
3. Meanwhile, the duration of the tunnel development was shorten and roadway excavation
shift to the coal mining was more orderly and
efficient. So the coal mining efficiency was
improved, bringing a great deal of indirect
profits.

THE ANALYSIS OF ECONOMIC
BENEFITS

The price of new permissible water gel with high
strength is 1000 yuan (RMB) more than the existing permissible water gel. According the data
from the above (Table 3 ), the blasting economic
benefits of new permissible water gel with high
strength is analyzed, which lists in Table 4.

Sum
2016
Sum
Tot:

Total saving took off the
increase of new water gel
use(10 thousand yuan RMB)

2015

The coast increased by
the use of new permissible water gel (10 thousand yuan (RMB)

Sum

Quantity of explosives
used (tonnes)

2014

Economic benefits analysis of
roadway advancing blasting for
the high-strength class 3 permissible water gel explosive
Direct costs reduced(10
thousand yuan-RMB)
(after China Coal Ass)

Year used

Table 4

96
80
176
127
178
305
189
166
355
835

49
44
93
67
91
158
80
70
150
401

5
4
9
7
9
16
8
7
15
40

91
75
166
121
168
289
181
159
340
795
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Numerical simulations of rock blasting:
from detonation to rock on the ground
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Modeling VOD effects on rock fragmentation within multiple
blasthole fragmentation (MBF) model
R. Yang
Orica USA Inc., Watkins, Co. 80137, USA

ABSTRACT
The multiple blasthole fragmentation (MBF) model developed by the author models the
contributions from multiple blastholes to fragmentation at any given point in the rock and simulates
a production blast with the actual geometry of the blast overburden, charge locations, free faces,
explosive loading, multiple decking, and delay timing of each explosive charge. The model has
been successfully applied to several open pit mines and quarries around the world, including
Canada, the United States, and elsewhere. The peak particle velocity (PPV) in rock induced from
the explosive detonation is used in the MBF model as the key parameter relating to the size
distribution of the rock fragmentation, which is based on the earlier work relating the particle
velocity to the dynamic strain in rock. The PPV attenuation of near field blast vibration is used as
input to the mod-el, which carries the site-specific rock characterization in terms of blasting. The
full mechanism of the VOD affecting the rock fragmentation is complex. However, two main
effects of the VOD on rock fragmentation are identified and modeled in the MBF model. Firstly, the
blasthole pressure from the detonation is the source of the rock fragmentation and it is a function of
the VOD of the explosive charge. Secondly, a faster VOD results in a more concentrated
contribution to the PPV from an explosive charge at a calculation point in the rock and involves a
longer effective charge length contributing to the PPV. With the modeling of the VOD, the MBF
model can explicitly model the initiation points, multiple priming, and the loading decoupling of
charges in blastholes. The MBF model now can simulate almost all blast design parameters
explicitly for a large production blast.
1

INTRODUCTION

environmental implications for
company or the general public.

Today’s advanced measurement and control
technologies have provided opportunity for
blast results to be controlled and predicted more
reliably than ever before. The GPS blasthole
survey provides accurate blasthole locations.
Explosive loading and delivery systems record
charge weight loaded in each blasthole and may
accurately provide the location of a charge in a
blasthole. Electronic detonators provide
accurate firing timing that controls blasthole
interactions from multiple blastholes in a
production blast. Blast design software can
accurately document blast design and
implementation parameters. To benefit from
these technologies, advanced blast modeling
tools are required to accurately predict blast
results, which have significant economic or

a

mining

Rock fragmentation from blasting is of
paramount importance to a mining operation in
terms of its mining economics. Research on
rock fragmentation has been an active field and
advanced the understanding on the mechanism
of the rock fragmentation and size distribution
(Shockey et al, 1974; Seaman et al. 1976;
Kanchibotla et al, 1999; Djordjevic, 1999;
Mohanty et al, 2007; Katsabanis and Omidi,
2015; Katsabanis et al, 2006; Johansson and
Ouchterlony, 2013; Fourney, 2015; Sanchidrián
and Ouchterlony, 2016; Preece and Lownds,
2008). Based on the fundamental knowledge
from the research, various rock fragmentation
models were developed and used as useful tools
assisting blast design optimization.
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Most current semi-empirical fragmentation
models (Cunningham, 1987, 2005; Djordevic,
1999; Sanchidrian and Ouchterlony, 2017) in
the literature are single blasthole models, which
model the average fragmentation around a
typical blasthole for a volume defined by
burden, spacing, and blasthole depth. Recent
advances in these models take into account the
average delay time between blastholes in a row
as a non-dimensional factor to model the effect
on rock fragmentation. The delay time in each
explosive deck (charges) is not modeled
explicitly. These models have ultimately been
useful to assist blast design selections, though a
real production blast often has variable burden
and spacing for each blasthole, which are
routinely defined by GPS surveying of
blasthole locations. In a production blast, each
blasthole may contain multiple decks (charges)
with different timing and locations along the
blasthole. Additionally, different explosives
may be used within a blast. All these variables
of blast implementation significantly contribute
to rock fragmentations. Since most recent semiempirical models are single-blasthole in nature,
they cannot model the contributions from
multiple blastholes (charges) with the actual
timing, explosive types, exact charge locations,
and free face geometry irregularities, etc.

determines the size distribution of the rock
fragmentation (Yang, 2014, Yang 2015a and
2015b). The approach is based on work relating
the particle velocity to dynamic strain in the
rock (Yang, 2012, 2016) and the work by
Seaman et al. (1976).
The advantage of using PPV as the key
modeling parameter for fragmentation over
strain or stress is its ease of measurement and
estimation. In the vicinity of a blasthole, the
particle velocity is directly related to the
borehole pressure, which is relatively easy to
estimate. In the field, blast vibration PPV is
easy to measure and its attenuation with the
charge weight scaled distance can be easily
established from measurements.
The average fragment size is inversely related
to the number of the fractures (Seaman et al,
1976):
x

x0
 PPV  PPVc 
N 0 exp 





(1)

x0
= the effective size of the initial
N0
fragment (m),
is the average size of the insitu blocks defined by jointing, and
is the
average number of effective fractures within a
block. PPV0 is related to rock breakage critical
strain PPVc  c  c , where c is the sonic
velocity of the rock. PPV0 may be modeled as a
monotonically increasing function of PPV to
account for the strain rate effect on rock
breakage. The higher the PPV, the higher the
strain rate and the higher the rock breakage
critical strain, and therefore the higher the
PPV0.
where,

The MBF model was developed in recent years
(2014, 2015a, 2015b, Yang et al, 2016). The
MBF model is three-dimensional for blast
geometry and blasthole loading. It also
simulates blasthole delay and multiple blasthole
interactions. The model has been successfully
applied to several open pit mines and quarries
in Canada, the USA, and elsewhere in the
world (Yang et al, 2016, Yang and Patterson,
2018). The previous version of the MBF model
simulates most blast design parameters
explicitly, except for velocity of detonation
(VOD) of explosive charges, the initiation
points and multiple primers. The previous
version of the model treats an explosive charge
as whole, either being a contributing charge to
the fragmentation or a non-contributing charge
at a given point.

 is related to rock brittleness: for more brittle
rock  is small; more ductile rock,  is large.
On the other hand, for the same rock, the higher
the strain rate, the more micro cracks could
participate in the rock fracture process and the
finer rock fragments could be generated.
Therefore,  tends to become small. In the
present modeling, PPV0, and are kept
constant. Further work is planned to
quantitively define the relationship among the
PPV, the strain rate, PPV0, and .

The peak particle velocity (PPV) in rock
induced from an explosive detonation is used in
the MBF model as the key parameter that
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For simplicity, the MBF model uses the Rosin
/ ̅
Rammler (
) function to describe
the size distribution of the rock fragments, in
which R(x) is the cumulative volumetric
fraction for fragment sizes smaller than x. The
mean fragment size ̅ is calculated from
Equation (1). More advanced size distribution
functions (Ouchterlony, 2005, Sanchidrián et
al, 2014) may be incorporated in the MBF
model.

2.1 Using a dual charge weight scaling law to
calculate PPV in rock
The previous MBF used the PPV charge weight
scaling law established from near field
signature hole blast vibration measurements at
a site as the only scaling law to calculate PPV
at any point in the rock. Figure 1 shows an
example of a nearfield vibration vector sum
PPV versus the scaled distance at a site, where
the scaled distance was taken the form of the
square-root of charge weight as is commonly
used in blast vibration analysis. The MBF
model simulates the geological variations using
Monte Carlo simulation based on the field
measurement of the scatterings of the vibration
PPV and ground sonic velocity. As shown in
Figure 1, two regression lines with the
corresponding regression equations are
displayed in the figure, that are the best fit and
the upper bound line of 97.5% data points.

This paper reports the latest developments of
the MBF model and treats each explosive
charge as an assembler of charge elements with
equal length. Each charge element has its
detonation time calculated from the initiation
time of the primer, the distance to the primer,
and VOD. The contribution to the peak particle
velocity at a point in rock from a charge
element was calculated according to its
detonation time and location. Contributions
from all charge elements are integrated using
the non-linear charge weight scaling and superpositioning (Yang and Scvira, 2008). The
method explicitly models the VOD effect on
rock fragmentation in the MBF model.
2

NEW DEVELOPMENT – MODELING
VOD AND INITIATION POINTS ON
ROCK FRAGMENTATION

In the rock near a blasthole, the peak particle
velocity is directly related to the VOD. This is
because the borehole wall particle velocity is
directly related to the borehole pressure which
is function of VOD and explosive density. The
full mechanism of the VOD affecting the rock
fragmentation may be complex. Two main
effects of the VOD on rock fragmentation are
identified in relation to the PPV in the near
field

Figure 1

PPV of the vector sum against
the charge weight scaled distance
from the signature hole blasts.

The two regression equations above are used in
the MBF modeling. It is assumed that PPV is a
random variable with a normal distribution:

Around the blasthole and to be modeled in the
MBF model. Firstly, the blasthole pressure
from the detonation is the source of the rock
fragmentation and function of the VOD of the
charge. Secondly, a faster VOD results in a
more concentrated contribution to the PPV
from an explosive charge at a calculation point
in the rock.

PPV~N(μ,σ)

(2)

PPVbest  fit
For a given scaled distance,
(=μ) and
PPV97.5% are obtained from the regressions. The
standard deviation σ value is obtained as:
σ
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1.96

(3)
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( ppv  1  sd ), which is established using
two points ( sd b , ub ) and ( sd c , ppv c ). The first

For each explosive charge, a random
is obtained.
is a random number
from the standard normal distribution,
~ 0,1 (Yang and Lownds, 2011). Ground
sonic velocity is modeled in a similar way as
the PPV, based on the field measurement that
defines the average and the standard deviation.

point is the particle velocity at the blasthole
wall and the scaled distance at the wall. The

ppv

c obtained from the
second point is at the
regression of the near field blast vibration at the
critical scaled distance sd c . The exponential

The minimum scaled distance at which the blast
vibration can be monitored is normally around
1 m/kg0.5. For example, in most cases a
vibration monitor would be placed further than
10 m away from a charge of 100 kg explosive
to prevent damaging the monitor from blasted
rocks. It must be pointed out that using such a
near field blast vibration scaling law to
calculate the peak particle velocity at a point
close to a blasthole is not accurate, where the
charge weight scaled distance could be much
less than 1 m/kg0.5.

function has been commonly used for
attenuation of energy, pressure or particle
velocity in rock. The equation should be
reliable to estimate the particle velocity in the
region close to blastholes.
In the MBF model, the critical scaled distance
is selected to be 1.0 ( sd c  1 ) when units are in
meters and kg’s.
If the form of the charge weight scaling law is
selected as:

PPV    d    w

(4)

The charge weight scaled distance takes the
form:

sd 

d


w

(5)

2.2 Particle velocity and scaled distance at
blasthole wall

Figure 2

Figure 3 shows a sketch for the calculation of
the particle velocity at the blasthole wall and its
corresponding charge weight scaled distance.

Sketch of dual charge weight
scaling law for PPV calculation
in the MBF model.

A dual charge weight scaling law is introduced
in the recent development of the MBF. Figure 2
shows two curves of the charge weight scaling
sd
law jointed at a common point ( c ) used for
calculating the PPV in the MBF model. If the
charge weight scaled distance at a point in rock
is larger than the critical scaled distance ( sd c ),
the PPV is calculated using the charge weight
scaling law established from the near field
signature hole blast vibration measurement
 2
( ppv   2  sd ). If the scaled distance is less

Figure 3

than the critical scaled distance, a different
charge weight scaling law is used
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Sketch of pressure and the
particle velocity at the blasthole
wall containing an explosive
charge.
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For a fully coupled charge, the borehole
pressure is estimated as:

pb 

 0VOD 2

sd 0 



0 is
where
the loading density of the
explosive.

For a decoupled charge, the
expansion can be approximated as:
pb v bn  p c v c

ub  1  sd 0 1

where ppvc is calculated using the regression
curve of the near field vibration from signature
hole blasts (such as Figure 1). Therefore,

(7)

where pb and vb are the pressure and the
specific volume at the borehole wall ( rb ),
pc and v c are the pressure and the specific
volume at the charge radius ( rc ) with n=3
(Landau & Stanyukovich 1945; Orlenko, 2011).
Consequently,

r 
pb  pc  c 
 rb 

1 

Figure 4 shows the two scaling laws joined at
the point ( sd c , ppvc ) on a logarithm scale of the
PPV axis. In the graph, the scaled distance is
chosen as m/kg0.5 and the critical scaled
distance sdc=1 m/kg0.5. When the charge
weight scaled distance is greater than the
critical scaled distance, the charge weight
scaling law is the regression from the near-field
signature hole blast vibration (as example in
Figure 1). Both the best-fit (average) and the
97.5% upper bound regressions are used in the
MBF to model the geological random
variations of the PPV. When the charge weight
scaled distance is less than the critical scaled
distance (sdc), the 97.5% upper bound curve is
determined as shown in Figure 4:

During detonation of the explosive charge, the
borehole wall is assumed under shock wave
condition. The particle velocity of the rock at
the blasthole wall is related to the borehole
pressure as follows,

(9)

where, c is the sonic velocity of the rock,  r is
the density of the rock, ub is the particle
velocity of the rock at the borehole wall, which
can be solved as:
ub 

  r c   c  4  r pb
2 r

197.5% 

(10)

ln ppvc97.5%  ln ub
sd
ln( 0 )
sd c

(15)

97.5%
1

197.5%  ub  sd 0

The length of the effective contributing charge
segment for ub is assumed to be the diameter of

This approach may be justified since when the
PPV becomes higher the geological variation
becomes less significant and diminishes at the
borehole wall, as shown in Figure 4.

the blasthole. The weight of the charge element
is:

w0  2 0 r 3

(14)

1

(8)

2 2
r

ln ppv c  ln ub
sd
ln( 0 )
sd c

1 u b sd 0

2n

pb   r ub D   r ub (c  ub )   r ubc   r ub2

(13)

ppv c  1  sd c 1

isentropic

n

(12)

w0

The parameters 1 and 1 of the first charge
weight scaling law can be determined from the
following equations:

(6)

8

r


(11)

The charge weight scaled distance at the
blasthole wall is:
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3.2 Fragmentation time at a point in rock
3.2.1 Shock wave arrival time at a point from a
charge element and multiple priming

Figure 4

Each charge element has its detonation time
calculated from the summation of the initiation
time of the primer and the distance from the
primer to the charge element divided by VOD.
If there are multiple initiation points (primers)
in the charge, the initiation time of the charge
element from each primer is calculated and the
earliest initiation time is used as the detonation
time of the charge element. In this way multiple
initiation in a charge can be modeled, such as
double priming with the same initiation time or
even triple priming. In such cases, multiple
charge elements in a charge may have the same
initiation time and causes shock wave collision
in the rock near the charge.

Two scaling laws joined at the
conjugate point on a logarithmic
scale of the PPV axis.

3 PPV CALCULATION AT A POINT

3.1 Dominant contributing charge element

The shock wave arrival time (tx) at a point in
rock from detonation of a charge element is
defined as the summation of the initiation time
of the charge element and the propagation time
of the shock wave to the point (dx/c), as noted
in Figure 5.

The new development of the MBF model treats
each explosive charge as an assembler of
charge elements with equal length of the charge
diameter. For a multiple blasthole blast, the
charge diameter and explosive type may be
different for different blastholes. Therefore,
charge elements from different blastholes may
have different sizes and weights. At a
calculation point, there is one dominant charge
element that has the minimum scaled distance
among all charge elements of all charges in all
blastholes.

t x  ti 

(17)

where c is the shock wave velocity in the rock,
which can be approximated by the ground sonic
velocity with less than 10% error in most cases
(Zel’dovich and Raizer, 2002).

Considering all charge elements in the blast, the
minimum scaled distance of charge elements is
deter-mined as:

MSD  min(sd1 , sd 2 ,..., sd n )

lx
d
 x
VOD c

PPV

dx

(16)

A calculation point,
The shock from the charge
element ‘x’ arrives
at tx= ti+lx/VOD +dx/c

where n is the number of charge elements in the
blast. Sd1 … sdn are scaled distances for the
charge elements, respectively. To determine the
dominant charge element for a calculation point
in the rock, the scaled distance of each charge
element to the point must be calculated and
compared.

Charge element x,
initiated at tix =ti+lx/VOD

O
lx

Primer initiated at ti

Figure 5

Shock arrival time at a point O
in rock.

3.2.2 Shock wave arrival time from the
dominant charge element – the
fragmentation time at a point
The fragmentation time at a point in the rock is
defined as the shock wave arrival time from the
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detonation of the dominant charge element. The
fragmentation time can be calculated as:

d
c

t f  td 

3.3 Time window of a charge element
To determine if a charge element contributes to
the PPV at a point (“o” in Figures 5 & 6), a
time window around the arrival time
(Inequality 20) is assumed for each charge
element.

(18)

where c is the shock wave velocity in the rock;
d is the distance from the dominant charge
element to the point (Figure 6). The initiation
time of the dominant charge element is:

t d  ti 

ld
VOD

The width of the time window for the charge
element x is calculated from Equation (21)
below with distance x = dx (refer to Figure 5). If
the fragmentation time (Figure 6) within the
time window, i.e.

(19)

0.5

where ti is the initiation time of the charge
l
containing the dominant charge element and d
is the charge length from the initiation point to
the dominant charge element. Figure 6 shows
the fragmentation time for a calculation point
after the dominant charge element is identified
for a calculation point from all charge elements
in all blastholes.
Fragmentation time
at Point “O”:
0
tf = td + d/c

Initiation point,
Initiation time ti

3.4 Variable width of time window
The waveform broadening with wave travel
distance is an important aspect of dynamic
wave propagation in the near-field of the
explosive charge. The wave-form broadening is
attributed to the wave attenuation in the media.

Dominant charge
element for Point “O”,
Initiation time td = ti + ld/VOD

The effect of waveform broadening on a waves
contribution to PPV may be modeled with a
variable width of a time window for each
charge element according to its distance to the
calculation point. The time window is used to
determine if a charge element has a
contribution to the PPV at a calculation point.
To assign different widths of the time window
for charge elements from different distances, a
linear relationship between the width of the
time window and the distance may be assumed
as a first order approximation:

ld

A

Figure 6

(20)

Then the charge element x is determined to be a
contributing charge element to the PPV at the
point, which means the shock wave arrival time
from the charge element “x” is close to the
fragmentation time at the point.

d

B

0.5

Dominant charge element at
Point O of the blast and the
fragmentation time at Point O.

There may be many charge elements in
different blast holes that contribute to the PPV
at the point depending on the timing of each
charge element in relation to the fragmentation
time at the point (tf in Equation 18). For
calculating the PPV at a point in rock, the total
effective charge weight from all contributing
charge elements is calculated with the nonlinear
charge weight scaling weighted by a function of
delay timing, then a scaled distance is obtained.
With the scaled distance, a PPV is calculated
from the dual charge weight scaling law
described above.

∙

(21)

where,
is the width of the time window for
the charge element x, T0 is the initial width of
the time window and may be assumed to be
2r
equal to the detonation time duration VOD of a
charge element having a length of the charge
diameter (2r in Figure 3), d x is the distance
from the charge element to the calculation point
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(Figure 5), a is the slope of the linear
relationship between the time window width
and the distance. The slope may be determined
from field measurements by measuring the
waveform duration versus the distance from a
small spherical charge (Gladwin & Stacey,
1974, Kavetsky et al, 1990, Yang and Scovira,
2008).

When a charge element is located much farther
than the dominant charge element to the point

d  d

In addition, the MBF model accounts for the
confinement reduction and blast wave
screening from earlier firing adjacent charges.
This is achieved by a screening factor ( 1)
modifying
the
distance
(
21
22 from a charge
element to the point in the rock. If the rock in
the path of the charge element to the point is
damaged from earlier firing blastholes, the
effective distance (modified) is increased by the
screening factor. The method was reported in
previous papers (Yang and Scott, 2008, Yang
and Kay, 2011).

3.5 Non-linear charge weight scaling for
superposing contributing charges
Figure 7 shows a calculation point “O”, its
dominant charge element, and one of charge
elements within the blast.
a charge element within the blast
wx

dx

w  w

x , the effective charge
, ex
“o”: x
weight becomes negligible to contribute to
PPV.

O
d

The non-linear charge weight superposition
Equation (22) accounts for the non-linearity in
the near field, which is modeled in the dual
charge weight scaling law, such as described in
Figures 2 and 4.

Dominant charge
element for Point O

Figure 7

A calculation point (O), its
dominant charge element, and a
charge element within the blast.

3.6 Modeling effect of arrival timing difference
within a time window

The charge weight of the element is wx . The
w
effective charge weight ( e ) is scaled to an
w
effective charge weight ( ex ) that is assumed to
be at the same distance as the dominant charge
element to the point “O”, and generates the
same PPV contribution as the element at its
location:

A shock wave that arrives at exactly the same
time as the fragmentation time should have a
larger contribution to PPV than a similar wave
that arrives at a different time from the
fragmentation time.
To account for the shock wave arrival time
difference at a point in rock between a
contributing charge element and the dominant
t
charge element (the fragmentation time f ), a
weighting function on the scaled charge weight
wex is used. When the arrival time difference

  d   wex     d i   w x 


(22)

 d 
wex  w x  
 dx 

) is smaller than the half width of
(∆
the time window (0.5Tx), a simple exponential
function is used as the weight function, as
shown in Figure 8. The tf is the fragmentation
time, tx is the shock arrival time from a
contributing charge element, Tx is the time
window width for the charge element x.
is calculated using Equation (21) above.

When a charge element is located at the same
distance as the dominant charge element, it
w
yields an effective charge weight ( ex ) close to
w
its original charge ( x ) weight, since


 d 
when d x  d , there is :    1, therefore, wex  w x
 dx 

It is assumed that the minimum weighting value
when the time difference (∆ ) is equal
is
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and altering the delay time among blast holes
and charges.

to half of the time window (0.5Tx) and the
maximum is 1.0 when the time difference is
zero (∆
0).

3.8 Prediction of PPV

1
f ( dt )

tx

t x ‐ 0.5Tx

Figure 8

tf

From the effective charge weight wce the
effective charge weight scaled distance can be
calculated at a point in rock using the distance
from the dominant charge element (d) to the
point (Figure 6). The effective charge weight
scaled distance is:

tx + 0.5Tx

An exponential weight function
for modeling the de-lay time
difference within the time
window.

sd e 

The exponential function is expressed as:
∆
.

∆

, and
is
where ∆
determining the value of f ∆
0.5 . For present modeling,
20.82 and found to yield a close
blast vibration calibration (Yang
2008).



(25)

( wce )

The PPV is calculated as:

(23)

PPV    sd e

a coefficient
at |∆ |
is taken as
match to the
and Scovira,



(26)

where and  is determined from the charge
weight scaling law in Figures 2 and 4 described
above.
It is worth noting that Equation (25) is different
from the conventional charge weight scaled
attenuation equation. The former includes not
only the site-specific vibration attenuation
characteristics. It also includes the blast design
timing, initiation point in a charge, VOD,
distance from a contributing charge, loading
distribution and explosive types in each blast
hole. After the PPV is calculated, from
Equation (1) the average fragmentation size is
calculated and the size distribution at the point
is determined. The size distributions at all
calculation grid points can be calculated and
integrated to obtain the fragmentation size for
the whole blast or for a selected region of the
blast.

3.7 Accumulated charge weight – wcx
The sum of all effective contributing charge
∆
elements using the weight function
(Equation (23)) can be calculated as:
∆

d

(24)

where k is the total number of contributing
charge elements including the dominant charge
element, wxe is the xth scaled contributing
effective charge weight (refer to Equation (22)),
and ∆
is the shock wave arrival time
difference of the xth contributing charge ( )
from that
) of the dominant charge element
(the fragmentation time).

4 MODELING EXAMPLES

4.1 Multiple decks and multiple initiation
points

The accumulated charge weight wce at a
calculation point is dependent on the charge
weight per hole in the blast, the VOD, and the
delay time among the blast holes. The
improvement of fragmentation can be achieved
by increasing wce through increase of the
charge weight per hole, using a higher VOD,
multiple priming with the same time or short
time delays, higher energy explosive product,

Figure 9 shows a modeling example of a small
blast consisting of five blastholes, one of which
contains one explosive deck (h5), two of which
contain two decks (h1 and h3) per blasthole,
and three blastholes each containing three
decks (h2 and h4). Some decks have one
initiation point, some have two initiation points,
and some others even have three initiation
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points. All of the explosive loading and
initiation in-formation are explicitly simulated
in the MBF mod-el. As shown in Figure 9, the
modeling provided corrected trends as
expected.

4.2 Comparison of different explosives
A set of field data was collected from two
blasts situated side by side and loaded with
different explosives. Figure 11 shows two blast
patterns blasted side by side. The blast hole
depth is 13 m and diameter 171 mm. The
stemming length is 4.2 m on aver-age. Delay
time in each blasthole is displayed in Figure 11.
The explosive property is summarized in Table
1 below.

Figure 10 shows views from the bottom of the
blast and a size passing curve for the whole
blasted volume.

Figure 9

Views from bottom of the blast and a size passing curve for the whole blast.

Figure 10 A modeling example, multiple blastholes with multiple decks and multiple
initiation within deck.
Table 1
Explosive
Pt-1
Pt-2

Explosive property
Density
(g/cc)
1.21
1.19

RWS
1.17
0.94

VoD
(m/s)
4880
4720

No test was conducted at the site for near-field
sig-nature hole blast vibration. Therefore, the
near-field signature hole blast vibration data
from a comparable site and the blast designs in
Figure 11 were used as the input to the MBF to

Figure 10 Two blast patterns blasted side
by side with different explosives.
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model the fragmentation. Figure 12 shows the
comparison of the modeled fragmentation from
the two blasts. Figure 13 shows the comparison
between the field measurements from the two
blasts. Since no site-specific near-field blast
vibration was available and only the
information from a comparable site was used,
the MBF modeling was not intended to make
exact predictions. However, from the
comparisons in Figures 12 and 13, the MBF
predicted the field measured trends from using
the two different explosives.

field blast vibration are used to calculate the
PPV for a given scaled distance. The PPV is the
easiest parameter to estimate within the vicinity
of a blasthole as well as the easiest to measure
in the field compared to dynamic strains or
stresses. The near field signature hole blast
vibration, rock density, and ground sonic
velocity are used as input to the MBF model for
modeling the site specific geological
information.
A given rock mass contains many fractures.
Near-field signature hole blast testing could be
the best way at present to characterize the
geological information relative to the blast
fragmentation. The ground sonic velocity
measured from the signature hole blast reflects
the effect of the in-situ joints/fractures. The
PPV attenuation with scaled distance, such as
that shown in Figure 4, may be one of the most
relevant rock mass characterizations for
blasting. In addition, the MBF model accounts
for the confinement reduction and blast wave
screening from earlier firing adjacent charges
and uses the non-linear charge weight scaling,
the PPV’s near a blasthole or further away are
calculated
realistically
compared
to
measurements (Yang and Scovira, 2008).

Figure 11 MBF modeling with rock mass
characterization from a similar
site.

The higher the VOD, the higher the borehole
pressure, and the higher the borehole particle
velocity. All these result in finer fragmentation
at the near field around a blast hole. With the
modeling of the VOD, the MBF model can
explicitly model the initiation points, multiple
priming, the loading decoupling of charges and
the blasthole diameters. Different blasthole
diameters and explosive charges within a blast
can be modeled explicitly along with the
modeling of the explosive density and relative
weight strength.
For a contributing charge, the faster the VOD,
the longer the effective charge contributing to
the PPV at a point in the rock and the more the
charge weight contributes to the PPV, and thus
to the rock fragmentation. With the MBF
model, instantaneous delay among blastholes
would result in highest PPV’s and therefore,
may result in finest fragmentation. This is
consistent
with
the
observation
that
instantaneous delay results in the most effective

Figure 12 Fragmentation measured for the
two test blasts
5 DISCUSSION AND CONCLUSIONS
This paper describes the modeling of VOD's
effect on PPV (and hence the fragmentation) in
the MBF, with two mechanisms modeled. The
dual charge weight scaling law based on the
borehole wall particle velocity and the near
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fragmentation
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granodiorite. Fragblast – International
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10(1-2), pp. 83-93.
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effect of the delay time on fragmentation
distribution through small- and mediumscale testing and analysis. Proc 11th Int
Symp on Rock Fragmentation by Blasting
(Fragblast 11), Sydney, Australia 24-26
August 2015. The Australasian Institute of
Mining and Metallurgy, Carlton, Vic,
Australia, pp. 715-720.
Kavetsky A. K., Chitombo G. P. F., McKenzie
C. K., and Yang R. (1990) A model of
acoustic pulse propagation and its
application to determine Q for a rock mass.
Int. J. Rock Mech. Min. Sci. & Geomech.
Abstr. 17, pp. 371-376.
Landau, L. D. and Stanyukovich, K. P. (1945)
Determination of the flow velocity of the
detonation
products
of
condensed
explosives. In Dokl. Akad. Nauk SSSR, 47,
p. 271.
Mohanty, B. Nasseri, M. H. B. and Paventi, M.
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World Conference on Explosives and
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Exploives Engrs., pp. 39-46.
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presplit blasts and it is therefore common sense
that the higher the PPV, the more the damage
(fracture) to the rock. Yang (2016) showed that
PPV is related to the maximum 3D dynamic
strain in the rock.
The main effects of the VOD on PPV are
modeled with the method described in the paper
and are implemented in the MBF model. The
modeling examples show that reasonable trends
are predicted. The MBF model now can model
almost all blast design parameters explicitly for
a large production blast. The stemming length
is explicitly input into the model. However, its
mechanical property is not treated differently
from the in-situ rock. A more realistic modeling
of stemming for rock fragmentation may be
developed in future.
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ABSTRACT
This paper investigates the blast fragmentation of a mortar cylinder by numerical simulations. The
aim of the project is to understand the underlying mechanisms causing blast induced fines. Two
numerical methods: Finite and Discrete Element Methods (FEM, DEM) with explicit time integration were used and the results were compared with the results of blasting tests. In FEM thin cylindrical disk (Ø140 mm) with 1 layer of 3D continuum elements and in DEM a 3D cylinder with
Ø140×200 mm were modelled. They were loaded by a pressure evolution acting on borehole wall.
Both models reproduce realistic crack patterns consisting of through-going radial cracks, with
branching and interconnecting cracks, around a crushed zone at the borehole. The FEM models,
however, for slight changes contain unrealistic areas of deleted elements, whereas the DEM models
were more robust and delivered realistic fragment size distribution of the expected Swebrec function type.
1

INTRODUCTION

ne particles are originating from a star-shaped
crushed zone. Another yet plausible one is that
the fines are generated by a mechanism involving dynamic crack branching and merging
(Ouchterlony and Moser 2012).

In mining and quarrying, blasting is the main
method for rock excavation. The explosives are
placed in series of boreholes with a predetermined amount and detonation delay time, aiming at achieving a manageable muck pile and a
desired fragment size distribution (FSD). An
under- or over-charged boreholes are often a financial liability for the companies. That is, in
addition to the time and resources costs, the resultant fragment sizes might be smaller than the
acceptable size for the processing (recovery)
units. Even in well-designed blasting rounds fine particles are generated. For example, in EU
quarries around 2.5 billion tons of rocks are annually blasted of which 10 – 15 % is unsellable
waste fine particles (Moser 2003).

By the advancement of computation power and
numerical tools, many researches have started
to investigate blast induced damage, dynamic
crack branching and merging and thus fragmentation through numerical simulations. Cho and
Kaneko (2004) e.g. studied the dynamic fracture process of a two dimensional disk with a
borehole at its center subjected to different dynamic wave forms, different rise time and decay time of the pressure function, peak value of
the applied pressure and stress loading rates.
Zhu et al. (2007) studied blast induced damage
and dynamic crack propagation of a circular
rock model with a centrally located borehole
using the finite element method (FEM) code
Autodyn 2D. Ma and An (2008) implemented a
Johnson-Holmquist (JH) constitutive model into the commercial FEM code LS-Dyna and
studied the borehole blast induced rock fracture
and fracture pattern under different circumstances i.e. different stress loading rates, effect

There are many theories on the source of fine
particles due to rock blasting, e.g. the traditional crushed zone model (CZM) that assumes
fines are originating from an annular crushed
zone around the blast hole, the two component
model (TCM) developed by Djordjevic (1999,
2002) and further improvements of the CZM by
Onederra et al. (2004) who assumed that the fi597
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2

of free surface and joint plane, pre-existing
compressive stress, notches, etc.. Wang and
Alonso-Marroquín (2009) used the 3D discrete
element method (DEM) to model the fracture
process and the size distribution in a sphere resulting from different impact rates. Banadaki
and Mohanty (2010) investigated the crushed
zone, radial and spalling cracks of cylindrical
Barre and Laurentian granites subjected to blast
load using the built-in JH2 material model in
Autodyn with explicit time integration scheme,
Nordendale (2013) studied the damage induced
in ultra-high strength concrete and ashcrete
panels of size 305 mm × 305 mm × 27 mm by
ballistic impact.

TYPICAL EXPERIMENTAL
RESULTS

The experimental procedure includes blasting a
PETN (pentaerythritol tetranitrate) cord of certain charge concentration, i.e. here 6 g/m, 12
g/m and 20 g/m, inside the borehole of a mortar
cylinder, which is radially surrounded by a
damping layer inside a blasting chamber.
The mortar cylinder production follows a recipe
similar to the one from the researches of Johansson and Ouchterlony (2011) and Schimek
et al. (2013). The mortar cylindrical structure
were produced with dimensions of Ø140×280
mm and Ø150×300 mm and the borehole diameter of Øborehole = 10 mm. A plug was fitted at
the frontal cylinder-face, 25-50 mm deep inside
the borehole, to hinder the blast-generated gas
to rush in-between the window and the cylinder
and to protect the camera from the detonationcaused flash inside the borehole.

Recently Yi and Johansson (2015) used DEM
to simulate blast fragmentation of mortar cylinders with a central borehole. The effect of dynamic loading on the response of rock-type materials was studied. Even if the simulated
process as a whole is realistic the resulting blast
induced damages and crack patterns are not.
Examples of simplified behavior are i) radially
straight symmetrical crack patterns, ii) crack
propagation without deviation from the initial
nucleated direction, iii) cracks without branching and merging, and iv) fragment size distributions (FSD) curves that do not quite look like
real ones. In this paper we hope to improve on
the work by Yi and Johansson (2015) by taking
into account the nucleation, propagation and
branching of cracks around the explosion cavity
during a blasting event.

The blasting chamber includes four concrete
segments and employs the "impulse trap" concept (Sun 2013). The damping layer, protective
window and the four segments of the blasting
chamber directly affect boundary conditions reducing the spalling effect and circumferential
counter-directed cracks, which could interfere
and obscure cracks that propagate towards the
cylinder's circumference (Rossmanith et al.
2005). The damping layer and the window are
designed to impede radial and axial blastinduced expansion and, hence, provide more
uniform radial crack propagation along the cylinder's axis.

We present results from numerical simulations
of the blast loading of confined mortar cylinders. These are compared with post mortem CT
scans and High Speed Video (HSV) images of
dynamic cracks on the specimen’s end surface
to judge how realistic the simulations are. The
work is the first part of the FWF project P
27594-N29 ‘Fine particles generated by dynamic crack propagation, as in blasting of rock like
materials’, which started July 1st, 2015, see the
work presented by Kukolj et al. (2018). It has
been suggested that branching-merging of
growing cracks is a major source of such fines
(Ouchterlony and Moser 2012) and before
modeling of these local crack tip occurrences
can take place, it is important to have a reliable
overall model.

The blast tests used the HSI camera Imager HS
4M (LA Vision) to capture the crack propagation at frame rates of 20,000-37,000 fps at image resolution of 256 × 256 pixels and 336 ×
336 pixels.
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The mortar structure was modelled as a cylindrical disk with thickness H = 1 mm, Øout = 140
mm and Øinside = 6 mm. On the periphery of the
cylinder quiet boundary conditions were used.
Three dimensional linear hexahedral stress elements with reduced integration points
(C3D8R) and 3D infinite elements (AC3D8R)
were used for discretization of the mortar and
the peripheral structure as the boundary condition of the confined cylinder. A top view of the
model setup and the mesh is illustrated in Figure 2. A summary of the mesh details are given
in Table 1.
Table 1
Figure 1

3

Element
type

Post-mortem crack network at
the front end face of the mortar
cylinder blasted with 6 g/m, 12
g/m and 20 g/m of PETN from to
left.

Stress
elements
Infinite
elements

MODEL SETUP

3.1 Abaqus/Explicit and CDP
The finite element method (FEM) code Abaqus
(Simulia 2014) using an explicit time integration scheme has been used, which is a suitable
choice for high speed impact processes. The
constitutive model used in this study is Concrete Damage Plasticity model (CDP)
(Hillerborg et al. 1976, Lubliner et al. 1989,
Lee and Fenvas 1998), a built-in model in
Abaqus. The detailed description of CDP is
given in the Abaqus analysis user’s guide V.
6.14, section 23.6.3. It requires six material
constants to model the inelastic behavior of
concrete/mortar in addition to rate dependent
data in the dynamic range. They are an elastic
modulus (E), a Poisson's ratio υ, a dilation angle ψ, a flow potential eccentricity ϵ, the ratio
of initial equibiaxial compressive yield stress to
that of the uniaxial compressive stress σb0/σc0,
and the ratio of the second stress invariant on
the tensile meridian to that on the compressive
meridian at initial yield for any given value of
the pressure invariant Kc (Simulia 2014). Jankowiak and Lodygowski (2005) have provided
a set of calibrated data for the CDP model.
These data have been used as the reference in
the quasi-static regime.

Figure 2

Model’s mesh information.
Element
name

Number of
elements in
the model

Global
mesh size
(mm)

C3D8R

40448

1

AC3D8
R

628

Not
applicable

Top view of the model and the
magnified discretization around
the borehole.

The strain-rate dependent failure surface of the
CDP model has been developed on the basis of
quasi-static data. The Huh-Kang model (2002)
was used as the rate form. The peripheral material enclosing the mortar structure was modelled in a simplified way with an elastic material representation called quiet boundary
condition, for which the Young’s modulus and
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the Poisson’s ratio are identical to those of the
mortar structure. This allows us to investigate
the crack propagation, branching and merging.
Otherwise, the shock waves strike the outer
boundary reflect as tensile waves developing
rings of tensile damage preventing the propagating cracks originating around the borehole
from being distinguishable. The shock waves
passing through the finite elements degrade
their elastic modulus including those on the periphery connected to the infinite elements. This
breaks the initially defined impedance match
between the mortar structure and the outer
boundary. This could be observed as local reflections of stress waves on the periphery of the
mortar structure.

Figure 3

3.1.1 Continuum finite element models calibrations

The blast load is of the type of pressure-time
history which is applied radially on the borehole wall. The borehole pressure function of
Trivino and Mohanty (2009) was implemented:
P t

P

. e

.

Application of the FEM in high speed dynamical processes consisting of large number of
fractures has limitations (Nordendale 2013,
Donzé et al. 2009). A material model with a
strain softening behavior, here CDP, greatly
increases the probability for an unstable
solution. The instability in these dynamical
simulations show up as an elemental distortion
before a mature simulation result is achieved.
The elements experiencing large magnitudes of
damage have lost almost all of their stiffness,
becoming soft and extremely distortable even at
negligible levels of external loading. These
elements are the main source of unstable
simulation results. Here, a solution-dependent
element deletion algorithm accompanies the 3D
linear hexahedral elements. In CDP, as
described in the Abaqus analysis user’s guide
V. 6.14, scalar damage grows by increasing
values of accumulated plastic strain and is
separated into tension and compression. The
deletion algorithm was developed in the
Abaqus VUSDFLD subroutine. The finite
elements whose tensile equivalent plastic strain
reaches a pre-determined value, here 98% of
total damage (100%), cease to carry load using
this subroutine. This, however, would cause an
error when dealing with the conservation of the
mass of the system. Nordendale (2013) has
stated on this issue: “The removal of the
elements would have to take place early in the
analysis in order to show the appropriate
failure scenario leading to model simulating a

(1)

e
where bu, tu, n, bd, and td define the rising up
and decaying down of the pressure function.
The parameter bu is chosen as a fraction of bd:
bu = bd/bratio with bratio ≥ 2 (Trivino and Mohanty, 2009). Here, bd and bu are related to the
maximum decay rate, md, and maximum raise
rate, mu, respectively. Finally, the parameters tu
and td are (Trivino and Mohanty 2009):
t
t

ln α
ln α

/

/b

(2)

/

ln 1

α

/b

Pressure time loading history
with three peak pressures of 35
MPa, 85 MPa and 166 MPa.

(3)

where α1 and α2 are the approximate error at t =
0 and t = tpeak-pressure.
The peak pressures of 166 MPa, 85 MPa and 35
MPa equivalent to 20 g/m, 12 g/m and 6 g/m of
PETN were used (Sanchidrián 2017). In all
three loading levels, the pressure rise time to
peak is approximately 1 µs. Figure 3 shows the
pressure-time history of the loading levels.
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weaker target than in real life and significantly
increase the computation time.”
The use of the CDP model in a high speed
dynamical process lacks an equation of state
(EoS) to describe the pressure-volume relation.
As a consequence, the volumetric strain of a
finite element could increases extremely, i.e.
there is no volumetric strain locking limit, as a
result of enforcing a sudden large value of
hydrostatic stress (first invariant of stress
tensor)
level
(Nordendale
2013).
In
Abaqus/Explicit, the linear and quadratic bulk
viscosity parameters, Rayleigh material
damping and mass scaling were used to
compensate for these nonlinear effects of
compaction.

Figure 4

Failure mechanisms due to (a)
tension and (b) bending; (c) particles come into contact experiencing repulsive force (Åström et
al. 2013).

3.2 HiDEM
The 3D modelling was made with the HiDEM
discrete element code (Åström 2006, Åström et
al. 2013) for several reasons. Firstly the
stability problems encountered with Abaqus
made the progress toward the goal 3D modeling
very slow. Secondly it could be said that a
suitable DEM code will probably have less
problems with highly dynamic processes
(Hedjazi et al. 2012) and thirdly postprocessing tools for visualizing e.g. internal
cracking and fragmentation, adapted to our
problem were already available.

The linear and quadratic bulk viscosity damp
oscillations associated with volumetric
straining. The former damps transverse and the
latter damps longitudinal oscillations (Simulia,
2014). The fixed- and the variable-mass scaling
define an element stable time increment at the
beginning and during the calculation (the
detailed description is in the Abaqus analysis
user’s guide V. 6.14, section 11.6). These
calibration parameters not only help to stabilize
the FEM results against the aforementioned
issues, but also are a remedy for the results’
calibration of the explicit time integration.

The particles in HiDEM are rigid spheres. They
are arranged in a Face-Centered-Cubic (FCC)
lattice. The contacts between the particles were
modelled using massless beams. The
interaction potential between two particles was
defined by the Euler-Bernoulli (EB) beam.
Åström et al. (2013) gave the elastic energy of
beams. The beams break because of tension,
shear or bending beyond the fracture limit
(Åström et al. 2013, Fig. 4).

In addition to the 2D models with
Abaqus/Explicit, complete 3D models of the
cylinder, i.e. H = 280 mm, were simulated. In
these, similar instabilities as in the 2D models
appeared; in addition, they showed unrealistic
crack growth patterns. The material model
calibration became extremely difficult and time
consuming. As an example damping parameters
that stabilized one model failed to stabilize
models that were almost identical. Therefore,
we have limited the application of FEMAbaqus to the 2D models and addressed the 3D
modelling using a discrete element code
described in the next section. The FEM models
required approximately 6 minutes of calculation
time using 48 interconnected cores of Intel(R)
Xeon(R) CPU E5-2667 v1 @ 2.90GHz.

At time t = 0 s, the particles are arranged and
packed to form the desired cylindrical specimen. Then, the connections between particles
are defined using the elastic beams. The equation of motion can be represented by the simplified, mixed matrix and index notation form:
(4)
where M = mass-matrix containing the masses
and the moments of inertia of the particles; ri, r
and ri = the position, velocity and acceleration
vectors of the particle i including the rotation
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components; rij = the corresponding position
vectors for all the particles j that are connected
to the particle i; C = the damping matrix; K =
the stiffness matrix; and Fi = the sum of the
other forces acting on the particle i. The stiffness matrix for linear elastic EB beams under
small deformation is given by Åström et al.
(2013).

surface. In addition, 20 mm of stemming was
considered. On the outer periphery of the cylindrical structure, the mantle, quiet boundary
conditions similar to those applied in FEM
Abaqus/Explicit were used. Therefore, the
shock waves hitting the outer periphery were
initially not reflected back into the cylinder. In
the initial work with HiDEM the goal was to
find out if it could give realistic fragmentation
and cracking results. A few details of the used
version of HiDEM were not optimal for our
modelling purpose such matters like the
specimen H/D and the exact value of VOD e.g.
were considered less important. The typical
calculation time of the DEM models with 100
interconnected CPU cores (Intel(R) Xeon(R)
CPU E5-2690 v4 @ 2.60GHz) was 40 minutes.

An elastic material model was used. The material parameters were identical to those used in
the Abaqus/Explicit simulations. The mechanical behavior of the granular disordered materials, e.g. mortar, was modelled here using beams
with reduced stiffness. At the beginning of the
simulation, 10 per cent of the beams in the
whole model were randomly selected to have
their stiffness reduced to 10 per cent of that of
the originally defined normal stiffness.

4

RESULTS

4.1 FEM: Abaqus/Explicit

Åström (2006, 2013) has described the fracture
criterion implemented in HiDEM code. Here,
the fracture criterion was described by the elastic strain threshold; εcrit = 0.0003. The beams
have no mass; thus, upon breakage no mass was
lost in contrast to the FEM modelling described
above. The particles whose connecting beams
are all broken are able to move past each other
and collide with the other particles (Åström et
al. 2013). The collisions are inelastic which is
associated with a loss of kinetic energy upon
collision (Åström et al. 2013).

4.1.1 Damage evolution
Figure 5 shows snapshots of the finite element
cylindrical disks with centralized borehole subjected to the blast load. The loading function is
of the pressure vs. time type, acting on the
borehole wall as shown in Figure 3 with peak
pressure levels of Ppeak = 35 MPa, 85 MPa and
166 MPa in models A, B and C, respectively.
The pressure function parameters are given in
Table 2. The models have an initial time resolution of 1×10-8 s associated with an element by
element time increment determination algorithm in addition to an element stable time increment (mass scaling) of 1×10-10 s that acts
once at the beginning and then during the simulation run time. It accompanies the finite elements of the cylindrical disk.

A cylindrical mortar structure with Øout = 140
mm, Øinside = 10 mm and the height of H = 200
mm was modelled with the particles. The ratio
H/D = 2 used in the experiments was not respected. Johansson (2008) has shown that the
fragmentation is quite independent of the H/D
ratio. The diameter of the particles was 3 mm.
The blast load was of the type of the pressuretime history which was applied radially on the
borehole wall in addition a simplified post-peak
pressure was driving all the particles outwards
with a constant pressure. The three peak pressures used in Abaqus/Explicit were used. In all
the three loading levels, the active pressure
front was moving with the velocity of detonation with temporal duration of 1 µs. The detonation front had the velocity (VOD) of 6000
m/s. It began at the rear end face of the cylinder
moving with the VOD towards the front end

Models A, B and C had to be calibrated individually to get stable results. The calibration
parameters are given in Table 3. As soon as the
simulations starts, at t = 0 s, the pressure rises
up and the compressive equivalent plastic strain
accumulates around the borehole forming a
crushed zone. The generated crushed zone has a
diameter of Øcrushed zone = 12 mm, 14 mm and 35
mm for models A, B and C, respectively. Approximately 1 µs after the peak pressure, the
tensile equivalent plastic strain begins accumulating on a ring of finite elements close to but
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verely fractured zone is given in Table 4 and
the crack network characterization in Table 5.

not at the borehole. This tensile zone is visible
already at 10 µs and we call it the severely fractured zone, compare models A, B and C in Figure 5 at t = 10 µs. The tensile stresses act on the
already damaged material around the borehole
initiating the tensile cracks. About 3 to 5 µs after the peak pressure (has been reached), depending on the loading level, tensile cracks appear around the borehole. The shock waves
emanating from the borehole drive the cracks to
the outer periphery, forming a crack network in
between the inner and the outer boundary.
Table 2

4.1.2 Energy responses
The issues accompanying the application of the
explicit time integration have been discussed
above. To understand the associated limitations,
the energy responses of the models have been
studied to identify the plausibility of the FEM
results. Model-C was chosen to illustrate the influence of the four parameter calibrations, see
Table 3, on the energy responses and the postmortem crack network. The calibration process
has been performed in the following order:

Parameters’ values of the pressure function.

Parameter
mu
md
bratio
5
3
value
45×10 25×10
2

α1
10-7

α2
10-2

A

35

0.13

1.16

B

85

0.12

1.2

C

166

0.4

1.2

Not
necessary
2×10-10
Not
necessary

Mass scaling
threshold (s)

Rayleigh
damping (ß)

Quadratic
bulk viscosity

Linear bulk
viscosity

Model calibration parameters.

Pressure
(MPa)

Table 3

Model

The crack network characteristics associated
with the three loading levels are qualitatively
comparable to the post-mortem results of the
in-situ mortar cylinders shot with the same
loading levels; compare Figure 1 with Figure 5
at 90 µs.

 Parameter set-1: Default values of bulk viscosities and automatic global time incrementation
 Parameter set-2: Adjusted bulk viscosities,
and automatic global time incrementation

1×10-10
1×10-10

 Parameter set-3: Use of mass scaling and element-by-element time incrementation in
addition to the Model-2’s setup

1×10-10

By increasing the peak pressure level, the distance of the severely fractured zone to the
borehole wall, diameter of the crushed zone, the
number of nucleated cracks around the borehole wall and the number of cracks which reach
the outer periphery of the cylinder increases. In
model-C, the amount of the tensile damage occurring around the blast hole is so high that it is
no longer possible to count distinguishable nucleated tensile cracks. The post-mortem result
of the model has more than 8 radial cracks connecting the severely fractured zone to the outer
mantle. A large number of crack branchings,
nucleation of tensile cracks not only near the
outer periphery but in the whole model, short
cracks meeting the outer boundary and the tensile cracks nucleating from the outer boundary
converging towards the borehole are distinctive
features of this model. A summary of the se-

Figure 6 illustrates the post-mortem crack network and Figure 7 shows the comparison of the
energy responses after each of the calibration
steps. After the step-1, both the post-mortem
cracking network and the energy responses
show unrealistic jumps; compare step-1 and -2
in Figure 6 and Figure 7. The voids in the postmortem image of the step-1 are the symptoms
of a large amount of energy dissipated through
viscous damping. The post-mortem cracking
network does not change visibly between the
second and the third calibration step. However,
the energy responses illustrate further improvements; compare step-2 and -3 in Figure 7.
The total energy for the whole model oscillates
around zero for step-3 as it should. The behaviors of the plastic and viscous dissipation energies of the system become smoother and more
monotonic.
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Time

Model-A

Model-B

Model-C

10 µs

30 µs

60 µs

90 µs

Figure 5

FE cylindrical disks with Ppeak = 35 MPa, 85 MPa and 166 MPa in models A, B
and C. The tensile equivalent plastic strain (PEEQT) as a measure of tensile damage (fully damaged elements are removed so they appear white).
Table 4

As mentioned above finding calibration parameter sets that stabilize the FEM simulations is
extremely time consuming. This situation becomes more complicated in 3D, where not only
the instabilities as in 2D but also unrealistic
crack growth patterns are observed. Therefore,
as an alternative the discrete element method
(DEM) is employed for 3D modelling.

Model
A
B
C
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Crushed zone and severely fractured zone characterization of
the models A, B and C.
Diameter of
crushed zone
(mm)
12
14
36

Diameter of severely fracture
zone (mm)
13
26
44.5
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4
9

5
15

10
13

C

too many

>>10

>25

30

too many

ber of radial cracks in DEM model above,
compare Figure 1 and Figure 8. In Figure 9, the
fracture energy curves of the three loading levels are presented. These curves are monotonically increasing and reach a plateau response.
The curves are smooth and without any unrealistic jumps such as those often observed in our
FEM/Abaqus simulations.

Number of fragments
on face

Arrested cracks
22
21

Crack tips reaching to
the outer periphery

Total mergings
3
4

Total nucleation not at
borehole and plastic

Total branching points
14
16

Nucleated at borehole
and plastic zone
11
13

Model
A
B

too many

Crack network characterization
of the models A, B and C.

too many

Table 5

The plausibility of the simulations can also be
checked by evaluating the distribution of the
debris size. This can also easily be determined
in the experiments using standard sieving
methods. Such sieving is under way.
4.2 DEM: HiDEM

Figure 8 shows the final 3D crack network of
the three loading levels with Ppeak = 35 MPa, 85
MPa and 166 MPa at t = 400 µs. On the left
hand side the crack network observable on the
surface of the cylinder and on the right hand
side the corresponding internal crack network is
displayed. By increasing the peak pressure level
the number of the radial cracks, branchings and
mergings are increasing. This is conforming to
the results of FEM/Abaqus presented previously. The number of which, however, is greater
than those obtained using FEM calculations.
This can be associated with a simpler constitutive model implemented in HiDEM and the
simplified method in which the post-peak pressure is implemented. The simplified post-peak
pressure is a weakened driving force that drives
all particles outwards with a constant pressure
on all particles. In reality, escaping gases would
be concentrated in the open/opening cracks.
The study on these assumptions will be addressed in future work. Comparing the end face
post-mortem cracking network of the HiDEM
results with those of the experiments also confirms the statements made on the higher num-

Figure 6

605

Post-mortem crack network of
three steps of energy calibration
at 90 µs (fully damaged elements
are removed so they appear
white). Note that Step-3 corresponds to model-C in Figure 5.
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Figure 7

Energy response of model-C to stepwise calibration; Red curves without symbols:
Step-1; Orange curves with triangles: Step-2; Green curves with diamonds: Step3. Top-row: comparison of the total energy output of the whole model for Step -1,
-2 and -3. Top-right: magnified total energy output of the whole model for Step -2
and -3. Bottom-row: comparison of the plastic dissipation and the viscous dissipation for Step -2 and -3.
contain larger fractions of fines. This behavior
suggests the Natural Breakage Characteristics
(NBC) of Steiner (1991, 1998) which is illustrated by Moser et al. (2003) using seven labscale blast experiments; see Figure 5 in Moser
et al. (2003). In this figure, the position of the
FSD curves along the mass passing axis shifts
upwards by increasing the amount of specific
change. In all the three curves illustrated in
Figure 10, the fine region starts at 3 mm of
mesh size corresponding to the diameter of a
single discrete particle. In addition, the curves
of the fines region up to 5 mm fragment size
are parallel in all the three cases. This 3-5 mm
tail is probably an artifact of the particle size
used.

Figure 10 shows a set of FSD curves obtained
with HiDEM. A fragment is defined by the
number of connected spheres N and the screen
size of the fragment is that of a volume equivalent sphere. The upper red curve represents the
mass passing fraction of the model with Ppeak =
166 MPa. It is smooth and continues connecting the fines region to the coarse one. The
curve has Swebrec distribution behavior (Ouchterlony 2009) and is similar to the curves obtained by Johansson (2008) who shot
Ø140×280 mm cylinders of magnetic mortar
with 20 g/m decouple PETN cord, also compare with Figure 11. Figure 10 shows that the
FSD curves, obtained from DEM simulations,
of the cylinders of an identical size by increasing the amount of the explosive shift upward to
606

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Figure 10 Double logarithmic curves of
mass passing, comparing Ppeak =
35 MPa, 85 MPa and 166 MPa.
From top 166 MPa.

Figure 8

Three dimensional crack network of three blast load levels,
left: fracture on surface, right:
3D internal crack network, comparing (from top to bottom) Ppeak
= 35 MPa, 85 MPa and 166 MPa.

Figure 9

Fracture energy curves of the
DEM models for the three loading levels. From bottom to top
35, 85, 166 MPa.

By reducing the loading level to Ppeak = 85 MPa
the discrete character of the data is more pronounced in the region x ≥ 40 mm. This behavior in the coarse region suggests a beginning
‘dust and boulders’ behavior and that the number of larger fragments is getting smaller. The
blue curve representing the FSD of Ppeak = 35
MPa has the full ‘dust and boulder’ behavior
expressing a combined discrete and continuous
distribution. This characteristic is the result of a
blast load which is below the critical charge
(Ouchterlony and Moser 2012). At this level,
the cylinder just barely falls apart into large
blocks, here one block, in addition to small
amounts of very fine materials (Johansson
2008), see Figure 11. In this fragment, the crack
network is developed inside the block; however, the required energy to drive the cracks to
further propagate, branch or merge to split the
body in smaller fragments was not available.

Figure 11 The largest fragment generated
at the loading level of Ppeak =
35 MPa.
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5

DISCUSSION AND CONCLUSION

issues encountered in 2D, have limited our use
of this FEM method.

Two numerical calculation methods, i.e. the finite element method (Abaqus) and the discrete
element method (HiDEM), with explicit time
integration for simulating quasi-brittle material
response to civil blast load have been used to
model the dynamic crack propagation, branching and merging and eventually to obtain the
resultant FSD of blasted mortar cylinders.

The DEM code, however, showed no difficulty
in simulating the 3D model. The 3D simulations were made with identical peak pressure
levels as those of the FEM simulations. The 3D
models showed a more complex crack network.
They had a lower stiffness compared to the
FEM models. This could be associated with the
simpler constitutive model implemented in
HiDEM and the simplified method in which the
post-peak pressure is implemented. In addition,
the fragment size distribution curves obtained
using the DEM code for the three loading levels
have illustrated the NBC character. Most notably, it is seldom that numerical blast simulations produce FSD curves that look like the
ubiquitous Swebrec distribution, including dust
and boulders. Future work will focus on the
improvement of HiDEM code to allow for the
simulations of more realistic crack networks.

With the FEM simulations, the 2D crack propagation, branching, merging and the final
cracking network were studied, while the 3D
behavior has been simulated with the DEM
code. In addition to the cracking parameters,
the fragment size distribution of three simulated
blasted cylinders has been obtained with the
DEM code. Application of the FEM code
brought to light a couple of stability issues
which made the code difficult to use for our application. They were overcome using model
unique calibration parameters associated with
the material response and the time integration
scheme. This has been shown by monitoring
the improvements in the energy responses of a
model; the total energy and the two dissipative
responses. The FEM results have shown that by
increasing the loading level, the number of the
total crack nucleations, branchings and mergings increases which consequently should be
associated with the increase in the number of
fragments visible on the end face. The crack
network is qualitatively comparable to the postmortem HSV images of the mortar cylinder’s
end surface. Moreover, the FEM results captured very well the stepwise change in the extent of the tensile damage outside the severely
fracture zone between different loading levels
which is comparable to those of the HSV images. In addition, the results have illustrated the
growth in the diameter of the crushed zone and
the severely fractured zone caused by increasing the loading levels. However, the large number of failed and hence deleted elements around
the borehole over-estimated the sizes of the
crushed zone and the severely fractured zone;
thus, it would overestimate the amount of fines
with the origin in this region. Moreover, some
limitations in the 3D modelling, i.e. unrealistic
crack growth pattern in addition to the stability
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A FEM-SPH coupled procedure for the analysis of blast
induced damage in rock
D. Deb and A. Khan
Department of Mining Engineering, Indian Institute of Technology, Kharagpur, India

ABSTRACT
This paper presents an approach for analyzing rock blasting process by coupling the Finite Element
Method (FEM) and the Smooth Particle Hydrodynamics (SPH) method. The rock is initially modelled with FEM whereas the explosive is modeled with SPH. Interaction between finite element and
SPH particle is achieved by including the elements near the rock-gas interface in the neighbor list of
SPH system. A special interpolation technique is applied for calculating traction to element sides.
The algorithm is designed such that no gas particle will penetrate into the rock matrix. Further,
highly distorted rock elements are automatically converted into SPH particles so that mass and momentum are conserved. Besides providing details of this methodology, a numerical example of a
single hole blast in a square rock model is presented with the evolution of damage
1 INTRODUCTION

coupling the two methods, FEM and SPH in a
single dynamic code thereby alleviating some
of the difficulties associated with simulations of
large deformation fast transient problems by
these traditional methods alone.

Finite Element Method (FEM), being a grid
based techniques, suffers from poor element
quality at large deformation states such as those
observed in blasting process of rocks. Mesh
resizing and element erosion techniques are
normally employed to do away badly distorted
elements and also for successful simulations.
These artificial ways of handing a computational irregularity lead to unwarranted artificial
effects and increased computational cost
(Zukas, 2004).

To couple the FEM and SPH methods contact
and attachment between elements and particles
needs to be established and the transfer of information between them must be coherent.
Some of the proposed algorithms in this direction are the works by (Johnson, 1994) where
SPH particles are connected to element nodes at
the contact boundaries. Although easy to implement there exists some stress oscillations,
and coupling is limited to the FEM-SPH interface. Fernández-Méndez et al (2005) proposed
the continuous blending algorithm. They have
introduced a zone of transition between FEM
and SPH regions for maintaining the continuity
of the interpolation of field variables. A hybrid
algorithm was proposed by (Sauer, 2000) which
included the effect of elements on SPH particles by using the quadrature points. Still other
algorithms are proposed in the works of
(Rabczuk et al., 2006), (Johnson et al., 2002)
and (Johnson & Stryk, 2003). Although these
other algorithms are not specifically developed
for SPH they can be very well applied to any
particle based methods including SPH.

Mesh-less method makes can be employed instead to model large displacement and large
strain problems. One such method is the
Smooth Particle Hydrodynamics (SPH) by
(Monaghan & Glingold, Shock Simulation by
the particle method SPH, 1983) and (Lucy,
1977) has recently been used to simulate rock
blasting (Pramanik & Deb, 2014). But it is
more computationally expensive than FEM
(Zukas, 2004) and suffers from certain instabilities when applied to problems of deforming solids. Moreover, applications of boundary conditions are cumbersome and lead to the
introduction of imaginary particles at the
boundaries. This study introduces a new method of simulating confined explosion in rocks by
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determined as Dri Dt  vi . It is referred to
(Liu and Liu 2003) for detailed derivation of
Equation (1) - (3). The Kernel function used in
this work is the B-Spline function of the form:

This work has adopted with suitable modifications the algorithm proposed by Xiao et al.
(2011) for simulating impact load and penetration problems in solids. In the method elements
near the coupling interface are treated as imaginary particles to calculate forces on particles
from adjacent elements and impose equivalent
tractions on element edges on the coupling interface in accordance with the particle stress associated with that element. In this work, since
rock basting is a fluid-soil interaction problem
the expanding gas of the decomposing explosive is modeled with SPH particles. The rock is
modelled with FEM under suitable boundary
conditions and some of the severely distorted
rock elements is transformed into SPH particles
during the course of computation. The details
are given in the following sections and are organized as follows. Section (2) states the basic
equations of the SPH method. Section (3) describes the Lagrangian formulation of the FEM.
Section (5) and (6) details the coupling algorithm. Section (7) presents some numerical example to which the algorithm is applied.
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h is the smoothing length, and αd is a constant
dependent on the problem dimension, which is
taken as 15/7πh2 for two-dimensional problem.
The smoothing length evolves in time and
space as per the following equations (Benz,
1989):
1/ 2
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The basic equations of SPH method are derived
from the conservation laws of mass, momentum
and energy and they take the following SPH
discretized form:
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Where h0 is the initial smoothing length given
by, h0   h  , in which  h is a constant known
as dilation factor and  is the particle spacing.
The artificial viscosity Π required as a shock
capturing mechanism is given by (Monaghan,
1992) as:

2.1 Governing equations:
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2 THE SMOOTH PARTICLE
HYDRODYNAMICS METHOD
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 ,  are constants set to one and
ij 

Where ρ is the density, m is the mass, v is the
velocity, σ is the stress, e is the specific internal
energy, i and j are particle indices, α, β are the
Cartesian coordinate indices and
is the
Kronecker delta function. W is the kernel function, and Π is the artificial viscosity. The summation is taken over the total number of neighbor’s N of particle i. The position, r is

hij vij xij
2

d ij   2

,  0.1hij , ij  0.5  i   j  .

SPH suffers from a defect documented in the
literature as “Tensile Instability” which make
particles clump together. This is treated by introducing an “Artificial Stress” term,

612

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

R



i

n
 R
j  f ij

Table 1
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in the momentum equation and is given by
(Gray, Monaghan & Swift, 2001) as:
fij 

W  dij 

Explosive
Ρ (kg/m3)
E0 (J/kg)
DCJ (m/s)
A(GPa)
B (GPa)
R1
R2
ω

(8)

W 

The value of the index n is taken to 4. The artificial stress in the principle direction is given
as:


Ri

  
 2 ,    0


 0,
   0


(9)

3 LAGRANGIAN FORMULATION AND
THE FINITE ELEMENT METHOD

Apart from these equations there is the rate
based stress-strain constitutive equations for the
rock:








  1  v   v 
2  x
x 

The Lagrangian formulation uses the GreenLagrange strain tensor, γ=0.5x(C-I) the Cauchy-Green deformation tensor, C=FTF and the
deformation gradient tensor, F=∂x/∂ξ where x
is the position of an elementary particle in the
deformed configuration called the “spatial coordinates” and ζ is the position in the reference
configuration (usually the undeformed configuration) called the “material coordinates". The
auxiliary stress measure used is the 2nd PiolaKirchhoff stress tensor τ which is related to the
Cauchy stress tensor σ=F.τ.FT/detF where the
determinant of the deformation gradient tensor
detF is related to the instantaneous density as
ρ=ρ0/detF and this is used for density update.
Using τ and γ in the virtual work equation and
integrating with respect to a reference leads to
two contribution of the tangential stiffness matrix K. The first one is from the linear part of
the strain increment KL called the material part
and the second contribution is from the nonlinear strain increment KNL called the geometric
part expressed as:

(10)

Where  is the total strain rate tensor, C is the
fourth order linear elasticity tensor and  is
stress rate tensor. The SPH approximation of
the strain rate tensor is given by:
m j   Wij
Wij 
v ji   v ji  

2 j 1  j  xi
xi 
N

i  1 

TNT
1,630
4.29×106
6930
371.2
3.210
4.15
0.95
0.30

The stress components in Eq. (2) and (3) are
calculated by using Eq. (11) and then integrating Eq. (10) for any rock particle and directly
from Eq. (12) as
for any gas
particle.

Where   is the principle stress in the α direction and ε is the dispersion constant taken to be
equal to 0.1. The term Ri is obtained by coordinate transformation from principle coordinate
to the original coordinate system.

   C   ,

Reaction product parameters for
high explosives in JWL form.

(11)

Where vji = vj-vi; v are the particle velocities respectively. For the decomposing explosive gas,
we use the Jones–Wilkins–Lee (JWL) equation
of state to relate the state variables ρ, e and p:




p  A  1    e  R1 /  B  1    e  R2 /   0 e (12)
R
R
1 
2 



Where A and B are constants in pressure units,
R1, R2 and ω are real numbers, θ =ρ/ρ0, ρ0 is the
initial density of the explosive, and e is the internal energy per unit mass. The JWL parameters of explosives used in this paper are given in
Table 1 (Pramanik & Deb, 2014). Time integration of Eq. (1) - (3) and Eq. (11) is done by
standard the leap-frog scheme.

K L   BTL DB L dV , K tNL   BTNL Γt B NL dV
V0

(13)

V0

The expressions for the linear straindisplacement matrix BL, the 2nd Piola-Kirchhoff
stress-matrix Γt and the non-linear straindisplacement matrix BNL can be found in (de
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Borst, Crisfield, Remmers, & Verhoosel, 2012).
As such the dynamic equilibrium equation
reads:
Md U
 C dU   K L  K NL  U  fext
dt
dt 2
2

(15)

where αm and αf are the generalized mid points
(0 < αm< αf < 1) and the subscripts denote the
time discrete combinations on acceleration velocity, displacements and internal and external
force vectors represented by the general variable H is of the form, Ht+1-α = (1-α) Ht+1 + αHt.

(14)

where M is the mass matrix, C the damping
matrix, U the vector of nodal displacements and
fext is the vector of external forces. For the time
integration of Eq. (14) the generalized-α method by (Chung & Hulbert, 1993) and outlined in
(Kuhl & Ramm, 1999) is used. The equation of
motion is applied to a general mid-point instead
of the end-points in each time-step:

Using the Newmark’s approximations in time
(Newmark, 1959) for the velocities and accelerations at the mid-points of time steps (Khul &
Crisfield, 1999) in Eq. (15) leads to the following effective structural equation:
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4 DAMAGE MODELLING

In applying the Newton-Raphson strategy using
the two term Taylor expansion of Eq. (16) leads
to the effective iterative structural equation,

A modified form of the Grady-Kipp damage
model (Grady & Kipp, 1979) is used for estimating the damage in rocks based on the local
tensile strain history and initial flaw distribution given by the 2-parameter (k, m) Weibull
distribution. A scaler damage parameter D,
(0
1) is used to scale the stress upon onset of damage. An approximate differential
form of D is:

K  utk1  u  G (utk1 )

With:
K  u tk1   K tt 1  u tk1  

1 f
1  m
M
C
2
 t
 t

(16)

(17)

Where the tangential stiffness matrix
K tt 1 f  utk1   (1   f )  K L  K NL 

dD1 3  ( m  3)  13  m 3
dt
3

and internal force vector N is given as.
Nt=∫v0BLTτt dV.

(18)

Where α is a material constant calculated from
three material fracture parameters k, m and Cg

The effective iterative structural equation is
solved for until convergence up to a set limit
and the displacement in each iteration is obtained as utk11  utk1  u . End time velocities
and accelerations are updated using standard
Newmark’s scheme. The Newmark’s parameters β=0.273006 and γ=0.545 and the midpoints αm = 0.01, αf = 0.055 is used in this work.
The time-step size dt is calculated based on the
Courant–Friedrichs–Lewy condition (Liu &
Liu, 2003) for both the FEM and SPH domains
and the least of the two is taken.



8 Cg 3 k
(m  1)(m  2)(m  3)

(19)

Cg is the crack growth speed of the material.
The effective tensile strain  given by (Melosh,
Ryan, & Asphaug, 1992) is:
   max

 K  43 G 

(20)

where σmax is the calculated maximum positive
principal stress, and K and G are the bulk modulus and shear modulus respectively. Accumu614
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lation of damage begins when effective strain
exceeds a threshold value  min :
 min  (Vk )1 m

particle i, Ri = 2hi is the radius of the influence
domain of particle i, and η > 1 is an inclusion
factor (Fig. 1 (a)). If there is an element j satisfying this condition for the any particle i, then
that element is identified as one needed to be
treated as imaginary particle. In our work η = 2
was used to include enough imaginary particles.

(21)

Where V is the volume of a particle or element.
The scaling of the tensile stress is done in the
principal stress space and then transformed to
the global coordinate space.

Figure 1. Schematic diagram showing the coupling interface along with the search radius for
determination of imaginary particles.

5 THE COUPLING ALGORITHM
The essential idea is to model the force exchanges that occur between particles and elements. This is achieved by treating the elements
near the coupling interface as imaginary particles there-by completing the boundary deficiency in the SPH calculations. Likewise, the
stress derived from the particles are imposed on
the element edges on the interface as equivalent
tractions.

Once the imaginary particles are identified
from elements, their properties are set according to the element properties. The position and
velocity are taken to be the average nodal values of that element. The stress of the imaginary
particle is taken to be average of the gauss
stress. The initial smoothing length is  h ( dilation factor) times the square root of the original
area of element and radius of the particle is half
of this smoothing length. Mass of each imaginary particle is taken to be the mass of the element. This update is done in each computational cycle for all such imaginary particles.

5.1 Determination of elements treated as
imaginary particles
At the start of computation for any arbitrary element, the condition dgi < ηRi is checked for all
particles where dgi is the distance from the
gravity center of any element to the center of

Figure 1

Interaction mechanism between FEM and SPH at the contact boundary.

5.2 Calculation of forces on particles from
adjacent elements

ing both the imaginary particles and real particles applied as N = NImaginary + NReal in Eq. (1) (3) and Eq. (12). For example, in Fig. 1(a) real
particles n1-n15 and imaginary particles n16-n20
are considered as neighbors of particle i.

The forces on particles from elements are determined based on neighboring particles includ-
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5.3 Calculation of forces on element nodes
from adjacent particles

particle. The Group Base Conversion (GBC) as
described in (Xiao et al., 2011) is followed
where elements in FEM model are divided into
groups at the beginning of the computation.
During the computational process, if one or
more elements in a group satisfy the conversion
criterion, then all elements in that group are
converted to particles. At this time, the coupling interface is also updated.

The particles stress are averaged over all particles associated with the element side and the
traction tij is calculated using the current normal,
of the edge [Fig. 1(b)]. Assuming this
traction to act uniformly on the element nodes
of that edge, the nodal force Fi and Fj is calculated by interpolation and integration over the
edge along the same line as application of traction boundary conditions in standard FEM.

7

RESULTS AND DISCUSSION

To demonstrate the validity of the developed
algorithm a simple example is presented. The
2-D model consists of a square rock sample of
dimension 0.1 m × 0.1 m with a centrally
placed square hole of dimension 0.02 × 0.2 m
that is filled with TNT. Young’s modulus of
rock is 5.0 × 109 Pa, Poison’s ratio is 0.3 and
has density 2430 kg/m3. The properties of TNT
are given in Table 1. The unstructured FEM
mesh initially consist of 7312 CST elements
represents rock and the explosive is discretized
using 1521 SPH particles in a regular grid. The
model is restrained at the bottom surface along
both directions. The procedure is implemented
in a C++ code with an integrated FEM and SPH
solver. Figure (2) shows the discretization of
the model. The simulation is run for a time of
10 microseconds. Figure 3. shows the output of
the simulation where the stress distribution in
the model is ploted. Further it shows the
displacements of elements and particles with
elovolution of time along with the eroding
elements and coupling interface.

5.4 Determination of particles associated to
element sides
The procedure of calculating and applying tractions on FEM counterpart require the determination of the interface edges and particle association. The details can be found in (Xiao, Han,
& Hu, 2011) where a calculated penetration
distance δ [Fig. 1(c)] is used based on the nearest point O from the particle center to the edge
and accordingly the particles near the edge
whose penetration distance divided by the particle radius is between a set limit (-1 to +1) and
that particle is also in between the point I and J
is associated with that edge.
6 ADAPTIVE COUPLING TECHNIQUE
The simulation starts with the rock modelled
wholly by FEM and the explosive modelled
with SPH. As time progresses and decomposed
explosive begin to expand and push against the
rock (by the process of coupling as mentioned
in section 5.4), deformations tend to increase
until the FEM mesh is distorted. At this point,
of time some of the extremely distorted elements are removed from the FEM computation,
converted to real SPH particles, and linked to
the remaining FEM model by the same coupling procedure and simulation continues.
In each time-step, the geometric quality Q of
any triangular element is checked by calculating twice the ratio of the radius of in-circle and
radius of the circumscribed circle. An equilateral triangle achieves the maximum possible
quality of one. Also a material strength based
quality Qd which is the value of the scaler damage parameter D is also checked.

Figure 2

If Q or Qd is less than or equal to a critical value Qc = 0.5, the element is considered to be distorted/failed and recorded as one converted to a
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FEM mesh represents rock and
SHP particles are inside the
middle
square
representing
explosive particles.
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SPH method as well as an adaptive technique
based algorithm. Although a simple test problem is presented it shows that the developed
technique works correctly. The pressure generated initially is close to the CJ-Pressure of
TNT (≈2.1×1010) and remains for some time
due to confinement by the rock. Then as the
distorted elements are replaced by particles and
simulated by SPH method the pressure drops.
This is quite intuitive since as the rock particles
move farther it creates space for the expanding
gas and the pressure decreases. Further, the
evolution of the coupling interface and application of force on it is observed to be justly simulated. Moreover, the gas particles encroach the
space created by displaced rock. Application
and validity to real life problems is underway.

Figure 3(a-h) depicts magnitude of stresses at
different time steps. It can be clealy shown
that the interaction between FEM and SPH at
the contact boundaries is maintained as
proposed in this paper. The SPH particles have
not penetrated inside the rock matrix rather
entered into the fracture spaces (Figure 3g and
h) and applied gas pressure to the rock matrix.
It is also noted that the coupled FEM-SPH
technique can be used effectively for the
simulation of high impact load such as blasting
in rock. The severely distorted finite element
can be selectively eroded from the simulation
process and properly replaced by SPH particles
so that mass and momentum are conserved in
the system.
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ABSTRACT
Drilling and blasting is an essential process in most open pit metal mining operations to prepare the
ore for efficient downstream processes. Some movement is inevitable during blasting and mischaracterization of grade boundaries due to blast movement that can lead to ore loss and dilution. Ore is
lost when it is mischaracterized as waste and sent to dumps. Ore is diluted when waste is mischaracterized and sent to concentrator for further processing. Most open pit metal mines do not account for
blast movement and excavate the ore based on in-situ grade boundaries. Few mines conduct limited
blast movement measurements and then adjust the ore waste boundaries based on this limited measurements. Grade control based on limited blast movement measurements is a step in the right direction but it still has several limitations. This paper discusses the limitations of current grade-control
techniques. It introduces an engineering model being developed to simulate blast movement from
production blasts and then estimate ore loss and dilution.
1

INTRODUCTION

Blasting is an important process in the mine to
mill process chain and is used to break and
loosen the rock for subsequent downstream processes. During the blasting process, the rock not
only breaks but al-so moves. The material movement resulting from blasting may result in mischaracterization of grade boundaries resulting in
ore loss and dilution. Ore loss takes place when
the valuable mineral is mischaracterized as
waste and sent to waste dumps, and dilution occurs when waste material is mischaracterized as
ore and sent for processing Figure 1. Both ore
loss and dilution can have an adverse impact on
mine economics.
The movement of the rock mass in a blast can be
estimated by using measurement techniques
and/or by using modelling techniques. Both approaches have their advantages and disadvantages. In this study, a combination of blast
movement measurements and modelling has
been used to predict blast movements and resulting ore loss and dilution in open pit metal mines.

Figure 1 Ore loss and Dilution due to blast
movement (Kanchibotla 2012).
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The approach outlined in this paper uses a 3D
blast model developed at the Sustainable Minerals Institute, The University of Queensland.
This model discretizes the blast volume into
small regular shaped blocks. It estimates explosive energy for each block within the blast volume based on blast geometry, ex-plosive loading, initiation pattern and delays timing. The
magnitude and direction of movement of each
discrete block is then estimated and the subsequent interactions of these blocks are simulated
using the rigid body dynamics from a commercial physics engine software.

this approach includes magnetic interference issues, GPS location accuracy and no information
regarding vertical movement. Further investigations using a magnetometer was explored (Harris 1997), where a portable magnetometer was
equipped with an accuracy GPS (accuracy of +/0.61m) with the result only in two dimensions,
with many interferences.
The use of a radio frequency transmitter to measure blast movement was developed and patented
by the JKTech, The University of Queensland,
Australia and commercialised under license by
Blast Movement Technologies (La Rosa 2004).
These transmitters were called blast movement
monitors (BMM) and consist of electronic transmitters which create a small, localised electromagnetic field. The transmitters are placed
within the blast volume prior to blasting and are
then located after the blast with a special detector. The detector determines the depth of each
BMM and the post-blast surface location is
picked up by the survey.

2 BLAST MOVEMENT MEASUREMENT
TECHNIQUES
The impact of blast movement on ore loss and
dilution has been recognized especially in precious metal mining. Miners have used a number
of techniques to monitor movement within a
blast and then used those measurements to adjust
ore waste boundaries. Methods to measure blast
movement have ranged from passive visual indicators such as surface markers, polyvinyl chloride (PVC) pipes and coloured sand bags (Zhang
1994), (Taylor 1996) and (Osborne 2005). After
the blast, the recovery of these indicators gives
the displacement distance between the initial location and the final resting location. Some of
these techniques provide only surface movement
information and the recovery process of these
markers can take long a time, affecting the production schedule, and the use of a high number
of men hours.

A potential novel solution to track the blast
movement relies on subsurface radio frequency
markers placed along the blast (Blay 2015). Remote measurements and scans are conducted to
determine the 3D location of the subsurface
markers. The possibility of hundreds of subsurface markers, without the need to survey the
muckpile, make this a high potential state of art
grade control technique in the future. Preliminary work conducted in a quarry showed good
potential for this technique.
Even though a number of blast movement measurement techniques have developed, they are
still not used in mines routinely for production
planning and operational purposes because of
the following limitations:

In order to overcome the limitations of the direct
measurements, some researchers used indirect
measurements, where indicators can provide
measurements without the need to physically recover them. Gaidukov (1970) used steel capsules containing radioactive pellets and determined their post blast location using a dosimeter.
Safety concerns with radioactive materials is a
major drawback of this technique.

1. Current blast movement measurement techniques including the latest BMM, measures
the movement of discrete points within a
blast volume and do not monitor the overall
movement.
2. They increase safety hazards because most
of these techniques require walking on the
post-blast muckpile to locate the monitors.
3. The post-blast location of monitors is timeconsuming and affects production.

Gilbride (1995) used magnetic indicators to
measure blast movement. In this case, magnetic
indicators were placed at the bottom of the drill
holes, and were scanned in the muckpile with a
magnetometer and GPS systems were used to
identify their final rest location. Limitation of
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4. Decisions to minimize ore loss and dilution
from these measurements are reactive instead of a proactive.
5. Some of these monitors are quite expensive
hence restricts their use routinely.
3

sulting (Cundall et al. 2001). The main disadvantage of these numerical models is very high
computing time required to simulate production
blasts.
Tordoir (2009a) developed a mechanistic model
that incorporates rock mass displacement in a
rigid body dynamics module (“physics engine”).
This model discretises the blast volume into
blocks, and the energy is assigned to each block.
It uses an open source scripting package called
Brevé as an application programming interface
(API) to manipulate an open source physics engine known as open dynamics engine (ODE).
The integration of empirical relationships and
material properties allows the physics engine to
process all the parameters needed to provide a
final calculation of block displacement to simulate particle motion, collision detection and
landing logic.

BLAST MOVEMENT MODELS

A practical model to predict blast movements
from production blasts in a timely and accurately
manner would help mining engineers to minimize ore loss and dilution due to blast movement.
Jorgenson and Chung (1987) developed a twodimensional empirical model called SABREX to
predict muckpile shape from open pit blasting.
Cocker (2009b) developed a two-dimensional
empirical displacement model to predict blast
displacement grade in open pit metalliferous
mines. The model uses a distance vector
weighting to adjust the grade polygon. Rogers
(2013) extended this method with stochastic refinements. Rogers approach removes the need to
provide measurements for every blast, but introduces new uncertainty around the re-assessment
of movement templates in response to geological
or operational variations.

4

SMI BLASTING MODEL

The SMI blasting model is an evolution of
Tordoir’s initial framework. It is an engineering
model aimed to simulate open pit production
blasts in a reasonable time frame (within two
hours) so that it can be used to take operational
decisions on day to day basis.

Yang and Kavetsky (1990) developed a two-dimensional kinematic model to simulate final
muck pile shape from an open cast blast. One of
its limitations is that it did not provide an individual block vector, as it was not possible to use
in confined and buffer blast. Later a three-dimensional workspace was put in place, although
no better explanation about how to define the ore
loss and dilution was provided.

The model discretizes an open pit bench into
small cubic blocks (1 to 2 m). Each block carries
information such as location, grade, fragmentation, mineralogy or any attribute that is stored in
the block model. Instantaneous explosive energy
for each discrete block at any point within the
bench from an explosive deck is estimated using
the approach proposed by Kleine (1993), Figure
2.

Several researchers have used discrete element
numerical models to predict blast movements
from open pit blasting (Preece 1992; Preece
1994; Tucker 2006). These models incorporate
rock structure properties, explosive characteristics, loading configuration and blast geometry,
including bench face profile and predict the final
muckpile shape. Minchinton and Lynch (1996)
used a finite/discrete element method to model
blasting process. Following the steps initiated in
previous models, the hybrid stress blasting
model (HSBM) was developed as a joint effort
by the University of Queensland and Itasca con-

Figure 1 Explosive energy estimation in a
block.
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Total energy (Ei) at a block within the blast volume from an explosive deck (i) can be estimated
by the Equation 1:
/

/

Timing factor (Tf)

/

1

(1)

Where E = Ideal explosive energy in deck “i”
4.1 Energy Efficiency Factor (Ef)

The explosive energy utilised from each deck to
move a block is then estimated by Equation 3:
(3)
4.3 Confinement Factor (Cf)

4.2 Timing Factor (Tf)

A confinement factor was introduced by Kanchibotla (2017) to take into account the influence
of confinement conditions on block movement.
In this approach, a block very close to the free
face is assumed to move relatively more easily
compared to a block far away from the free face.
The easiness with which a block move is defined
by the confinement factor as shown in Figure 4.

Similarly, in most blasting applications, multiple
explosive decks are fired with a delay between
them. The contribution of energy from each explosive deck is a function of the deck detonation
time and cooperation time between different
charges within the blast. The contribution of energy from two decks fired at the same time will
be 100% and as the delay between the decks
increases the contribution decreases rapidly and
becomes zero after a certain time. The timing
factor (Tf) due to delay time between the decks
is estimated by using the following:

Easy to
move

Confinement factor

|

0 ms
Time between two decks

Figure 2 Graphical model to estimate the
impact of de-lay or timing factor
(JKtech 1998).

During rock blasting, a significant portion of explosive energy is used to break the rock and
some energy is also wasted as vibrations, noise
and heat. Therefore, only a portion of energy
within an explosive deck is used for moving the
rock. The model uses an efficiency factor (Ef) to
estimate the amount of energy used for movement.

|

0

(2)

Where td is the time the deck detonated, tnd is the
time the nearest deck to the calculation point detonated and tc is the co-operation time. The default cooperation time is 8 milliseconds. The
graph of this weighting function is shown in Figure 3 below.

Difficult
to move

Distance from free face

Figure 4 Confinement factor (Kanchibotla
2017).
4.4 Block Velocity Estimation
The magnitude and direction of each block are
then estimated using Euclidean vector addition
of deck energy vectors to a given block weighted
by distance and time. The velocity magnitude
or speed of each block (Vi) is estimated by Equation 4.
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Vi

Cf .

2. Emi
⍴

(4)

To calculate a more accurate directional component of a block’s initial movement vector, each
explosive deck is divided into smaller subdecks
and the contribution of each subdeck is summed
using vector mathematics as shown in Figure 5.

Figure 7 Bench geometry and blast design
set up.

B

After creating bench geometry and blast design,
the model runs a Blocking processor to discretize
the blast volume into cubic blocks. Next is Preprocessing step during which velocity vectors
and initial movement time for each block is assigned using the actual blast designs and equations shown in previous sections. Finally, all
blocks with velocity vectors and initial movement time, as well as geometry definitions, are
passed on to the physics engine to simulate the
movement dynamics.

Figure 5 Estimation of initial movement direction and magnitude of a block.
Subsequently, the total contribution from each
deck is summed, Figure 6.

4.6 Physics Engine
Physics engines are software systems that provide an approximate simulation of real world
physical interactions. They simulate Newtonian
physics in a simulated environment. That environment can include objects with accompanying
forces, (such as gravity), and the interactions between objects (such as collisions).
The collision detection stage computes if, when
and where a contact between rigid bodies happens. The forward dynamics stage computes
forces, inertia, and acceleration. The velocity
and positions of the rigid bodies are updated in
the numerical time integration stage.

Figure 6 Block direction estimated by summing deck energy vectors.

Currently, the system supports two physics engines, ODE and Bullet. Both of these are classified as real-time engines as opposed to precision
engines. Real-time engines, (as used in games),
forsake a degree of accuracy for speed. Therefore these models require a good understanding
of the impact of different model parameters on
blast movement dynamics and an initial calibration process to match the model estimates with
the actuals using those model parameters.

4.5 Workflow
The first step in the model is to create the bench
geometry and blast design. By default, the
model creates a simple geometry to support the
blast design but it can also import actual surfaces
from the mine as shown in Figure 7.

The current model can simulate up to 130,000
blocks in a blast in a few hours using a standard
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used for blast 1 was of 40ms, while blast 2 was
of 5ms. Blast 1 had broken muck from a previous blast. In blast 2, the actual trial blast area is
behind another blast resulting in different confinement conditions compared to the blast 1. The
two trial blasts presented different blast designs,
powder factor, confinement conditions and timing delays.

personal computer (Intel i7 Processor with 8 GB
RAM). The software’s domain driven design,
and layered architecture incorporating plugins
results in an extensible and flexible system, to
which different blast design and mine planning
packages can be linked. The model can simulate
a full gamut of movement results, including ore
polygon displacement, muckpile shape, swell
and cast percentage in coal overburden blasts.
5

Table 1

CALIBRATION PROCEDURE

This model is an engineering model and requires
an initial calibration process to fit the actual surfaces from the mine survey data with the simulated surface. It is assumed that a calibrated
model can predict the internal blast movement
reasonably accurately.

Blast parameters
Bench Height, m
Burden, m
Spacing, m
Sub Drill, m
Stem length, m
Explosive Type
Powder
Factor
3
(kg/m )

The main hypotheses in this approach is “the
surface profile of a post-blast muckpile is a manifestation of the internal displacement of rocks,
hence internal movements in a blast can be predicted once the model is calibrated to the surface
profile”. Internal movements from blasts are
obtained from carefully implemented blasts using the BMMs. Once calibrated the model can be
used to simulate different blast designs to minimise ore loss and dilution from adverse blast
movements.

Blast 1
15
6.7
7.6
1.2
7, drill chips
ANFO
0.44

Blast 2
15
5.5
6.7
1.2
5.4, gravel
ANFO
0.72

Both the trial blasts were instrumented with
BMMs as shown in. Implementation of the
blasts was checked to ensure accurate implementation and both the blasts were monitored
with high-speed video to check any unwanted
stemming ejection and poor confinement conditions. The pre and post blast surfaces were obtained using laser scans.

The model is still under development and research is ongoing to develop an automatic calibration procedure to provide the best fit between
the measured surfaces and model estimates.
6

Blast parameters from monitored
blast

CASE STUDY

This case study was from a large open pit gold
mine where two blasts were monitored with different blast designs, powder factors, initiation
patterns and free face conditions as shown in
Table 1 and Figure 8.
Two trial blasts were conducted on benches on
top of each other. The powder factor used were
much higher in blast 2 than blast 1. The timing

Figure 9 BMM displacement in
blasthole and blast bench.
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Blast 2

Blast 1
Figure 8 Timing contour of two trial blasts.
7

RESULTS AND DISCUSSION

The actual surfaces and blast designs for both the
blasts were imported to the model and the blast
volume was discretized as shown in the Figure
10.
The post-blast muckpile surface data from laser
scans and BMMs data from the blast 1 was used
to calibrate the model. Figure 11 shows the comparison between actual surface profile and
model predictions for two sections. Figure 12
shows the comparison of BMM vectors and
model predictions for blast 1. Table 2 shows the
summary of model estimates and measurements.

Blast

Blast
Figure 10 Trial blasts set up in the model.
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Section 1

Section 1

Actual surface
Model surface

Actual surface
Section 2 Model surface

Section 2

Figure 11 Model prediction vs surface scan
for Blast 1.

Figure 13 Model prediction vs surface scan
for Blast 2.

Figure 12 Model prediction vs BMM’s for
Blast 1.

Figure 14 Model prediction vs BMM’s for
Blast 2.

Table 2

Table 3

Model prediction vs BMM’s in
Blast 1

Blast 1

BMM
MODEL
Bottom Flitch Movement, m
Minimum
0.38
0.64
Maximum
2.85
2.30
Average
1.17
1.49
Top Flitch Movement, m
Minimum
0.65
1.14
Maximum
1.98
3.13
Average
1.53
1.85
Overall Average Movement, m
1.35
1.67

Blast 2

Model prediction vs BMM’s in
Blast 2

BMM
MODEL
Bottom Flitch Movement, m
Minimum
3.06
2.36
Maximum
3.70
3.60
Average
3.32
3.01
Top Flitch Movement, m
Minimum
0.78
1.42
Maximum
4.22
3.62
Average
2.26
2.39
Overall Average Movement, m
2.79
2.70
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After calibration, the model parameters were
fixed and the model was used to simulate the
blast 2 with different design, delay timing and
confinement conditions. Figures 13 and 14
show the comparison between measurements
and model predictions for surface profiles and
internal movements respectively for blast 2. Table 3 shows the summary of model estimates and
measurements for blast 2.
The difference between the magnitude of
average blast movements estimated from the
model and from the BMMs in a flitch is less than
0.4m, suggesting that the model estimates are
within the measurement accuracy of BMMs.
Similarly the direction of movement measured
from BMM’s and the model are very close
(Figures 12 and 14). Comparison of BMM
measurements and model estimates using a t-test
showed no statistical difference between the
model estimates and BMM estimates.
The surface and internal movements estimated
from the calibrated model match with the measurements for blast 2, even though it has different
blast design (higher powder factor), delay pattern and confinement conditions. This result validated the initial calibration process and the ability of the model to simulate different blast design
conditions without the need of calibration for
each blast.

Figure 15 Ore loss and dilution for blast 1.

7.1 Estimation of Ore loss and Dilution
To demonstrate the ability of the model to estimate ore loss and dilution due blast movement,
a simple ore polygon of similar geometry (20
meters by 20 meters boundary and 15 meters
height) was used in both the blasts. The ore polygon movement in plan section for both the
blasts are shown in the Figures 15 and 16.
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The cost ore loss and dilution for both blasts
were estimated using the assumptions listed in
table 4.
Table 4

Ore loss and dilution cost assumptions

Density of ore
(kg/m3)
Price of gold (US$/g)
Volume ore zone (m3)
Tons in ore zone
Grade in ore zone (g/t)
Processing Cost
(US$/t)

2650
43.18
6000
15900
1
10

Based on the assumptions in Table 4, the cost of
ore loss and dilution for both the blasts are
shown in Table 5. This calculation does not include the opportunity cost of not processing ore
due to dilution.
Table 5

Cost of ore loss and dilution in trial
blasts

Dilution cost
Ore loss cost
Total

The material movement resulting from blasting
may result in mischaracterization of grade
boundaries resulting in ore loss and dilution. It
is therefore important to understand, quantify
and predict the material movement during rock
blasting process to minimize adverse impact
blast movement on ore loss and dilution.

The results show that blast 1 will have an ore
loss of 2.56% and a dilution of 1.37% if the ore
polygons are not adjusted for blast movement. In
blast 2, the ore loss and dilution increases to
4.13% and 2.15% respectfully, if the ore polygons are not adjusted. The cost of ore loss and
dilution due to unadjusted ore polygons can be
estimated using the equations 5 and 6.

%

Blast 2
$ 8,410
$ 28,355
$ 36,765

8 CONCLUSION AND FUTURE WORK

Figure 16 Ore loss and dilution for blast 2.

%

Blast 1
$ 4,226
$ 17,575
$ 21,801

The blast model described in the paper is an engineering model and is aimed to predict blast
movements from production blasts in a timely
and accurate manner to help operating mining
engineers in the field to minimize ore loss and
dilution from adverse blast movements.

(5)

The results from the case study show the potential of a properly calibrated model to predict
blast movement, (both surface and internal), reasonably well for different blast designs and confinement conditions. The model has the ability
to simulate a normal production blast from an

(6)
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and Karlin, R. (1997) The Development and
Testing of a Geophysical Blast Movement
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Assessment and computer automated blast
design. In 24th International Symposium on
the Application of Computers and Operations
Research in the Mineral Industries, 353-60.
Minchinton, A. and Lynch, P.M. (1996). 5th
International Symposium on Fragmentation
by Blasting, Proceedings.
Mortazavi, A., and Katsabanis, P.D. (1998). Discontinuum modelling of blasthole expansion
and ex-plosive gas pressurization in jointed
media, Frag-blast, 2: 249-68.
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Osborne, S. and Maw, L. (2005) Considering
Geology in Drill and Blast Operations to Optimise Ore Body Value. AUSIMM.

open pit and predicts 3D blast movement in a
reasonable time, (1-2 hours depending on the
size of the blast), using a normal personal computer.
The model is still being developed to make it an
operational tool for day to day use by the field
mining engineers. Further work includes:









Conducting more field studies and collect
blast movement data to test the model under
different operating conditions.
Standardization of the automatic calibration
procedure
Development of application program interfaces (API’s) between the SMI blast model
and different mine planning software used at
mine sites to ensure a smooth transfer of
data.
Integration of movement model with the
fragmentation and downstream crushing,
grinding and recovery models to predict the
value of each block in post-blast muckpile.
The integrated model can then be used as
“Value-Based Grade Control” so that material can be excavated based on its value rather than just grade.
Alternate, advanced physics engines such as
PhysX, which will improve performance and
remove block limitations.
Alternate data storage technologies to ease
installation and data migration.
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ABSTRACT
This paper aims to provide a coupled finite element method (FEM) and smoothed particle hydrodynamics (SPH) 3D approach capable of reproducing the acceleration and stress wave velocity induced
by a single blast hole. The numerical simulations are carried out using the software LS-DYNA and
have been validated by experimental tests during the EU project SLIM. In the proposed approach,
SPH is used to simulate large deformation of the explosive and stemming, while the FEM is adopted
to capture the response of the rock. In the present study, the Riedel-Hiermaier-Thoma constitutive
model is used for rock (a metamorphic rock called mylonite) while the Jones–Wilkins–Lee (JWL)
model is used to describe the explosive expansion (emulsion type), the constants determined from
cylinder tests carried out in the project. The SPH kernel form used is the fluid particle with renormalization approximation in order to obtain better results when materials with very different stiffness are
used (products of detonation and rock). The interaction of the SPH particles and FEM elements was
modelled by the automatic nodes-to-surface contact. The good agreement between numerical and
experimental results (measured with accel-erometers, seismograph and geophone) indicate that the
coupled SPH-FEM method can be applied to predict the near field stresses in rock from blasting.
1

INTRODUCTION

In this work a coupled technique is ap-plied involving SPH and FEM for investigating the blast
response of rock and stemming that experience
large deformations.

Smoothed particle hydrodynamics (SPH) is a
mesh-free computational Lagrangian hydrodynamic particle method (Liu, 2005). Although
SPH was originally developed for astrophysics
problems (Wang, 2005), it is widely used for
solid mechanic problems in which large deformations and fragmentation occur.

In the recent past, various woks have demonstrated the reliability and validity of this numerical approach (Hu, 2015; Gharehdash, 2016; G.
Qidong 2017). The software used in the study is
the multi-physics simulation program LSDYNA (Hallquist, 2007), which is used in
highly nonlinear transient dy-namic finite element analysis (FEA).

SPH is mathematically based on interpolation
theory by utilising kernel approximation of a
function, which is adequately smooth even for
higher-order derivatives and provides stable and
accurate results. Unlike con-ventional Lagrangian meshing, SPH is free from mesh tangling
and hourglassing effects (Liu, 2005). As such,
SPH particles are used where large deformation
occurs and FEM meshes are used where intermediate or small deformation is expected in far
field domains when a coupled SPH-FEM approach is used. Although SPH is more expensive
in terms of computation, the coupled SPH–FEM
approach reduces high computa-tional demand.

2

EXPERIMENTAL TESTS

Acceleration and particle velocity were measured in the vicinity of the blast during the first
full-scale test blasts campaign in El Aljibe
quarry for the EU project SLIM. P- and S-wave
velocity are calculated from the time of arrival
of the first and second seismic wave peaks recorded by two accelerometers located in a hole
close to the blastholes. The accelerometers were
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two vertically oriented units grouted to the bottom of a 6 m hole behind the blasts; in all cases,
the blasthole closer to the accelerometer position
was #7, which was the first in the firing sequence
in all cases. Figure 1 shows a layout of the
blastholes and sensors (accelerometer and geophone) positions.

Figure 1

and 5000 g respectively. The accelerometers
were fixed to an aluminium block that was
screwed into another aluminium piece that plugs
a rigid PVC tube of 63 mm; both the plug and
the bottom part of the tube were grouted to the
blasthole walls ensuring a firm join of the sensors and the rock mass. Two signal conditioners,
with variable gain, from PCB Piezotronics were
used. The data acquisition system was a DATATRAP II from MREL. It is a rugged and portable
data acquisition system with 8 channels and high
recording rate per channel (up to10 MHz). The
other channels of the DATATRAP were used to
monitor VOD in two or more blastholes, depending on the blast. The numerical results, obtained by means a 3D SPH-FEM model of a single blasthole, have been validated by data
measured in the blast 3 and 6 because are the
only ones where is possible to distinguish the
different signals coming from each blasthole.
This is possible because the delay in the blast 3
and 6 is larger than the other blasts (a total of 7
blasts were done), so we can consider them like
a single borehole rock blasting. Figures 2 and 3
show the acceleration recorded with arrival time
details for the blast 3 and 6.

Sensors position. A different color
is used for the blastholes in each
blast and a height colour ramp
has been used for the free face of
blast No. 1 (cold colours are lower
heights and warm colours the opposite)

Two shock, ceramic-shear accelerometers, with
different range were used. Their range was 500

Figure 2

Blast 3, acceleration results
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Figure 3
3

Blast 6, acceleration results

NUMERICAL MODELING

3.1 3D Model
A 3D symmetric model of the block of rock with
40 m×20 m×14 m dimensions and a cylindrical
borehole of 89 mm in diameter and 12 m in
height (10 m for the explosive and 2 m for the
stemming) were used in this simulation. The
borehole was considered at 2.6 m of distance
from the vertical free face of the rock. The rock
was modelled with Lagrangian hexahedral elements, while the explosive (brown) and stemming (red) were modelled with SPH particles, as
shown in the Figure 4.

Figure 4

Schematic diagram of numerical
model

All SPH particles had approximately equal interparticle distance of 3 mm in X -Y direction and
5 mm in Z direction. Element size of
200×200×200 mm was used to model the rock
(blue part). As reflection of stress waves at the
far-field can affect the accuracy of the numerical
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simulation, non-reflecting boundary conditions
(*Boundary_non_reflecting) are placed to allow
the stress wave to be transmitted out the rock at
the far-field infinite domain without reflection,
except for the top and frontal faces.

that closes at the current pore crush pressure. A
typical loading scenario can be described as follows, see also the arrows in Figure5. The model
is elastic until the stress reaches the initial yield
surface, beyond which plastic strains evolve.
The plastic strains together with the hardening
properties of the rock, given as input, are used to
form an effective yield surface by interpolating
between the initial yield surface and the failure
surface. Similarly, when the stress reaches the
failure surface a parametrized damage model
governs the evolution of damage, driven by plastic strain, which in turn represents the post-failure stress limit surface by interpolating between
the failure surface and the residual friction surface. For a fully damaged material, there is no
meridian or strain rate dependence and shear
strength is only supported under confined conditions, i.e., positive pressures.

3.2 Material models
The rock used in the simulation is the Mylonite,
which is a fine-grained compact metamorphic
rock. The material model to describe the rock
was the RHT model (Borrvall 2011), which is a
macro-scale material model that incorporates
features that are necessary for a correct dynamic
strength description for problems with high
strain rates and pressures. The strength of the
model is described by means of three limit surfaces; the elastic yield surface, the failure surface and the residual surface, all dependent on
the pressure. The post-yield and post-failure behaviours are characterized by strain hardening
and damage, respectively, and strain rate effects
are an important ingredient in this context. Furthermore, the pressure is governed by the MieGruneisen equation of state together with a p-α
model to describe the pore compaction hardening effects and thus give a realistic response in
the high pressure regime. While the surfaces account for reduction in strength along different
meridians as well as strain rate effects, the static
compressive meridian surfaces are depicted in
Figure 5. The failure surface, i.e., the ultimate
strength of the rock, is formed from material parameters including the compressive, tensile and
shear strength of the rock. The initial yield surface is then formed from user input fractions of
the failure surface along the tensile and compressive meridian and additionally includes a cap

Figure 5

Stress limit surfaces and loading
scenario in the RHT strength
model

The density and uniaxial compressive strength
used for modelling the rock mass have been obtained through experimental tests and are illustrated in the Table 1.
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Table 1

RHT material model parameters

Density
[kg/m ]
2714

0.61
Lode
Angle B
0.0105

Shear modulus
[GPa]
30.14
Hugoniot
parameter A1
[GPa]
35.3
Compressive
strength fc
[MPa]
131
Compressive ref.
strain rate
0.00003

Comp. strain
rate exp.

Tensile strain rate
exp.

9.7E-03

1.3E-02

0.18
Tensile ref. strain
rate
0.000003
Compressive continuity parameter
gc
2.16E-10

Yield surface
parameter gt*

Damage
parameter D1

Damage
parameter D2

7.0E-01
Gruneisen
gamma
0.0

4.0E-02
Crush
Pressure [MPa]
87.3

1.0
Compaction pressure [GPa]
6.0

Bulk Modulus
T2
0
Failure
surface N

Pore crush B0

1.22
Hugoniot
parameter A3
[GPa]
9.04

Relative shear
strength fs*

Relative tensile
strength ft*

Lode Angle Q0

0.05
Compressive
break strain rate
1E30

0.68
Tensile reference strain rate
1E30

Tensile continuity parameter gt

Yield surface
parameter gc*

2.95E-10
Residual
surface
paramter Af
1.6
Compaction exponent
3.0

5.3E-01

Failure
surface A
1.6

Residual surface
paramter nf
0.61
Initial porosity
1.0

1
(1)
1
where A, B, R1, R2 and ω are constants that have
been determined based on data measured during
the cylinder test. While V is the ratio of actual
⁄ . Finally, E is
density versus initial:
the internal energy per volume unit obtained
through the Gurney energy and the total energy
available (E0). JWL parameters are reported in
the Table 3. Finally the stemming was modelled
with the material model *Mat_Soil_And_Foam.
The density, shear modulus and bulk modulus
for the stemming material were considered as
2350 kg/m , 34.5 GPa and 15 GPa respectively.
This material model (Bojanowski 2010) uses a
pressure dependent nonlinear Drucker-Prager
yield function

Table 2 Parameters of emulsion explosive
D
[m/s]
5448

Bulk Modulus
T1 [GPa]
48

1.22
Hugoniot
parameter A2
[GPa]
39.6

The explosive employed in the simulation was
the emulsion type E1-C100, that has been characterized by means of the cylinder test described
in a previous paper (L.M. Lopez et al, 2018).
The emulsion explosive has been modeled with
the material model *Mat_High_Explosive_Burn
and the parameters are illustrated in the Table 2.

ρ0
[kg/m ]
1177.5

Pore crush B1

PCJ
[GPa]
7.94

This material model must be used in combination with an equation of state (EOS) that define
the detonation behavior and gases expansion in
relation with its pressure-volume-energy. The
equation of state used for the detonation products was the Jones Wilkins-Lee (JWL):
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Table 3

JWL equation of state parameters

A
[GPa]
435.243

B
[GPa]
4.163

C
[GPa]
0.406

R1

R2

ω

5.612

1.185

0.37

makes SPH method not require a background
mesh for calculation.

3.3 SPH method
SPH method is based on the gridless Lagrangian
hydrodynamics (Du Yang 2016). In SPH, the
system is represented by a set of particles and
these particles can move freely according to internal particle interactions or external forces.
One outstanding feature of SPH is that it overcomes the problem of computation termination
due to large grid distortion existing in other gridbased Lagrangian methods. The governing equations of a problem can be transformed into SPH
form by two steps. First, through applying a
smoothing or kernel function, field variables and
corresponding derivatives are approximated as
integral representation in continuous form. This
step is usually referred as kernel approximation.
For example, the value f(x) of function f(x) at
location x, in the domain Ω , can be rewritten in
a continuous form.
,

E0
[GPa]
2.757

3.4 Coupling approach
To make the most advantages of both SPH and
FEM, they were coupled together to simulate the
rock-explosive interaction. Generally, the coupling approach is based on the penalty contact
algorithm (Campbell J. 2000). In the simulation,
at the beginning of every time step, it is checked
whether any SPH particles penetrate element
surfaces. No treatment is needed if no penetration occurs. Otherwise, contact forces are applied between element surfaces and SPH particles which satisfy the penetration condition. The
value of contact force is proportional to the contact stiffness and penetration depth. This is
equivalent to put a spring between SPH particles
and element surfaces to prevent penetration. The
contact interface between FEM elements and
SPH particles is an essential part of a simulation
using the coupling approach. The selection of
contact types depend on the interaction phenomenon between the interfaces. For the proposed
SPH-FEM coupling method, the simulation was
carried
out
using
*Contact_Automatic_Nodes_To_Surface with the solid element as master and SPH particles as slave nodes.
For two materials with significant differences in
density and stiffness, e.g., the detonation products and rock, improper contact stiffness will
lead to leakage, penetration or computational instability. In this work, the contact stiffness is determined based on stability considerations, taking into account the time step and nodal masses.
It is calculated by the following formula.

(2)

where W is a smoothing or kernel function, and
h is the bandwidth of the kernel, known as the
smoothing length. Secondly, the problem domain is discretized by a set of particles. And
field variables and corresponding derivatives are
approximated as weighted summations over
neighboring particles. This step is named the
particle approximation, and is expressed in the
following form.
(3)
,
where N is the number of neighboring particles,
m and ρ are the mass and density, respectively.
The particle approximation makes the physical
quantity of any particle can be obtained by summing the relevant properties of all the particles
which lie within the range of the kernel. Also, it

(4)
where SOFSCL is a penalty scale factor, m is the
nodal mass and ∆ is the global time step.
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4

RESULTS AND DISCUSSION

A preliminary check of the model behavior is to
compare the maximum potential value of the explosive pressure given by the PCJ and the one obtained in the simulations. In Figure 6 it can be
seen that the maximum pressure calculated by
numerical modeling for the emulsion explosive
is 7 GPa and the error between this value and the
Chapman-Jouget pressure (PCJ), shown in Table
2, is 11.8 %.
Another important step of a simulation using the
coupling approach is to verify the proper functioning of the contact interface between FEM elements and SPH particles. To do this, the curves
of pressure versus time at two points near the
SPH particle and FEM element have been plotted in Figure 7. It can be seen that the maximum
value of pressure at considered point of smooth
particle and finite element is the same (158
MPa), which verified that the stress and displacement can be transmitted accurately from
particles to elements.

Figure 7

Figure 8 shows the damage contour from 0 to 1
after detonation of explosive in the borehole.
The zone between the explosive column and the
free face are predicted to have the largest damage. This shows that damage pattern due to blasting load by the use of SPH-FEM coupling model
can be modelled with this approach. As shown
in Figure 8, a columnar damage zone was
formed and the degree of damage decreases with
the increasing distance from the blast hole. The
rock mass close to the blast hole was completely
crushed and the damage scalar equals 1; then the
shock wave changed into a stress wave and the
damage degree decreased and ranged between
0.2 and 0.8. The fracture propagation process is
shown in Figure 9 radial fractures are first initiated and propagated from the borehole surface
without directional preference. With further
propagation of the stress wave, some radial fractures strike the free face and the stress wave reflects back. The tensile stress wave reflected
from the free surface induces ‘spalling’ failure
of the rock mass.

The oscillation found may be caused by the selected time step, the predefined number of
neighbour particles, the artificial viscosity coefficient, material interfaces, and so on. The errors
from the numerical oscillations can be reduced
by adjustment of the above parameters but results are acceptable compared to the magnitude
of the pressure (Hu, 2015).

Figure 6

Comparison of the pressure histories of the two neighbouring
points at the SPH/FEM interface.

Contour of pressure (Pa) in the
explosive column
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Figure 8

Damage contour plot at the end of
simulation
Figure 10 PPA attenuation against distance
in the rock mass

Figure 9

Horizontal cut at 9.5 m of the reflected model on the x-z plane

Figure 11 Contour of vertical acceleration
(m/s2) at 1.4 ms

Based on the site monitoring of the blasting vibrations, the accuracy of predicting blasting vibrations in the near field with the coupled technology could also be investigated. Figure 10
shows a comparison of PPA in the rock mass as
a function of distance from the charge centre for
both measurement values and numerical simulation results. The observation points were arranged on a line that lies on the symmetry plane
and is 6 m deep. The difference between the values of PPA measured in the tests and that calculated by numerical simulation decreases with increasing distance. The correlation coefficients
for the numerical simulation and field measurements are 0.95 and 0.818 respectively, which
means that simulation results can be described
by the attenuation law. The difference may be
caused by the measurement error in the test work
and the anisotropy of rock mass.

In Figure 11 was represented the vertical acceleration contour plot at 1.4 ms, where it can be
noted the P-wave propagation from the bottom
to the top of the borehole. The P-wave velocity
measured for the rock during the test blasts campaign in the near field was 5803 m/s, while the
value calculated with the numerical model at the
same gage point was 5700 m/s. The error is less
than 5 %, which demonstrates that the model
could be used to describe the near-field seismic
wave propagation.
5

CONCLUSIONS

A coupled SPH-FEM model has been developed
and validated to describe a single hole blasting.
The coupled SPH–FEM technology could not
only reproduce the discontinuous characteristics
around the blast hole, such as large deformation
and damage, but also forecast the blasting vibration accurately in the intermediate and near field.
The accuracy of reproducing vibrations in the
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Numerical investigation for timing effects on fragmentation
based on a coupled FEM-BPM-PBM model
C. Yi, D. Johansson and U. Nyberg
Swedish blasting research centre, Luleå University of Technology, Luleå, Sweden

ABSTRACT
A series of small-scale laboratory tests were carried out to investigate the effects of short delay times
on fragmentation. The aim is to test the hypothesis that improve fragmentation through stress wave
superposition. These tests have subsequently been modeled using a coupled FEM-BPM-PBM model
in LS-DYNA code. In the model, the remaining rock is represented by a finite element model (FEM)
and the rock to be blasted is represented by a bonded particle model (BPM). The detonation of explosive is described with a particle blast method (PBM). The fragment size distribution was obtained
with a code developed in Perl programming language. The numerical results showed that although
the short delay times induced improved fragmentation compared to the simultaneous initiation, the
longer delay times also resulted in improved fragmentation, implying that stress wave superposition
may not be the primary factor governing fragmentation.
1

INTRODUCTION

(2002, 2004). In these papers, a model was proposed to describe the stress wave superposition
between adjacent boreholes with Lagrange diagrams, which reveals how a positive effect of
wave interaction could be achieved with the assumption of an infinitely long charge length.

Blasting technology is widely employed in mining in order to fragment the rock into smaller
pieces to facilitate subsequent handling (mucking, haulage, crushing, etc.). Rock fragmentation
from blasting is dependent on a number of factors. The utilization of correct delay sequencing
is essential for muck pile formation and delay
timing is necessary to maintain the balance between required confinement and the creation of
relief, as crack extension and face movement
both progress (Hettinger 2015). Model scale
tests or field studies of the influence of different
delay times on fragmentation are e.g. published
by Bergmann (1983), Stagg & Rholl (1987), Otterness et al. (1991), Stagg & Otterness (1995),
Katsabanis et al. (2006), Vanbrabant & Escobar
(2006) and Rorke (2007), Johansson and Ouchterlony(2013), Hettinger (2015) and Omidi
(2015).

Field tests with the use of electronic detonators
were carried out by Vanbrabant & Escobar
(2006). The study indicated that a decreased average fragment sizes by approximately 30 to
60% was obtained by the use of electronic detonators and optimal time delays to benefit from
shock wave interaction, compared to the use of
shock tube systems. The average improvement
of the X50 (median average size) was 46% (Vanbrabant and Escobar 2006). The evaluation was
performed with a commercial software for fragment analysis of photographs.
Field tests of precise short delay periods on fragmentation in blasting for three locations evaluated by the Split fragmentation analysis software
were presented by Rorke (2007). According to
his findings, it may only be possible to obtain an
optimal fragmentation due to shock wave interaction types of geologies. In other cases, it may
be more meaningful to vary other types of blast
parameters.

With the introduction of electronic detonators, it
is now possible to better tailor the blast sequence
in an effort to obtain an improved fragmentation
(Hansson 2009). The hypothesis of achieving
improved fragmentation through stress wave superposition has been proposed by Rossmanith
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However, Blair (2009) stated that the delay accuracy and timing are typically not the major
variables that govern blast vibration and fragmentation. Ouchterlony et al. (2010) tested 10
and 5 ms delays with electronic detonators
which resulted in coarser fragmentation in fullscale experiments. Katsabanis et al. (2006) shot
a series of small-scale blocks of granodiorite
with very short delays. The results showed that
fragment size decreases with delay time, from a
maximum size, during simultaneous initiation of
all charges, to an approximately constant size,
for delays up to 1ms. When larger delays are
used, fragmentation suffers. Johansson and
Ouchterlony (2013) investigated the influence of
delay time on the fragmentation with a series of
small-scale tests. Their results showed no distinct differences in fragmentation when the delays were in the time range of shock wave interactions compared to no shock wave interaction.
The small-scale experiments conducted by
Omidi (2015) show no improvement in fragmentation was observed in simultaneous initiations
or very short delays.

around the interaction plane, implying that precise ignition will not generate a dramatic increase in fragmentation contrary to what was
proposed by Rossmanith. The results also indicated that longer delay times (in which the stress
wave would have passed the neighboring boreholes) also resulted in improved fragmentation.
Yi et al. (2013) used the similar method to investigate small-scale tests (Johansson & Ouchterlony 2013). The field tests carried out by
Petropoulos et al. (2014) were numerically investigated by Yi et al. (2017).
The mentioned numerical investigations on the
timing effect on fragmentation employed finite
element method. Finite element method is a continuum-based method and it is hard to model
fragmentation. So in mentioned numerical investigations, some cross-sections were selected
to evaluate the fractures in the sections. The
overall fragmentation performance cannot be
evaluated with FEM.
Some new features of LS-DYNA make the overall numerical evaluation on fragmentation performance possible. For example, the discrete element method (DEM) newly developed in LSDYNA can be used to model the fragmentation.
The bonded particle model (BPM) can be used
to model intact rock mass. The particle blast
method (PBM) in LS-DYNA can be used to describe the detonation of explosives. To further
study the influence of delay time on blasting effect and fragmentation, a series of numerical
simulations of previously performed small-scale
tests (Johansson and Ouchterlony 2013) were
conducted with a couple FEM-BPM-PBM
model.

Field tests with short delays carried out by
Petrolous et al. (2013) at Aitike open pit indicated that the 3 ms delay of all the trials resulted
in finest fragmentation, however, the improvement was not as significant as stated by
Rossmanith (2002) and Vanbrabant & Espinosa
(2006). Two trials with 1 ms delay did not show
any significant effect of delay time on fragmentation.
Field tests carried out by Hettinger (2015) shows
that short hole-to-hole delay times do not improve rock fragmentation in full scale bench
blasting. The best performing delay times were
outside of the short delay range and the worst
performing delays were the shortest. The 1 ms
delay time had the worst fragmentation results.

2

SIMULATION OF SMALL-SCALE
TESTS

To test the hypothesis that the short delay can
improve the blasting effect, Johansson & Ouchterlony (2013) carried out a series of small-scale
tests. The tests were made on magnetic mortar
blocks. The blocks used had a size of
660×205×300mm (L×W×H) with two rows with
five Φ10mm blastholes in each row. The spacing
and burden was 110mm and 70mm respectively.
To minimize reflecting waves and to emulate
full-scale geometry, the block was confined by a
U-shaped yoke (Figure 1)

Numerical modelling is also used to investigate
the timing effect on fragmentation. Schill (2011)
studied the influence of delay times on the blasting effect of two holes model with the LSDYNA (2014) computer code and the RHT
(Riedel et al. 1999) material model and concluded that there was an effect of interacting
stress waves. However, this effect was local
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(b)

Figure 2
Figure 1

The set-up for the tests (Johansson & Ouchterlony 2013).

(a) Numerical set-up for smallscale tests; (b) Charge configuration.

The yoke is represented with FEM and the rigid
body material is used for the yoke because the
strength of yoke is much higher than that of the
blasted block. The remaining part is represented
with FEM and the Riedel-Hiermaier-Thoma
(RHT) material is used to describe the dynamic
response of the remaining part. The RHT material model in LS-DYNA is an advanced damage
plasticity model for brittle materials such as concrete and rock. The finite element discretization
is performed using hexahedron elements only. A
series of experiments were carried out to obtain
the mechanical properties of the concrete used in
the tests (Johansson 2008). The parameters of
RHT model are listed in Table 1.

The explosive source was decoupled PETN-cord
with the strength of 20 g/m, giving a specific
charge (q) of 2.6 kg/m3 and a coupling ratio of
2.4. The delays were set by using different
PETN-cord lengths to adjust the delay times between the blastholes.
Above each blasthole, a 59 mm high cylindrical
initiation mounting block of plastic was positioned. After the blasting, the fragments were
sieved and the fragment size distribution was
taken as the evaluation indicator for the blasting
performance.
The model set-up made it possible to shoot two
rows per mortar block. Only the blasting of row
#1 was studied in the present paper. The initiation sequence of row #1 is from left to right.
Eight delay time schemes were designed and
tested. The nominal delay times were 0μs, 28μs,
37μs, 46μs, 56μs, 73μs, 86μs, and 146μs respectively.

The detonation of explosive is described with the
particle blast method. The particle blast method
is an extension of the corpuscular particle
method (CPM), which is a coarse-grained multiscale method developed for gas dynamics simulation. The particle blast method improves CPM
such that it is capable of simulating real gas law
with high pressure and high temperature. A covolume effect has been introduced in this
method to better represent gas behavior at extreme pressure. For an efficient contact treatment, the particles are given a spherical shape.
The particle-structure interactions are purely
elastic collision. Each particle contains translational energy and spin energy. The balance between translational energy and spin energy is determined directly from the heat capacities. By
grouping many molecules as one particle, the
particle blast method reduces the degree of freedom of the system by several orders of magnitude. The detailed introduction of PBM can be
found in Teng (2014, 2016). The parameters
used in the particle blast method of the PETN
explosive are shown in Table 2.

2.1 Numerical model and parameters
The numerical model is shown in Figure 2(a)
and the charge configuration is shown in Figure
2(b).
(a)
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Table 1

RHT model parameters for concrete used

Parameter

Value
2511 kg/m3

Density
Shear Modulus

8.98 GPa

Eroding plastic strain

2.0

Parameter for polynomial EOS B0

1.22

Parameter for polynomial EOS B1

1.22

Parameter for polynomial EOS T1
Parameter for polynomial EOS T2
Hugoniot polynomial
coefficient A1
Hugoniot polynomial
coefficient A2
Hugoniot polynomial
coefficient A3
Failure surface parameter A
Failure surface parameter N
Compressive strength
Relative shear
strength
Relative tensile
strength
Lode angle dependence factor Q0
Lode angle dependence factor B
Compaction pressure
Initial porosity
Table 2

35.27 GPa
0
35.27 GPa
39.58 GPa
9.04 GPa

Parameter
Reference compressive strain rate E0C
Reference tensile
strain rate E0T
Break compressive
strain rate EC
Break tensile strain
rate ET
Compressive strain
rate dependence exponent
Tensile strain rate dependence exponent
Pressure influence on
plastic flow in tension
Compressive yield
surface parameter
GC*
Tensile yield surface
parameter GT*
Shear modulus reduction factor

Value
3.0e-5
3.0e-6
3.0e25
3.0e25
0.032
0.036
0.001
0.53
0.7
0.5

1.60

Damage parameter D1

0.04

0. 61

Damage parameter D2

1.0

50.7 MPa
0.18
0.08

Minimum damaged
residual strain
Residual surface parameter AF
Residual surface parameter AN

0.6805

Grunnisen Gamma

0.0105

Crush pressure

6 GPa
1.1884

Porosity exponent

Particle parameters of PETN
explosive

D (m/s)
γ
(Kg/m3) E(J/m3)
7450
1.28 1500
8.56E9

0.01
1.6
0.61
0
23.3MPa
3

of PETN explosive (Dobratz and Crawford
1985). The heat capacity ratio γ was also derived
from the JWL equation of state parameter ω as γ
=1+ ω. Co-volume coefficient b is from similar
explosives. The gap between the explosive and
the wall of the blasthole is filled with air because
of the decoupling charge configuration. The
built-in parameters of air in LS-DYNA is shown
in Table 3.

b
0.35

The detonation velocity D, internal energy E,
and density were transferred from the JonesWilkins-Lee (JWL) equation of state parameters
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Table 3
(Kg/m3)
1.27

Table 4

The parameters of air (Teng 2015
personal communication)
E (J/m3)
2.53

Particle properties
Particle contact modulus(GPa)
Scale factor of normal
spring constant
Scale factor of shear
spring constant
Static coefficient of
friction
Rolling friction coefficient
Parallel-bond properties
Shear stiffness/normal
stiffness
Parallel-bond modulus
(GPa)
Parallel-bond normal
strength (MPa)
Parallel-bond shear
strength (MPa)

Heat capacityratio
1.4

Bond particle models to “bond” the particles
have been developed in LS-DYNA, which originated the work of Potyondy and Cundall (2004).
This makes modeling of a continuum possible.
The bond models can be used to simulate the mechanical behavior of an elastic solid as well as
brittle fracture analysis (Karajan et al. 2013).
Herein, all spherical particles are linked to their
neighboring particles using bonds which represent the complete mechanical behavior of solid
mechanics, see Figure 3. Bonds are independent
of the DEM. Each bond is subjected to tension,
bending, twisting and shearing. Bonds are calculated from the bulk and shear modulus of materials. Rock rupture is represented explicitly as
broken bonds.
3

Figure 3

Parameters of bonded particles
Value
21.9
0.01
0.00286
0.51
0.1
0.5
31.9
60.0
100.0

RESULTS AND DISCUSSION

Figure 4 shows the fragmentation of the block
during blasting. It can be seen from Figure 4 that
many particles gather together still after blasting
and form a lot of fragments which consist of different numbers of particles. In order to evaluate
the fragment size distribution of each case after
blasting, a code combining Fortran and Perl Programming languages was developed. In the
code, a collection of particles in which the distances between two adjacent particles are equal
to the diameter of particles are treated as a fragment. The size of the fragments is the cube root
of the volume of a fragment. The volume of a
fragment is the sum of volumes of the particles
that make up the fragment. It can be seen from
Figure 4 that some particles at the corners do not
move during the blasting. Similar phenomena
can be found in small-scale tests, see Figure 5.
Particles with displacement less than 2mm are
removed from the fragments.

Bonded particle model and possible force and moment transmission modes between two bonded
particles (Karajan, et al. 2013).

The keyword of *Define_de_to_surface_tied in
LS-DYNA was used to couple the bonded particles and the FEM part. In the model, there are
77550 spherical particles with 3mm radius. The
parameters of the bonded particles are listed in
Table 4.
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Figure 4

which is different from the experimental results
but agrees with the common view and a lot of
field and small-scale tests. The numerical results
show that the delay of 146 μs gives the finest
fragmentation, which is consistent with the experimental results. Both experimental results
and numerical results indicate that the delay of
146 μs produces the finest fragmentation, which
does not confirm fragmentation enhancement
suggestions merely based on the interaction of
stress waves.

Blast-induced fragmentation.

Figure 6 gives the relationship between the delay
time and the median size X50 after blasting. For
the cases of simultaneous initiation and the delay
of 28 μs, the numerical results are close to the
corresponding experimental results. For other
cases except for the delay of 46 μs, The numerical results give coarser fragments compared with
the experimental results (Johansson and Ouchterlony 2013) for most cases, see Figure 6.
Figure 6

Figure 5

Delay time vs. X50.

Fragment size distribution as an important indicator is usually used to evaluate blast performance. In practice, there are several methods of
size distribution measurement and fall under two
broad categories: direct method and indirect
methods. The sieve analysis is the direct and accurate method of measuring size distribution.
The definition of fragment size is based on the
mesh size of the sieve used. Although it is the
most accurate technique among others, it is not
practical for a large scale sieving due to being
both expensive and time consuming. For this
reason, indirect methods such as image analysis
methods have been developed (Sanchidria´n et
al. 2009). The size of a fragment is defined as the
longest distance in the face of the particle delineated in the digital image software (Petropoulos,
personal communication 2018). The limitation
of using digital image software to describe the
fragment size distribution was discussed
(Petropoulos et al. 2014). For numerical modelling, we defined the cubic root of the fragment
volume as the size of the fragment. The limitation of this way is obvious. Figure 7 shows the
largest fragment of the case of simultaneous initiation. The maximum fragment size from experimental results is 139.6 mm while the equivalent

Block after blasting row 1.

The experimental results of the first row show a
large scatter in the delay interval 0≤Δt≤86 μs.
This suggests that no trend can be assumed for
row 1, thus making it impossible to identify any
minimum X50, optimum fragmentation, in this
range. However, the longest delay, 146 μs, resulted in the best fragmentation among the tested
delays. Compared with the experimental results,
the numerical results appear to contain less scatter. In the delay interval 0< Δt≤86 μs, the delay
of 28 μs induced the finest fragmentation, then
the X50 increases with the increase of Δt until the
delay of 56 μs, and then a continuous reduction
of X50 is obtained with increase in delay time.
The numerical results show that the simultaneous initiation gives the coarsest fragmentation,
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The influence of blasthole standard deviation (BSD) on
fragmentation
P. A. Rustan
CENTEK, Aurorum 1A, Luleå, Sweden

ABSTRACT
The costs of handling boulders or oversize in mining operations are considerable. Blasthole
deviation is considered to be one of the most important reasons to boulders, beside the weakness
planes in the rock mass and backbreak outside the theoretical blasted contour. The deviations
implies that blastholes comes too close or too far away. In 1960:s the mining industry in Sweden
started to use longer blastholes due to the improvement of drilling machines and drilling rigs but 40
m at that time was still regarded as a very long hole. Every blasthole normally gets a deviation from
its planned position in space and this deviation is often increased exponentially with the length of
the blasthole. In 1965 when the here presented model tests were done, nobody knew the quantitative
influence of blasthole deviation on fragmentation. The adopted hypothesis was that a larger
blasthole standard deviation (BSD) will result in coarser fragmentation. The research strategy was
to examine what happens to the fragmentation of a 20 m long blastholes at 0, 1, 2, 3 and 4 % BSD
by physical laboratory tests done in homogeneous and transparent material called Plexiglas in scale
1:200. Rounds with 4 rows and 10 holes in each row were tested at the earlier mentioned five
different deviations. The holes were blasted one by one analysing the fragmentation, crack
development and destruction of neighbouring blastholes after each blast. The destructed holes
should not have detonated in full scale. The result shows that the mean fragment size k50 increased
with the size of the BSD from 6,4 mm at 0 % BSD, to 9,5 mm at 1 % BSD, 10 mm at 2 % BSD and
finally to 14 mm at 4 % BSD. Comparing 0 and 4 % BSD there is an increase by 219 % of k50 and
in a full scale mine this would cause a large increase in fragmentation handling costs.
1

INTRODUCTION INCLUSIVE GOAL,
HYPOTHESIS AND SOME OLDER
AND NEWER LITERATURE
SOURCES

deviations affects the fragmentation in the most
common drilling layouts underground e.g.
parallel hole- or fan hole drilling (ring drilling).
It was therefore of outmost importance to find
out a method to quantify this on a laboratory
scale and this task was given as the goal for this
project completed in 1965.

The Mining Research in Sweden with its
Committee 451, 1961 “Mining Methods”
headed in 1964 by Prof Ingvar Janelid (†) at
Royal Institute of Technology (KTH) and its
sub committee called “The blasthole deviations
influence on mining costs at long hole drilling”
was the initiator for the research here presented.
Janelid decided in agreement with the
Managing Director Ulf Langefors (†) at Nitro
Nobel AB Detonic Laboratory that model blast
tests in Plexiglas should be undertaken in the
Nitro Nobel Detonic laboratory located in the
old Alfred No-bel dynamite factory at
Vinterviken in Stockholm. None at that time
and also today could quantify how blast hole
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Some complementary research to the thesis
was, however, undertaken and reported by
Rustan (1966).
Definition of blasthole deviation
There are several definitions to quantify
blasthole deviation. The most common method
used in Sweden is to use the absolute deviation
which is defined as the distance between the
target position and the actual position in a plane
perpendicular to the blasthole multiplied by
100. For example, a deflection of 1 m at 20 m
hole depth is a 5 % blasthole deviation. In this
paper the standard deviation σ is used as a
statistical measure of the deviation of several
blastholes.

Figure 1

This measure of blasthole deviation is simple to
calculate and compare, but it does not include
any measure of other important factors such as
blasthole curvature, collar position error,
direction of deviation or consistency of
direction of deviation between blastholes. All
of these factors are measures of blasthole
deviation that will affect fragmentation.

Vertical section through a sub
level stope showing parallel hole
drilling and a vertical section of
fan drilling is shown in Figure 2.

Anticipation of normal distribution of blasthole
deviations
In the thesis, for simplicity, a normal
distribution around the target position for the
blastholes is assumed. In reality blastholes
tends to bend downwards, due to the gravity
forces, but this effect was not taken into
account in the thesis.
In the 1960s the mining industry in Sweden
started to use longer blastholes due to the
improvement of drilling machines and blasthole
length underground increased up to 30 – 40 m
but in this thesis a length of 20 m was assumed.
Blasthole deviation in some Swedish mines

Figure 2

Prof Ingvar Janelid 1965 showed with an
example taken from the Ställberg mine 19631964 that drilling with Atlas Copco BUK 11,
mounted on a boom secured to two pillars
mounted between the roof and the floor, created
in ordinary operation a standard deviation of

Fan drilling, vertical section.

The author believes the results presented in this
paper are still unique. Holmberg and
Ouchterlony (1982) did some mathematical
calculations of alignment error and how it
influences the fragmentation.
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σ=3,9 % only in alignment error1 . After an
information campaign with careful checking of
the alignment the standard deviation was
reduced to σ =1,1 %.

blasted into ore. The associated loss of revenue
and increased treatment cost could be high.
An interesting presentation on the blasthole
deviation, in mainly Swedish mines, was given
by Almgren and Klippmark (1981) and the cost
consequences were calculated. E.g. the
Långsele mine, belonging to Boliden Mineral
AB, used sublevel stoping with ring drilling of
blastholes 50 mm in diameter and with lengths
from 12 m to 20 m. The drill rig was a special
designed Atlas Copco Bux 44 with a drilling
machine Atlas Copco BBC 54. Guide rods were
not used to reduce blasthole deviation. The
measured “mean absolute drill hole deviation”
was +6 % and the standard deviation σ = +3,1
% where the plus sign indicates that the holes
bent downwards due to the gravity forces on
drill steel. For steep small low-grade orebodies,
mined with big hole blasting hole deviation can
influence mining costs up to 3-4 US dollar per
ton for operating, development, losses of ore
and waste rock dilution. These costs are of the
same magnitude as the total operating costs for
many sublevel stoping mines.

During this time engineers were eager to find
out the extra costs due to the blasthole
deviations. Langefors (1959) quantified the
fragmentation in the Plexiglas tests by
measuring the weight of the largest, the three
largest and the nine largest fragments which he
named boulders.
In the project presented here a more
quantitative fragment analysis was introduced
by sieving all the fragments. This gave a better
understanding of the whole fragmentation
distribution. Langefors (1966) also published
the result of a large number of model blast tests
in Plexiglas with different burden/spacing
ratios, delay times and staggered or rectangular
blasthole patterns.
Blasthole deviation in fan drilling with 40 m
long holes and using water driven Down the
hole (DTH) drill machine like Wassara W100
in blasthole diameters of 102 mm was
measured to1m at LKAB in Kiruna according
to Nordquist (2017).

Causes of blasthole deviation
The deviation from the planned position in
space normally increases with the length of the
blasthole, often in an exponential manner. The
causes of blasthole deviation can be classified
as:

Increased costs due to blasthole deviation
Blasthole deviation can lead to increased
mining costs when holes misfire or detonate
prematurely due to the proximity of earlier
firing holes. This phenomenon’s were studied
by Rustan (1993). Misfires can cause
undetonated explosive ingredients to enter the
mine water, increasing nitrate contents in the
discharge. This can present an environmental
problem leading to penalties. Rustan (1993).

1) Setting out error, error in start point of the
drill hole. Depends on human error and also
on the shape of the rock surface.
2) Collaring error, the distances between the
aimed and real start point. It Depends on
rock mass conditions and human error but
also on the condition of the machine,
stability of the boom, rigidity of the drill
string, condition of the bit, shape of the
rock surface with respect to the angle of the
hole, offsets due to the presence of rockbolt
3) Alignment error, the difference between the
aimed blasthole direction and real drilled
direction.
Depends
on
alignment
instruments and human error. Janelid and
Finkel (1976).

Blasthole deviation can result in increased
oversize and poor fragmentation. As a result,
engineers may increase the number of holes and
powder factor (specific charge) in an attempt to
compensate. This leads to an increase in drill
and blast costs. Furthermore, blasthole
deviation can cause ore loss and dilution
because ore is either left behind, or waste is
1

Alignment error, is the angular, relative or percentage
deviation from the intended angle of drilling at collaring.
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4) Trajectory error, depends on rock mass
anisotropy like bedding planes, lamination,
schistocity joints, crushing zones and other
kind of weakness zones. The force of
gravity acting on drill steel and bit and
finally the drilling parameters like thrust,
torque etc. The error is a mixture of human
and non-human error.

Blasthole deviation in Fragmentation formulas
There is still only one empirical fragmentation
formula that includes the standard deviation of
the blastholes and this formula was presented
by Cunningham (1983). The formula calculates
the slope (n-factor) of the sieved fragmentation
curves when presented in a double logarithmic
sieve analysis diagram (showing accumulative
passing versus fragment size). The n-factor is
also called fragmentation index. The influence
on the n-factor in the Cunning-ham formula is
quantified by the factor (1-σ/B) where σ in m is
the BSD in m and B is the burden in m. The
complete formula will be shown at the end of
the paper.

Compensation for blasthole deviations
The normal way to compensate for the
deviation of blastholes is to reduce the burden
and spacing and this will of course increase the
mining costs. However, reducing the burden
and spacing may also make the fragmentation
problem worse in underground production and
rise blasting, as the closer proximity of holes
increases the risks of problems with the
detonation sequence and misfires.

Blasthole trajectory error in road cuts
Sinkala (1988) measured the trajectory error of
the half cast track of drill holes with a
theodolite in road cuts in the final wall. The
mean deviation was about 8,75 % but the
relative deviation was much smaller 3,3 %. If
all blastholes deviate in the same direction so
the blast plan is unchanged the relative error is
zero.

Selection of research method
Investigations of the influence of blasthole
deviations in full scale would be very difficult
to implement and therefore laboratory tests in
transparent Plexiglas were chosen as the test
method. The Nitro Nobel Detonic Laboratory at
Vinterviken has used Plexiglas since the
1950´s, Langefors (1959) so the laboratory was
well experienced in using this material.

Sinkala (1989) also studied precision drilling
and how the drilling parameters must be
adjusted when the drill bit hits lamination,
bedding planes, joints or schistocity in the rock
mass. If the thrust is reduced when the bit hits a
border between hard and soft rock the blasthole
deviation will be reduced. The adjustment has
to be done automatically. The introduction of
this regulation in drilling machines could increase the life of the drilling machine, drill steel
and drill bit without lowering the total mean
penetration rate.

The hypothesis tested in this project was that
increased BSD would result in coarser
fragmentation.
1.1 Report from recent done literature review
Several papers have been published presenting
both qualitative and quantitative theories of
drilling. One such fundamental paper was
published by Brown et al (1981) summing up
the state of the art in rotary drilling. Rotary
drilling is a rotating crushing drilling method
compared to the normal percussion drilling
method used in Swedish mines but many
discoveries and results for the two methods are
similar. Brown et al (1981) presented five
qualitative and three quantitative theories for
borehole deviations due to drilling and rock
mass parameters. Brown summarizes the paper
by saying that no theory can predict the whole
deviation in different rock masses.

Xiangchun (1992) developed an analytical
model of the drill steel buckling in a borehole
and she showed how the buckling affects the
action of the drill bit and causes drill hole
deviations.
Yang et al (2016) used a 3-D computer
program for calculation of the fragmentation.
The model inputs the parameters of the nearfield blast vibrations attenuation and the Pwave velocity of the rock mass to model the
rock fragmentation at different inter hole and
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inter row delay times. In simulation of open pit
blasting the inter hole delay time 17 ms and
inter row delay time 25 ms was studied (17
ms/25 ms). The computer calculated the
complete size distribution for these delay times
to k80=762 mm and k50=50,8 mm. At delay
times 1 ms/1 ms the k80 was reduced to 178 mm
and k50 to 25,4 mm which is an enormous
reduction especially for k80. This model should
have the capacity to study the influence of
blasthole deviations but more algorithms has to
be introduced according to my opinion based
on the findings from the LTU-LKAB project
“Smallest distance between charged blastholes
for safe detonation” in sublevel caving blasting,
see Rustan (1993).
2

Figure 3

RESEARCH STRATEGY AND TEST
PROCEDURE

Drill
hole
approximated by
distribution.

deviations
a normal

Drawing of blasthole positions at different
blasthole deviations

The research strategy was to examine the
fragmentation at four different BSD σ = 0, 1, 2,
3 and 4 % which could represent common
blasthole deviations in mining. The laboratory
test for 0 % blasthole deviation was already
examined by Langefors by single hole blasting
of four rows with 10 holes in each row and with
burden B=7,1 mm and spacing S=14,1 mm in
Plexiglas plates with the dimensions
24.7x195x429 mm. All holes were drilled
parallel and perpendicular to the plate and in a
rectangular pattern. The plate represents a thin
horizontal section of the blasting pattern
simulated. The scaling factor was chosen to
1:200. The continued blasting at 3 different
BSD was done in plates cut from the same
sheet of Plexiglas as σ = 0 % blasthole
deviation plate to guarantee the same strength
properties of the material. The deviations in this
study are assumed to be normally distributed,
see Figure 3.

A Gauss clock curve was divided into classes
and the number of blastholes in each class
determined for 20 blastholes or half of the
clock curve. All blastholes are blasted one by
one. At 0 % blasthole deviation each row was
drilled separately and blasted hole by hole. For
the blasts at BSD 1, 2, 3 and 4 % all 40 holes
were drilled before start of blasting the holes.
Deviations for the 40 holes were calculated for
each hole in the four rows at BSD σ=4 % the
result for each hole noted down on a separate
piece of paper folded to a lottery and all lottery
tickets placed in bowl and mixed well. Then
drawing was done to find the deviation for each
individual blasthole from the bowl but without
returning the lottery ticket. A repetition of this
procedure would in fact have resulted in
different locations of the blastholes and this
will of course result in different fragmentation
at the same numerical blasthole deviation.
After deviations have been distributed to each
blasthole by lottery the blasthole deviation was
unintentionally a little reduced from 4 to 3,78
% because it is not possible to distribute a half
or a quarter of hole to achieve 4 % blasthole
deviation. The blasthole deviations at 1, 2 and 3
% for each hole were calculated by reducing
the numerical values calculated for 3,78 % by
the factors 0,25, 0,50 and 0,75 and the final
blast plans are presented in Figure 4.
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The design of the blasthole deviations is
therefore scaled down instead of making new
lotteries because then the result at different
blasthole deviations would not be comparable
with each other.

Selection of model material
Why use Plexiglas instead of real rock,
concrete or mortar? The answer is that the
crack development can easily be seen in a
transparent material and also the propagation
direction of cracks which is very important for
the damage of the surrounding blastholes.

Blasting of the first row behaved differently
because there were no cracks from earlier
blasting and therefore the first row is not used
in the evaluation process of fragmentation. The
order of blasting each hole is given by the row
number where Row 1 = a, =Row 2 = b. Row 3
= c and Row 4 = d followed by a sub-script 1 to
10 which denotes the position of the blasthole
in the row.

Figure 4

Tests have earlier been undertaken in
homogenous limestone plates at the Detonic
Laboratory but the problem was that the plates
were broken into two parts after the first hole
was shot.

Blasthole standard deviations (BSD) at 0, 0,94, 1,89 and 3,78 %. Overlapping of
rows can be seen twice at 3,78 % BSD. Model scale 1:200 by single hole blasting of
four rows with 10 holes in each row with burden B= 7,1 mm and spacing S= 14,1
mm in Plexiglas
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specific charge for this burden is called the
Langefors rock constant c which is used in
Langefors charge calculation formulas to give a
value for blastability. In Swedish hard rock
granite and gneiss the value is about 0,4 kg/m3
± 15 %.

Properties of Plexiglas and Explosives
The physical properties of the Plexiglas is
according to the manufacturer Röhm & Haas
Kunststoffe, West Germany 1963 as follows,
Plexiglas physical properties given by the
manufacturer and some other sources











The method reported by Fraenkel was in this
thesis expanded by the determination also of
the critical burden defined as the smallest
burden without breakage. These kinds of tests
were done in the same Plexiglas plates as used
in the thesis which means it differs from the
Fraenkel test because there was no confined
bottom of the blasthole.

Density: 1 190 kg/m3
Sound velocity: 2230 m/s
Crack velocity measured with Kerrcell camera in the Detonic Research Laboratory
~300 m/s. Crack velocity in ordinary glass
is considerable higher: 1500 m/s.
Uniaxial compressive strength: 137 MPa.
Tensile strength: 93,2 MPa at -40°C, 78,4
MPa at + 20°C, 34,3 MPa at + 70°C.
Young’s modulus determined in tensile
strength tests: 3139 MPa.
Poisons constant: υ = 0,25
Fracture toughness, initiation value: 0,7-1,8
MPa according to Finn Ouchterlony
Fracture toughness, instability value: 1,6
MPa according to Finn Ouchterlony

Preparation of the Plexiglas plates in scale
1:200
One of the two long sides of the Plexiglas plate
was milled and polished to a smooth well
defined bench front surface, see Figure 5.

The blastability of Plexiglas
During the process it was found that a method
has to be developed to determine the
blastability of Plexiglas like determination of
the critical burden or determine how the
particle size changes with the size of burden,
determine the throw length of the particles,
calculate the broken mass at different burdens
etc. The Livingstone crater theory was very
popular at the time for the thesis but this
method was rejected because the geometry is so
different to a bench or slab blasting and the
blast direction is axial com-pared to bench
blasting were the blast direction is
perpendicular to the blasthole axis.

Figure 5

Check of the smoothness of the
bench face with a measure clock
in a milling machine.

The blastholes were drilled through the plate.
There was therefore no confined bottom like in
ordinary bench blasting. A measure clock with
precision of ± 0,005 mm was used to orient the
plate in the mill be-fore setting out the
blastholes and the position of each holes was
marked with a drill doublet. The ac-curacy for
setting out of the blastholes was ±0,01 mm.

One test, reported by Fraenkel 1962, was to
make half scale single hole blast test in situ.
The aim with this test procedure was to
determine the maximum burden that was
recommended to be used in full scale bench
blasting. In the Fraenkel test a vertical blasthole
with diameter 33 mm is blasted with successive
increased charge in a 1 m high vertical bench
with horizontal bottom and 1 m burden until it
breaks with a maximum 1 m throw length. The

The mill was also used to collar the blastholes
to a depth of 2 mm. The blastholes were drilled
with a pillar drill machine in small steps 1-2
mm to be able to clean and cool the drill,
because if not, the drill would heat up the
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Plexiglas and fasten in the hole or worse is if
Plexiglas melts an increase of the blasthole
diameter would occur and that would later on
result in too much explosive when charging the
blastholes. There is also another negative
effect; thousands of very short and small cracks
are developed around the blasthole if the
Plexiglas is heated too much.




Explosives
As explosive, a mixture of two primary
explosives were used, lead azide (PbN6) and
lead trinitrore-corcinate (C6H(NO2)3PbO2) with
the weight ratio of 5 to 1. The two explosives
are very sensitive to initiation and therefore
rigorous handling of the explosive was
necessary. The explosives were stored safely in
steel container.

Charging of blastholes
The two explosives are sensitive so no static
electricity was allowed when charging the
blastholes and the moisture in the laboratory air
was maintained higher than 50 %. To avoid
static electricity the person charging the
blastholes had to be connected with a metal
bracelet and a grounded wire. Only small
quantities were mixed and used for charging.
The density of the explosive mixture after
packing in the blastholes was 2,59 g/cm3 and
the charge per hole was 0,044 g. Between the
charger and the charging of blastholes a
Plexiglas plate is used as protection in case of
accidental initiation, see Figure 6.

Properties of Lead azide


The explosive is a crystalline powder, white
to brownred coloured.
 Density: 4800 kg/m3.
 Flame temperature: 350°C.
 Velocity of detonation: 5400 m/s compare
to dynamite 7800 m/s.
 Detonation heat 367 kcal/kg (Dynamite 1
630 kcal/kg)
 Detonation temperature 3400°C (Dynamite
4970°C).
 Lead block expansion 40 compared to TNT
(trinitrotoluene) 100.
 Storing time capacity is unlimited up to
80°C.
 Dependent on the fact that the initiation
temperature is too high for initiation in the
laboratory lead azide is mixed with lead trinitrorecorcinate that can be initiated at a
lower temperature.
 Sensibility of impact: the explosive is
initiated by 2 kg weight falling from a
height of 6 cm.
In the 1960:s lead azide was used as initiation
material in blasting caps.

Figure 6

A Plexiglas plate was used as
protection against accidental
detonation.

A drill was pushed into the blasthole with its
flat bottom surface to the bottom of the hole
and 20 g modelling clay was fastened at the
bottom of the blasthole. After the drill was
removed the hole was charged with a small
quantity of explosive loaded in-to the blasthole
by impacting the V-formed copper charge ship
with a tweezers, see Figure 6. After charging

Properties of Lead trinitrorecorcinate




Detonation heat: 370 kcal/kg.
Detonation temperature: 2700°C.
Lead block test expansion is the same as for
lead azide.
Sensibility of impact: 2 kg weight falling
from a height of 7 cm. Corresponding
height for dynamite is 15 cm.
The volume density of the mixture of the
two explosives after charging into the
blastholes is 2590 kg/m3.

Density: 2900-3100 kg/m3.
Flame temperature: 310°C.
Velocity of detonation: 5200 m/s.
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1/3 of the length of the blasthole a club was
used to impact the short end of the Plexiglas
plate with the aim to pack the explosive. This
was done three times for each blasthole.

individual fragments down to 0,1 g were
weighed and the weight of the largest, three
largest and nine largest pieces determined. All
fragments from row b, c and d were mixed and
sieved together at each different BSD.

Initiation of blastholes

3

To initiate the blasthole a 20 cm long
constantan thread and in the middle a 4 mm
long ear was folded. The ear was pushed into
the charged blasthole and model clay was used
to fix the thread at the top of the plate see
Figure 7.

RESULTS

Blastability
The blastability of Plexiglas was not
systematically determined. However, an
indication of the blastability of the Plexiglas
occurred when blasting the first hole at 3,8 %
BSD where the real burden was 10 mm instead
of the planned 7,1 mm burden. The 100 mm
burden was just on the limit for breakage and
we can roughly consider it as the critical burden
because some pieces did not break off
completely. The critical burden was therefore
41 % larger than the used burden 7,1 mm. The
burden should have been in the order of 3,5 to
4,2 mm to simulate a full-scale blasting
regarding fragmentation.
Observations after blasting

Figure 7

1) Normally the breakage is better at the
bottom of the blasthole compared to the top
of the blasthole.
2) At the top of the blasthole a crater of 5 mm
in diameter and depth 3 mm is formed.
3) At the bottom there are hundreds of tiny
cracks in form of a cloud with the diameter
8 mm and height 5 mm.
4) Long radial cracks are developed randomly
and do not necessarily develop to empty
and not yet blasted drill holes.
5) The radial cracks can reach a maximum
length of 6 times the size of the burden.
6) It must, however, be emphasized that the
fragment size distribution is too coarse
com-pared to what could be expected in full
scale. The weight-% of the boulders should
be in the order of 1-5 weight-% of the
blasted material and in the Plexiglas model
tests per-formed it was ~50 % or 10 to 50
times higher.
7) A huge boulder was created when blasting
the first hole, b1, in row 2 at 3,8 % BSD,
see Figure 8. In this particular case the
boulder was reduced later on when blasting
other holes.

Plexiglas model prepared for
blasting and confined at its short
sides by a clamp.

The diameter of the thread was 0,2 mm and the
resistivity 15,1 Ω/m. The Plexiglas plate was
confined at the short sides with two pieces of
wood and a clamp. Cloth is winded around the
plate and a weight is placed on the top to
collect all pieces produced at blasting. Initiation
was made at a voltage of 3 000 V from two
parallel coupled capacitors each containing 6
μF.
The order of initiation of the blastholes is given
by the subscript of the letter a, b, c or d used for
each row see Figure 4. The opening of a row is
always made in the middle of the row and
continues first to the left if standing in front of
the bench and then to the right. All holes are
single hole blasted.
After blasting
The blasted plate was cleaned by bensol and the
fragmentation was photographed together with
the plate after each single hole blast and all
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Figure 10 illustrates a weak exponential
upwards trend for all three curves. The dip at
1,9 % BSD, however, was not expected.
If BSD increases from 2 to 4 % the weight of
the 9 largest boulders will increase from 35 to
52 % of the total blasted material and this
would imply an in-crease in boulder handling
cost of 52/35x100=49 % if we assume boulder
handling costs are proportional to the mass of
boulders. If only the 3 largest boulders are
included, the increase in cost will be 52 % and
for 1 boulder the increase in cost will be 70 %.
Figure 8

Big boulder is formed, during the
blasting of blasthole b1 at σ=3,78
%, still weakly attached to the
blast front.

8) Many boulders were caused by a radial
cracks turning backwards in direction to the
row behind and then the radial crack could
follow the row 10 to 20 mm and turn back
to the free face. This is what we normally
call backbreak.
9) A huge boulder was created when blasting
the side hole in row 4, d5, at 3,8 % BSD see
Figure 9.

Figure 9

Figure 10 The weight of the 1, 3 or 9 largest
boulders/weight of fragments
from row b, c and d versus
blasthole deviation.

A huge boulder was formed
when blasting the left side hole in
row 4, denoted d5, at 3,8%
blasthole
standard
deviation(BSD).

Fragment size distribution versus blasthole
standard deviation (BSD)
When the first row, row a, was blasted there
were no cracks in the Plexiglas and it was early
observed that the first row behaved quite
different compared to the three following rows,
row b, c and d and therefore the result from the
first row was not included in the result. Sieving
was undertaken with sieves from 0,0074 mm to

Mass of boulders
The result mass of the largest, the three largest
or nine largest boulder in row b, c and d are
divided by the mass of all fragments from b, c
and d and the result illustrated in Figure 10.
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18,5 mm. The sieving data is shown in Figure
11.

the boulder limit, the mass of boulders will be 7
% at σ=0,9 % and 11,6 % at σ =1,9 %, and 25
% at σ =3,8 % BSD. What is the reason to this
dramatic change in percentage of boulders?
One possible explanation is that more and more
blastholes are destroyed at the higher BSD or
are lost within boulders. In the real world the
blastholes normally can´t be initiated
simultaneously because of too high ground
vibrations and therefore each hole is initiated
on a separate delay. To achieve a complete
detonation of a round in full scale it is
necessary to fire all blastholes instantaneously.

The four distributions shown in the double
logarithmic diagram are almost parallel and
have therefore all the same fragmentation
gradient n (slope). The theoretical variation
range of the fragmentation gradient n is 0 to 1
and it indicates the uniformity of the particle
size distribution. Number 1 denotes mono
grained material and 0 a material with an
infinite range of fragment sizes. There is a clear
increase in fragment size distribution with
increased BSD in the tested range 0 % and 3,8
%. The research hypothesis was therefore
verified. The mean fragment size k50 has the
following value at different BSD:s, 0 % 6,4
mm, 0,9 % 9,6 mm, 1,9 % 10 mm and 3,8 % 15
mm.

In Table 1 all blastholes, that could not be
charged, are shown.
When BSD is increased the detonated specific
charge will decrease from 59,0 g/kg at σ=0 %
to 39,3 g/kg at σ=3,8 because holes are lost and
cannot be charged. This means a reduction of
33 % in specific charge. In the real mine this
will be very costly because money has been
spent to drill, charge and initiate these
blastholes without getting any breakage from
the holes. Observe also that increased BSD also
will affect the blasting in row “a” of 1 blasthole
at σ=1,9 % and 2 blastholes at σ=3,78 %. A
very negative effect is that the non-detonated
explosive will be dissolved by mine water and
pollute the water outside the mine.
In Table 2. The number of blastholes
unintentional destroyed by earlier fired charges
are shown per row.
There is a clear tendency that the number of
blastholes destroyed per row increases from 3
to 13 blastholes when the sum of all the four
BSD are counted and the deeper the blast is
done the larger is the number of destroyed
blastholes.

Figure 11 Fragment size distribution after
blasting in Plexiglas at different
blasthole standard deviations
(BSD:s) σ (%).
If we assume 0 weight-% boulders at 0 % BSD
in Figure 11 this corresponds to the sieve size
of 19 mm, and if that mesh size is regarded as
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Table 1

Blastholes destroyed by earlier fired blastholes (Row a, b, c and d).

Blasthole
standard
deviation
(BSD) %
0
0,9
1,9
3,8
Table 2

Row
a
b
c
d
n

Unintentional or
lost blastholes in
boulders
(Number)
b2, c4, c7, d6
b3, b6, c3, c4, c8,
c9, d3, d7
a2, b3, b4,,b8, c4,
c8, c9, d1, d3
a2, a5, b2, b3, b4,
b7, c9, c10, d1, d2,
d3, d4, d6, d7, d8,
d9

Unintentional
blastholes.

Destroyed
blastholes
No.

Destroyed
blastholes
%

4

13,3

59,0

65,5

8

26,7

52,4

65,5

9

30,0

50,8

65,5

16

53,3

39,3

65,5

destruction

of

Sum of destroyed blastholes per row
and four plates
(No.)
3
10
11
13
2,2 – 0,014B/d 1 – σ/B 1

Real specific
Theoretical
charge g/kg specific charge
g/kg

Test of the Cunningham formula for BSD
In the literature a formula developed by
Cunning-ham is including BSD σ with unit in
m instead of expressing it in σ percent. The
formula reads as follows in Equation:

S/B – 1 /2 L/H
4

where n is the fragmentation gradient that
deter-mines the slope of the fragmentation
curves in the double logarithmic sieve analysis
diagram, B is the burden in m, d is blasthole
diameter in m, σ is the standard deviation of
drilling accuracy in m, S is the spacing of the
blastholes in m, L is the charge length above
grade level in m and H is the bench height in m.

(1)

CONCLUSIONS

1) The hypothesis mentioned in the beginning
of the paper that a larger BSD will create
coarser fragment size distribution and more
boulders was verified, although the
difference in fragmentation between BSD
0,94 and 1,89 % was much less than
expected.
2) The value of n was found in this work to be
independent of the BSD and it was
therefore not possible to verify the use of
BSD σ in the Cunningham 1983 formula at
least in model tests and Plexiglas.
3) The fragmentation in the model tests in
Plexiglas, however, was too large to
represent a scaled fragmentation due to the
high compressive strength of the Plexiglas,
137 MPa. Later findings by Rustan (1970)
have shown that the compressive strength
must be lower than 3 MPa and it must also
be combined with weakness planes in the
model material.

If we look on the multiplier term (1- σ/b) in
Cunningham’s formula an increase in σ will
correspond to a reduction of the multiplier and
thereby n will decrease which means a less
monograined material. Figure 11 shows,
however, that the n-factor is almost constant
when blasting in Plexiglas and not dependent
on BSD or σ. It is therefore necessary to test the
influence of BSD on fragmentation in full scale
rock with different acoustic impedances to find
out if the Cunningham findings can be
generalized.
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Per Anders Persson 7became later the new head
of the Detonic Laboratory and he was very
careful in checking the thesis.

4) The drilling of blastholes in Plexiglas is
very time consuming and therefore a better
technique was developed by Rustan (1970)
where the blastholes are created by
inserting oiled steel rods before casting the
blast models.
5) The use of the two very sensitive primary
ex-plosives must be avoided. A safer
explosive to use is PETN
(Pentaerythritoltertranitrate) which still, is
classified as a high explosive.
5

My examiner prof. Ingvar Janelid and
supervisor Sven Gunnar Bergdahl8 are also
hearty thanked for their help to check the thesis.
I also like to express my sincere thanks to P. G.
Laren for his help to find a method to distribute
the blastholes according to the size of the
blasthole standard deviations BSD. For the help
to advice me how to do the practical work
safely in the Detonic Laboratory my hearty
thanks are addressed to Algot Persson 9, Anders
Ladegaard Pedersen10 and Tommy Sjölin11 who
teached me how to do the blast test. Mr. Remi
Proulx and Scott Scovira from Orica kindly
reviewed the manuscript and made useful
comments. Mr. Chris Dahl from Southwest
Energy LLC kindly assisted with some field
measurements.

FUTURE RESEARCH AND
DEVELOPMENT

1) The initiation of the blastholes hole by hole
is time consuming and therefore short delay
time blasting in model scale should be
introduced. An equipment for this purpose
was later on manufactured at the Swedish
Detonic Research Laboratory by Algot
Persson and used both at KTH and LTU
(Luleå Univerity of Technology).
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ABSTRACT
Rock fragmentation is one of the primary goals in blasting, especially in mining applications.
Reasonable size distribution of the fragmented rock is of great significance for saving mining costs.
A reasonable delay time in blasting has a good improvement on the size distribution. By means of
theoretical analysis and numerical simulation, the effect of millisecond delay on fragmentation of
rock has been analysed. Lagrange one-dimensional characteristic theory was used to analyse the
influence of delay interval on rock fragmentation. Based on the stress wave theory, the relationship
between millisecond delay and rock fragmentation has been investigated.
1 INTRODUCTION

precise delay electronic detonators to increase
the rock fragmentation of the 500 mm increased
from 57% to 79% and the 1000 mm dropped
from 27% to 5%. (Lewis and Pereira 2003) and
(McKinstry et al. 2002) showed that the use of
precise delays with electronic detonators could
achieve good effects on the crushing. In the
Newlands coal mine, (Batten et al. 2010) used
electronic detonators to improve the quality of
the rock fragmentation which improved the
production efficiency and achieved good
economic results. (Petropoolus et al. 2013)
evaluated the effect of different delay on the
rock fragmentation through indoor model tests.
(Schill 2012) and (Yi et al. 2013) used LSDYNA to model rock fragmentation at different
millisecond delay intervals.

With the widespread use of the electronic
detonators, the effect of millisecond delay
interval on blasting is attracting more and more
attention, especially in vibration control and
rock fragmentation. The electronic detonator
has the advantage of the time delay interval
which could be set in the range of 1ms
to1000ms, making it possible to improve the
rock fragmentation by changing the millisecond
delay time. This area has been investigated by
others, for example (Stagg and Rholl 1987).
They carried out reduced scale experiments and
suggested that the fragmentation improves
when delays exceed 3.3 ms/m of burden.
(Otterness et al. 1991) have presented full
fragmentation data from 29 shots on reduced
scale models. They suggested that delays in the
range of 3.3 to 13 ms/m of burden have an
improvement on fragmentation by 12 –20%.
(Paley 2010) used pyrotechnical detonators and
precise electronic detonators in the Red Dog
Mine in the United States, where he shortened
the delay time from 25ms to 17ms. This
increased the rock fragmentation rate by 20%
with normal detonators and reduced the rock
fragmentation rate by 30% with electronic
detonators. The effect on crushing can also be
improved with time delay. (Koenig 1998) used

From the previous investigations, we can see
that in order to improve rock fragmentation
more and more attention has been paid on the
precise delay interval. Meanwhile, the
advantages of precise delay in improving rock
fragmentation are further evaluated through
relevant experiments and field practices. But
the mechanism of millisecond delay on rock
fragmentation and the millisecond delay
interval setting are not clear. This paper further
reveals the essential relationship between
millisecond delays and rock fragmentation.
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This was done with numerical modelling with
LS-Dyna.

the two holes, where SE is the S wave

2 THEORETICAL ANALYSES

wave, the PE is the tensile component of p wave,

The shock wave generated from the explosive
detonation in rock, resulting in the stress wave
propagating to the surrounding rock. The
corresponding waveform in time and space are
shown in Figure 1 (Rossmanith 2002) where
the symbol,"+", represents compression, the
symbol "-" is tension, W is the wavelength, tW
is the wave propagation time,  is stress, t is
the time and X is the distance. The onedimensional Lagrange description of stress
wave in time and space is shown in Figure 2,
where the P wave and S wave propagation
speed is different. Accordingly, in the same
distance the two waves are separated. The
interaction between the P-wave and the
transverse wave is shown in Figure 2.

and the PF is the compressive component of p
wave. # 1 and # 2 are the blast hole 1 and the
blast hole 2, respectively. In Figure 3, the
different areas of interaction between
compressive and tensile components of the S
wave and the P wave are seen. If there is a
delay interval between the two holes, the
compression wave and the wave will stretch
along the axis vertical axis moves upward,
forming new area as shown in Figure 3 (b) is
shown at the t * moment at X * of the point O in
Fig. 3 (a), the forming region which generated
S wave compression wave by the 1 hole, P
wave generated compression wave by the 2
hole, as in the O point in Figure 3 (b) by the
hole 1 and hole 2 of S wave compression wave.
Under the condition of simultaneous initiation,
the point O is affected by both compressive and
tensile components of waves under the
condition of simultaneous initiation, while it is
subjected to compressive stress when the
detonators are initiated by a proper time
interval. Therefore, the delay interval can
change the stress state of the point at the given
timing, thus the fragmentation effect of rock
can be changed under the P-waves.



stretching wave, SF is S wave compression
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The shape of stress wave in
space and time.
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Figure 2

P wave and S wave propagation
form Lagrange.

Figure 3a One
dimensional
Lagrange
diagram of the two hole
interaction.
Simultaneous
initiation after (Rossmanith
2002).

In order to further consider the interaction
between stress waves, as shown in Figure 3, the
method
of
one-dimensional
Lagrange
characteristics of the stress waves generated in
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maximum and then gradually decreases and the
pressure history is divided into two phases,
rising and descending stages, as shown in
Figure (4). In descending process, with time the
dynamic pressure will be infinitely close to 0.
Accordingly, the moment t z when the pressure
is close to 0 is regarded as the end of dynamic
pressure effect. Accordingly, the rising time of
dynamic pressure is t s , descending time is t z -

t s , and dynamic pressure action time is t z .
The dynamic pressure relationship (Duvall
1953) in Figure 4 can be expressed as



P  t   P0 ent

Figure 3b One
dimensional
Lagrange
diagram of the two hole
interaction. Interval time after
(Rossmanith 2002).



Let   n

2 ，   m

2

 e  m t1

2

 e mt

2



(1)

Here n and m are dimensionless quantities and
the distance-dependent damping parameters, as
shown in Figure 5. Point A between hole 1 and
hole 2 are affected by the stress wave generated
by the two holes. The initiation times of hole 1
and hole 2 are set to t1 and t2, respectively. The
pressure history of point A can be expressed as:

The process of explosion load is that firstly the
pressure is increased and then the pressure is
reduced, and the pressure increasing speed is
obviously greater than the depressurization
speed. Therefore, it can be considered that the
dynamic pressure p (t) acting on the inner wall
of the borehole rapidly increases to the
P  A   P  t1   P  t 2   P0 e  n t1

2

  P e
0

 n t 2

2

 e  m t 2

2



(2)

2 Equation (2) can be written as







P  A   P  t1   P  t2   P0 e  t1  e   t1  P0 e  t2  e   t2



(3)

Equation (3) uses Taylor expansion to derive as (ignoring high order terms)

1
1
1
1


P  A  1   t1   2t12 -1+ t1 -  t12  1   t2   2t22 -1+ t2 -  t22 
2
2
2
2


If t  t2  t1 , Equation (4) is can be written as
the quadratic function of  t , where the
maximum value exists at the initial moment.
 t Can be expressed as
t 

2
 m  n

where  

(4)

2 2CP
, Cp for the rock longitudinal
3a

wave velocity, a is the radius of the cavity.
Equation (5) can be written as

t 

(5)
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the bench, the bottom bench width 17.5 m,
bench height is 10 m, the bench length is 18 m,
the length of charge is 7 m, stem length is 3 m,
the hole spacing is 6 m and the burden is 3m.
The top and the front surfaces of the bench are
free boundaries, while the other surfaces are
non-reflective boundaries. The time delay
interval is set to 0 ms, 2 ms, 4 ms, 6 ms, and 8
ms.

It can be seen from Equation (6) that it is a
function of rock properties and the amount of
explosives.

P t 

ts

Figure 4

tz

The action process of the
dynamic pressure on the inner
wall of the blasting hole.
#1

Free surface

#2
Stem

A

Charge

Stress wave

Figure 6

Figure 5

Two
hole
propagation.

stress

3.2 numerical simulation material model and
parameter

wave

The explosive was modelled with the explosive
material model in LS-DYNA and

3 NUMERICAL SIMULATION

The Jones-Wilkins-Lee (JWL) equation of
state.

3.1 Numerical Simulation Model
The electronic detonator actualizes the precise
delay control on the hole by hole detonation.
Therefore, the influence of the delay time
interval between the two adjacent holes is
mainly discussed by numerical simulation. Due
to the limitations in the computational ability,
the simulation model was restricted, as shown
in Figure 6. The model height is 15 m, the hole
diameter is 200 mm, width is 10 m the top of
Table 1

Bench mode (unit：m)



   R1V
   R2V  E
 B 1 

p  A 1 
(4)
e
e
R1V 
R2V 
V



where p is the pressure, A，B，R1，R2，ω are
constants; V and E are the specific volume and
the internal energy respectively. The parameter
values of Rock emulsification used in
simulation (Xia et al. 2006).

Explosive parameter

ρ

D

A

B

(g/mm )

(mm/ms)

MPa

MPa

1×10-3

3200

1×103

3.18×104

3

ω

R1

R2

E
(J/m3)
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0.0479

8

3.54

4.268×109
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reaches the failure surface, the parametric
damage model is added to control the damage
evolution. The damage evolution is also driven
by the plastic strain. Through the difference
between the failure surface and the residual
strength surface, the damage evolution then
shows the limit surface after the failure stress.
For completely damaged materials, there is no
meridian or strain rate relationship, and the
shear strength only exists under the limiting
conditions (under positive pressure). The main
material parameters involved are listed in Table
2. Where GAMMA is the Gruneisen constant;
B0, B0, T1 and T2 are the state equation
parameters; A1, A2 and A3 are the Hugoniot
equation parameters; A and N are the yield
surface parameters; Q0 and B are the Lode
angle parameters; and GC * and GT * are the
tensile yield surface parameters; XI is the shear
modulus reduction factor; D1 and D2 are for
the injury factor; AF and NF are the residual
surface parameters.

The rock and stemming materials are described
by the RHT model (Li 2016), whose strength
model is achieved by introducing three extreme
faces: the initial elastic yield face, the failure
face, and the residual strength face. These
surfaces explain the reduction in intensity along
different meridians, as well as explain the strain
rate effect. The failure surface that is the final
strength of the rock is composed of different
material parameters including the compressive,
tensile and shear strengths of the rock. The
initial yield surface consists of a portion of the
data entered by the user (along the failure plane
of the tensile and compressional meridian) plus
another curve (the entire curve is closed at pore
pressure collapse). Typical loading procedures
are as follows. The model is elastic when it
reaches the initial yield, beyond which a plastic
strain is initiated. The plastic strain combined
with rock hardening properties is used to create
an effective yield surface by a method of initial
difference between the yield surface and the
failure surface. Similarly, when the stress
Table 2
Density
g/mm3
2.414×10-3

Rock parameter
Modulus
of
Eroded
elasticity plastic strain
/MPa
16.7×103
2.0

compressive Relative
strength
shear
/MPa
strength
35
1.0

Relative
tensile
strength
0.3

B0

B1

T1/MPa

A

N

1.22

1.22

3.527×104

1.6

0.61

Q0

B

T2/MPa

0.6805

0.0105

0

0.036

Plastic
strain of
tensile
volume
0.001

AF

NF

GAMMA

1.6

0.61

0

Porous
index

Initial
porosity

3

1.1884

Failure of Failure of Compression Tensile
compression tensile
strain rate strain rate
strain rate strain rate
index
index
3×1022

3×1022

0.032

D1

D2

0.04

1.0

Minimum
damage
residual
strain
0.01

crushing
pressure
/MPa
23.3

compaction
pressure
/MPa
6×103

A3/MPa
9.04×103
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Reference Reference
compression tensile
strain rate strain rate
3×10-8
3×10-9

GC*

GT*

XI

0.53

0.7

0.5

A1/MPa

A2/MPa

3.527×104 3.958×104
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4 RESULTS AND DISCUSSION

where the distribution of rock mass is poor.
Therefore, the block distribution of 6ms is more
reasonable.

Figure 7 shows that the damage varies on the
cross section across the middle point of the
two-hole line. When the damage value is
greater than 0.7 (Yi 2013) the corresponding
element is deleted, which form the area range in
Figure 7. From Figure 7, we can see that as the
delay interval increases, the remaining area in
the upper gradually decreases and then
increases. The upper area is the largest at 0ms
delay time, and the upper area of the 6ms
interval is the smallest. In the middle of the
steps, the delay interval of 2ms has the larger
remaining areas than that in the rear and the
front parts. In other cases, there are larger
remaining areas in the front part. The delay
intervals of 4ms and 6ms changes in the area
reserved for the rear position in the central area
of the stage is more uniform, in a position to the
rear of the stage (Figure 7 (a) in the circle
position), the remaining area of small delay
interval time 0ms, there are some excessive
breaking conditions. At the bottom of the bench
with the increase of the delay interval, there is a
small difference in the change of the root. In
order to study more intuitive effect on the delay
interval of rock fragmentation, will be reserved
in Figure 8 the regional area of statistics, as
shown in Figure 8, can be seen from figure 8,
the reserved area of delay interval time 0ms
minimum, reserved area of delay interval time
4ms the maximum delay interval of 2ms.
Reserved area of the reserved area of difference
delay interval of 6ms and 8ms is not great. In
Figure 8 the difference between the minimum
and the maximum of remaining area is 10%,
which indicates that the millisecond delay
interval reasonably improves the rock crushing
and greatly reduces the rock fragmentation ratio
range. For the upper part of the rock
fragmentation bench has certain improvement,
so as to reduce the bulk production.

Figure 7

The middle section of the Two
blast-holes

Figure 8

The remaining area of the
middle section of the two blastholes

Figure 9

Curve of fragmentation

5 CONCLUSIONS
Based on one-dimensional stress wave theory,
we revealed that the time delay interval can
change the stress state of rock materials. The
numerical simulation was used to investigate
the influences of different blasting delay
intervals on the fracture pattern and we found
that the delay interval has a great influence on
rock fractures. Reasonable setting of delay
interval has an important influence on

Figure.7 is analysed by MATLAB, and the
block curves of Figure 9are obtained. From
Figure 9, we can see that the bulk distribution is
more uniform and the cumulative content is
more than 50% in the case of a 6ms delay time.
The accumulation of block degree at 8ms is
mostly around 35%, and the accumulation of
block degree is less than 60% in other cases,
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improving the rock fragmentation on the top of
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The fragmentation-energy fan concept applied to blasting and
drop weight comminution of rock
F. Ouchterlony1 and J. A . Sanchidrián2
[1] Dept Mineral Resources Engineering, Montanuniversitaet Leoben, Leoben, Austria
[2] ETSI Minas, Universidad Politécnica de Madrid, Madrid, Spain

ABSTRACT
A new regularity in blast fragmentation called the fragmentation-energy fan was recently discovered.
When plotting distribution free percentile passing fragment sizes for blasted rock versus specific
charge in a
. log
diagram, then the regression lines for different -values tend to be
straight with slopes
and to converge on a common focal point. A consequence is that if
is known then the mathematical form of
, is known and the Swebrec distribution incorporates
the fan behavior. This fan is an important component in new prediction equations for blast fragmentation that have error levels of half of those of the Kuz-Ram or CZM models. The fan concept is also
applied to drop weight testing data used to assess the crushability of ores in comminution. A closed
⁄
form solution for the
vs. drop weight energy
for arbitrary fragment sizes is
derived,
,
without a priori assuming the form of the function.
1

INTRODUCTION

Kuz-Ram model contains a prediction equation
for which is independent of . Similar to
,
the RR function was for a long time the uncontested choice to describe a sieving curve but it
normally underestimates the amount of muck
pile fines and always predicts an unrealistic infinite boulder top size.

The Soviet precursors to the Kuz-Ram model
(Koshelev et al. 1971, Kuznetsov 1973) used the
mean fragment size
in their prediction equations for blast fragmentation and stated that the
Rosin-Rammler or RR function (Rosin &
Rammler 1933) described the fragment size distribution well. When Cunningham (1983) introduced the more complete Kuz-Ram model at the
1st Fragblast symposium in Luleå, he de facto
inchose to use the median fragment size
stead of the mean and proposed
/
where (kg/m3) is the specific charge and the
exponent
0.8. Here all other dependencies
have been lumped into . The way he did this
caused some controversy though (Spathis 2004,
Ouchterlony 2015, 2016). It is fair to say that
since then
rather than the mean is used as the
main fragment descriptor in blast engineering.

Researchers at the JKMRC addressed the fines
issue with their CZM and TCM models (Kanchibotla et al. 1999, Djordjevic 1999) in which a
second RR function was used to describe the
fines. The CZM has seen development (Esen et
al. 2003, Onederra et al. 2004) and frequent use
in consulting work but all model equations haven’t been published in the open literature. The
discovery
of
the
Swebrec
function
;
,
, , see Ouchterlony
(2005, 2009a), addressed both the fines issue and
introduced a limited top size
. The undulation exponent is, like a shape parameter.
usually fits blast sieving data much
better over a much larger size range than the
Rosin-Rammler function (Sanchidrián et al.
2014; Sanchidrián 2015).

Like the Soviet researchers Cunningham (1983,
;
, to de1987) used the RR function
scribe the fragment size distribution or sieving
curve as muck pile mass passing versus mesh
size . The parameter is called the uniformity
index and describes the shape of the curve. The
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The first use of the Swebrec function in the KuzRam model was called the KCO model (Ouchterlony 2005) but the model was incomplete as
only vague equations for
and were given.
Later, a theoretical, dimensional analysis supported the use of the Swebrec function instead of
the Rosin-Rammler function (Ouchterlony
2009b) and it became clear that the parameter
,
,
in
could be retriplet
placed by triplets like
, / ,
/
50%, e.g.
,
/
,
/
(Ouchterlony & Paley 2013).
While these triplets are parameters of a transformed Swebrec function they are also distribution free in the sense that their determination
from the sieving data requires no knowledge
about an underlying distribution function.

Figure 1

Full-scale quarry blasting tests on the effect of
changing specific charge on fragmentation have
confirmed the efficacy of the Swebrec function
(Ouchterlony et al. 2006, 2015) and that ought
to be constant to avoid that when blasting harder,
i.e. with higher specific charge, formulas would
predict less fines. An equation like
/  described the maximum fragment size well with values of and  that were
. This was in line with
different than those for
results of dimensional analysis.

Plots of x20, x50 and x80 vs specific charge, data from Otterness
et al. (1991). See Ouchterlony et
al. (2017a, fig 1).

As there is no fundamental fragmentation theory
that defines a ‘correct’ general fragment size distribution this all opened up for wider study of
how blasting data in distribution-free form,
for given values of , depend on specific charge
. This was made by Ouchterlony et al. (2017a,
b) and resulted in the discovery of the fragmentation-energy fan. Its consequences for improved blast prediction equations were explored
in the companion papers Sanchidrián & Ouchterlony (2017a, b) and for Drop Weight Testing
in Ouchterlony & Sanchidrián (2018). This is
presented here in abbreviated form.

Otterness et al. (1991) had conducted extensive
1/10th scale bench blasting tests in layered dolomite. A simple RR description of their sieving
data was not sufficient, they tried combining
several functions and chose a RR function for
the fines and the normal distribution for the
coarser material. Using these fits they derived
e.g. prediction equations for the
20, 50 and
80% percentile sizes. Chung & Katsabanis
(2000) used these data to produce Kuz-Ram like
equations
/
for
50 and 80%.
Figure 1 shows a log-log plot of
data and fitted lines based on Otterness et al. (1991) data.
Since
ln 1/ 1 P ⁄ln 2 /
ln ⁄
the RR sieving curve is defined by
⁄
,
but is
e.g. the parameter pair
no longer independent of , which the Kuz-Ram
model still prescribes (Cunningham 2005).

2

THE FRAGMENTATION-ENERGY
FAN

An extensive review of sieved blast fragmentation data in model and full-scale was made and
straight lines fitted to the
data in log-log
space for a range of -values; ln
ln
∙ ln . Figure 2 gives data for blasting of
model cylinders of limestone and Figure 3 one
for bench blasting in granite. Figures from
Ouchterlony et al. (2017a).
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power-law type that for different P-values con,
.
verge to a common focal point
Table 1

Straight
∙
BIT

lines
for model cylinders.
CP

NK-F

40.8 0.87 0.937 30.1 0.87 0.957 26.7 1.01 0.950
33.0 0.93 0.969 23.0 0.95 0.967 20.6 1.12 0.955
26.6 0.99 0.984 17.1 1.02 0.970 15.4 1.22 0.957
20.2 1.06 0.992 11.8 1.11 0.971 10.5 1.39 0.959
12.9 1.19 0.984 6.40 1.28 0.976 5.14 1.64 0.946

lines for P = 20, 35, 50, 65
and 80% for CP limestone cylinders. X are data not included in
the fits.

Figure 3

lines for P = 20, 35, 50, 65
and 80% for bench rounds in
Bårarp granite.

This behavior is called the fragmentation-energy
fan, a focal point with diverging
rays
(lines). It is valid within a limited range of values. The focal point lies outside the region in
. space where breakage actually occurs.
It may, practically seen, lie at infinity for parallel
lines. For blast damaged and jointed material
this convergence of the -lines on a common
focal point is subject to substantial scatter in the
individual cases but not so for the average overall behavior, see Figure 4, where data from 169
bench blast were used. The convergence on a focal point is statistically significant (Sanchidrián
& Ouchterlony (2017a, b).

xP (mm)

Figure 2

Table 1 gives numerical data for blasted cylinders of amphibolite (BIT) and limestone (CP &
NK-F).
There is a clear tendency for the -lines to converge on a common point and this is repeated
over and over again in the examples given by
Ouchterlony et al. (2017a, b). This lead to the
following hypothesis: When blasting in a given
geometry and changing the specific charge, either through changing the charge size (hole diameter) or through a change in geometry
through the breakage burden e.g., then the fragmentation can be described by percentile mass
passing
vs. specific charge relationships of

Figure 4

Fragment sizes
for bench
blasts vs. specific energy
.

This lead to the following: The fragmentationenergy fan behavior may be written
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⁄

with Eqn 3 that
, may be written in a form
where the -dependence is explicit

(1a)

⁄

or
ln

⁄

⁄

/ln

,

(2b)

when

and

/ln

(5)

/

It is recognized that the Swebrec function is a
special case of Eqn 4 when
. This
function is defined by Ouchterlony (2005,
2009a)

An inversion of
is possible if is a suitable
monotonically decreasing function of the argument
ln ⁄

⁄
⁄

(2)

⁄

1/ 1

.
when

A geometric interpretation of Eqns 1 and 2 with
similar triangles is given in Figure 5.

⁄

(6)

⁄

. Inserting Eqn 1 into Eqn 6 for
50 and 100% and solving for  yields
∙ 1/

1

⁄

(7)

Eqns 5, 6 and 7 are key equations in the sequel.
Ouchterlony et al. (2017a, b) also showed that
length normalized fragmentation data showed
fragmentation-energy fan behavior and that one
could expect the same when also a size scaled
energy term was used.
3

Figure 5

This and the previous dimensional analysis by
Ouchterlony (2009b) lead Sanchidrián & Ouchterlony (2017a, b) to suggest the prediction
equation

Fragmentation-energy fan with
similar triangles.

Using the rays for
50 and 100% then with
there follows that
⁄

⁄

⁄

⁄

∙

⁄
⁄

(8)

Here is a characteristic size, is a fragments
shape factor,
is a bench shape factor, is a
rock strength value, is the energy of the explosive per unit mass, is a reference length, and
, , and are constants to be determined. Note
the equivalence between in Eqn 8 and in Eqn
1,
. The distinction was kept to help the
detailed reading of Sanchidrián & Ouchterlony
(2017a, b). Furthermore, the intensity of the
blasting is based on energy (J/kg), → ∙ to
be able to compare blasts where different explosives have been used.

(3)

Here the -dependence is ‘hidden’ in
and
and the logarithm ratios translate into distances like in Figure 5. Eqn 3 represents a linear
transformation of the function argument in Eqn
2. Substituting Eqn 3 into Eqn 2, this becomes,
with being here a different function

,

A DISTRIBUTION FREE BLAST
MODEL

(4)

This form is useful for describing the sieving
curve of a specific test, i.e. to describe
,
. Thus, if the form of Eqn 4 is determined by curve fitting to fragmentation data that
show fragmentation-energy fan behavior with
the focal point
,
then there follows that,

The experimental basis for this determination
was 134 single and 35 multi-row bench blasts
from the literature in which the fragmentation
had been sieved and for which explosives, rock
and rock mass data had been given, see
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Sanchidrián & Ouchterlony (2017a, b) for a detailed description.

allow a fair influence of the small data values.
The result for the 50 percentile sizes
of the
distributions data was a modest coefficient of de0.641. The relative root mean
termination,
squared error
, the root mean squared error divided by the mean of / was 0.673 and
the mean absolute relative logarithmic error
was 0.450. This is not impressive but
two important factors have been neglected, the
jointing of the rock mass and the initiation delay.

A number of choices were needed to turn Eqn 8
into a working prediction model. The best determination of the model occurred when
was chosen with
being the bench
√ ∙
height and the blast hole spacing. The bench
shape factor then is
/ √
with
being the inclination angle to the vertical of
the blast holes. It was further assumed that the
strength of the rock was volume dependent so
∗
that
is invariant and the reference
length was chosen as unity in the same units
was
as used for . Finally the group /
lumped into a single
dependent parameter
called , which should tend to zero with .

For the effect of jointing the classical approach
was used (Lilly 1986, 1992; Scott 1996). Here
the effect of the discontinuities is described by
means of a combination of a spacing and an
orientation term through a factor
.
The spacing term is formulated as a non-dimensional ratio / where is the mean discontinuity spacing and a characteristic length.
, the burden gave a higher determination for
the model. A limiting value
is required for
large joint spacing:

With the functional dependencies
and
stated, the exponents and in Eqn 8 were
also allowed to vary with , i.e.
and
. The latter might also have been considered a rock mass property that is constant.
Several versions of the rock strength value were
tested and
/ 2
with
being the
compressive strength and the Young’s modulus was, somewhat surprisingly found to give the
best results. This makes the stored elastic energy at compressive failure.

∙

with

/ 2

(10)

The joints orientation term is defined as
where is Lilly’s joints orientation index
0.25 (horizontal), 0.5
normalized to one:
(dipping out of the face), 0.75 (sub-vertical
striking normal to the face) and 1 (dipping into
the face or no visible jointing). Here now
and
are P-dependent parameters to be determined by fitting to the data

With this Eqn 8 could be written
∙

⁄ ,

min

(9)

,

There are four parameter dependencies on to
be determined;
,
,
and
.
For each set of fragmentation data the percentiles fragment sizes were calculated, i.e.
for
at most
5, 10, … 100%. There was not sufficient data for
5% to make an analysis
meaningful. Most
data were obtained from
log-log interpolation, some from extrapolation,
the latter mostly for
5 and 10%. These
data were then given less weight in the process.
An idea about the scatter in the data is given by
Figure 4 above.

∙

∙

(11)

Fitting Eqn 11 with the now six independent parameters improved the result for
considera0.850,
0.427 and
bly; both
0.187.
For the effect of the delay physical reasoning
(Sanchidrián & Ouchterlony 2017a, b) suggests
using the Rayleigh wave speed as a rock characteristic but it is almost never measured. It is however closely related to the P-wave speed ,
which is relatively often measured or can be inferred from elastic data. So a non-dimensional
delay factor based on
was introduced, c.f.
Cunningham (2005)

Eqn 9 was fitted to the
data values for each
by means of a Levenberg-Marquardt nonlinear
least squares method programmed in a Matlab
2015 environment. The fitting used a size-dependent weight
1/√ /
in order to

Π
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Here
is the inter-hole delay and a characteristic length for this part of the blasting pro, the inter-hole spaccess. With our data
ing gave the higher determination.
Data from the literature (Sanchidrián & Ouchterlony 2017a, b) further suggest that the fragmentation when Π
0 is relatively coarse and that
it gets finer as Π increases, reaching probably a
minimum to then become independent of Π as
the delay time increases, at least up to an upper
limit where other processes come into play.
When we plotted
/ ,
for our
,
bench blasts this general tendency was visible, if
not very clearly (Sanchidrián & Ouchterlony
2017a, figure 5). The literature data also suggest
(Katsabanis & Omidi 2015) that this general tendency is less pronounced for larger -values and
more for smaller ones. A function with such behavior is the following:
Π

1

Π

Figure 6

Dimensionless parameters of the
xP-frag model: k, λ, h, as, ao and κ,
in that order from the top at P =
100%.

Figure 7

Dimensionless parameters of the
xP-frag model: ,
and , in
that order from the top at P =
100%.

(13)

Here , and
are dependent constants to
be determined from the fitting;
1 at
0 (the case of simultaneous initiation of
holes), decreases to a minimum at
1⁄
1⁄
/ and then grows towards an asymptotic value
for long delays. Eqn 13 can
also represent a decay towards a lower asymptote at without a minimum if
0. The final nine parameter model is then
,

∙

∙

(14)

Again the fitting and improved some results for
considerably;
0.924,
0.299 and
0.184. All nine coefficients are strongly significant as the highest value is 2·10-4.

The solid curves in Figures 6 and 7 are connecting lines between the fitted values. The final
stage in the development -frag was a smoothing of these curves by fitting equations to the numerical data. This was done in several steps. At
first a power function was chosen for ,
4.873 . and the functional dependence in
Eqn 7 for
where the best fit,
0.9772,
0.161,
was obtained with
0.373 and 1⁄
0.3648. Figure 6 verifies the
goodness of the fits.

The fitting was done for -values from 5 to
100% in steps of 5. The parameter values and the
associated quality measures,
etc. are tabulated in Sanchidrián & Ouchterlony (2017a, table 7). Graphs are given in Figures 6 and 7. The
combination of Eqns 13 and 14 plus the parameter values are together called the -frag blast
fragmentation model.

678

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

In the second step the delay function parameters
were smoothed and repeated fitting of the remaining parameters was carried out, whose dependencies in turn were finally smoothed. The
results are the dashed lines in Figures 6 and 7.
The P-functions for the parameters are given by
(Sanchidrián & Ouchterlony 2017a, table 8).
With these functions ⁄ for an arbitrary Pvalue is directly calculable and hence -frag
potentially a useful engineering tool.
Figure 8 shows the resulting set of delay funcfor the different -values. The potions
sitions of the minima don’t change very much
with but, as expected, the depth of the minima
increases monotonically with decreasing .

Figure 9

Boxplot of distributions of the
medians of the absolute errors for
all percentiles of each data set.

This confirms that the average median expected
error of the percentile size prediction for -frag
is about 20% whereas the corresponding number
for the Kuz-Ram and Crush Zone Models is
about 60 %. Thus using -frag for fragmentation predictions is a considerable improvement.
Further details on the data, derivations and formulas can be found in Sanchidrián and Ouchterlony (2017a, b), of which section 3 in this paper
is a considerably abridged version.
Figure 8

4

Variation of delay factor function
with . In order of increasing P at minimum

DROP WEIGT TESTING IN
COMMINUTION

Laboratory drop weight testing (DWT) of lumps
of rock is a way to characterize the breakage
properties of ore and rock so that design and
modeling of comminution circuits can be made
with confidence. The DWT yields initially sieving curves for the progeny generated and their
dependence on the drop energies
(kWh/tonne) and lump or specimen sizes
used. One key parameter extracted from the
DWT is
, the cumulative percentage passing
1/10: of the initial lump size and specifically
its dependence on
.

In terms of logarithmic errors (ln of the predicted
values over data ratios) the prediction errors of
-frag are half of the time less than about 25%
over whole range of -values. When the KuzRam and CZM models were evaluated for the
same data set the half limits of the relative error
are roughly +50% and -75%.
To get a total error estimate, the robust medians
of the logarithmic error of the size calculation
for each data set were calculated,
,
1, … ,20 and plotted as relative
errors
1 in Figure 9.

(
is called a breakage index equation and
it is a measure of the high energy impact breakage taking place in crushers and AG/SAG mills.
This equation is used in AG/SAG mill and
crusher modeling (Napier Munn et al. 1996).
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Let
, ,
describe the cumulative distribution functions (CDFs) of the DWT progeny
when lumps of size are crushed at different
drop impact energies
. Then
may be expressed as
⁄10, ,

,

fragmentation-energy fan concept could be applicable.
A closer investigation of Banini’s (2002) data
showed that the DWT data when plotted as
⁄
log
vs. log
fell on parallel
straight lines. This meant that a size-scaled imcould be used:
pact energy

(15)

The JKMRC has been leading in the development of the DWT (Shi 2016). Originally a size
independent
was used but lately the following representation has been used (Shi 2016,
eqns 3 and 4a),
1

exp

∙

∙

∙

⁄



(18)

Here is a parameter to be determined by the
data and
is an arbitrary reference size, e.g.
some midrange size value for the tested lumps.
Thus
retains the units kWh/tonne and the abscissa for each particle size is shifted. In the loglog graph a line would e.g. be shifted by an
amount  ∙ log ⁄
. When Eqn 18 with chosen was fitted to the Mt Cooth-tha hornfels
data, the lines for the different lump sizes overlapped and undulated around a log-log linear regression line with a tight 95% confidence interin the range 3-8 kWh/tonne was
val. Only for
there a small but significant deviatory trend
(Ouchterlony & Sanchidrián 2018, figure 5).

(16)
(17)

.
Here (%) is the max attainable level of
(m) = (mm)/1000 is the initial lump or particle
size,
(kg/Jm) is the material breakage property, the number of impacts, (J/kg) the DW
impact energy and
a threshold energy for
breakage to occur. is a fitting parameter. The
exponent is one too, material specific and said
to often lie in the range 0 – 1. The values of the
parameters in Eqns 16 and 17 are determined by
sets of
data from DWT testing. The initial
⁄
∙
∙
0.001 ∙ ∙ ∙
slope
is the information used in the machine design and modelling.
Ouchterlony & Sanchdrián (2018) have applied
the fragmentation-energy fan concept to the
analysis of Banini’s (2002) extensive set of
DWT data. Apart from
data he presented
data for
2, 4, 10, 25, 50 and 75 for 8
ores and rock, up to 9 lump sizes (4.75-5.6 mm
up to 75-90 mm) × 9 impact energy levels (0.02
to 10 kWh/tonne) were used and 480 sets of
data given in Banini’s thesis. Note that the sets
of
data is another way of representing the
sieving curve
, see Eqn 15.

Figure 10 Normalized
fragment
sizes
⁄ vs. scaled impact
energy for Mt Cooth-tha hornfels.

When the Swebrec function was fitted to these
data it gave excellent results (Ouchterlony &
Sanchidrián 2018, table 2). For six of the eight
rocks
0.995 for all sieving curves and the
median value
0.998 for all eight rocks.
The -values scatter somewhat but not more
than that
. for each rock would be a
tolerable approximation. This meant that the

The final result is shown in Figure 10, which
shows a fragmentation-energy fan with well-defined focus at
3 and
0.020
,
,
kWh/tonne.
The fan and the excellent Swebrec function fit to
the DWT data meant that Eqns 5 and 6 could be
used directly to give the following expression for
0.1,
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, ⁄ .

100

,

1

(19)

space proved to giver better results than in linear
space. Regressions were made with 3, 5, 20 and
98 fan lines but the gain in fidelity in
,
when using more than five fan lines was marginal. Almost all fitted parameter values were
highly significant, ≪ 0.05. However, for all
eight rocks the -values were still consistently
lower than those obtained with JKMRC’s Eqns
16 and 17.

The necessary data from the fan are the focal
point coordinates
and the slope val, ,
,
ues
and
plus the value of the uniformity
index . Instead of
,
and one may use
the better defined parameter triplet
,
and
(Ouchterlony & Sanchidrián 2018, eqns 2021). Note that Eqn 19 also contains the general
expression for if the value 0.1 is replaced by
1/ .

The second measure was to focus on the kink in
the fan line data at
3 kWh/tonne in Figure
10. There is such a kink in the fan-line plots for
all eight rocks except the Big Bell gold ore. To
include this behavior the concept of a double
fragmentation-energy fan was introduced, see
Figure 12.

t10, %

Eqn 19 is plotted in Figure 11 together with Banini’s (2002) data

Figure 11 Breakage index eqn
Coot-tha hornfels.

, Mt
Figure 12 Double fragmentation-energy fan.

The coefficient of determination is high,
0.977 but not as high as Banini’s value 0.988 or
that of Shih & Kojovic (2007) based on Eqn 16,
0.993. The fidelity of Eqn 19 is quite good
up to
3 kWh/tonne but lies increasingly
above the data for higher impact energies. To try
and improve the fidelity of the prediction two
measures were taken. First the fan equation Eqn
1, was used but with the impact energy instead
of the specific charge
⁄

/

,

⁄

Assume that a plot of
(or ) versus
(or
) in log-log space shows a linear fragmentation-energy fan behavior in one range of -val∗
. Call this region 1 or the priues;
mary fan region and denote quantities by a
superscript . Region 2 or the secondary fan re∗
gion is that where
and quantities in it are
denoted by superscript s. In this region the fan
lines are still straight but have different slopes.
See Figure 12. The side lengths in similar triangles in the primary and secondary fans have
common values at the kink point ∗ . For different values of the same ratio-value applies in
both parts of the double fan thus the -value is
the same in both parts.

(20)

A regression scheme was developed that could
be based on an arbitrary number of fan lines
1, … so that apart from
a number of
, ,
,
3 were the refan slope amplitudes with
gression variables. This scheme is relatively
complicated (Ouchterlony & Sanchidrián 2018,
section 3.2). Doing the regression in log-log
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With
⁄ ∗

and

⁄ ∗

(21)

it may be shown that
1 ∙

(22)

and
∙

∗

and

∙

∗

(23)

The double fan problem has only three more variables than the linear fan one, irrespective of the
number of percentiles chosen, since the secondary fan slopes
can be expressed as functions of the primary fan slopes
, see Eqns
22, once the secondary focus , ) and the abscissa ∗ of the kink have been determined; the
latter three being the additional regression variables.

Figure 13 Double fragmentation-energy fan
for a Mt Isa ore.

The regression calculations were supplemented
to include the double fragmentation-energy fan
(Ouchterlony & Sanchidrián 2018, section 4)
and with the fan variables determined, Eqn 19
for
could be used with different values in the
primary and secondary fan parts but still be con∗
tinuous at
(i.e. ∗ in the derivation here).
Again the regression was made for different
number of fan lines and with the same results,
using more than five fan lines adds little to the
fidelity. Due to the relatively few data in the secondary fan parts, the position of the secondary
focus is often not well defined.

Figure 14 Breakage index eqn
Mt Isa ore.

for a

Figures 13 and 14 illustrate the results for a Mt
Isa lead-zinc ore. Table 2 gives the size scaling
exponent and the kink energy ∗ for the double fan for Banini’s (2002) rocks when five line
double fans for
10, 30, … , 90% were fitted
to the -data plus a comparison of the achieved
-values for
, compared with the values from JKMRC’s direct fit based on Eqn 16
(Shi & Kojovic 2007). Our fan derived - values are for the first six rocks now on average just
as high.
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Table 2

Comparison of
-values for
obtained with fragmentation-energy fan concept and
with JKMRC model.

5

∗

Rock

kWh/
t

Mt Coot-tha
hornfels
Newcrest gold ore
Mt Isa HG Cu ore
Mt Isa LG Cu ore
Mt Isa Pb-Zn ore 1
Mt Isa Pb-Zn ore 2
Broken Hill Pb-Zn
Big Bell gold ore

functions for arbitrary -values may be obtained. A more detailed discussion is made in
(Ouchterlony & Sanchidrián 2018).

fan

JKMRC

0.635 3.34

0.992

0.993

0.435
0.632
0.574
0.644
0.688
0.120
0.314

0.984
0.983
0.983
0.988
0.993
0.960
0.946

0.987
0.989
0.981
0.982
0.982
0.981
0.980

2.69
2.46
2.01
2.03
1.94
0.441
0.417

CONCLUDING REMARKS

A new regularity in blast fragmentation data
called the fragmentation-energy fan concept has
been introduced (Ouchterlony et al. 2017a, b).
When chosen percentile fragment sizes are plot. log
the data tend to fall on
ted as log
straight lines that converge to a focal point. The
consequence is that a general breakage function
may be obtained from the sieving data. As sieving data tend to be well described by the Swebrec function, a closed form expression results
for this breakage function.
The fan concept applies also to non-dimensional
percentile size data,
/ and size scaled
specific energy quantities; like ∙ where is
suitable length scale. This fact is helpful in deriving the new -frag prediction equation for
blast fragmentation (Sanchidrián & Ouchterlony
2017a, b).

Figure 15 shows the general breakage function
⁄
,
/ ,
.

This derivation relies on dimensional analysis
and uses all available sieving data from the open
literature to determine the functional dependencies
of the nine parameters in the range
5
100% that define -frag. Four parameters describe the effects of rock and explosive,
two the effect of rock mass jointing and three the
effect of initiation delay. All
are given in
closed form and when -frag is compared with
the predictions of the Kuz-Ram and CZM models, the average median logarithmic error is considerably lower¸ about 20% instead of 60%.

Figure 15 General breakage function for a
Mt Isa ore.

The fragmentation-energy fan concept is also
applicable to an analysis of DWT data (Ouchterlony & Sanchidrián 2018). Since the sieving data
are well fitted by the Swebrec function, the fan
concept leads directly to a different breakage index equation
,
than the one JKMRC
uses. It provides a closed form expression for the
general breakage function
,
⁄
⁄ ,
.

A new method to analyze DWT testing data to
obtain the breakage index equation has been presented. It is based on the fragmentation-energy
fan concept and the Swebrec function. It is no
longer necessary to assume the functional form
,
as was done in Eqn 16. The fan
of
concept and the Swebrec fitting leads directly to
functions like Eqn 19 and at the same time we
have obtained the general breakage function
,
from which the both the fragment
size distributions for a single test and the -

,
From this function the expression for
for arbitrary values of is obtained when
/ and a fragment size distribution
for
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specific
,

testing
.

conditions
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when

When the fan concept is extended to include
double fans, i.e. bilinear fan lines with a break
point, the new function fits the
data from Banini (2002) almost as well as the JKMRC formulas.
The fragmentation-energy fan concept has with
this advanced both fragmentation science and
blast engineering. Its generality raises hope of
more uses.
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ABSTRACT
Muck-pile size distribution is one of the most important parameters in open pit blasting that can affect
mining and mineral processing efficiency. For evaluating fragmentation by blasting, digital image
analysis is a fast and reliable indirect technique. In this study, based on neural network and visual
feature extractions (grey level co-occurrence matrices (GLCMs) method), an algorithm was developed to determine muck-piles size distribution using digital images. 26 test images of fragmented
rock were used to determine size distribution and the results were compared with the results of automatic and manual edge detection of Split-Desktop software. The results obtained showed an average
improvement of 48%, in evaluating rock particles size distribution, using GLCMs method. Also, this
method showed an improvement of 25% in evaluating of F10 to F100.
1

INTRODUCTION

impractical in industrial scale and disturb the
production cycle (Sereshki et al. 2016, Sudhakar
et al. 2006).

In open pit mining, rock fragmentation by blasting can affect different stages of production cycle. Optimal fragmentation can contribute to
control and minimize the loading, hauling,
crushing, grinding, and processing costs in mining industry. Therefore, it is an important parameter to minimize the costs of production (Han &
Song 2016, Sanchidrián et al. 2012, Hudaverdi
et al. 2012, Faramarzi et al. 2013, Sanchidrián et
al. 2014, Aler et al. 1996 (a), Aler et al. 1996 (b),
Sanchidrián et al. 2007).

One of the common methods in determining the
size distribution of fragmented rocks is digital
image processing technique (Siddiqui et al.
2009, Sereshki et al. 2016, Sudhakar et al. 2006).
The results of this indirect method are closer to
the reality than the other methods (Sanchidrián
et al. 2009) such as counting large particles, consumption of explosives in secondary blasting,
efficiency of loading machine, delays caused by
bridging in the crusher, visual analysis and photogrammetry. In this method, images are captured from the surface of a muck-pile and then
manually or by computer, distribution of fragmented rocks is determined. The main advantage of this method is that it can be used in a
wide range without disturbing the production cycle (Hunter et al. 1990).

Extensive researches were carried out on the
methods of determining the rock fragmentation
by blasting. These methods include direct (sieving) (Han & Song 2016) and indirect methods
(counting large particles, consumption of explosives in secondary blasting, efficiency of loading
machine, delays caused by bridging in crusher,
visual analysis, photogrammetry, and image
processing methods) (Siddiqui et al. 2009,
Sereshki et al. 2016, Sudhakar et al. 2006).
Among these methods, sieving is the most accurate one, however, there are also measurement
errors possible when done in industrial scale.
moreover, it is costly and time consuming that

Image processing as a technique of measuring
fragmented rock size, has been developed, since
1987(Maerz et al. 1987). The earliest image processing system was introduced by Gallagher
(Gallagher 1976).
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One approach for determining the size distribution of fragmented rocks is based on neural network and pattern recognition (machine learning)
(Waserman 1989). The major obstacle in applying neural networks to pattern recognition is the
excessive number of inputs (Barron 2007). The
number of inputs to the neural network was reduced by taking the Bessel Fourier transform of
digitized images (Luerkens 1986, Plansky et al.
1993).

2014a, Han & Song 2016, Sanchidrián et al.
2012, Sanchidrián et al. 2014, Sanchidrián et al.
2007, Siddiqui et al. 2009, Sereshki et al. 2016,
Sudhakar et al. 2006)
2.1 Visual features extraction using Grey level
co-occurrence matrices (GLCMs)
When the input data to an algorithm is too large
to be processed and it is suspected to be redundant, then it can be transformed into a reduced
set of features (also named a feature vector)
(Bow 2002, Alpaydin 2010). For example, an
image with dimensions of 800 × 900 pixels is
considered. If all pixels to be included in the calculations, 720000 pixels must be processed, but
by extracting representative features, it can be
presented by a vector 1 × n.

Another approach for determining the size distribution of fragmented rocks is based on edge
detection of particles. Often these methods deal
with some problems such as shadow, dust, overlapping of particles, and the level of light reflected in particles of rock fragments.
2

THE PROPOSED ALGORITHM

GLCMs, are square matrices that its elements
represent the relative frequency of occurrence of
a pair of grey values that are located in particular
distance d and direction α from each other. An
image with p different pixel values will produce
p × p GLCMs, for the given offset. The (i, j) th
value of GLCMs gives the number of times in
the image that the i th and jth pixel values occur
in the relation given by the offset (Gonzalez et
al. 2004, The Math Works, Inc. 2014a).

The proposed algorithm is based on pattern
recognition and machine learning techniques.
The main purpose is the extraction of appropriate and discriminator features and then applying
neural networks to determine the fragmented
rock size distribution. The structure of the proposed algorithm is shown in Figure 1.

For an image with p different pixel values, the p
× p GLCMs C is defined over an n × m image I,
parameterized by an offset (d, α), as:
n



m 1

C (d,  ) (i, j) =   0
x 1 y 1

if ( I ( x, y )  i , I ( x  d , y  )  j
otherwise

(1)

where: i and j are the pixel values; x and y are
the spatial positions in the image I; the offsets (d,
α) define the spatial relation for which this matrix is calculated; and I (x, y) indicates the pixel
value at pixel (x, y).

Figure 1

To construct GLCMs, a central pixel with a
neighborhood deﬁned by the window size in parameter was considered. For each pixel of the
neighborhood, the number of times that a pixel
pairs appear speciﬁed by the distance and orientation parameters is counted. The GLCMs with
a distance of d pixel and an orientation of α degrees is as Figure 2, and an example of GLCMs

The structure of the proposed algorithm to determine the fragmented rock particles size distribution.

For description of the first to fourth steps see
(Gonzalez et al. 2004, The Math Works, Inc.
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with distance of 1 pixel and orientation of 0 degrees (horizontal) is shown in Figure 3 (Gonzalez et al. 2004, The Math Works, Inc. 2014a).

intensity and neighbor intensity are very different. The equation of the contrast is as follows
(The Math Works, Inc. 2014a):
∑∑

(3)

,

2.1.3 Energy
Energy is a measure of uniformity where is maximum when the image is constant. The equation
of the contrast is as follows (The Math Works,
Inc. 2014a):
Figure 2

,

The GLCMs with a distance of d
pixel and an orientation of α degree.

(4)

2.1.4 Homogeneity
Homogeneity measures the spatial closeness of
the distribution of the co-occurrence matrix. Homogeneity equal 0 when the distribution of the
co-occurrence matrix is uniform and 1 when the
distribution is only on the diagonal of the matrix.
The equation of the contrast is as follows (The
Math Works, Inc. 2014a):
,

Figure 3

1

An example of GLCMs with distance of 1 pixel and orientation of
0 degrees (horizontal)

(5)

Entropy measures the randomness of the elements of the co-occurrence matrix. Entropy is
maximum when elements in the matrix are equal
while is equal to 0 if all elements are different.
The equation of the contrast is as follows (The
Math Works, Inc. 2014a):
k

Ent  
i 1

2.1.1 Maximum probability

k

 c(i, j) log
j 1

2

c(i, j )

(6)

2.1.6 Correlation

Maximum probability measures the strongest response of GLCMs. The range of values is [0, I].
,

|

2.1.5 Entropy

After construction of the co-occurrence matrix,
the texture was described using statistics analysis. Usually, six descriptors exist to describe an
image: maximum probability, contrast, uniformity or energy, homogeneity, entropy and
correlation. These descriptors are presented as
below (Gonzalez et al. 2004, The Math Works,
Inc. 2014a):

max

|

Correlation measures the linear dependency of a
gray level on those of neighboring image cells.
A filter value of 1 indicating perfect correlation
would result from an area with constant image
value, whereas a value of 0 indicates no correlation (The Math Works, Inc. 2014a).

(2)

2.1.2 Contrast
Contrast is a measure of intensity contrast between a pixel and its neighbor over the entire image. If the image is constant, contrast equal 0
while the biggest value can be obtained when the
image is a random intensity image and that pixel

In this study, the mean and standard deviation of
contrast, energy, homogeneity, entropy and correlation and the mean and standard deviation of
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the entire image were calculated as a combined
feature vector with 12 members, as follows:
FV = [μ 1 , …, μ 5 , σ1 , …, σ 5 , μ tot , σ tot ]

Iran were used to prepare a dataset. For these images, using GLCMs feature extraction method,
the feature vectors were extracted and considered as inputs of the supervised neural network.
Also, for these images, using manual mode
(hand delineation of particles) of Split-Desktop
software, F10 to F100 (are the sizes at which the
passing percent is 10% and 100%, respectively)
were determined (as target data of neural network). Basic descriptive statistics of F10 to F100
are given in Table 1. An example of a delineated
image of fragmented rocks by manual mode of
Split-Desktop software and the corresponding
distribution curve are shown in Figure 4.

(7)

Where μi and σi are mean and standard deviations of the GLCMs statistics and μtot and σtot are
mean and standard deviations of the entire image.
2.2 Dataset of images
200 images of fragmented rocks from various
blasts, carried out at Gole-Gohar iron ore mine,
Table 1

Basic descriptive statistics of F10 to F100 of dataset.

Passing
(%)

Minimum
(cm)

Maximum(cm)

Mean
(cm)

StDev
(cm)

Variance
(cm)

C-variation (cm)

Median
(cm)

Skewness
(cm)

F10
F20
F30
F40
F50
F60
F70
F80
F90
F100

0.03
0.08
0.13
0.20
0.25
0.36
0.51
2.3
6.4
13.0

50.0
82.0
147.6
166.6
182.1
196.1
209.3
222.8
236.2
263.1

5.1
10.7
15.5
20.3
24.9
29.7
34.5
40.4
48.0
62.2

6.8
13.2
18.5
22.4
25.7
29.2
32.5
36.6
41.1
47.5

18.0
67.6
136.7
194.6
256.8
333.0
418.3
524.0
665.0
890.5

336.6
314.7
305.8
278.9
261.6
249.4
239.3
229.4
217.4
194.3

3.0
5.8
9.4
13.5
17.8
22.1
26.2
30.0
36.1
48.5

8.6
8.1
9.1
8.1
7.4
6.9
6.4
6.1
5.8
5.3

Figure 4

a. A delineated image of fragmented rock by manual mode of Split-Desktop software; b. the corresponding distribution curve.
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2.3 Multilayer perceptron - neural network to
determine fragmented rock size distribution
In this study, feed forward neural network (supervised) with back propagation learning algorithm was used to determine fragmented rock
size distribution.(Levenberg-Marquardt) learning function was applied to train network, using
200 images dataset for which features extracted
by GLCMs method were used as inputs and F10F100 as outputs. To achieve the best possible results, neural network was formed and tested with
a number of different neurons for input, hidden
and output layers, and different number of hidden layers. The number of hidden layers and
neurons in the hidden layers change according to
the problem to be solved. The number of input
and output neurons is the same as the number of
input and output variables. In this research,
multi-layer network architecture with two hidden layers between input and output units was
applied. In order to train, validate, and test the
neural network, the data portions are 70%, 15%,
and 15%, respectively. The structure of MLP
network is shown in Figure 5.

100
90

Percent Passing (%)

80
70
60
50
40
30
20
10
0

0

10

20

Manual Split Desktop

30

40

Size (cm)
Automatic Split-Desktop

50

GLCM

100

Figure 5

Percent Passing (%)

90

The structure of MLP network.

After establishing and implementing the neural
network, out of 200 image datasets, 26 images
were used as test data and the results were evaluated. Two examples of cumulative size distribution curves of fragmented rocks, using
GLCMs method, auto and manual mode of SplitDesktop software for two images of dataset, are
shown in Figure 6.

80
70
60
50
40
30
20
10
0

0

20

Manual Split Desktop

Figure 6
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Size (cm)

60

Automatic Split-Desktop

80

GLCM

Two example image and related
size distribution curves, using
GLCMs method, auto and manual mode of Split-Desktop software.

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

3

EVALUATION OF RESULTS

Mean relative error (MRE) (Eqn 8) was used to
compare the results of GLCMs method with the
results obtained, using manual mode of SplitDesktop software (Tofallis 2015).

To compare the results of suggested method with
the results of Auto mode of Split-Desktop, the
Eqn 9 was used.

(8)
where, IM is improvement in the results (%), S
and M are the value of MRE of Split-Desktop
auto mode and the suggested methods respectively.

where, At is the actual value (F10 to F100 in the
manual mode of Split-Desktop), Ft is the obtained value (F10 to F100 in the GLCMs method
and auto mode of Split-Desktop) and n is number of sizes (here n=10).

As it can be seen in Table 2, the improvement in
estimation of fragmented rock size distribution
are achieved for GLCMs method with the average value of 48%.

The MRE for 26 test images for GLCMs method
and auto mode of Split-Desktop are given in Table 2.
Table 2

(9)

100

100

Also, the MRE for F10 to F100 of test images were
compared as shown in Figure 7.

The MRE of test images for
GLCMs method and auto mode
of Split-Desktop.

Image No.

GLCMs Method
(GLCMs)

Auto SplitDesktop

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
Mean
St-Dev
IM (%)

0.26
0.43
1.13
0.30
0.46
0.32
0.25
5.23
0.11
0.27
1.17
0.19
0.83
0.61
4.32
0.28
0.35
0.38
0.23
0.80
0.97
0.45
0.11
0.42
0.38
0.19
0.79
1.22
48

0.213
0.444
0.184
0.447
0.745
0.525
0.859
7.117
0.151
0.813
4.852
0.383
2.066
0.628
12.32
0.226
1.069
0.47
0.099
1.273
2.04
0.481
0.234
0.526
0.418
0.455
1.50
2.71
-

F100

10.00

F10
F20

1.00
F90

F30
0.10

F80

F40

F70

F50
F60

GLCM
Figure 7

Automatic Split- desktop

Comparing the MRE of GLCMs
method (GLCMs) with Auto
mode of Split-Desktop for F10 to
F100.

As it can be observed from Figure 7, the deviation between different methods is largest for fine
to medium particles (F10-F50). Also, the improvements in estimation of fragmented rock
size distribution using GLCMs method relative
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to auto mode of Split-Desktop for F10-F100 are
given in Table 3.
Table 3

The improvements in estimation
of fragmented rock size distribution using GLCMs method for
F10 to F100.

Percent Passing
F10
F20
F30
F40
F50
F60
F70
F80
F90
F100
Mean

IM (%)
35
76
62
40
9
0
0
0
15
10
25

As it can be seen, for F10-F100the improvements
of estimations are achieved for GLCMs method
with the mean value of 25%.
4

CONCLUSIONS

In this study, based on the neural network and
GLCM features extraction method, an algorithm
was proposed to determine the size distribution
of fragmented rocks. The results obtained
showed an average improvement of 48% in estimation of fragmented rock size distribution. Furthermore, for F10-F100 estimation, the GLCMs
method yields 25% of improvement.
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Flattening of hill by blasting in densely populated area for
construction of International Airport at Navi Mumbai, India
M. P. Roy, C. Sawmliana, R. K. Paswan and P. K. Singh
CSIR-Central Institute of Mining and Fuel Research, Dhanbad

ABSTRACT
This paper deals with controlled blasting techniques used for flattening of Ulwe hill by blasting for
construction of International airport at Navi Mumbai, India which was surrounded by the populated
area and subsequently to determine optimum blast design parameters for blasting at the land development site to achieve desired fragmentation level i.e. 300 mm to 700 mm for preparation of stable
runway foundation with minimum vibration level. Altogether, eighty-five blasts were conducted at
different locations/packages of the Navi Mumbai International Airport (NMIA) construction site in
order to flatten the Ulwe hill height from 92 mRL to 8 mRL. In total, 194 blast induced ground
vibration data were recorded and analysed, from 85 blasts conducted at different locations/packages
within the periphery of NMIA land development site. The blast de-signs were optimized through
experimental trials and all the adverse outcomes were controlled within safe limit. The highest magnitude of ground vibration recorded in all the trial blasts was 12.4 mm/s with associated dominant
peak frequency of 55.4 Hz. The concentration of dominant frequencies varied between 20 and 80 Hz.
The delay interval between holes in a row i.e. 17ms / 25ms whereas between the rows 42 ms to 84
ms de-pending upon the number of rows and effective burden gave optimum results. The charge
factor value of 0.55 to 0.70 kg/m3 was found to be optimum to achieve desired fragmentation for the
land filling purpose. The land development work is being done smoothly and safely for construction
of Navi Mumbai International Airport (NMIA) as per the recommendation of CSIR-CIMFR and will
help in enhancing the aviation facilities for Mumbai to meet the demand for the Mumbai Metropolitan
Region (MMR).
1

INTRODUCTION

field” international airports, currently being developed, offering world-class facilities for passengers, cargo, aircrafts and airlines. The proposed second airport for MMR is located at Navi
Mumbai as the area is expected to cater to the
future growth in population, business and commercial activities of MMR. The availability of
excellent physical and social infrastructure coupled with an environment-friendly site makes
the Navi Mumbai Airport project both technically feasible and financially viable (Environmental Compliance Monitoring Report for
NMIA, 2017).

Enhancement in aviation facilities for Mumbai
is critical as the air travel demand forecast for
the Mumbai Metropolitan Region (MMR) reveals that traffic will grow over 100 million passengers per annum (MPPA) by 2030-31. The existing Mumbai airport alone will not be able to
handle such an increase in the air traffic. The existing airport at Mumbai, is fast reaching saturation. Therefore a second airport in the Mumbai
Region has become imperative. To meet the
growing demands of air travel, City and Industrial Development Corporation of Maharashtra
Ltd. (CIDCO) has proposed the development of
a new airport at Navi Mumbai.

The growth in resident population in Navi Mumbai, rapid development of its Central Business
District, coupled with major economic generators such as Special Economic Zone, Jawaharlal
Nehru Port, Thane-Belapur and Taloja industrial
areas and the huge catchment area ranging from

Navi Mumbai International Airport (NMIA) is
going to be one of the world’s largest “Green-
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construction of Navi Mumbai International Airport (NMIA).

Pune to South Mumbai would ensure a steady
growth rate in traffic at the new airport, thus assuring steady revenues to the investors. In addition the project opens-up the state’s vast hinterland rich in agriculture, floriculture, hi-tech high
value industries to the world market. Thus the
airport will act as a focal point for the emergence
of a transshipment Centre in the South Asian region. One of the outlay of the proposed NMIA is
presented in Figure 1.

The Rock Excavation Engineering Group of
CSIR-CIMFR has been assigned to accomplish
the work and in doing so 85 trial blasts were conducted to optimize the blast design. As the project site is being surrounded by villages, controlled blasting has to be implemented at the site.
Blast induced ground vibrations were recorded
in and around the periphery of the project site to
optimize the blast design parameters. The blasts
were optimized not just to reduce the ground vibration level but as the blasted muck has to be
used for filling the site it was desired to have
fragment size of 300 mm to 700 mm for preparation of stable runway foundation.
1.1 Vibration standards and criteria to prevent
damage

Figure 1

Peak particle velocity (PPV) has been globally
used in practice for assessment of blast-induced
damage to the structures. Different countries
adopt different standards depending on their
type of industrial/residential buildings. In India,
presently Directorate Journal of Mines Safety
(DGMS) technical circular 7 of 1997 is considered as vibration standard for the safety of surface structures in mining areas. The DGMS
standard is given in Table 1.

Outlay of the proposed Navi
Mumbai International Airport.

The land development in the core airport areas
will be carried out on 1,161 hectare (ha) spanning nearly 6 km from east to west and 2.5 km
from north to south. The Airport Site encompasses a hill (namely Ulwe hill) which needs to
be flattened. The project involves pre-development activities which includes land development
by blasting of hills in the project area, filling/reclamation of the airport area, re-coursing of the
Ulwe river flowing through the airport site and
shifting of the Extra High Voltage Transmission
(EHVT) lines crossing airport land (NMIA Brochure, 2014).

2

SITE DISCRIPTION

The proposed Airport is located in the geographical center of Navi Mumbai, at latitude 18° 59′
40″ N and longitude 73° 04′ 13″ E on the National Highway No. 4B near Panvel at a distance
of approx. 35 km from the existing Chhatrapati
Shivaji International Airport (CSIA) in Mumbai.
The National Highway 4B provides the main
road access to the Airport from the east, whereas
the Aamra Marg provides road access to the Airport from the west. The Airport site is also accessible from the existing Mankhurd-BelapurPanvel and Thane-Panvel commuter rail corridors from Khandeshwar Railway Station and
from the Targhar Railway Station on the Nerul –
Uran Railway line presently under development.
Figure 2 shows the satellite view of the Ulwe hill
highlighting the areas to be flattened by drilling
and blasting.

In the initial stage of land development, the
Ulwe hill will be cut and reduced up to 8.0 m and
leveling work will be carried out in the remaining part using rock and earth fill material extracted from Ulwe hill. The remaining part will
be levelled up to 5.5 meter. The management of
CIDCO entrusted CSIR- Central Institute of
Mining and Fuel Research (CSIR-CIMFR),
Dhanbad for providing consultancy services for
flattening of Ulwe Hill using drilling and blasting as part of the land development works for
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Table 1

DGMS technical circular 7 of
1997 concerning to blast vibration standard in mm/s.

Type of structure

the explosive charge per hole varied between 23
and 63 kg. The maximum explosive charge per
delay also varied between 23 and 63 kg. Total
explosive charge detonated in a blasting round
varied between 617 and 2331 kg.

Dominant excitation
frequency, Hz
8-25
< 8 Hz
25 Hz
Hz

Similarly, 30 blasts were carried out at Package
III. The number of holes in the blasts varied from
10 to 60. The depth of holes varied from 3.5 to
12 m and the explosive charge per hole varied
between 8 and 64 kg. The maximum explosive
charge per delay also varied between 9 and 100
kg. The total explosive charge detonated in a
blasting round varied between 156 and 3,000 kg.

(A) Buildings/structures not belong to the
owner
1.Domestic houses
/structures
5
10
15
(Kuchcha, brick and
cement)
2. Industrial buildings
10
20
25
3. Objects of historical
importance and sensi2
5
10
tive structures
(B) Buildings belonging to owner with limited
span of life
1. Domestic houses/
10
15
25
structures
2. Industrial buildings
15
25
50

Figure 2

3

The similar blasts were conducted at Package IV
also. In total, 32 blasts were conducted with varying blast design parameters. The total number
of holes in a blasting round varied between 12
and 66 whereas the depth of the holes varied
from 3 to 11 m. The average explosive charge in
a hole varied between 7 and 58 kg. Total explosive charge detonated in a blasting round varied
between 250 and 3,283 kg whereas maximum
charge per delay ranged between 14 and 88 kg.
Nonel initiation system was used in all the blasts
for in-hole initiation of explosive charge as well
as surface hole-to-hole initiation. The down-thehole delay timing used in the blasts was 450 ms
whereas for Trunk line delays, 17, 25 and 42 ms
were used. Primer cartridges (booster charge)
were used in all the blasts conducted at different
package areas. Some of the blast design patterns
performed at NMIA project is presented in Figure 3 and Figure 4.

Satellite view of the Ulwe hill
highlighting the area that has to
be blasted.

EXPERIMENTAL DETAILS

The entire Navi Mumbai International Airport
land development project is divided into four
packages namely Package I and II, Package III
and Package IV for smooth, speedy and efficient
operation. The first blast was conducted at Package I and II area. In the 1st blast, 12 holes with
717 kg of explosives having maximum explosive weight per delay of 63 kg were detonated.
The diameter of blasthole used in all the trial
blasts was of 115 mm. In total, 23 blasts were
conducted at Package I and II with varying blast
design and charging patterns. The total number
of holes in a blasting round varied from 12 to 37.
The depth of holes varied from 5.5 to 12 m and

Figure 3
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Blast design, charging pattern of
holes and detonation sequence of
experimental blast conducted at
package I and II.
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Figure 4

4

Blast design, charging pattern of
holes and detonation sequence of
experimental blast conducted at
package IV.

(a)

MONITORING OF GROUND
VIBRATION AND ANALYSIS

4.1 Blast induced ground vibration
Blast induced ground vibrations were monitored
in terms of peak particle velocity (PPV) for all
the blasts at each package. The ground vibrations recorded from the blast trials conducted at
Package I and II varied from 0.82 mm/s to 12.4
mm/s depending upon the distance of vibration
monitoring point from the blasting face as well
as the maximum charge per delay and total
charge used the blast. The distances of vibration
monitoring points from the trial blast sites varied
from 100 to 750 m. Ground vibration data recorded from the trial blasts conducted at Package
III were in the range of 0.78 to 18.9 mm/s. The
distance of the blasting site from the vibration
monitoring point varied between 130 m and 400
m. The ground vibration data recorded from the
trial blasts conducted at Package IV varied between 0.78 mm/s and 18.9 mm/s. The vibration
monitoring instruments were set on ground surfaces at the distance of 100 m to 350 m from the
blasting site. One of the blast wave signature and
its Fast Fourier Transform (FFT) recorded from
the blast conducted at Package III is depicted in
Figure 5a and Figure 5b.

(b)
Figure 5

(a) The blast wave signature recorded at 180 m from the blast
conducted at Ulwe Hill Package I
and II; (b) FFT analyses of frequencies of vibration data presented in (a).

Near field blast vibration data were also recorded to evaluate the blast wave characteristics.
The Seismograph were placed at a distance of 50
m and 75 m to diagnose the blast vibration signatures in near field. The recorded values of
ground vibration were 44.4 mm/s and 35.4 mm/s
at 50 m and 75 m respectively. Fast attenuation
in ground vibration data was observed. The blast
wave signature recorded at 50 m from the blast
site is presented in Figure 6.
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Figure 6

Figure 7

Regression plot of recorded PPV
with their respective scaled distances for Package I and II at
NMIA project.

Figure 8

Regression plot of recorded PPV
with their respective scaled distances for Package III at NMIA
project.

Figure 9

Regression plot of recorded PPV
with their respective scaled distances for Package I and II at
NMIA project.

Blast wave signature recorded at
50 m from the blast site to evaluate the blast wave characteristics.

Ground vibrations data recorded were grouped
together for statistical analysis. Analysis was
performed individually for all different Packages and the empirical relationship has been established correlating the maximum explosives
weight per delay (Qmax in kg), distance of vibration measuring transducers from the blasting
face (R in m) and recorded peak particle velocity
(v in mm/s) using USBM predictor equation
(Duvall et al. 1959, 1962). Regression of the
ground vibration data recorded from the blasts
conducted at different Packages were plotted independently and the generalised established
equation combining all the vibration data for the
respective packages are given in equation 1,
equation 2 and equation 3 respectively. The regression plot of Package I and II, Package III and
Package IV is presented in Figure 7, Figure 8
and Figure 9 respectively. The established empirical equations for the Packages are as follows:
.

2836.4

(1)
.

900.09

(2)
.

626.52

4.2 Noise/Air overpressure

(3)

Air overpressure in the mining or quarrying context is the superposition of a number of impulsive air pressures as a result of the detonation of
explosive in the ground. The recorded levels of
air overpressure ranged from 94 to 134.9 dB(L)
for the blasts conducted at Package I and II. The
levels of air overpressure from the blasts conducted at Package III were in the range of 108.4
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to 135.8 dB(L). The recorded levels of air overpressure varied between 94 dB(L) and 131.8
dB(L) for Package IV. The plot of recorded blast
induced air overpressure data with varying distance is depicted in Figure 10.

recorded velocity of detonation (VOD) of slurry
cartridges were varied in between 3803.5 m/s
and 4124 m/s. Figure 12 depicts the in-the-hole
VOD recorded at Package III of NMIA project.

Figure 10 Plot of air overpressure with respect to measuring distance.
4.2 Frequency of blast induced ground vibration
The dominant peak frequencies of ground vibrations were in the range of 10.1 to 121.8 Hz. FFT
analyses of blast vibration frequencies confirmed that concentration of dominant frequencies were between 20 and 80 Hz. The plot of recorded dominant frequencies at various distances
is presented in Figure 11.

Figure 12 The traces of recorded in-the-hole
VOD of Slurry cartridges.
6

The NMIA land development project requirements were to use the fragmented rocks i.e. generated due to blasting for the development of the
site. The required fragment size for the land development work of the project site was 300 mm
to 700 mm. Muck pile characteristic mainly depends on bench specification, geometry, desired
swell distribution and excavator characteristics
etc. To obtain the required fragment size, rock
fragmentation analysis was performed for each
blast and accordingly design parameters were
modified depending upon the requirements and
rock conditions.

Figure 11 Plot of dominant frequencies of
blast waves recorded at various
locations in the periphery of the
different packages of NMIA project, Navi Mumbai.
5

ROCK FRAGMENTATION
ANALYSIS

The Kuz-Ram model is generally used for prediction of the fragmentation size after blasting.
The Kuz-Ram model is an empirical fragmentation model based on the Kuznetsov (1973) and
Rosin and Rammler equations modified by Cunningham (1983, 1987), which derives the coefficient of uniformity in the Rosin and Rammler
equation from blasting parameters. Rock properties, explosive properties, and design variables
are combined in this modern version of the KuzRam fragmentation model. The Rosin-Rammler

MONITORING OF VELOCITY OF
DETONATIION AND ANALYSIS

Uniform in-the-hole VOD of explosive is essentially required throughout the blastholes in order
to produce sufficient detonation pressure to the
blasthole walls. Booster is provided in the explosive column at bottom to sustain and maintain
the VOD for the uniform breakage of rock. The
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the blasts conducted on all the Packages. The
Photographs of muck piles were taken just after
blast to the last date of mucking to get the overall
fragment size of a particular blast. Fragmented
view of some of the blasts conducted at Ulwe
Hill Package I and II is shown in Figure 13. Figure 14 depicts the process involved in fragmentation analysis i.e. netting and contouring of rock
fragments whereas the fragmentation results in
the form of cumulative and histogram curve is
depicted in Figure 15. The summary of the fragment size distribution is given in Table 2.

equation used by Cunningham (1983) for blasting analysis is:

Re

 x 
  
 xc 

n

(4)

Where R is the fraction of material retained on
screen
x is the screen size
xc is a constant called characteristic size and
n is a constant called uniformity index.
The uniformity index typically has values between 0.6 and 2.2 (Cunningham 1983). A value
of 0.6 means that the muckpile is non-uniform
(dust and boulders) while a value of 2.2 means a
uniform muckpile with majority of fragments
close to the mean size. The importance of the
uniformity index is size distribution curves having the same characteristic size but different values of uniformity index.
Noy (2012) suggested that fitting of the fragmentation measurement tool to digging equipment by means of positioning the camera system
on digger, will optimise the viewing parameters
that improve the exposure of the fragmentation
for segmentation algorithms. Onderra et al.
(2015) also suggested the mounting of fragmentation imaging system on digging equipment. In
this study rock fragmentation analyses were carried out for each blast using photoanalysis system. Photoanalysis system was adopted.

Figure13

Rock fragmentation analysis output is a good indicator for evaluation, efficiency and productivity of surface mining. The rock fragment sizes
were analyzed using Wipfrag software of M/s
Wipware Inc., Canada. The output of the analyses are in the form of number of exposed fragmented blocks, maximum, minimum and mean
sizes of the fragmented blocks, detail sieve analysis as per the requirement i.e. at different percentile size viz. D10, D20, D30, D40 and D50. The
meaning of D10 is the ten-percentile, for which
10% by weight of the sample is finer and 90%
coarser. In terms of sieving, D10 is the size of
sieve opening through which 10% by weight of
the sample would pass.

View of the Fragmented rocks
from the blasts conducted at different benches of Ulwe Hill under
Package I and II.

Figure 14 Netting and contouring of block
sizes of fragments at Ulwe Hill
Package I and II.

Figure 15 Histogram and cumulative size
curve viewing of fragmented
block sizes of Figure 14.

The effect of blast design parameters on fragmentation size of the rock has been studied for
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Table 2

Summary of fragment size distribution at different packages of
NMIA project.
Package Package Package
I and II
III
IV

150-500 150-1000

523.22040.4

612.81128.3

771.93461.3

X50 (mm)

180.2991.8

52.4524.3

176.9940.9

Index of uni- 1.687formity (n)
2.876

1.3192.935

1.3482.933

Table 3

OPTIMIZATION OF BLAST DESIGN
PARAMETERS

Fragment size
[mm]

7

Figure 16 Simulation curve for percentage
passing size.

In the trial blasts, depth of holes varied widely
from 4 to 12 m depending on the availably of
blasting benches. Burden and spacing varied
from 2.0 to 2.75 m and 2.5 to 3.5 m respectively.
Decked charges were used for blasthole depth
more than 8 m. The charge factors used varied
from 0.55 to 0.67 kg/m3 depending on the rock
formation encountered in the blasting area.
Good fragmentations were obtained in most of
the blasts. However, in a few blasts oversize
boulders were obtained due to the presence of
inherent joint planes in the blasted rock mass.
Therefore, the charge factor value of 0.55 to 0.70
kg/m3 was found to be optimum to achieve good
fragmentation. Table 3 represents the optimized
blast design parameters for different benches of
Package I and II, Package III and Package IV of
NMIA.

300 400
400 500
500 600
600 700
8

Optimized blast design parameters for required fragment size at
NMIA project.

100

6

115
115
150

2 × 2.5 2.2

2.4 ×
2.8
2.5 ×
8 – 10
3.0
10 – 2.8 ×
12
3.2
6–8

2.5
2.7
3.0

Charge factor
[kg/m3]

Xmax (mm)

Top stemming

1501000

100.5422.4

B × S [m]

Mode Size (mm)

73.9265.0

Bench height
[m]

85.3514.6

Hole diameter
[mm]

Mean Size (mm)

0.550.65
0.550.65
0.550.65
0.6-0.7

CONCLUSIONS

The major challenge at the site is to control the
blast induced ground vibration, air overpressure
and flyrock as the project area is surrounded by
dwellers of small villages. The blast designs
were optimized through experimental trials and
all the adverse outcomes were controlled within
safe limit. The highest magnitude of ground vibration recorded in all the trial blasts was 12.4
mm/s with associated dominant peak frequency
of 55.4 Hz. The dominant peak frequencies of
ground vibration waves were in the range of
10.10 to 121.80 Hz. The FFT analyses of blast
vibration data confirmed that the concentration
of dominant frequencies vary between 20 and 80

The prediction of blasted rock size were done
with different combination of burden, spacing,
bench height, hole diameter, top stemming and
charge factor with the help of blast design simulation software. The simulation curve for fragmentation size using Kuz-Ram model is presented in Figure 16. The analysed blast design as
per the requirement of fragment size of the blast
is given in Table 3.
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The recorded air overpressure in all the trial
blasts was in the range of 94 – 134.9 dB(L). All
the blasts were conducted using Nonel initiation
system. It was recommended that blasts within
the range of 100 m from the nearby structures in
the village must be initiated using electronic initiation system to check the noise/air overpressure and currently the work is being done beyond 240 m from the dwellings.
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Pre-split blasting techniques at dragline benches for stable
bench with improved fragmentation level
P. K. Singh, M. P. Roy, V. K. Himanshu, R. K. Paswan and S. Kumar
CSIR-Central Institute of Mining and Fuel Research, Dhanbad, India

ABSTRACT
The paper deals with a systematic controlled blasting study conducted at one of the largest coal
mine of India and subsequently to determine optimal blast design parameters for deep Dragline
benches (45 to 60 m) for stable bench wall with better fragmentation and suitable muck profile with
minimum vibration level. During blasting, back-break and stability of the benches were the main
concern and pre-split controlled blasting method is introduced at dragline benches of Moher and
Moher Amlorhi Extension Opencast Project of Sasan Power Limited to minimize the risk of backbreak and stability of the benches. Twelve dragline blasts along with pre-splitting of the face were
conducted with varying blast design and charging pattern at dragline benches of the mine. In-thehole VOD of different explosives was determined and placement of boosters was standardized. The
signature blasts were conducted to optimize the delay interval between the holes in a row and between the rows. The optimized burden and spacing were decided for dragline considering the available drill machine of 311 mm. Normal dragline bench blast consists of firing 5-7 numbers of rows
involving 80-220 holes in a blast round. A master plan of the pre-split holes position at spacing of 4
m was prepared. The available explosive was site mixed emulsions which were loaded in plastic
bags and put in the hole with air-deck of 6 to 7 nos. The inclined holes of 85° with 259 mm diameter were experimented. The results were excellent and successfully being practiced at the mine.
1

INTRODUCTION

The uses of explosives in dragline blasting are
huge which endanger the safety and stability of
nearby structures. The control of vibrations in
dragline blasting is of immense importance.
The blast design and blast hole firing sequences
play important role in control of vibration (Roy
et al. 2017).

India is the sixth largest energy consumer in the
world and the energy sector in India is one of
the most challenging sectors. Through the process of planned development undertaken over
the last five decades, the country has taken major strides in stepping up the production of primary commercial energy. Coal continues to be
the main source of primary commercial energy
not only for direct energy use in industry but also for indirect energy use through power generation. The ever-increasing demand of coal in
India has necessitated construction and commissioning of large size opencast mines which
force us to conduct big size blasts in the mine
with improved production, productivity, and
safety. The prediction and assessment of the
rock size distribution produced by blasting is
important in understanding the blasting process
(Spathis 2009). The dragline blasts are performed for speedy removal of overburden so
that the coal may be exposed for exploitation.

In open pit mining, where blasting is employed
for excavation, the overall cost effectiveness of
the production operations is compatible with
optimization of drilling and blasting parameters. Rock fragmentation depends upon two
groups of variables: rock mass properties which
cannot be controlled and drill and blast design
parameters that can be controlled and optimized
(Singh et al. 2015). The optimization of blast
design parameters helps in getting the desired
fragmentation with limited ground vibrations,
thereby minimizing the costs of downstream
operations. The main blast design parameters
include burden, spacing, explosive type, powder factor and initiation timing. Explosive type
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and powder factor determine the type and
amount of explosive energy available, the blast
hole pattern determines the spatial distribution
of the energy and the timing determines when
the energy is released.

wall rock, pre-splitting happens to be the most
suitable for all practical purposes. The purpose
of pre-splitting is to isolate the blasting area
from the surrounding rock mass by forming an
artificial plane to limit gas and stress wave penetration into the remaining rock formation (Olofsson 1998, Scott et al. 1996).

Blast induced ground vibrations are the major
problem in deep hole dragline blasting especially when habitats are nearby. To meet the targeted demand of coal, the mass production technology has to be used efficiently and
effectively. Hence, standardization of dragline
and shovel blast design to control blast vibration within safe limit and proper muck pile will
help the mine operators to produce coal, meeting the requirement of the mine.

In pre-splitting, closely spaced holes in a single
row are drilled along the final excavation line
and initiated prior to the production blast. The
holes are lightly charged with explosives and
the explosive charge is de-coupled from the
rock i.e. an air gap is created between the explosive charge and the hole. The purpose is to
avoid excessive compressive failure around the
blastholes while breaking the rock in tension.
As the compressive rock strength is several
times greater than the tensile strength, tensile
failure is achieved by this method (Lewandowski et al. 1996). Sanden (1974) conducted a
theoretical examination on tensile pre-split
cracks through interaction between rock
strength and stress waves generated from the
explosives detonation. This theory has been further studied by Calder (1977) and Chiappetta
(1991). A mathematical relation based on the
above consideration is derived for pre-split
spacing and expressed as:

The paper deals with the controlled blasting
technique (Pre-splitting) implemented at the
Moher and Moher Amlohri Extension opencast
project of Sasan power Limited in India.
Twelve dragline blasts along with pre-splitting
of the face were conducted with varying blast
design and charging patterns at dragline benches of the mine. The dragline bench blasts were
designed in such a fashion that 20% of the
blasted material should be casted in decoaled
area. The recorded magnitudes of vibration due
to dragline bench blasting were kept within the
stipulated guideline of the regulatory agency.
The optimized drilling and blasting patterns,
pre-splitting and placement of explosives in the
holes helped to achieve the desired fragmentation and throw of the overburden in decoaled
area while keeping vibrations within safe limits
at the concerned structures.

S≤ 2R(Pb+T)/T

(1)

Where,
S = spacing between the blastholes (inches)
R = blasthole radius (inches)
Pb = blasthole pressure (psi)
T = tensile strength of rock (psi)

1.1 Theory of Pre-split blasting for final wall
control

The above relation does not include geotechnical aspects of the strata and only deals with
the intact rock tensile strength. It is well known
that in closely fissured rock pre-splitting rarely
gives impressive results. The joint frequency,
orientation of joints in relation to the pre-split
line, aperture of joints and infillings are the
prominent aspects of joints that affect pre-split
quality (Reinhart 1964, Calder 1977, Worsey et
al. 1981, Cunningham and Goetzche 1990,
Chiappetta 1991, Dunn and Cocker 1995, Tariq
and Worsey 1996).

The basic theory is to control the effects of
blasting in such a way that the inherent strength
of the wall rock is not destroyed. This can be
achieved certainly by keeping the explosive energy released by the production blast far away
from the final wall so that significant damage
can be avoided. Different blasting techniques
are being used for different purposes depending
on the specific excavation requirements. Presplitting is one of the specific blasting technique that is being used to control damage to
wall rock. Though there are other controlled
blasting methods to minimise the damage to
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2

EXPERIMENTAL SITE DETAILS

and north-eastern part the Moher sub-basin.
The north-eastern part or the Moher sub-basin
covers an area of 312 Sq Km and contains thick
coal seams namely Turra, Purewa and Jhingurdah making it the highest potential area of the
coalfield. At present the entire coal production
of Singrauli Coalfield of around 100 Mt. is being mined out from this area. An overview of
the master plan for the Moher basin of the
Singrauli coalfield is depicted in Figure 1 and
an overview of the Moher and Moher Amlohri
Extension is depicted in Figure 2.

Moher and Moher-Amlohri Extension Coal
Blocks are situated in the Singrauli coalfield
which lies between latitudes 23º47’00” and
24º12’00” North and longitudes 81º40’00” and
82º52’00” East covering an area of 2202 Sq
Km and is mainly located in the Singrauli district of Madhya Pradesh except for 80 Sq. Km
which falls in the Sonebhadra district of Uttar
Pradesh. The Kachni River divides the coalfield
into two parts viz. the major western and southern part comprising the Moher main sub-basin

Figure 1

Overview of masterplan for Moher basin of Singrauli coalfield.

Figure 2

Overview of Moher and Moher Amlohri Extension Opencast mine of Sasan Power Limited.
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3

METHODOLOGY

Bench design parameters are controlling parameters which regulate the desired fragmentation level of particular blast. Rock mass properties and blasting parameters control the
efficiency of blasting operation. But all the
blast design parameters cannot be changed depending on type of strata and bench height.
During the trial blast the hole diameter was
311mm for dragline benches and 250 mm for
pre-split blastholes. The average hole depth for
dragline benches was 45 m to 57 m. The total
explosive range for dragline benches was
38,480 kg to 980,330 kg. To optimize the delay
timing between the holes in a row and between
the rows, the time history of a signature blast
were recorded and analyzed. The blast induced
ground vibrations for each blast were recorded
to investigate the vibration level. A few blasts
were performed with the existing blast design
practiced in the mine and after each blast,
scaled digital photographs of fragmented muck
pile were taken to analyse fragmentation characteristics such as mean fragment size, index of
uniformity etc. Optimum fragmentation size
may not be the required size but knowing the
size distribution for particular blast and rock
mass conditions, the contractor can adapt the
blasting if possible (Engin 2009). The drilling
and charging pattern of a dragline bench with
pre-split holes is depicted in Figure 3. The
muck profile of the blast is depicted in Figure
4. The half-cast impression of pre-split blast
holes on the final stable wall is presented in
Figure 5.

Figure 3

Figure 4

Muck pile profile of the dragline
bench blast.

Figure 5

Half-cast impression of pre-split
blast holes on the final wall.

4

ANALYSIS OF DATA

The blast design parameter data collected from
39 blasts are analysed to find out its impact on
rock fragmentation level.
4.1 Blast vibration analysis
Blast induced vibration was monitored at different locations for blasts of the shovel bench,
the dragline bench and signature hole blast.
Seismographs were placed at a distance of 40 m
to 4260 m and the maximum blast vibration
recorded was 184 mm/s to 1.37 mm/s respectively depending on quantity of explosive
charged, distance of monitoring station from
blast face, explosive weight charged per delay
etc. Air overpressure was recorded up to 148
dB. One of the blast wave signature and FFT
analysis recorded for dragline bench blast have
been presented in Figure 6 and Figure 7 respectively.

The drilling and charging sequence of the dragline bench
blast.
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4.2 Blast delay optimization with the help of
signature blast
The delay timing between the holes in a row
and between rows plays a fundamental role in
fulfilment of the objectives of the blasts. To address this issue a single blast hole was drilled at
the dragline bench of the mine (Figure 8) and
ground vibrations were recorded in the near
field and the far field. The frequency spectra of
the signature blast at the dragline and different
shovel benches were analyzed Signature blast
holes of the dragline benches were loaded with
3,420 kg of explosives. The blast was fired instantaneously without in-hole delay. The blast
wave signatures were recorded for each signature hole blast at respective distances. The typical time history of blast wave signature recorded at the dragline and shovel bench at 150 m
from the blast hole is presented in Figure 9 and
signature hole analysis table is presented in
Figure 10.

Figure 6

Blast wave signature recorded at a
distance of 800 m for dragline bench.

Figure 7

FFT analysis of the blast wave
shown in Figure 6.

Figure 8

Blast sequence and explosive of Signature hole blast.

Figure 9

Linear superposition of the signature waves
was done to simulate the waveform characteristics for multi-hole blasting. The analyses for
signature blast hole revealed that very short delay times between the holes and very long delay
intervals between the rows should be avoided
the analyses further concluded that the mean
time needed to start the movement of rock face
is 9.5 ms/m of effective burden. The delay interval between the successive rows should be
9.5-23.4 ms/m of effective burden which is 7.9

Time history of the signature
blast in Vertical direction conducted at dragline bench.
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m for a pattern of 10 m × 13 m. This concept
was drawn after calculating the wavelength in
terms of λ/4, λ/2, 3λ/4, λ and so on of the signature blast waveform which is slightly varied for
each cycle of the signature recorded for three
mutual perpendicular directions i.e. Long, Vert
and Tran direction of the signature blast. The
blast designs were optimized considering the
output of linear superimposition techniques.

determination of the boosters and the recorded
trace of the VOD is presented in Figure 12.

Based on the output of the signature blast, delays were optimised and subsequently the shovel and dragline bench blasts were successfully
blasted and generated good fragmentation with
suitable muck profiles with a minimum level of
vibrations.

Figure 11 VOD trace of SME explosive
recorded at SH#02 shovel blast
face at the experimental site.
DataTrapII VOD Data
Channel 3 5,000,000 Hz

1.25
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0.25
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Figure 12 Trace of recorded VOD of cast
boosters (200 g) at mine site.

Figure 10 View of Signature hole analysis
table for dragline bench blast.

4.3 Testing of quality of blasting accessories
The qualities of Nonel delay detonators of different companies have been tested at the experimental sites. The Blaster Ranger II, High speed
video camera and Data Trap-II recorder were
deployed to document the scattering in shock
tube (NONEL) delay detonators (DTH- 450 ms
of 12 m, 15 m, 18 m and 23 m); MS connectors
(17 ms, 25 ms, 65 ms, 100 ms and 125 ms) and
cord relays (25 ms, 50 ms, 65 ms and 100 ms).
View of the MS connectors (17 ms, 25 ms, 65
ms, 100 ms and 125 ms) and cord relays (25
ms, 50 ms, 65 ms and 100 ms) connection for
delay scattering test is depicted in Figure 13.

4.3 Monitoring of in-the hole velocity of detonation (VOD) of explosives
A uniform VOD is essentially required
throughout the blast holes to produce sufficient
detonation pressure to the blast hole walls to
yield uniform fragmentation. The recorded inthe-hole VODs of the SME explosives used
were in the range of 4690 m/s to 5545 m/s.
One of the VOD trace recorded at the site is
presented in Figure 11. Surface VOD of 200 g
and 400 g cast booster was determined using
Data Trap II. Five Boosters were taped and
wrapped on stick. The firing was done with Dcord initiation. The arrangement for the VOD
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Figure 13 Field arrangement to record the actual firing time of MS Connectors and cord relays with the help of High Speed Video Camera.
4.4 Fragmentation analysis

4.5 Role of scattering in pyrotechnic delays on
rock fragmentation

The fragmentation achieved from experimental
trial blasts showed different results. The fragmentation achieved from blasts was excellent
and the muck piles were properly distributed
for loading. The fragment size analyses were
carried out with the help of Wipfrag software.
The output of the analyses are in the form of
number of exposed fragmented blocks, maximum, minimum and mean size of the fragmented blocks, sieve analysis as per the requirement
i.e. at different percentile size viz. D10, D25,
D50, D75 and D90. (Percentile sizes: for example D10 is the ten-percentile, the value for
which 10% by weight of the sample is finer and
90% coarser. Five to ten photographs of muck
pile were taken and analyzed after each blast.
The Netting, contouring, histogram and cumulative size curve view of fragmented block at
the dragline bench is depicted in Figure14.

The effect of delay time on fragmentation has
been discussed for a long period and despite the
efforts of many researchers, delay selection for
fragmentation improvement or optimization
remains a controversial issue. Katsabanis and
Omidi (2015) based on small-scale tests suggest that there is influence of delay time on the
larger sizes of blast induced fragmentation as
well as on the uniformity of the fragmentation.
Ouchterlony et al. (2015) experimented and
compared the results for the electronic delay
detonator rounds, which had nearly the same
drilling and charging pattern as the Nonel
rounds with normal specific charge show that
the initiation scatter and possibly the delay malfunctioning may have a considerable effect on
the blast fragmentation. In the present scenario,
the scattering in Nonel delay detonators (pyrotechnic delay) is very serious issue. The result
of these delay detonators on fragmentation can
better be understand by recording the actual
detonation timing of these delay detonators.
The analyses of recorded data reveal that almost all delay detonators have scattering. The
scattering was observed in both ways, i.e. ‘+’ve
and ‘–‘ve side of the nominal firing times. The
graphical presentation of the recorded scattering in firing time of Nonel delay detonators and
cord relay is depicted in Figure 15 and Figure
16 respectively.

Figure 14 Netting, contouring, cumulative
and histogram size curve view of
fragmented block at dragline
bench.
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Figure 15 Plot of recorded percentage (%)
of scattering in Nonel Delay Detonators.




Figure 16 Plot of recorded percentage (%)
of scattering in cord relay.
5



CONCLUSIONS

Optimum blasting should comprise the optimization of blast design parameters for stable high
dragline bench wall, generation of required
fragment size distribution with suitable muck
pile optimal for loading, as it may improve the
downstream operations. The main conclusions
of the study are as follows:




The trial blasts conducted for establishing
presplit blast design by using 25 kg SME
bulk explosives in plastic bag (coupled) at
an interval of 2 m up to a total depth of 24
m (inclined at an 10o) along with stable hole
depth (17 m) in which only 500 kg blast
was detonated for a dragline bench of 40 m
(hole depth 43 m) is pragmatic after analyzing the blast result in terms of the half cast
factor.
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The blast vibrations recorded at the point of
concern are well within the safe limits as
per the stipulated guidelines of regulatory
agency i.e. below 5 mm/s and 10 mm/s for
the houses of structures not belonging and
belonging to the owner respectively. The
recorded frequency range was between 2.5
and 23.2 Hz.
The recorded in-the-hole VOD of SME Explosives of used at the mine site was in the
range of 4690 m/s to 5545 m/s. To get desired level of fragmentation, VOD of SME
explosives of more than 4800 m/s is required and the sleeping time should be restricted to one week for achieving efficient
utilization of explosive energy in rock
fragmentation.
Decking size and its location have been decided based on the occurrence of generation
of the boulders from the top portion of the
bench and their sizes were kept within 12 to
17 times of drill diameter.
On the basis of trial blast results, it has been
advised to avoid multiple point priming and
placement of the booster at one location for
an explosive column length of 8-10 m.
Blast wave simulation analysis of signature
blast waves was performed for different
benches. The recommended delay interval
between the holes for dragline bench blast
is 48 ms and may be used as per the blast
wave signature blast and whereas between
the rows it should be in multiple of 120ms
i.e. 60ms, 90ms, 120ms, 125ms, 150ms and
180ms may be used in order to improve
fragmentation with lower level of vibration.
The recorded scattering range of the Nonel
delay detonators were varied between 2 %
and 37 %. High scattering value in the
Nonel detonator has affected the output of
fragmented as well as in muck pile formation.

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018
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Evaluation of UAV system accuracy for automated
fragmentation measurement
T. Bamford, K. Esmaieli and A. P. Schoellig
Mine Modeling and Analytics Lab, Lassonde Institute of Mining, University of Toronto, Canada

ABSTRACT
The current practice of collecting rock fragmentation data after blasting is highly manual and provides
data with low temporal and spatial resolution. Unmanned Aerial Vehicle (UAV) technology can increase both temporal and spatial data resolution without exposing technicians to hazardous conditions. Our previous works using UAV technology to acquire real-time rock fragmentation data has
shown comparable quality results to sieving in a lab environment. However, when applied to a mining
environment, it is essential to quantify the accuracy of scale estimation and rock size distribution by
considering various sources of uncertainties such as the UAV GPS, which provides noisy measurements. In the current paper, we investigate the accuracy of application of UAVs to collect photographic data for fragmentation analysis. This is done by evaluating the accuracy of the 3D model
generated using the UAV system, estimated image scale, and the measured rock size distribution.
This paper also investigates the impact of flight altitude on the measured rock size distribution.
1

INTRODUCTION

technicians to hazardous conditions. The added
benefit of implementing UAV systems is their
capacity to automate the entire measurement
process. Bamford, et al. (2017b) demonstrated
that using UAV technology in a laboratory environment to acquire real-time rock fragmentation
data has produced comparable quality results to
sieving and manual image analysis with significant time savings. Automated fragmentation
measurement using the UAV, when compared
with conventional image analysis using manual
editing only required 20% of time to analyze the
same area. However, in mining environments,
there are more measurement uncertainties due to
the sensors used and the heterogeneous nature of
the muckpiles that are measured. For example,
GPS sensors are less accurate than the motion
capture system used in the lab. If UAV systems
are to be implemented to automate the measurement of muckpile fragmentation in the field,
then the quality of results they produce, and their
limits should be well understood. The goal of
this work is to provide an evaluation of the accuracy of UAV systems for fragmentation data
acquisition using photographic methods. Moreover, this work aims to illustrate the impact of

Measurement of muckpile rock fragmentation is
important because all downstream mining and
comminution process efficiencies are greatly influenced by fragmentation. Mosher (2011) describes that rock fragmentation can influence the
volumetric and packing properties of rock and,
consequently, the efficiency of digging and
hauling equipment. Similarly, other studies have
demonstrated the direct influence of the rock
size distribution on comminution energy consumption, mill throughput rates and the productivity of these processes (Kanchibotla
et al. 1999, McKee 2013). Blasting engineers
also use the rock size distribution as a means of
quality control of blast design and operation.
Thus, the continuous measurement of muckpile
rock fragmentation is desired for the optimization of a mining operation. Despite this importance, the current practice of collecting rock
fragmentation data for muckpiles can be logistically complex, laborious, and produces data that
has low temporal and spatial resolution (Bamford et al. 2017b).
Unmanned Aerial Vehicle (UAV) technology
can increase both temporal and spatial resolution
of rock fragmentation data without exposing
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locations, using a monocular camera and physical scale objects to estimate the scale. This
method typically involves a technician walking
to the location of a muckpile, placing scale objects in the area of interest, and capturing individual photos. Among the limitations of this
technique, discussed by Sanchidrián et al.
(2009), the imaging system resolution and image
segmentation are of high importance, as both can
lead to inaccurate rock size measurement. The
system resolution is limited by the sensor hardware used, whereas accurate automated segmentation of rock fragments is still considered a
challenging task. Most recently, Ramezani et al.
(2017) proposed promising results using Deep
Neural Networks as a potential first step to improve automated rock segmentation accuracy.

UAV flight mission altitude and ground sampling resolution on the minimum detectable particle size using photographic methods.
During a test campaign, rock piles were constructed with sieved rock fragments of different
sizes and material types at an active mine site.
The rock piles were then measured by a UAV to
conduct fragmentation analysis using photographic techniques. Through processing of the
collected data, the accuracy of each calculation
step to measure fragmentation size distribution
was computed. This includes calculating the accuracy of the:




3D model generated by the UAV system;
Estimated image scale; and
Measured rock size distribution.

Application of 3D imaging and analysis methods
has eliminated the need for placement of scale
objects and has reduced the error that can be created by the uneven shape of the rock pile surface.
In the work by Onederra et al. (2015), a LiDAR
was used to measure fragmentation of a muckpile in an open pit mine. This method improved
automated rock segmentation by addressing the
abovementioned limitations of photographic image analysis and, in recent work by Campbell &
Thurley (2017), improved measurement in poor
lighting conditions in underground mines. Stereo imaging can also help improve automated
rock segmentation as shown in Noy (2012)
where the sensor is mounted on a shovel to collect fragmentation data. While the 3D techniques improve image analysis methods, there
are still some limiting aspects. One example of
this is the significant amount of time that is required to capture detailed scans with LiDAR
technology. Another drawback of the current 3D
imaging techniques is that they have been limited to capturing images from fixed locations because motion blur can significantly smooth the
3D data, making delineation difficult.

To illustrate the impact of Ground Sampling
Distance (GSD), the measured rock size distributions for sieved rock piles at two different
flight mission altitudes are presented and compared with the screen sizes used to create them.
2

FRAGMENTATION MEASUREMENT
OF MUCKPILES

Several methods have been developed to estimate rock size distribution for muckpiles. These
methods include visual observation by an expert,
sieve analysis, and photo (2D) and 3D image
analysis. Visual observation involves inspecting
the rock pile and subjectively judging the quality
of the blasted material. This subjective method
often produces inaccurate and imprecise results.
Sieve analysis involves passing a sample of the
rock pile through a series of different sieve size
trays. This method generates more consistent
and accurate results; however, it is more expensive, time consuming, and in certain cases, impractical to perform for muckpiles. Using this
method may also result in bias measurement because only a sample of a muckpile can be sieved.
Image analysis techniques for measuring rock
fragmentation are commonly used in modern
mining operations because they enable practical,
fast, and relatively accurate measurements
(Sanchidrián et al. 2009). Different sensors and
approaches can be used for image collection and
processing. The most common technique is to
capture photos of a muckpile from fixed ground

In recent years, UAV technology has advanced
rapidly. The technology is routinely used in
many mining operations for aerial surveying and
volume calculation. An example of using UAVs
to measure fragmentation of muckpiles in a
quarry using photographic methods is given by
Tamir et al. (2017). However, in this study, no
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evaluation of the accuracy of the collected data
and estimated results was provided.
3

20.32 cm (pile b in Figure 2a), and greater than
20.32 cm (pile c in Figure 2a). Once Flight Mission A (Section 3.3) was completed to measure
the fragmentation of the sieved piles, the sieved
piles of the ore material were mixed. This was
done so that the accuracy of fragmentation measurement using image analysis could be calculated using a wide range of fragments sizes. Figure 2a illustrates the sieved ore piles before
mixing. The mixing was done by the backhoe
shown in Figure 1b so that the material was homogenized. Ideally, the piles would have been
constructed and mixed on a concrete surface to
avoid contamination, however, this was not
available at the mine site. Due to this, some rock
fragments that were not the sieved size were visible in the pile area. For example, some rock
fragments with sizes <10.13 cm were visible in
the edge of the >20.26 cm sieved pile. These additional rock fragments were manually masked
after identifying outliers. This process reduced
the errors in the minimum rock fragment size
measured for the piles since outliers were removed. The mixed pile’s fragmentation size was
then measured by the UAV using Flight Mission
B. Figure 2b shows the mixed pile (pile d) that
was built from mixing piles a, b and c in Figure
2a.

EQUIPMENT AND METHODOLOGY

In this study, to collect fragmentation data, a test
campaign was conducted at McEwen Mining’s
El Gallo gold mine located in Sinaloa State,
Mexico. This campaign was carried out during
December 2017. The following sections provide
details of the equipment used and the data collection methodology of the campaign.
3.1 UAV System
A commercially available UAV and gimbal
camera combination, the DJI Matrice 600 Pro
UAV and DJI Zenmuse X5 camera, was used
during the test campaign. Figure 1a shows the
UAV system capturing photos during a flight
mission. The UAV was selected because of its
high payload capacity. It could also be used to
carry a LiDAR system. During the test campaign
a LiDAR system was also used to collect fragmentation data. Results of processing the data
collected with the LiDAR system will be presented in future work. Table 1 lists the main
specifications of the UAV. The camera was selected because of its high resolution. It was easily integrated with the selected UAV and its gimbal provides physical photo stabilization. Table
2 lists the main specifications of the gimbal camera system. In these tests, flight missions were
designed and then the UAV was autonomously
flown to capture photographs of muckpiles for
analysis. The flight missions used are described
in Section 3.3. During the test campaign, fragmentation measurement was run off-line. In future test campaigns, an onboard computer will
be used to conduct real-time fragmentation
measurement.
3.2 Screening of Piles

(a) UAV collecting data during a flight mission.

Rock piles were constructed with sieved rock
fragments of different sizes for ore and waste
material types. Two screen sizes were used to
sieve rock fragments, creating three piles for
each material type. These square opening
screens had 10.16 cm (4 inches) and 20.32 cm (8
inches) aperture widths. Figure 1b shows the
sieving process. This method produced piles
with the following fragment size ranges: less
than 10.16 cm (pile a in Figure 2a), 10.16 cm –

Figure 1a Photo taken during data collection using a UAV system
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(a)

(b) Sieving rock pile material.
(a) Before ore mixing. Note that the pile between a and b was not used to construct pile d.

Figure 1b Setup for screening rock piles at
McEwen Mining’s El Gallo mine.
Table 1

UAV specifications provided by
DJI (2018a).

Parameter
Dimensions
Weight with batteries
(no camera)
Max Takeoff Weight
Hovering Accuracy
Hovering Time with
batteries (no camera)
Table 2

(b)

Specification
1668 mm × 1518
mm × 727 mm
9.5 kg
15.5 kg
Vertical: ±0.5 m,
Horizontal: ±1.5 m
32 min

(b) After ore mixing.
Figure 2

Camera specifications provided
by DJI (2018b).

Parameter
Dimensions
Weight
Resolution
Angle of View
Gimbal Accuracy

Specification

Orthophotos of screening area
before and after ore rock piles are
mixed. Piles are outlined and labelled.

3.3 Flight Missions

120 mm × 135 mm × 140
mm
530 g
4608 × 3456
72∘
±0.02∘

Flight missions were created and flown using the
DJI Ground Station Pro application. This application allows the user to specify an area for 3D
mapping and to specify mission parameters such
as altitude or GSD, overlap, and flight speed.
This application determines the mission waypoints for 3D mapping using the specified camera parameters including focal length and resolution. The flight missions flown, their
parameters, and target piles during the test campaign are provided in Table 3. All flights were
flown with fixed focal length and the gimbal
pitch angle stabilized at 90∘ down. Flight Mission A was flown over the whole screening area
at a flight altitude of 20 m.This flight was used
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to measure the volume and pre-mixed rock size
distribution of the ore sieved piles.
It was also used to measure the rock fragmentation of the waste sieved piles. Figure 3 illustrates
Flight Mission A (light blue) over the area where
the sieved piles were constructed. Flight Mission
B was flown over the mixed ore pile at an altitude of 15 m to measure its volume and rock frag
mentation. Flight Mission C was flown over the
waste sieved piles at an altitude of 15 m to decrease GSD for comparison with the rock fragmentation measured for these piles in Flight

Mission A. Fourteen (14) Ground Control Points
(GCPs) were marked on the ground and measured throughout the area using a total station so
that the accuracy of the 3D model generated
could be calculated. The marks on the ground
should be visible to the camera when the UAV
is in flight. Figure 3 shows the GCPs (orange)
plotted throughout the sieving area.

Figure 3

Flight Mission A (light blue) and numbered GCPs (orange) plotted on an orthophoto of screening area.

Table 3

Flight missions used to collect data.

Flight
Mission
A
B
C

4

Target Piles
Sieved ore
and waste
Mixed ore
Sieved
waste

Cover
Area
0.27 ha
0.05 ha
0.05 ha

Flight
Time
4 min
49 sec
2 min
45 sec
2 min
26 sec

Number
of Photos
97

Altitude
20 m

GSD
(mm/pixel)
5

Front
Overlap
80%

Side
Overlap
60%

64

15 m

4

90%

60%

56

15 m

4

90%

60%

DATA PROCESSING AND RESULTS

used to compute image scale without using physical scaling objects on the muckpile. The process
used to compute image scale is described in Section 4.2. To create the 3D model from photos
captured using the UAV, OpenDroneMap
(2018), an open source software, was used. This
software takes a set of images and their GPS locations and processes them to generate a 3D
model of the area captured by the image set. This
3D model includes geographic data such as point

4.1 3D Model Generation and Accuracy
To use image analysis for measuring rock fragmentation, an image scale or set of images scales
are required to calculate particle sizes. A 3D
model of the pile was generated from the images
captured by the UAV. Onboard GPS and camera
orientation measurements from the UAV were

719

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

clouds, meshes, digital terrain models, digital
surface models, and orthophotos.

RMSE

Geographic data for each flight mission, described in Section 3.3, was generated using
OpenDroneMap. The image scale calculation in
this paper used the point cloud generated; however, a digital terrain model or digital surface
model could also be used. To georeference geographic data, the GPS data logged by the UAV
or GCPs and their location in the set of images
can be used. When using commercially available
UAVs to collect high resolution data in a short
period of time, the mapping area should be limited to cover only the active muckpile. While
placing and maintaining a set of GCPs on or
around an active muckpile is feasible, it can be
laborious, logistically complex, and hazardous.
Therefore, the GPS data recorded by the UAV
was preferred when georeferencing the 3D
model even though GCPs were available in this
study. This GPS data is recorded in each photo’s
file during flight and OpenDroneMap automatically reads and uses this data for georeferencing.

∑

(1)

where

With
,
and
are the components of the
reference model’s distance between GCPs in the
x, y, and z directions, respectively. The distance
components of the generated 3D model between
GCPs in the x, y, and z directions are
,
, respectively. The number of samples is
and
represented by . Table 4 provides an example
of the generated model’s 3D distance error ( )
created for fourteen GCPs using the image set
collected during Flight Mission A. Table 5 gives
the 3D RMSEs calculated for each flight mission. It is observed that for flight missions with
a lower altitude and GSD (Flight Mission B and
C) a lower RMSE was found, indicating higher
accuracy. The magnitude of RMSEs relative to
the altitude of flight missions is similar to the results reported by Bamford et al. (2017c) during
previous laboratory-scale tests. Different factors
can in influence the accuracy of a 3D RMSE
model, including the horizontal and vertical hovering accuracy of the UAV, accuracy of GCP
(both the measurement of the point on the
ground and the measurement of these points in
the orthophoto), property of the area of analysis
(surface texture and visible features), and photogrammetry processing parameters. Future work
will investigate whether the accuracy of the 3D
model can be improved when GCPs are used for
georeferencing instead of GPS data.

To evaluate the accuracy of the 3D models generated, the agreement between the generated 3D
model and a reference model is evaluated. Since
the image scale calculation involves a 3D distance between points, distances between GCPs
are considered as an appropriate model to assess
the accuracy of the 3D model. This has assumed
that the GCPs are correct because they have been
recorded with a more precise total station. The
GPS data recorded by the UAV is subject to a
±1.5 m horizontal and ±0.5 m vertical hovering
accuracy so it is considered less precise than the
GCPs. The assessment of accuracy is done by
calculating the Root Mean Square Error
(RMSE), a key statistic used to determine remote sensing accuracies (Congalton 2016).
Equation 1 has been adapted to calculate 3D
RMSE.
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Table 4

3D distance error between GCPs for 3D model created using images captured during Flight Mission A. Values in meters.

Table 5

RMSEs for flight missions.

Flight Mission
A
B
C

Number of
Points (n)
14
11
7

top and bottom edges of a photo calculated using
this simple model.

3D RMSE
image scale

0.287 m
0.177 m
0.114 m

2 tan

/2

(2)

where is the flight altitude above flat surface,
is the camera’s horizontal field of view, and
is the image width in pixels. From our experience, when the UAV is used to measure fragmentation for a pile against a mine’s highwall,
then the pilot will typically change the gimbal
pitch angle so that a safe distance is always
maintained from the highwall. Changing the
gimbal pitch angle invalidates the gimbal pitch
angle assumption in the simple model, making
the image scale equation much more complex.
To avoid using physical scaling objects and assuming the simple model, the 3D surface model,
onboard sensor data recorded by the UAV, and
camera parameters were used together to estimate image scales. A schematic of the method
used to estimate image scale using the 3D model
and UAV sensor data is given in Figure 4. The
process used to estimate image scale is described
in detail in Bamford et al. (2017a) and is presented at the end of this paper in Appendix A.

4.2 Image Scale Estimation
An emerging approach to conduct rock fragmentation measurement is by using an orthophoto
created using geographic data processing software, such as OpenDroneMap. This method estimated image scale by assuming that the GSD
of the orthophoto is accurate. The work by Tamir
et al. (2017) uses an orthophoto for fragmentation measurement. An orthophoto has a fixed
GSD which can be directly used as image scale
in image analysis software. While this is convenient, we have instead used original images for
fragmentation analysis. This method was chosen
because the UAV system has the capacity to process individual images onboard while in flight.
As shown in Bamford, et al. (2017b), real-time
processing of images can have significant time
savings when compared with conventional image analysis using manual editing.

To estimate error in the calculated image scales,
the 3D RMSE for the 3D models (discussed in
Section 4.1) was used. Equation 3 calculates the
image scale error using the 3D RMSE.

Using image analysis with individual images requires an image scale to be estimated. If there are
no physical scales in the area captured by the
photo, then image scale must be estimated. A
simple trigonometric model relying on camera
field of view and flight altitude can be used to
estimate image scale. However, a 90∘ gimbal
pitch angle and flat surface must be assumed.
Equation 2 provides the image scale along the

scale error
scale
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end of the mission is 18.51 m. The differences in
altitudes are expected to be due to (1) the assumption in flight mission planning that the surface is flat, and (2) the added vertical distance
between the camera and the GPS sensor. For the
UAV system described in Section 3.1, the vertical distance is 40 cm.

where
is the image width in pixels, scale is
the estimated image scale using the method described in Appendix A, and RMSE is the 3D
RMSE. Table 6 and Table 7 present the image
scale and image scale error for each photo used
to measure fragmentation for ore and waste
piles, respectively. Since the image analysis
software only accepts an image scale along the
top and bottom edge of the photo, the image
scale is estimated along the top and bottom
edges. There is approximately a 0.25 mm/pixel
decrease between the flight mission GSDs in Table 3 and the estimated image scales in Table 6
and Table 7. For example, Flight Mission A has
a GSD of 5 mm/pixel and the image scale estimated for the pile with sizes greater than 20.32
cm during Flight Mission A was 4.767 mm/pixel
along the top and bottom edge of the image.

Figure 4

This decrease is caused by a difference between
the planned flight mission altitude and the altitude measured above the 3D model. One example of this difference is that the altitude for Flight
Mission A is 20 m, and the altitude measured
above the 3D model for the photo captured at the
Table 6

Schematic of method used to estimate image scale using 3D model
and UAV sensor data, Bamford et
al. (2017a).

Image scales and their errors estimated for images used to measure fragmentation
of sieved and mixed ore piles.

Flight
Mission

Altitude

Pile Description

A

20 m

A

20 m

A

20 m

B

15 m

Sizes greater
than 20.32 cm
Sizes from
10.16 cm to
20.32 cm
Sizes less than
10.16 cm
Mixed pile

Image Scale Error range Image Scale along
along top
along top
bottom edge of
edge of
edge of
photo
photo
photo
4.767
-0.061 to
4.767 mm/pixel
mm/pixel
+0.064
4.773
-0.061 to
4.761 mm/pixel
mm/pixel
+0.064
4.748
mm/pixel
3.778
mm/pixel

-0.061 to
+0.064
-0.038 to
+0.039
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4.736 mm/pixel
3.768 mm/pixel

Error range
along bottom edge of
photo
-0.061 to
+0.064
-0.061 to
+0.064
-0.061 to
+0.064
-0.038 to
+0.039
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Table 7

Image scales estimated and their errors for images used to measure fragmentation
of sieved waste piles.

Flight
Mission

Altitude

Pile Description

Image Scale
along top edge
of photo

A

20 m

Sizes greater
than 20.32 cm

4.724 mm/pixel

A

20 m

4.773 mm/pixel

A

20 m

4.724 mm/pixel

C

15 m

C

15 m

C

15 m

Sizes from
10.16 cm to
20.32 cm
Sizes less than
10.16 cm
Sizes greater
than 20.32 cm
Sizes from
10.16 cm to
20.32 cm
Sizes less than
10.16 cm

3.833 mm/pixel
3.809 mm/pixel

3.858 mm/pixel

4.3 Fragmentation Measurement of Mixed Pile

Error
range
along top
edge of
photo
-0.061 to
+0.064

Image Scale
along bottom
edge of photo

Error range
along bottom edge of
photo

4.711 pixels/m

-0.061 to
+0.064

-0.061 to
+0.064

4.761 pixels/m

-0.061 to
+0.064

-0.061 to
+0.064
-0.024 to
+0.025
-0.024 to
+0.025

4.711 pixels/m

-0.061 to
+0.064
-0.024 to
+0.025
-0.024 to
+0.025

-0.024 to
+0.025

3.823 mm/pixel
3.799 mm/pixel

3.848 mm/pixel

-0.024 to
+0.025

iting and to enable accurate automated fragmentation measurement. Figure 6 and Table 9 show
the measured fragmentation produced by image
analysis for the mixed ore rock pile.

To evaluate the accuracy of fragmentation measurement of the ore mixed pile, the rock size distributions using the image analysis method and
sieving are compared.

To determine the sieving size distribution of the
mixed pile, volumes were calculated for each
sieved pile. This was done by computing the volume between a digital surface model and a digital terrain model of each pile generated using
OpenDroneMap at a resolution of 10 pixels per
meter. To compute the volume between the two
models for each pile, the outlines of each pile in
Figure 3 were used. This resulted in the volumes
reported in Table 8. The volume measured for
the mixed pile is 0.41 m3 greater than for the
combination of the sieved piles. This difference
is thought to be caused by an accumulation of
small variations in the digital terrain model underneath the piles. Ideally, the bottom surface
should have been measured before placement of
the piles to ensure more accurate volume measurement. Figure 6 plots the sieving size distribution calculated for the mixed ore pile using the
volumes in Table 8. As can be seen in Figure 6,
the residuals between the image analysis and
sieve analysis are 7.96% and 0.82% for the sieve

For image analysis Split-Desktop by Split Engineering LLC. (2018) was used. This software
takes a photograph and delineates rock fragments using image segmentation. Figure 5 illustrates the delineation of rock fragments using
image segmentation for one of the screened
waste rock piles (10.16 to 20.32 cm). To measure the rock sizes, estimated image scales are
manually input into the software. Manual editing
was used to improve the rock delineation process. To ensure that delineation and image editing were consistent for all analyses, the same
user conducted manual editing. For each image
analyzed, the user spent approximately 1-2
hours editing to ensure accurate rock segmentation. With the goal of implementing a fully autonomous UAV system for fragmentation analysis, future works will investigate Deep Neural
Networks as a technique to eliminate manual ed-
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sizes of 10.16 cm and 20.64 cm, respectively
(less than 10% passing). This range is considered acceptable because these residuals are expected to be caused by the effect of particle
shape and particle occlusion, known limitations
of image analysis. The larger residuals found for
the lower sieve size (10.16 cm) is caused by a
lesser proportion of the fines material being visible on the surface because it was mixed in from
the bottom of the pile. Most of the finer material
was at the bottom of the pile because the mixed
pile (d) was built on top of the smaller than 10.16
cm sieved pile (a), as shown in Figure 2. To better understand this error, the pile should be
mixed and measured multiple times to determine
if an average size distribution will approach the
true rock size distribution. This concept could
also be applied to an operating mine, where continuous measurement of the rock size distribution could be done during excavation to obtain a
better prediction of fines. This is because most
fines end up in the bottom of the muckpile due
to segregation and they are exposed during excavation.

(b)

(5b) Delineated image.
Figure 5

Image analysis of screened waste
rock pile with rock fragment sizes
between 10.16 cm and 20.32 cm
using photo captured during
Flight Mission C. In 5b, blue regions represent rock fragment
boundaries and light blue regions
are masked.

Table 8

Volumes calculated for sieved
and mixed ore rock piles labeled
in Figure 2.

(a)
Pile Label
a
b
c
a+b+c
d
(5a) Image collected by UAV.
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Description
Sizes greater than
20.32 cm
Sizes from 10.16
cm to 20.32 cm
Sizes less than
10.16 cm
Sieved piles
Mixed pile

Volume
0.51 m3
0.64 m3
3.45 m3
4.60 m3
5.01 m3
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Figure 6

Rock size distributions of mixed ore rock pile measured using sieving and image
analysis. Rock size distributions are plotted to show variation caused by image scale
error. This variation is small and is close to the image analysis distribution.

Table 9 Summary of image analysis
measurements shown in Figure 6.
Pile Description

P20
(cm)

P50
(cm)

P80
(cm)

Mixed pile

0.49

4.89

15.43 39.30

20.32 cm, we can calculate a GSD that will allow
rocks in this range to be reliably delineated. In
Split-Desktop, particles smaller than 16 square
pixels can not be reliably automatically delineated. Assuming the 10.16 cm size rocks do not
pass through the square screen apertures, this
would require the condition on GSD given in
Equation 4.

Pmax
(cm)

4.4 Influence of GSD and UAV Flight Altitude
on the Fragmentation Measurement

GSD

To understand the impact of GSD on the minimum detectable fragment size and rock size distribution accuracy, image analysis was conducted on each of the sieved waste piles to
measure fragmentation for two different flight
altitudes (20 m and 15 m). The rock size distributions are then compared to each other and the
expected size ranges created by sieving.

10.16
16

cm2
pixels 2

0.0103226 m2
16
pixels 2
0.0006451

m2
pixels 2

(4)
25.4

mm
pixel

Therefore, to reliably delineate rocks that are
10.16 cm and larger, a GSD of 25.4 mm per pixel
or greater is required. For both flight altitudes,
the GSD is less than this value (4 millimeters per
pixel for 15 m flight altitude, and 5 millimeters

Each flight altitude produces a different GSD
when the camera settings, particularly focal
length, are fixed as shown in Table 3 and the estimated image scales in Table 7. Since we have
one closed rock size range between 10.16 cm to
725
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per pixel for 20 m flight altitude). Thus, the image analysis is able to reliably delineate the target rock fragment sizes. Figure 7 and Table 10
show the waste rock size distributions produced
by image analysis for Flight Mission A and C
(20 m and 15 m flight altitudes, respectively).
Table 10 illustrates that the range of measured
sizes within the sieving size range was only
61.1% and 60.9% for the middle size range piles
in Flight Mission A and C, respectively. This relatively high error is discussed in Section 5. For
the other piles, the range of particle sizes that are
measured within the correct sieving sizes, ranges
from 79.8% to 99.2%, which is considered acceptable. During manual editing, the user’s edits
were essentially the same between both flight
missions, however, some small fragments that
were delineated in Flight Mission C were instead
classified as fines regions in Flight Mission A.

for the two flight altitudes. At 20 m altitude
(Flight Mission A), the minimum detectable size
was 2 cm with 78.2% below this size. At 15 m
altitude (Flight Mission B), the minimum detectable size was 1.7 cm with 70.1%. This decrease
in percent passing at a lower GSD indicates that
more rock fragments are detected and measured
at the 15m altitude than at the 20m altitude.
Since a low GSD is desirable to detect more fine
material, a low flight altitude will be required if
camera settings are fixed. However, there are a
number of factors that will impact the selection
of flight altitude. This includes the size of the
area that has to be covered and the time available
since a low altitude will require more scanlines,
and time, to cover the area. Another consideration includes the number of photos that are accepted by the geographic data processing software, since a lower altitude will produce more
photos to process. From experience, caution
must be taken when flying at low altitudes because the risk of collision is high. This is due to
weak GPS signal in the lower benches of an open
pit mine and because the airspace near a muckpile at lower altitudes is frequently occupied by
tall mining equipment, such as drilling rigs.

As can be seen in Figure 7, the coarse size sieved
piles (>10.16 cm) are not as affected by the flight
altitude as the pile of fine material (<10.16 cm).
This difference is caused by the higher GSD at
the higher flight altitude chosen for Flight Mission A. The low GSD, in turn, makes a larger
amount of larger rock fragments non-detectable
during image analysis. This can be seen in Figure 7 for the pile with sizes less than 10.16 cm
(a)

(b)

(a) Raw image collected by UAV.
Figure 8

(b) Delineated image with overlapped rocks
highlight purple

Close up of image analysis of waste rock pile with rock fragment sizes between 10.16
cm and 20.32 cm using photo captured during Flight Mission C. In 8b, blue regions
represent rock fragment boundaries, purple regions represent overlapped rocks
that are measured as less than 10.16 cm, and light blue regions are masked.
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5

DISCUSSION

evaluated. The accuracy of the 3D model generated by the UAV was evaluated using the RMSE
statistic computed by using the distance between
reference GCPs. This resulted in an RMSE ranging from 0.11 m to 0.29 m for the data processed
in the test campaign. To decrease this error it
was suggested to include GCPs during 3D model
generation. The computed image scale was then
evaluated by estimating the error propagated by
the 3D model. This resulted in very small error,
in the range of ±2.8 pixels/m. This error is expected to decrease with increased 3D model accuracy. The measured rock size distribution for
a mixed pile constructed from sieved piles was
comparable with sieving analysis with a maximum error of 7.96%. This error is possibly
caused by particle shape and occlusion as well
as the limitation of image analysis using surface
measurement to represent volume.

This section discusses some of the sources of error during rock size distribution measurement
and the possible solutions that will be explored
in future work. Relatively large errors were
found when measuring the fragmentation of the
medium size range (10.16 cm to 20.32 cm) waste
material (Figure 7). This includes 30% of material smaller than 10.16 cm and 10% of material
larger than 20.32 cm. While the 10% of oversize
material is considered acceptable, the 30% error
is considered large (Sanchidrián et al. 2009).
This error is expected to be caused by particle
over-segmentation, occlusion and shape. For example, Figure 8 illustrates particle occlusion for
the medium range waste pile for Flight Mission
C. In Figure 8, there are a number of particles
that are measured as a smaller size than their
sieved size because they are overlapped by other
particles. A possible solution to this limitation is
to use a 3D model to predict whether a particle
is overlapped or not (Onederra et al. 2015,
Campbell & Thurley 2017). In future work, this
technique will be applied to LiDAR data collected during the test campaign and the 3D
model generated using the 2D images. Another
potential source of error is caused by over-segmentation. This error could be mitigated with
more manual editing, however, since the goal of
UAV measurement of rock fragmentation
should be to automate data collection and processing, this is not feasible. To help improve the
accuracy of segmentation, the use of Deep Neural Networks for rock segmentation shows
promise and will be investigated in future work.
As mentioned in Section 4.3, mixing the pile to
expose different surface configurations may also
decrease the error caused by particle shape when
combining a series of measurements.
6

The paper also investigated the impact of GSD
and flight altitude on the measured rock size distribution. The effect of GSD was shown to have
a larger impact on the minimum size that is detectable. This effect was shown to largely impact
the measurement of fine material, with smaller
impact on the measurement of coarser material.
Flight altitude, and a low GSD, has been shown
to improve the particle segmentation process
through decreasing the minimum detectable
size.
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APPENDIX A
This appendix describes a point-cloud-based
method used to calculate image scale. The proposed method uses a monocular camera attached
to a UAV, onboard sensors to measure UAV and
camera orientation, and global position information (e.g., GPS or an external motion capture
system) to measure camera position.
A.1 3D Model Creation
The first step in this process is creating a 3D
model, or point cloud. The UAV is used to take
overlapping images around the area of interest.
For example, if the area of interest is a soccer
field, the UAV will fly parallel scanlines up and
down the field capturing photos at a fixed spacing.
Next, a geographic data processing software,
such as OpenDroneMap, is used for 3D model
reconstruction. First, the software takes a set of
images, detects and describes features in them,
and then matches these features between images.
With these known matches, bundle adjustment is
conducted to create a 3D reconstruction of the
scene. The 3D model is then transformed, or
georeferenced, using the GPS data captured for
each image. The 3D model created in this step
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Euclidean group,
3 . For this method, the
camera position and orientation is estimated
from onboard sensor measurement of camera
orientation and UAV position and orientation.

can be used, or taken from, other analysis projects, such as drill and blast campaigns or topographic surveys.
A.2 Camera Intrinsic Parameters

A.4 Ray Equation

The next step towards obtaining image scale for
photographic fragmentation analysis is the
measurement of camera intrinsic parameters.
Camera intrinsic parameters are innate characteristics of the camera and sensor, and can be
measured using camera calibration software. For
this paper, an open source camera calibration
package was used. These parameters are required to transform a point, represented by pixel
coordinates, in the image to a point on the image
in the GPS frame (world frame). Once they are
estimated, the camera parameters are stored in a
matrix defined in Equation A1.
0
0

This section derives an equation to represent a
ray from pixel coordinates in the image to the
world frame using the camera parameter matrix
defined in Equation A1 and the camera transformation matric defined in Equation A2. This derived equation is used to represent each ray projected from the four corners of the image so that
the rays can be intersected with the 3D model. A
pixel location in the image, , is represented by
coordinates and , where and are integers.
The pixel location, , is then represented in the
image using homogeneous coordinates,
, , ′ . The non-homogeneous pixel coordinates are computed using Equation A3.

(A1)
0

′
,
′

1

Where and are focal lengths in the sensor’s
and
are
x- and y-direction, respectively.
pixels coordinates of the optical center. is the
skew between sensor axes.

(A3)

To represent the point, , in the image as , we
1 such that the center of the image
set
frame is the origin and points are mapped to the
plane
1. The first step to find an equation
to represent a ray from image pixel coordinates
to the world frame, is to determine the direction
of the ray in the image. The direction of the ray
in the image, , from the homogeneous pixel
location, , for a camera with a camera parameter matrix, , is calculated using Equation A4.

A.3 Camera Extrinsic Parameters
The position and orientation of the camera in the
world frame is required as an origin of the ray
that will project image points onto the 3D model.
The position and orientation is combined into the
transformation matrix of the camera. Equation
A2 defines the structure of the camera transformation matrix.
1

′
′

(A4)
Using
from Equation A4, the ray direction in
the image is transformed into the world frame.
This transformation assumes that camera distortion has been removed from the image to ensure
that the ray in the world frame is straight and follows the same direction as the ray in the image
frame. The homogeneous ray direction (a 4
1 vector) in the world frame,
, is computed
using the ray direction in the image, , and the
camera transformation matrix, according to
Equation A5.

(A2)

where is referred to as the 4 4 transformation matrix of the camera with respect to the
world frame origin. is a 3 3 rotation matrix in the special orthogonal group,
3 , that
represents the camera’s orientation relative to
the world frame.
, ,
is a translation
vector that represents the camera’s position in
the world frame. The transformation matric is
also known as the camera extrinsic parameters,
and comprises a minimum of six parameters to
describe position and orientation in the special

1
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Where
, , , 1 , with
, ,
representing the slope along each axis in the
world frame. Once the ray direction in the world
frame,
, is determined using Equation A5, the
equation for the ray in the world frame emitting
from the pixel location, , is represented by
Equation A6.
1

(A10)

A.6 Image Scale for Fragmentation Analysis

(A6)

To calculate image scale, the intersections of all
four corner point rays of the image with the 3D
model should be determined. For an example
image analysis software used to measure fragmentation, Split-Desktop, an image scale is applied at the top and bottom edges of the image.
As such, each pair of corner intersection points
along each edge are used to compute the image
scale for each edge according to Equation A11.

Where
, , , 1 is a homogenerous point
on the ray at the position
, ,
in the
world frame, , and are components in the
world frame, and is a scalar, since the pixel
location is projected along the ray. For example,
if Equation A6 is used to represent the ray emitted from a point in the image to a flat surface on
a plane at
0, then Equation A6 can be rearranged to solve for , as shown in Equation A7.

image scale
∆
∆

∆

(A11)

(A7)
Where the image width is the width of the image
in pixels, and ∆ , ∆ and ∆ are the distances
between the corner points along the , and
world frame axes, respectively. The distance between the corner points is in the unit of distance
measurement used in the image analysis software (e.g. meters).

A.5 Plane and Line Parameterization
To find the intersection of the ray with the 3D
model, the model is first triangulated so that each
triangle is represented as a plane. The three corners of each triangle, represented as ,
and
, are used to represent a plane such that a general point on the plane is represented by Equation A8.
(A8)
With , ∈ . Using two points along the ray
emitting from a corner pixel, a simple line equation is then created. For example, a point at the
position of the camera,
, and a point intersecting a surface at
0, , both are along
the ray. Equation A9 gives the equation of the
line along the ray emitting from a corner pixel.
(A9)
With ∈ . The line and plane parameters at the
point of their intersection can then be solved according to Equation A10.

730

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Pattern expansion optimization model based on fragmentation
analysis with drone technology
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ABSTRACT
With an increasing pressure to find efficiencies in the mining industry, operations are looking for
continuous improvement tools to validate blasting procedures, a crucial and often overlooked area of
the process. Using case studies completed at both small and large-scale mining operations, this technical paper proposes a practical method for pattern expansion studies, taking into account terrain
parameters, rock quality and explosive strength. This technical paper will use a series of tools geared
towards an economical continuous improvement procedure, using UAV particle size analysis to optimize blasting based on “generalized reduced gradient” for non-linear problems, with cost savings
being the main objective. For the validation of this methodology, one scenario was created based on
the operation’s budget: an economical continuous improvement plan that relied on manual data collection methods in order to baseline and optimize procedures.
1

INTRODUCTION

All modern industries, including mining companies, chase the best operation process to reduce
the overall cost and, consequently, increment the
profit. In general, mining operation costs are defined by crushing and milling cost, load and haul
cost and drilling and blasting cost (Figure 2).
The overall cost is the result of the combination
of each individual cost and as the drilling and
blasting process is the first stage of the operation, it has a great impact on the final score. This
document is focused on the optimization of
blasting performance to obtain a desired result at
a minimum cost possible.

The mining production cycle is represented by
two main stages: rock breakage and material
handling. The rock breakage process is dependent on drilling and blasting. In general, boreholes
are drilled by mobile rotary percussion drills
(Figure 1), over the area to be excavated, for the
loading of explosives (mainly ammonium-nitrate based) (Hartman, 1992). When the explosive is detonated, high compressive/tensile
waves travels through the rock mass followed by
high pressure gases. This process reduces the
rock mass to fragments capable to be hauled economically.

Figure 1

Blast Pattern Drone Control
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2.2 Fragmentation prediction

Fragmentation

Figure 2

2

When the compressive wave hits a free face,
will be reflected as a tensile wave, deforming
the rock perpendicularly to its direction in
the same moment that gases at high pressure
and temperature start expanding from the
borehole centre, acting like a wedge in the
generated fractures.
The combination of these two last points
generates the fragmentation and movement
of the material (Sanchidrián & Muñiz,
2000).

To predict the degree of fragmentation prior to a
blast, an empirical fragmentation model was
proposed by Cunningham, 2005 – The Kuz-Ram
fragmentation model. The ease of application of
Kuz-Ram model makes it one of the most used
prediction models (Cunningham, 2005). This
Model is based in three main equations:

Mining cost relation (adapted
from Efficient Blasting Techniques, (Floyd, 2000)

ROCK FRAGMENTATION

2.1 Fragmentation process
The objective of a blast is to fragment and displace the rock. This stage can have great impacts
on loading, hauling, crushing and milling. With
the constant need to reduce costs and comminution optimization, several models have been created to estimate fragmentation from blasting.
The simplest and widely accepted model is KuzRam (Cunningham, 2005) and is the method selected for this application.

Kuznetsov Equation (Equation 1), presented by
Kuznetsov, determines the blast fragments mean
particle size based on explosives quantities,
blasted volumes, explosive strength and a Rock
Factor.

To understand the variables that effect particle
size distribution from blasting it is important to
consider the well-known physics of rock fragmentation:

Where
= Mean size of fragments (cm); A=
Rock factor; K = Powder factor (kg/m3); Q= Explosive per hole (kg); 115 = Relative Weight
Strength (RWS) of TNT compared to ANFO;
= Relative Weight Strength (RWS) of
the used explosive compared to ANFO.







115

,

When a rock when subjected to a certain
state of pressure is more resistant to compression than when subjected to a tensile
stress (Persson, Holmberg, & Lee, 1994).
When an explosive shock (P) wave hits the
borehole walls applies a compressive
strength deforming the rock in a perpendicular direction.
If this compressive strength is higher than
the compressive resistance of the rock mass,
this will be pulverized/fragmented (borehole
hydrodynamic and plastic zone), in the other
case, fractures (weak cracks or fissures) will
be generated resulted by the lateral deformation of the rock (borehole semi-plastic
zone).

(1)

Rosin-Rammler Equation (Equation 2), represents the size distributions of fragmented rock. It
does a very good job characterizing natural rock
breakage particle size distributions between 10
and 1000mm (Catasús, 2004, p. 80).
1

,

(2)

Where P= Mass fraction passed on a screen
opening x, n = Uniformity Index
Uniformity index equation, determines a constant that represent the uniformity of blasted
fragments based on the design parameters indicated in Equation 3.
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2,2

14

,

1
2

1

0,1

Where B = Burden (m), S= Spacing (m), d =
Drill diameter (mm), W = Standard deviation of
drilling precision (m), h_f = Bottom charge
length (m), h_c = Column charge length (m), L
= Charge Length (m), H = Bench height (m).
3

sensing, pests control, mining (Rathore & Kumar, 2015). In mining, drone technology reduces
the manual effort and risks in survey procedures,
mapping, misfires inspection, machinery tracking, structures inspections and dilution control.
In his case, UAVs are playing an important role
in fragmentation analysis reducing the risk associated with muckpile inspection, saving great
amounts of time collecting fragment samples
and ground-based photographs.

FRAGMENTATION ANALYSIS

3.1 Fragmentation analysis process (in field)
When referring to blast optimization one of the
main key factors are fragmentation results.
Rapid and effective measurements are crucial
for an accurate and effective continuous improvement on this field (Maerz N. H., 1990). In
the present research was used a fragmentation
analysis system (WipFrag) for particle size detection. The system uses an automatic algorithm
transforming an image into a binary image, identify individual particles and create a border line
around each element. This methodology includes several Edge Detection Parameters
(EDP) like the use of thresholding and gradient
operators in order to delineate the blocks before
calculating its area and size (Figure 3) (Maerz,
Palangio, & Franklin, 1996).
4

4.1 Drone Use Tips
Newcomers to the rapidly expanding drone user
base should be aware of all drone use regulations
in their area. Although many laws are currently
in development there are several things that all
responsible drone users should observe regardless of the drone size/type or operating location:




DRONE TECHNOLOGY


A drone, also known as UAV (Unmanned Aerial
Vehicle) is an aerial vehicle that does not have a
person on board to fly it. In the last years, these
vehicles have gained a popularity in other areas
like communication, sports, agriculture, remote

Figure 3

(3)

Always operate your drone during daylight
hours and keep line of sight of it at all times
Never operate your drone within 8km (5mi)
of a commercial airport or overhead of people
Always do a pre-flight check for restricted
airspace and stay below 120m altitude
(400ft)
It is your responsibility to make yourself
aware of any regulations/laws/licenses or
certificates necessary to legally operate a
drone in your area i.e. FAA Part 107 is required to commercially operate a drone in
the USA, many countries have similar regulations.

Image process and particle size distribution
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Figure 4

Drone Topography Control and Fragmentation Analysis GIS

When configuring a drone to take good quality
image samples there are additional operating
considerations:

on the nature. A mathematical problem, to be interpreted and solved, needs to involve three elements (Tormos & Lova, 2003):



Use quad rotor camera type drones - other
models like racing, fixed wing or toy drones
are typically not suitable for this application
Set the camera angle to 90° (perpendicular
to the ground)
Set the imaging overlap to 80% (reduces
optical distortion)
Plan to fly your mission at noon ±2 hours
(minimizes long shadows)
Set the flight altitude between 30-60m
(100-200ft)
Use autonomous flight modes whenever
possible (generates high quality & consistent results regardless of user)
Collect 50-500 image samples per mission
(depends on area size and camera resolution)
When stitching the drone images into an orthomosaic, ensure the output file type is
GEOTIFF
Use free mobile applications like Hover as a
secondary pre-flight check to identify additional risks that may be in your area
Respect other people’s privacy when operating close to residential areas
Avoid flying in precipitation, high winds,
poor visibility or at night
Avoid flying near tall structures like power
lines, buildings or too close to highwalls





MATHEMATICAL OPTIMIZATION

6












5

Decision variables;
Restrictions or decision parameters;
Objective function.

The first objective is to define the involved decision variables. In blasting optimization problems, these variables can be burden, spacing, diameter, bench high and other design parameters.
The restriction would be empirical ranges of
blasting design parameters and the desired results from a blast, such as fragmentation size
limits. The objective function defines the objective of the problem (Taha, 2008); in this case is
to obtain the desired results at the lowest cost
possible.
In terms of operational research, the authors
used the Kuz-Ram model to find the best blast
parameters given a certain fragmentation limit
and, in this model, all the variables are correlated
between each other in a non-additive way. This
last characteristic is representative of a non-linear problem, and a non-linear programming
technique was used to find the local/global minimum/maximum – Generalized Reduced Gradient. This methodology found the best solution
(or a solution close to that) within the variables/parameters combination, respecting the restrictions, that will respect the objective function
(Hillier & Lieberman, 2010).

The objective of a mathematical model is to represent mathematically an abstract problem found

PATTERN EXPANSION
PROCEDURE AND RESULTS

Pattern expansion is one of the key factors on
drill blast cost savings. This procedure can bring
high benefits to a mine operation; however, it
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needs to be simulated and predicted in a blast
simulator to avoid field issues like secondary
blasting, overbreak, toe and poor fragmentation.
Even with the computer simulation, the field
work must be staged in a way that every change
is sufficiently small to sidestep any operation
problem, allowing a sufficient cost saving. This
study used an optimization module present in a
blast design software in order to calibrate the
fragmentation prediction model and estimate the
best design parameters.

flight. In the presented study was used a DJI
Phantom 4® and a flight plan was estimated by
the DroneDeploy® app. The process is defined
in the following steps:





6.1 Blast Design and Actual Results

The result from the drone flight will be a series
of georeferenced photos (drone’s GNSS receiver
precision) which should be processed in a photogrammetry analysis software in order to generate a scaled orthophoto (GEOTIFF). In the
market, there are several free and payed solutions, DroneDeploy®, Agisoft Photoscan®,
Pix4Dmapper® and MicMac® are some examples.

In general, when a blast engineer intends to optimize a blast, there’s a phase of data collecting
to define the initial stage and calibrate the prediction models. For the present study, the initial
design parameters are presented on Table 1.
Table 1

Initial blast design parameters

Parameter
Burden
Spacing
Diameter
Stemming
Sub drill
Bench Height
Powder Factor

Define the area to be analysed;
Define ground sampling distance and respective height;
Define the photo overlay (80% in the current
study) and camera angle (90°)
Adjust all the above parameters within the
drone’s battery limitations.

Value
3,0 m
3,5 m
102,0 mm
2,8 mm
1,2m
10m
0,77 kg/m3

The orthophoto image sample is analysed in the
WipFrag software to generate geographically
referenced particle size distribution data. (Figure
6).

6.2 Small/Medium Operations –
Fragmentation analysis and control with
drone technologies
A relatively recent methodology appeared to obtain fragmentation information with a drone

Figure 5

Drone Technology for Fragmentation Analysis
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Figure 6

Fragmentation Analysis using WipFrag w/GIS

6.3 Large Operations – Automatic
fragmentation analysis and control

6.4 Calibrating Rock Factor
Is imperative to have an actual prediction model
before simulating any change on design parameters.

It should be mentioned that if time/personnel and
resources are limited, or if the environment is too
extreme or unsafe to employ manual/drone image acquisition then there are completely automated solutions worth considering that are capable of collecting the highest quality, real time
data 24/7/365 even in the most challenging environments.

For that reason, is important to have the KuzRam’s Rock factor calibrated. Table 2 presents
the
Initial state of rock calibration factor, predicted
and actual fragmentation. Several blasts were
analysed in order to find the most accurate rock
factor. The calibration process used the referred
GRG nonlinear programming optimization
methodology. The process to calibrate the rock
factor/rock influence constant analysed the predicted and measured X20, X50, X80 and X90
(Figure 3) to obtain a perfect match between the
two fragmentation curves. The process is described in Figure 7.

Figure 7

Example of an autonomous and
completely automatic fragmentation analysis instruments shown
in different configurations

Figure 8

Rock Factor Calibration Process (O-Pitblast system)
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Table 2

Rock factor calibration process
Initial
Parameters
102,0 mm
10,0 m
3,0 m
3,5 m
1,2 m
2.8 m

Rock Factor
Cal. STG 1
102,0 mm
10,0 m
3,0 m
3,5 m
1,2 m
2.8 m

Rock Factor
Cal. STG 2
102,0 mm
10,0 m
3,0 m
3,5 m
1,2 m
2.8 m

Rock Factor Cal.
STG 3
102,0 mm
10,0 m
3,0 m
3,5 m
1,2 m
2.8 m

(KR Adjusted) X20
(KR Adjusted) X50
(KR Adjusted) X80
(KR Adjusted) X90

91,0 mm
190,0 mm
330,0 mm
416,0 mm

97.0 mm
204,0 mm
353,0 mm
446,0 mm

102,0 mm
213,0 mm
369,0 mm
466,0 mm

106,0 mm
224,0 mm
390,0 mm
493,0 mm

(Photo-Analysis) X20
(Photo-Analysis) X50
(Photo-Analysis) X80
(Photo-Analysis) X90

109,9 mm
209,6 mm
347,7 mm
433,7 mm

114,0 mm
220,7 mm
364,5 mm
457,1 mm

117,8 mm
225,8 mm
384,1 mm
480,7 mm

115,3 mm
235,9 mm
399,5 mm
506,1 mm

7

7,5

7,83

8,14

Diameter
Bench High
Burden
Spacing
Subdrilling
Stemming

Rock Factor Cal.

optimum local instead of a global one (Miranda,
Leite, & Frank, 2017). To avoid any kind of issue the authors defined a field application procedure.

6.5 Building Optimization Module
To obtain the optimum blast design parameters
it is necessary to build a non-linear problem. In
other words, define the dependent variables, empirical restrictions and fragmentation demands
(90% under 700 mm/27,56 in, in this case). Figure 8 represents the model variables/restrictions
and are shown the initial and final/optimized parameters.

The idea behind the pattern expansion field is to
avoid excessive deviations at the same time.
Controllable changes were applied at any improvement stage and detailed fragmentation
analysis were performed in order to control the
blast results. The pattern was expanded until the
fragmentation limit was reached. In Table 3 the
reader can analyse the evolution of each stage in
terms of changes and results.

This first approach needs to be treated as any
other non-linear problem (with its own limitations), considering that this solution can be an

Figure 9

Optimization Module
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Table 3. Pattern expansion evolutionary stages
Initial
Stage

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

Diameter (mm)

102,0 mm

102,00 m

102,00 m

102,00 m

102,00 m

102,00 m

Bench High (m)

10,00 m

10,00 m

10,00 m

10,00 m

10,00 m

10,00 m

Burden (m)

3,0 m

3,1 m

3,1 m

3,2 m

3,3 m

3,3 m

Spacing (m)

3,5 m

3,6 m

3,7 m

3,8 m

3,9 m

4,0 m

Subdrilling (m)

1,2 m

1,2 m

1,1 m

1,1 m

1,0 m

1,0 m

Stemming (m)

2,8 m

2,9 m

3,0 m

3,1 m

3,2 m

3,3 m

(KR Adjusted) X20

105,0 mm

109,0 mm 113,0 mm 117,0 mm

121,0 mm

125,0 mm

(KR Adjusted) X50

221,0 mm

233,0 mm 245,0 mm 257,0 mm

270,0 mm

283,0 mm

(KR Adjusted) X80

383,0 mm

409,0 mm 433,0 mm 461,0 mm

488,0 mm

520,0 mm

(KR Adjusted) X90

484,0 mm

519,0 mm 552,0 mm 591,0 mm

629,0 mm

689,0 mm

(Photo-Analysis) X20

124,5 mm

134,7 mm 151,8 mm 171,2 mm

223,9 mm

N/A

(Photo-Analysis) X50

240,1 mm

275,8 mm 303,4 mm 327,1 mm

352,6 mm

N/A

(Photo-Analysis) X80

398,1 mm

449,9 mm 480,3 mm 517,8 mm

543,1 mm

N/A

(Photo-Analysis) X90

501,5 mm

541,9 mm 604,4 mm 653,8 mm

714,8 mm

N/A

7

CONCLUSION

In terms of mining cost optimization, a blast continuous improvement should be a constant practice since it affects all the consequent stage of
mineral processing. With O-Pitblast’s blast optimization algorithm was possible to reduce
$229,361 in cost 605,307 m3/791,712 yd3 of
rock (Figure 9 and Figure 10). The optimization
process, operation and field practices demonstrated that a careful analysis must be done in order to match the mathematical optimization and
nature behavior to obtain the best and desired results.

The use of technology to support mining daily
tasks is performing an important role in terms of
safety and production. The gathering process of
field samples with drones, opened a completely
new horizon on the fragmentation analysis procedures. Muckpile inspection is associated with
several safety issues like gas presence (after
blast), twisted ankles and hand injuries.
Fragmentation is one of the primary blast performance indicators. Having a rapid and easy
method to quantify blast fragmentation proved
to be invaluable to make this continuous improvement effort possible.
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Figure 9

Drilled holes

Figure 10 Drill and blast savings
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Investigation of the rock blast fragmentation based on the
specific explosive energy and in-situ block size
H. Inanloo Arabi Shad, F. Sereshki, M. Ataei and M. Karamoozian
Faculty of Mining, Petroleum and Geophysics, Shahrood University of Technology, Shahrood, Iran

ABSTRACT
An empirical model for Prediction of fragmentation in bench blasting was developed using the
effective parameters on the existing empirical models, so as to propose a simple applicable model to
predict X50. The proposed model was calibrated by nonlinear fits to 35 bench blasts in different
sites from Sungun copper mine, Akdaglar quarry and Mrica quarry. In order to validate the
proposed model, its results were compared to data obtained from six blast sites in Chadormalu iron
ore mine and one in Porgera gold mine. The Comparison of the powers between the proposed and
the Kuz-Ram models showed that the specific explosive energy and the powder factor are almost
the same. Also a sensitivity analysis was carried out based on artificial neural network. The results
showed that the burden and the specific explosive energy were the most effective parameters in the
proposed model.
1 INTRODUCTION

chooses the best one. Therefore, prediction of
rock fragmentation in open pit mines is one of
important keys in the mine to mill optimization.
(Eloranta 1997, Parra Galvez 2011, Hustrulid
1999, Nielsen and Malvik 1999, Katsabanis et
al. 2004, Michaux and Djordjevic 2005, Morin
and Ficarazzo 2006, Kim and Kemeny 2011,
Curry et al. 2014). Several studies have been
conducted on blastability and prediction of
fragmentation. The parameters that determine
fragmentation by blasting may be divided into
four groups: (a) Blast design parameters; (b)
explosive parameters; (c) rock mass structure
parameters; and (d) intact rock and
discontinuity
physical
and
mechanical
properties. Because a large number of
parameters influence blast fragmentation, it is
obvious that the fragmentation process is
extremely complex and thus it is an extremely
challenging task to develop models to predict
blast fragmentation. In such situations,
empirical approaches are used incorporating
case history data (from either full-scale blasting
in one or more than one production sites, or
from small experimental scale shots) along with
statistical based procedures in developing
prediction equations. Generally, multivariate
regression analysis has been used to develop
fragmentation prediction models. Each model

Rock blasting is the most commonly used
method for rock breakage in the field of
mining. Control of the blast fragmentation after
blasting is always an important subject for
mining industry. Blasting has a significant
impact on downstream processes of mining
such as the mucking productivity through rock
diggability, excavator efficiency, oversize
problems and secondary blasting, the crusher
throughput and energy consumption, the plant
efficiency, yield and recovery. Also, many
investigations indicated that blasting influences
the overall cost of mining operation. Blasting
has been proven as the most energy efficient
stage in the comminution process. Optimizing
the fragmentation by blasting can achieve an
energetic efficiency between 15% and 30%, in
contrast to grinding which is efficient 2%
approximately. During the past decades, the
optimization of whole system from drilling to
grinding or even the subsequent steps is
considered. This concept, called “mine to mill
optimization”, defines the system and its
subsystems, determines the objective(s) of the
system, searches the different solutions and
alternatives to reach the objective(s) and,
finally evaluates existing alternatives and
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uses different blast design and rock mass
parameters. The empirical models should be
seen as rough indications of how the effective
parameters may contribute into rock
fragmentation. In order to these models to be
generalized as general engineering models, they
should be tested on different rock types rather
than the one. This can be done by proposing
some parameters to be fitted to the actual rock
fragmentation parameters (Segarra 2004,
Konya and Walter 1991, Jimeno et al. 1995,
Tawadrous 2006, Bahrami et al. 2011). The
purpose of this research is to consider such
effective parameters, so as to propose a simpler
model to predict mean fragment size of a bench
blasting based on available accurate
parameters. Mean fragment size (X50) is an
indicator for fragment size distribution of
muckpiles .When the mean fragment size of the
muckpile is determined, fragment size
distribution of the muckpile can be calculated
using the size distribution curves.
2

models of extended Kuz-Ram models to
improve the prediction of fines. In the CZM
model, the size distribution of fragments in the
fines and coarse regions is modelled by two
separate functions. These two functions are
based on the well-established Rosin-Rammler
distribution. The coarse part is produced by
tensile fracturing, and the Kuz-Ram model is
used to predict this part of the size distribution.
The fine part is produced by compressive
fracturing in the crushed zone, for which the
Rosin-Rammler function gets a different value
of n and XC. In the TCM model, two RosinRammler functions are used to predict the run
of mine size distribution. The sum of the two
distribution functions, multiplied by the
respective fraction of the total mass, represent
the fragment size distribution of the entire mass
of fragmented rock. TCM is a five-parameter
model that two of the parameters are related to
the coarse fraction, one is related to the fines
fraction, and the other two are related to fines
part of the distribution. Morin and Ficarazzo
(2006) applied Monte Carlo simulation as a tool
for prediction of fragmentation based on KuzRam model. In 2010, Ouchterlony proposed a
new fragment size distribution function
(Ouchterlony 2010). Also, Gheibie et al. (2009,
2010) tried to enhance fragmentation prediction
by modification of Kuznetsov and Kuz-Ram
models. Monjezi et al. (2009) developed a
fuzzy logic model for prediction of rock
fragmentation by blasting. Kulatilake et al.
(2010) presented a piece of work, predicting
mean particle size in rock blast fragmentation
using neural networks. Also, Monjezi et al.
(2010) used neural networks for prediction of
rock blasting fragmentation. Chakraborty et al.
(2004) and Hudaverdi et al. (2011) applied
multivariate analysis procedures to predict rock
fragmentation by blasting. Faramarzi et al.
(2013) presented a new model for prediction of
rock fragmentation by blasting based upon the
basic concepts of rock engineering systems
(RES).

REVIEW OF BLAST
FRAGMENTATION MODELS

Kuznetsov (1973) proposed a blasting formula
between mean fragment size and specific
charge. Cunningham (1983, 1987) developed a
new model to predict rock fragmentation Based
on the Kuznetsov model and Rosin–Rammler’s
formula. Further, Hjelmberg (1983) developed
the SveDeFo model based on considers the rock
mass type and the blast pattern for mean
fragment size prediction. Otterness et al. (1991)
performed an extensive study to correlate shot
design parameters to fragmentation. Kou and
Rustan (1993) proposed an empirical model to
predict mean fragment size. Lownds (1995)
used distribution of explosives energy to
predict the fragmentation by blasting. Aler et al.
(1995) have evaluated blasting efficiency
through a comparison between block size of the
rock mass resulting from existing fractures and
the fragmentation size distribution resulting
from blasting. Also they carried out a research
work to predict blast fragmentation by
multivariate analysis procedures.

Akbari et al. (2015) investigated the influence
of rock mass properties, blast design parameters
and explosive properties on blast fragmentation. They stated that increasing spacing,
persistence, opening, roughness, waviness of
discontinuities, and Vp and uniaxial compre-

The crushed zone model (CZM) (Kanchibotla
et al. 1998) and the two-component model
(TCM) (Djordjevic 1999) are two empirical
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ssive strength (UCS) of intact rock as well as
the increase of discontinuities angle with the
bench face of blasting block will increase the
size distribution of blasted rocks.
3

describing blasting operations comparing to the
others (Bond 1952). Kuznetsov showed the
mean fragment size of a muckpile is a function
of powder factor and geological structure. He
suggested that, for a particular rock type, the
mean fragment size is related to the amount of
used explosives (Kuznetsov 1973, Cunningham
1983). Based on researches by Ouchterlony and
Cunnigham, joint spacing, specific gravity of
rock and specific charge are highly correlated
with rock fragmentation (Ouchterlony 2003,
2005, 2010; Ouchterlony et al. 2006, Cunningham 2005). Also, the contribution of the
specific charge is seen to be higher in the
proposed model by Chung & Katsabanis rather
than the Kuz-Ram model (Chung and
Katsabanis 2000). Another important parameter
on fragmentation is in-situ block size. The insitu block size plays a major role in creating the
mean fragment size of a muckpile. Kim and
Kemeny developed a model for rock
fragmentation in which they demonstrated the
in-situ block size to be the most effective
parameter on fragmentation (Kim and Kemeny
2011).

METHODS AND MATERIALS

The 35 data sets used in this research are
presented in Table 1. All blasting tests in
Sungun copper mine collected by authors and
listed in the table with Sun abbreviation.
Sungun copper mine is located 120 km away
from Tabriz, northwestern Iran, and it hosts
about 740 million tons of copper ore. In this
mine after each blast, multiple images were
captured from different locations of the
muckpile. The images were analyzed separately
and the results were combined. Discontinuity
properties of the rock and the apparent in-situ
block size of the benches were measured using
surveying the joint parameters.
The blasts shown by symbol ‘Akd’ were
performed at Akdaglar by (Hüdaverdi et al.
2010). Akdaglar quarry is located in northern
Istanbul, Turkey. The research was carried out
to investigate the application of heavy ANFO
explosives in quarries. The rock in the quarry is
sandstone. Production capacity of the quarry is
5000 ton/day. In Akdaglar quarry, Wipjoint and
Wipfrag image processing softwares were
applied for each blast and gathered the block
size distributions before and after the blasts.

The proposed equation (Eq. 1) has the intact
rock and the rock mass properties on one side
with the other side being the specific explosives
energy and the mean fragment size.

X ic   r  Se  F

(1)

Where Xi is the average apparent in-situ block
size (meter), ρr is the specific gravity of rock
(g/cm3), Se is the specific explosive energy
(Kcal/t), and F is the mean fragment size (cm).
One may rearrange the above equation to obtain
a better-arranged equation as below:

The blasts shown by symbol ‘Mr’ were
obtained from the research of (Ouchterlony et
al. 1990) where is performed in Mrica quarry in
Indonesia. The research was a part of
SveDeFo’s investigations on fragmentation
prediction models.

F  a  ( Se  r )b  X ic

Generally, the blast design parameters and the
rock mass parameters are considered together
to create a mean fragment size prediction
model. Most of the existing models used to
predict rock fragmentation, consider intact rock
and rock mass properties on one side with the
other side being intact mean fragment size
along with the associated energy. Three
theories are concerned with the required energy
for fragmentation. However, Bond’s theory is
generally recognized to be the best model for

(2)

In this study, SPSS V.16 software was used for
statistical and regression analyses. The values
of a, b and c coefficients are 579.354, -0.822
and -0.137, respectively, with the correspondding determination coefficient being R2=0.470.
The p-values of the coefficients of the model
fitted is 0.001397.

743

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Table 1
Mine
Name
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Sun
Akd
Akd
Akd
Akd
Akd
Akd
Akd
Akd
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr
Mr

data collected to develop fragmentation model
B
(m)
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
3.5
1.2
4
4
4
2.2
2.2
2
2.2
2.2
2.5
2
2.2
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.4
3
3
2.5
2.58
2.5
2.4
3
3

S
(m)
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
4.9
3.3
5
5
5
2.5
2.5
2.5
2.7
2.5
2.8
2.5
2.7
3
3
3
3
3
3
3.5
3.5
3.5
3
3.5
3.5
3
3.5
3.5
3
3.5
3.5

D
(mm)
140
140
140
140
140
140
140
140
140
140
140
76
140
140
140
89
89
89
89
89
89
89
89
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76
76

H
(m)
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
12.5
7
7
6.5
5.5
7
7
7
5.5
15
15
10
15
15
15
10
10
15
10
10
10
15
10
15
10
10
10

ρr
ρe
Se
(g/cm3) (g/cm3) (kcal/t)
2.3
0.9
145.39
2.4
0.9
139.33
2.3
0.9
145.39
2.4
0.9
139.33
2.4
0.9
139.33
2.43
0.9
137.61
2.5
0.9
133.76
2.49
0.9
134.33
2.6
0.9
128.62
2.65
0.9
126.19
2.51
0.9
161.27
2.51
0.9
94.66
2.48
0.9
127.74
2.51
0.9
122.71
2.7
0.9
123.85
2.7
0.8
224.89
2.7
0.8
224.89
2.7
0.8
231.41
2.7
0.8
185.78
2.7
1.27
204.44
2.7
1.27
160
2.7
1.27
222.22
2.7
1.27
168.89
2.5
0.98
168.09
2.5
0.99
174.46
2.5
1.06
189.59
2.5
0.98
167.93
2.5
1.15
173.22
2.5
1.3
136.42
2.5
1.39
96
2.5
1.27
114.24
2.5
1.39
115.2
2.5
1.21
158.52
2.5
1.23
128.17
2.5
1.25
104.96
2.5
1.3
136
2.5
1.39
96
2.5
1.39
115.2
2.5
1.21
158.52
2.5
1.23
128.17
2.5
1.25
104.96

The burden parameter is one of the most
important and critical variables of blast pattern
design in open pit mines and other blasting

Xi
(m)
0.4
0.4
0.4
0.5
0.4
0.5
0.8
0.8
0.8
1.2
1
0.8
0.9
0.9
1.2
0.93
1.15
1.32
1.26
2.01
1.24
1.13
1.86
1.67
1.67
1.03
1.67
1.67
1.67
1.03
1.03
1.67
1.03
1.03
1.03
1.67
1.03
1.67
1.03
1.03
1.03

F
(cm)
22
22
24
24
25.5
26.5
27
28.5
29
32
30
30
35
33
42
16.45
17.25
21.12
17.37
19.65
15.17
14.43
12.71
17
17
17.5
12.5
6.5
12.5
19
16
15
20
16.5
20.5
12.5
19
15
20
16.5
20.5

variables are associated with it. Its value
depends upon the blast hole diameter, rock
characteristics, and the type of explosives
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utilized (Jimeno et al. 1995, Inanloo and
Ahangari 2012). In the Kou-Rustan and
SveDeFo models, spacing and burden have the
highest weights (Ouchterlony 1990, Kou and
Rustan 1993). Therefore, we introduced the
spacing to burden ratio and burden into the
above equation.
F  a  ( Se  r )b  X ic  ( S B) d  B e

and shock waves (Jimeno at al. 1995), the ratio
of them is related to the specific gravity of
explosive. As the next step, this parameter was
introduced into Eqn. 3
F  a  (Se r )b  X ic  (S B)d  Be  ( e r ) f (5)

Where a, b, c, d, e and f coefficients are
160.603, -0.701, 0.260, 0.748, 0.596 and 0.750,
respectively, with the determination coefficient
being R2=0.799. The p-values of the
coefficients of the model fitted is 3.49E-12.
Based on these coefficients, the equation is
modified as below:

(3)

Where a, b, c, d and e are 73.533, -0.548, 0.266,
1.089 and 0.735, respectively, with the
determination coefficient being R2=0.750. The
associated determination coefficient with the
Eqn. 3 is seen to be increased by 0.280
compared to the Eqn. 2; this shows the
influences of spacing and burden on
fragmentation. Also, the p-values of the
coefficients of the Eqn. 3 is 1.55E-11.

F  160.63 (Se )0.701  X i0.26
(S B)0.748  B0.598  (e r )0.75

(6)

In order to consider the effect of the borehole
diameter on fragmentation, and further compare
it to burden, the expression (S/B) was replaced
by (S/D) where D expressed in meter.

Bench height is another effective parameter on
rock fragmentation. The higher bench height
leads to the higher rock column in front of the
blasthole. By increasing the height of rock
column, its strength decreases. Therefore, the
rock column should be better broken in such
condition (Jimeno et al. 1995, Inanloo and
Ahangari 2012). As an effective parameter, this
parameter is also incorporated into Kou-Rustan
and Chung-Katsabanis models. To further
increase the accuracy of the model, one may
introduce the expression (H/B) into Eqn. 3.

F  a  (Se )b  X ic  (S D)d  Be  ( e r ) f

(7)

F  a  (Se r )b  X ic  ( S B)d  Be  ( H B) f (4)

Where a, b, c, d, e and f coefficients are 49.279,
-0.883, 0.138, 0.569, 0.363 and 0.205,
respectively, with the determination coefficient
being R2=0.712. It was observed that the
determination coefficient was decreased, since
S/D tends to be eliminated and the p-values of
the coefficients of the fitted model is 1.98E-9,
so as one may have a final form as that
represented by Eqn. 6.

Where a, b, c, d, e and f coefficients are 78.654,
-0.556, 0.266, 1.090, 0.772 and -0.017,
respectively, with the determination coefficient
being R2=0.750. It was observed that the
determination coefficient does not change. As it
can be seen from table 1, the minimum and
maximum values of the H/B ratio are 2.5 and 6
respectively. Exponentiation of these numbers
by -0.017 are 0.97 and 0.98 respectively, which
they close to 1, since H/B tends to be
eliminated. Also, the p-values of the
coefficients of the Eqn. 4 is 1.50E-10 Specific
gravity of explosive is another effective
parameter on rock fragmentation. With
increasing this parameter, detonation velocity
and strength of explosive will be increased
which are led to higher rock fragmentation.
Explosives generate two types of energy: gas

In order to assess statistical significance of Eqn.
6, regression analysis were carried out between
the observed and model-predicted values. The
multiple correlation coefficient (R), is the linear
correlation between the observed and predicted
values of the dependent variable. Its large value
(close to 1) demonstrates a strong relation. The
coefficient of determination R2, is the squared
value of the multiple correlation coefficient and
is the most popular criterion used to judge the
model fit. R2 is the percent of variance in the
dependent variable explained collectively by all
of the independent variables. R2 value close to
1 also indicates significance of regression. For
example, the R2 value given in Table 2 show
that 80% of the variation in the mean particle
size (X50) is explained by the regression model.
The residuals are the difference between the
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observed and model-predicted values. The
residuals are very diagnostic of the health of the
model and residual analysis is a key part of
judging its quality. The F test is applied to test
the significance of the regression model. If the
significance value of the F statistic is less than
0.05, it means that the variation explained by
Table 2

the model is not due to chance (Napier-Munn
2014). Table 2 shows a significance value of
very close to zero based on the F value. It
indicates the significance of the developed
regression equation. All these values indicate
that the regression is important and strong for
Eqn. 6.

Regression analysis obtained for Eqn. 6

R
R2
0.894
0.799
(ANOVA)
df
Regression
1
Residual
33
Total
34

Adjusted R2
0.793
Sum of squares
0.157
0.039
0.196

Standard error
0.034
Mean square
0.157
0.001

The exponent of the specific explosive energy
is negative for Eqn. 6. Increase of the specific
explosive energy results in decrease of the
mean particle size. In addition the exponents
associated with other expressions are positive.
Increase of these expressions result in increase
of the mean particle size.
4

F
131.035

Observations
35
Significance F
0

muckpile. The images were separately analyzed
using the Goldsize program and the results
were combined. Steps of image processing for a
blast at chadormalu iron ore mine and
corresponding muckpile distribution curve are
shown in Figures 1 and 2. Discontinuity
properties of the rock and the apparent in situ
block size of the benches were measured using
surveying the joint parameters. The proposed
model has been further verified using a blast
from Porgera gold mine (Grundström et al.
2001). Also in this mine, image analysis was
used to estimate the size distribution of the run
of mine. The predicted values of X50 by the
proposed model were in good agreement with
the measured X50 (Table 4). As it can be seen
from the Table 4, the proposed model
succeeded to improve the accuracy of X50
predictions by 10%, on average.

DISCUSSION

4.1 Validation of model
In order to validate the proposed model, six
blasts were studied in Chadormalu iron ore
mine (Table 3). The mine is located 180 km
northeastern of Yazd in the center of Iran. This
mine contains 400 million tons of reserves of
which 330 million tons are mineable reserves.
In this mine after each blast, multiple images
were captured from different locations of the

Figure 1 Image processing for a blast, chadormalu iron ore mine.

746

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Figure 2
Table 1

Distribution curve for a blast, chadormalu iron ore mine.
Data collected from Chadormalu iron ore and Porgera gold mines

Mine Name
Chad
Chad
Chad
Chad
Chad
Chad
Por
Table 2

B
(m)
3
3
3
3
3
3
5.3

S
(m)
3.5
3.5
3.5
3.5
3.5
3.55
6.3

D
(mm)
165
165
165
165
165
165
200

H
(m)
10
10
10
10
10
10
10

ρr
(g/cm3)
4.5
4.5
4.5
4.5
4.5
4.5
2.7

ρe
(g/cm3)
0.9
0.9
0.9
1.15
1.15
0.9
1.25

Se
(kcal/t)
297
325
327
430
430
284
195

Chad
12
11.46
4.5

Chad
12.35
11.46
7.2

Chad
12.55
16.16
28.77

Xi
(m)
0.5
0.5
0.5
0.5
0.5
0.3
0.55

Image processing and proposed model

Mine Name
Measured (cm)
Predicted (cm)
Difference (%)

Chad
17.53
17.85
1.83

Chad
16.86
16.78
0.48

Chad
16.13
16.71
3.6

A sensitivity analysis was carried out to
determine the effectiveness of each parameter
in Eqn. 6. The sensitivity analysis was
performed using artificial neural network
method. The artificial neural network method
has employed the criterion proposed by (Yang
and Zhang 1997) and also used by (Monjezi
and Dehghani 2008). According to this
technique, relative strength of effects (RSE) can
be calculated using the neural network trained
by back propagation algorithm with a given

Por
15
18.62
24.13

sample set. Using the RSE, the most important
factors on the model performance can be
recognized, hierarchically (Yang and Zhang
1997). For a given input, larger absolute values
of RSE mean the greater effect on the
corresponding output. RSE is a dynamic
parameter that changes with the variance of
input factors (Fig. 3). It was observed that the
burden and the specific explosive energy were
the most effective parameters in the Eqn. 6.
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Figure 3
5

Importance of parameters in Eqn. 6.

COMPARISON BETWEEN THE
PROPOSED AND KUZ-RAM MODEL

Where RMD is the rock mass description (powdery or friable=10, blocky=20 and massive=
50), JPS is the joint plane spacing (close<0.1
m=10, 0.1 ̶ 1.0=20, >1.0=50), JPO is the joint
plane orientation (horizontal=10, dip out face
=20, strike normal to face=30, dip into face=
40), RDI is the rock density influence equal to
25d–50 where d is the density and HF is the
hardness factor equal to E/3, if the modulus of
elasticity (E) is <50 GPa; HF=UCS/5, if E is
>50 GPa, where UCS is the uniaxial compressive strength.

A popular blasting fragmentation prediction
model is the Kuz-Ram empirical fragmentation
model which has been used widely by many
researchers and engineers (Kuznetsov1973;
Spathis 2004). The original equation developed
by Kuzentsov (1973) and Cunningham (1983,
1987) modified the Kuznetsov's equation to
estimate the mean fragment size and used the
Rosin–Rammler distribution to describe the
entire size distribution. The uniformity
exponent of Rosin–Rammler distribution was
estimated as a function of blast design
parameters. The final equation suggested by
Cunningham, known as Kuz–Ram model, can
be given as follows:
X m  A  ( K )0.8  Qe0.167  (115 S ANFO )0.633

Comparing the power of the proposed and KuzRam models shows that the specific explosive
energy and the powder factor as energy part of
these models are almost the same. The specific
explosive energy in the proposed model
includes the powder factor and the weight
strength of explosive in the Kuz-Ram model.
Also the burden parameter as critical parameter
in the fragmentation is considered in the
proposed model.

(8)

Where Xm is the mean fragment size (cm), A is
the rock factor, K is the powder factor (kg of
explosives/m3), Qe is the mass of explosive per
blast hole (kg), SANFO is the relative weight
strength of explosive (ANFO=100).

As such, the predicted mean fragmentation size
was compared to the Kuz-Ram model using the
actual data obtained from Chadormalu iron ore
mine (Fig. 2 and Table 5). The results suggested that the proposed model has been
succeeded to improve the accuracy of the
predictions by 11.37 %, on average.

The rock factor “A” in Kuznetsov's equation
was estimated incorporating the blastability
Index (BI) of Lilly (1986).
0.06

(9)
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Figure 4

Comparison of mean fragment size of image processing, proposed model and KuzRam in the Chadormalu iron ore mines.

Table 5

Comparison of mean fragment size of image processing, proposed model and KuzRam in the Chadormalu iron ore mines

Mine
Measured (cm)
Predicted (cm)
Kuz-Ram

Chad
17.53
17.85
20.40

Chad
16.86
16.78
18.08

Chad
16.13
16.71
17.59

As it can be seen from the figure 4, the data
were predicted by proposed and Kuz-Ram
models are parallel. This may show that the
models have the same base.
6

Chad
12
11.46
13.91

Chad
12.35
11.46
13.91

Chad
12.55
16.16
19.24

The results showed that the proposed model
succeeded to improve the accuracy of X50
predictions by 11.37%, on average. Also the
sensitivity analysis based on the artificial neural
network showed that the burden and specific
explosives energy were the most effective
parameters in the proposed model. The
advantage of the proposed model rather than
the Kuz-Ram model is specific explosive
energy, since this parameter includes the
powder factor and the weight strength of
explosive.

CONCLUSION

A new well-applicable model for fragmentation
by blasting was developed based on the
investigation of the effective parameters in the
various empirical models. The proposed model
was calibrated by nonlinear fits to 35 bench
blasts in different sites from Sungun copper
mine, Akdaglar quarry and Mrica quarry. The
results were in good agreement with actual data
collected from Chadormalu iron ore and
Porgera gold mines which were employed as
validation cases. The Comparison of the powers
between the proposed and the Kuz-Ram models
showed that the specific explosive energy and
powder factor are almost the same. Also a
comparison was carried out between the results
of the Kuz-Ram model and those of the
proposed model in terms of X50 estimations.
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ABSTRACT
Drilling and blasting in an open pit mining operation costs can reach up to 40% of the total
production costs. In some cases, with efficient blasting applications, this ratio can be reduced to 10
to 20%. Fragmentation after blasting is of great importance because it affects costs of excavation
and also sequential production processes such as loading and crushing. Different methods have been
used to determine the fragmentation up to the pre-sent, among these, digital image analysis method
has become the latest and the most widely accepted method. However, some difficulties such as
measurement error and long operation times were encountered. This situation led to the idea of a
new application to be developed as an alternative or complementary to the method of image
analysis. In this study, post-blast particle size distribution was determined using terrestrial laser
scanning technology and a newly developed algorithm. The particle size analysis process contains;
obtaining point cloud data of the piles using terrestrial laser scanner, creating three-dimensional
computer models of the piles through the various filters and related software, defining the fragments
that make up the pile and determining the particle size distribution. As the result of the study, it is
concluded that LiDAR technology can be used effectively in the determination of the size
distribution of the piles for evaluating the blasting results.
1 INTRODUCTION

In order to determine the fragmentation after
the blasting, different methods have been used
such as boulder counting method, explosive
consumption for second blasting, loading
performance of the excavator, performance of
the primary crusher, sieve analysis, photo
technique, three- point method, and digital
image analysis. The digital image analysis
method has become the latest and most
accepted method among them. However, the
difficulties involved in representing the entire
fragmented rock pile, the differences in the
quality of the images obtained due to the
weather conditions and the camera used, the
ability to measure in two dimensions, the lack
of accurate measurements due to the
perspective of the photographs and other
similar incompatibilities led to the idea that a
new application could be developed as an
alternative to image analysis (Kahriman 1995,
Özdemir 2004, DMVP 2013).

Mankind has had to dig hard rocks for mining,
shelter and transportation purposes from
prehistoric times until the present day. With the
discovery of black powder, nitroglycerin and
later dynamite, hard rock excavation has
become considerably easier. With the
development of safer new generation civilian
explosives and firing systems, the use of
explosives has become widespread in
agriculture, construction, mining and many
other areas.
The blasting operation has an important place
in open pit mine production and the cost can
reach to 40% of total pit cost. Besides, it
directly affects processes such as subsequent
excavation-loading and crushing-grinding, thus
affecting all the production efficiency and cost
of mine production. Blasting efficiency is
mostly evaluated by the particle size
distribution obtained after blasting.
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The use of digital image analysis in the
determination of the particle size after blasting
has a history of nearly 30 years. Method was
first proposed by Carlsson and Nyberg (1983)
and later developed by Maerz et al. (1987a,
1987b). A method details and applications were
presented by researchers in several studies (Nie
and Rustan 1987, Paley et al. 1990, Doucet and
Lizotte 1992, Stephannsson et al. 1992,
Montoro and Gonzales 1993, Haverman and
Vogt 1996, Girdner et al. 1996) and various
commercial software has been developed in
parallel with these studies (Palangio et al. 1995,
Maerz et al. 1996, Dahlhielm 1996, Schleifer
and Tessier 1996, Downs and Kettunen 1996,
Kleine and Cameron 1996, Chung and Noy
1996, Sarathy 2000). The basic constraint of the
image-based systems is to be able to measure
whatever is on the image. Therefore, how
clean, good quality, and in proper scale the
image is, the measurement results will be more
reliable. When the images are not in proper
scale, obtained in poor light, or having lowresolution, it will increase the amount of error
in the results (Maerz et al., 2007). In addition,
the error between the sizes measured and the
sizes of the reference distributions (determined
by sieving) increases from the coarse to the
fines region. The maximum error at a given size
depends primarily on its value relative to the
fines cut-off (FCO) of the image analysis
(Sanchidrián et al., 2009).

2008). The most important advantage of
terrestrial laser scanners is its ability to capture
3D geometry of the objects direct, fast and in
details by taking numerous instant points
having coordinates, intensity, and RGB values.
Collecting more data for the same measurement
area, multi-purpose data usage, quick and noncontact object measurement, safer data
collection opportunity, ability to produce highprecision digital terrain models, ability to
produce true colour image, independency of
daylight or the ambient illumination can be
listed as other advantages (Waggot et al. 2005,
Reshetyuk 2006, Gümüş 2008).
Because of these advantages the terrestrial laser
scanning technology has been applied in the
mining sector in recent years. Researches are
mostly focused on; acquisition of the 3D bench
and slope geometry in open pit mines (Feng
and Röshoff 2004, Yanalak 2005, Oparin et al.
2007), various volume calculations (Yanalak
and Baykal 2003, Yakar et al., 2008), detection
of discontinuities in open pit mines and
openings in underground mines (Slob et al.,
2004, Slob et al., 2005, Decker 2008, Lato et
al., 2009, Sturzenegger and Stead 2009, Lato et
al., 2013, Fekete and Diederichs 2013), deformation measurements for the purpose of
controlling the rock falls and landslides (Bauer
et al., 2005, Aksoy and Ercanoğlu 2006, Teza
et al., 2008, Abellán et al., 2008, Salvini et al.,
2013). In this study, the size distribution of
post-blasting fragments was determined using
terrestrial laser scanning technology with a new
approach.

Thurley (2002) has brought a new perspective
for the determination of particle size
distribution by image analysis. He overcomes
the problem of particle overlapping, which
causes the errors in determining the size
distribution using image analysis, with the
assistance of laser scanning data. Thurley
(2011) performed a fully automated online
measurement of the size distribution of
limestone particles on conveyor belt using 3D
range data and watershed segmentation
algorithm.

2

MATERIAL AND METHOD

In this study, the use of terrestrial laser
scanning technology in the determination of
fragment size distribution for the evaluation of
blasting results in open pit mine was
investigated. For this purpose, a post-blasted
rock fragment pile was scanned and point cloud
data was obtained using a Leica ScanStation II
brand laser scanner (Figure 1) which is
available at the Missouri University of Science
and Technology Rock Mechanics and
Explosive Research Centre. Then, a method
was developed to identify the rock fragments

Researches on laser technology have started in
the 1960s, and continued to increase with their
number and content. Using of terrestrial laser
scanning technology, emerging as a result of
these researches, as a measurement tool has
been realized at the last 15 years (Gümüş,
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forming the pile and the fragment size
distribution was determined by this method.

2.1 Method of Determining the Size
Distribution

Figure 1a View of Leica ScanStation II
brand laser scanner; battery

In the process of determining the fragment size,
the surface of the broken rock pile was first
transferred to the computer environment, and
then the shape filtering is applied to correct the
undulating forms resulting from the surface
structure of the pile. For this purpose, local
minimum points between the rock fragments
were determined and a reference surface was
constructed using these minimums and then it
was extracted from the original pile surface.
Residual surface is considered the corrected
surface. Finally, the height of each rock
fragment from the corrected pile surface, in
other words the radius of the fragment, was
determined. Twice of the height is taken as the
diameter of the rock fragments. The pile
surface may cut some of the fragments below
or above the middle axis. It is believed that they
balance each other; otherwise, this will form
one of the possible error sources of the method.
The projected areas of the fragments were also
determined and the percentages of the total pile
surface were calculated. Two approaches have
been used in this calculation; nonlinear
statistical filtering for making the height
maximum at every point of a fragment in
SURFER software and building voronoi
diagrams around the fragments in MATLAB.
By processing all the fragments, the size distribution of the pile were determined (Figure 2).

Figure 1b View of Leica ScanStation II
brand laser scanner; computer

CloudCompare version 2.5, Surfer version 10.2,
MATLAB version R2017a software was used
to build the 3D image of the pile surface from
the point cloud data obtained by laser scanning
and to determine the size distribution. From
these software packages, CloudCompare was
used to check point cloud data and clean up
unnecessary points in the point cloud data
obtained by the scanning. SURFER and MATLAB software were used to create surface from
point cloud data, and used in various filtering
(low-pass, statistical, etc.) to define and
measure the fragments. Low-pass filtering was
used to eliminate the point interference from
laser scanning and to smooth the surface of the
pile. Shape filtering was applied to straighten
the pile surface to be able to carry out the
subsequent fragment height measurement.

Figure 1c View of Leica ScanStation II
brand laser scanner; scanning
capacity
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Figure 2

The procedure followed for the determination of fragment size

2.2 Quarry Application

was performed on the pile resulting from a
bench blasting on the quarry. Point cloud data
obtained after laser scanning of fragmented
rock pile is given in Figure 3.

The laser scanning of the broken rocks after the
blasting was carried out in a limestone quarry
near the city of Rolla, Missouri, USA. Scanning

Figure 3

Point cloud data (scan direction arrow is shown) and detail view (right side) of the
pile obtained with laser scanning after blasting

The generated three-dimensional surface of the
pile, using the raw scan data, and the corrected
pile surface are shown in Figure 4.
Approximately 20% of the pile is processed in
this part to show the rock fragments in detail.
After identifying the rock fragments on the pile
surface, the size distribution of these fragments
has been determined. Two methods were used
for this purpose as mentioned in Section 2.1. In

the first one, nonlinear statistical filtering was
applied to corrected pile surface and height
value at each point of a fragment was tried to
be equal to the maximum height, which is the
radius of the fragment. Then this process was
applied to all fragments on the pile surface.
Making the histogram of the all data using
desired sieve set, size distribution of the
fragments is obtained.
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Figure 4

The original 3D model (left) of the pile surface obtained after blasting in the
quarry and the appearance after the surface filtering-correcting process (right)

In the second one, all the surface of the pile was
divided into the parts as voronoi diagrams
having the fragments peak points as centres.
These parts were considered the trajectory area
of each fragment. The surface images related to

the calculations are given in Figure 5. Size
distribution curves for the blasted rock pile
were formed by using the two methods
mentioned (Figure 6).

Figure 5

Statistical filtered final pile surface for measuring fragments’ trajectory area (left)
and pile surface segmented as voronoi diagram (right) as each section represents a
fragment.

Figure 6

Size distribution of the post-blast rock pile using statistical filtering (left) and
voronoi diagram (right)
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For the first method, cumulative 80% passing
size (D80) was determined as 415 mm, and
cumulative 60% passing size (D60) was
determined as 307 mm. For the second method,
cumulative 80% passing size (D80) was
determined as 485 mm, and cumulative 60%
passing size (D60) was determined as 360 mm.

geodetic equipments and methods. In addition
to its use in planning and monitoring of
production in mines, volume calculations,
determination and analysis of discontinuities,
monitoring of landslides etc., the use of it in
determining the size distribution of the blasted
rock fragments for the evaluation of the
blasting results will enable more efficient mine
production.

The second method can be considered more
accurate because it is thought that it represents
fine fragments better. In the first method, some
coarse fragments may overlap the fines in
statistical filtering performed for calculating the
ratio of the fragments.
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3 RESULTS AND DISCUSSION
In this study, the use of terrestrial laser
scanning technology in the evaluation of the
results
of
blasting
applications
was
investigated. The study involves the
identification of the fragments in the post-blast
broken rock pile and thus the determination of
the size distribution of the pile with a novel
approach using the point cloud data and a new
algorithm. Testing the validity of the results
given herein will only be possible to make a
comparison with sieve analysis. In fact, this
method has been applied on laboratory scale
aggregates and has been found to be quite
compatible with the results of sieve analysis,
but it is not presented here to stick to the
subject.
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Sustainable blasting techniques:
reduction of environmental footprints
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Making economically viable the exploitation by D&B in a
quarry within sensitive, highly populated area
S. De Palma1, M. Cardu1 and J. Seccatore2
[1] DIATI, Politecnico di Torino, Italy
[2] Faculty of Engineering and Sciences, Adolfo Ibañez University, Chile

ABSTRACT
The paper presents the results of an experimental campaign carried out at the Sasso Poiano quarry
close to Varese, northern Italy. The area is near a historic site, inhabited villages and a well-known
lake, so that the use of explosive is subject to severe restrictions imposed by Italian standards. The
exploitation is therefore carried out by blasting with low specific charge (PF=50 g/m3) to obtain prefracturing of the rock, which is followed by mechanical excavation through backhoe excavators. The
goal of the study was to test new techniques for the expansion of the mine, to reduce the production
costs and increase the efficiency of the site, maintaining the same level of production as previously
achieved by standard bench blasting. The hypothesis to be tested was that of introducing new equipment able to ensure the productivity of the plant with lower operating costs and maintenance. 28 blast
tests have been performed, with the aim of obtaining a site law suitable to describe the behavior blastinduced vibrations within the marlstone and therefore predict the maximum allowable charge per
delay (CPD) to respect legal limits of peak particle velocity (PPV). Afterwards, 9 blasts were selected
to evaluate two options: varying the CPD and/or the geometry of the drilling mesh. The grain size
distribution of the blasted material was analyzed through a photogrammetric technique, to evaluate
the best solution. The results determined the best blasting configuration, together with the purchase
of a single backhoe excavator, smaller than those currently adopted. This choice reduces the fuel cost
by about 40% and lowers overall costs of the equipment maintenance. Paste abstract as ‘keep text
only style’ and check with guideline.
1

INTRODUCTION

2

Mineral production in Europe is getting more
and more intertwined with the growing anthropized environment that the continent is facing. This relationship generates the imperative
of a sustainable relationship between the production needs of the miner-al industry and the quality of life of the surrounding populated areas.
This framework generates necessary restrictions
for the mineral production sites in terms of environmental impact, such as noise, vibrations, dust
amongst others. Restrictions normally lead to increase in costs. For the operations to remain economically viable, the key aspects are high
productivity and controlled production costs.

THE PRODUCTION SITE

The mining site is an open pit quarry that exploits marl for cement production. Opened during the 1950s, the quarry underwent a series of
evolutions in terms of mining methods and excavation techniques. The chronology of this evolution is shown in Table 1. The main evolution
was during the 1980s, shifting from production
blasting in vertical benches to loose pre-fracturing blasting followed by mechanical excavation
on horizontal benches. From the 1980s on, the
evolutions followed the horizontal bench pattern, improving the excavation technique. The
main reasons for the 1980s evolution were environmental constraints related to the proximity
with surrounding community. The difference in
terms of geometry of the quarry can be appreciated comparing Figure 1 and Figure 2.
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Table 1

Chronology of the exploitation methods of the quarry under study

Period

Mining method

Bench
height
[m]

Blast type

1950s - 1980s

Ascending vertical
benches

15

Production blast

n/a

0,30 - 0,35

30 - 40

1980s - 1990s

Descending vertical
benches

5

Pre-fracturing
blast

4x5

0,04

5

Descending vertical
benches

5

Pre-fracturing
blast

2,5 x 2,7

0,12

7

Descending vertical
benches

5

Pre-fracturing
blast

2x2

0,18

7

1990s-2016
2017





Figure 1

The quarry layout previous to the
1980s, mining by ascending vertical benches.

4

Drilling
P.F. [kg/m3]
mesh [m2]

CPD
[kg/delay]

PPV max allowed: 1 mm/s measured at the
limit of the mining concession to meet the
complaints ex-pressed by local population
From the site law obtained by experimental
blasts, respecting 1 mm/s allows a CPD max
= 21 kg/delay
The quarry is not allowed to keep an explosive storage on site. Therefore, all the explosive material (explosives and accessories)
must be transported on site via courier, and
all the excess material (not employed during
the day for any reason) must be destroyed according to the procedures indicated by law.
THE RESEARCH QUESTIONS

Two main research questions have been considered during this study:
1. The opportunity of varying the Charge Per
Delay (CPD);
2. The opportunity of varying the specific explosive consumption (Powder Factor, P.F.)
by changing the drilling mesh.
5

Figure 2
3

PARTICLE SIZE DISTRIBUTION
ANALYSIS

Part of the research performed at this production
site involved particle size distribution measurements via image analysis.

Current quarry layout, mining by
descending horizontal benches.

THE RESTRICTIONS FOR THE
PRODUCTION SITE

It was performed as follows:


Due to the proximity of populated areas, the production site must obey quite severe restrictions
dictated either by law or by agreements with local authorities:
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The muckpile was quartered into four parts
(Figure 3)
For each part 2 photographs were taken, one
on small scale and one on large scale, plus
and a global photograph muckpile
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6

Of these nine photographs, the two opposite
sides of the pile were compared to check
consistency.

THE OPPORTUNITY OF VARYING
THE CHARGE PER DELAY:
INCREASING THE NUMBER OF
SIMULTANEOUS HOLES

The blasting plans referring to the test period
dis-cussed below are given as annex to the present paper. Fragmentation results are given in
Table 2 and Figures 4 and 5.
6.1 Fragmentation

Figure 3

The employ of adjacent simultaneous holes is
generally regarded as a drawback in terms of
frag-mentation (Cardu et al., 2015 a and 2015b,
Seccatore et al., 2015). In general terms, shooting two adjacent holes simultaneously tends to
guide a fracture along the interaxial line between
the holes, producing shear effect along a plane
(such as pre-splitting or smooth blasting) instead
of fracturing within a volume.

Quartered muckpile.

Nevertheless, simultaneous charges can be of
profitable use for pre-fracturing when the rock
mass presents sub-vertical planes such as in the
case object of the study (As seen in Figure 3). In
this case, blasting simultaneous sets of holes parallel or sub-parallel to the main set of sub-vertical discontinuities may help to open the pre-existing natural fractures, easing the work of
mechanical excavation subsequent to blasting.
Figure 4

Plan view of the sub-vertical marl
strata as separated by the prefracturing action of the explosive.

6.2 Vibrations
As for fragmentation, increasing the number of
simultaneous holes (therefore increasing the
CPD) is expected to be a drawback, increasing
vibrations in terms of PPV. Nevertheless, when
dealing with human response to blasting, PPV is
not as much important as subjective perception
(Turunen-Rindel et al., 2017). Increasing the
number of holes that go off simultaneously reduces the total duration of the blast, where delays are only needed for “row jump”, therefore
decreasing the total delay time. Reducing the
time needed to blast all the holes, the personal
perception of the blast as a whole is lower due
the shorter duration of the blasting phenomenon.
Vibrations and noise produced are of low intensity, whether shooting simultaneously 2 or 6
holes. Therefore, for a same order of magnitude
of intensity, one can speculate that a longer solicitation might be perceived as more intense

It must be highlighted that such particle size
analysis is not a measurement of mere rock fragmentation by blasting. As said, in this excavation
method explosives are used only to pre-fracture
the rock, but the blasted rock stays in place without muck movement, where fragmentation
measurements by means of image analysis are
not possible. After blasting, the pre-fractured
rock is eventually disaggregated and mucked.
The final fragmentation is therefore the multiple
effect of blasting plus mechanical excavation.
The particle size measurements, hence, are not a
direct indication of the effect of explosive: they
are instead indicators of the cooperation of the
explosive energy plus mechanical energy.
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than one with shorter duration. As an indirect
proof of this speculation, during the trial period,
which took place over a 6-month period, no
complaints were registered whatsoever from the
surrounding community.
7

THE OPPORTUNITY OF VARYING
THE POWDER FACTOR

The strategy behind the idea of varying the P.F.
can be resumed as follows:






Reduce the drilling mesh to meliorate rock
fragmentation
A reduced drilling mesh increases production costs and reduces the blasted volume
(because, as previously said, the amount of
explosive per blast is a constant due to the
restriction of having it sent via courier in a
pre-determined amount), on the other hand:
Better rock fragmentation increases the mechanical equipment productivity,
With better productivity the mechanical
equipment fleet can be adjusted for a more
profitable con-figuration, compensating for
the increased drilling cost and the reduced
blasted volume.

Figure 6

8

IMPROVEMENT RESULTS

Due to the changes introduced in the production
system, varying blasting parameter and equipment fleet, the following results were achieved,
and recognized as improvements:



The equipment adjustment, in terms of current
and proposed new fleet, are reported in Table 3.

Figure 5

Particle size distribution comparison – October 2016 to February 2017.




Particle size distributions –
October 2016.
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60% reduction in connection unit consumption,
40% reduction in excavator fuel consumption;
50% reduction in running drill costs;
30% reduction in truck management costs
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Comparison of blast results along October 2016.

3.97

4.71

D40

10.03

5.84

6.28

D50

12.31

D60

14.99

D70

18.46

D75

7

270

7.92
10.35

14

330

0,76

9.83
12.01

20.65

15.80

13.33

D80

23.28

18.63

14.91

D90

31.91

27.63

20.14

Topsize

66.82

57.99

44.69

0,76

0,12

Drilling mesh [m2]

holes

320

2,7
6

x
2,5

Equipment fleet adjustments.
Equipment

CURRENT FLEET

21

7.96
4

13.60

NEW FLEET

P.F. [kg/m3]

7.84

PPV [mm/s]

D30

Blast - to geophone [m]

3.12

all blasts

CPD max [kg/delay]

1.55

2.35

Max Simultaneous adjacent

Size [cm]

PPV [mm/s]

Blast - to geophone [m]

CPD max [kg/delay]

Max Simultaneous adjacent

Size [cm]
0.95

5.55

under triggering

2.99

D20

2

Constant to

21-10-2016

D10

Table 3

9

PPV [mm/s]

11-10-2016
Blast - to geophone [m]

holes

CPD max [kg/delay]

Max Simultaneous adjacent

Size [cm]

% Passing

07-10-2016

holes

Table 2

Backhoe excavator
Backhoe excavator
Offroad truck
Offroad truck
Offroad truck
Drilling machine
Drilling machine
Wheeled loader
Backhoe excavator
Backhoe excavator
Offroad truck
Offroad truck
Drilling machine
Wheeled loader

Power
[kW]
949
111
567
504
313
168
172
169
565
111
567
313
172
169

Operating
weight [t]
234
23
44
38
29
14
18
18
128
23
44
29
18
18

CONCLUSIONS

Number
2
1
2
2
1
1
1
1
1
1
2
1
1
1

Conditions
Fuel consumption 120 l/h
Oversize fleet (Capacity > 1000
t/h, when required = 800 t/h)
Required to grant drill 180
holes/blast with 2 rods 3m each
Fuel consumption 70 l/h (-40%)
Adequate fleet to grant 800 t/h
with improved fragmentation
Modified to host 4.5 m rods
-

that technical solutions are managed in an integrated, pro-active way, being prepared to adopt
non-conventional solutions such as increasing
the Charge Per Delay and the number of simultaneous holes to achieve better fragmentation
and a general lower perception of vibrations anthropized environment such as modern Europe.
The results show that viability can be achieved,
provided that the operation is analyzed as a

The present work aimed to evaluate the conditions by which a quarrying operation can still be
made viable within the restrictions of a heavily
challenge of modern mining within urban or
semi-urban environment can indeed be won,
with positive results both for the mining operation and the surrounding community, provided
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whole, integrating mining methods adjustment,
blasting and mechanical excavation techniques
and strategical fleet management.
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APPENDIX: BLASTING PLANS

Figure 7

Blasting plan – 07/10/2016.
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Figure 8

Blasting plan – 11/10/2016.
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Figure 9

Blasting plan – 21/10/2016
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Figure 10 Blasting plan – 10/02/2017
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Implementation of 100% used oil to replace fuel oil in
emulsion manufacturing for energy conservation at PT.
Kaltim Prima Coal
A. Harmawanto1 and C. Paz2
[1] PT. Kaltim Prima Coal, Indonesia
[2] PT. AEL, Indonesia

ABSTRACT
PT. Kaltim Prima Coal produces roughly 10.4 million litres of used oil per year, which originate from
the repair activities of equipment performed at the different workshops. One of the solutions to recycle
used oil is to manufacture emulsion explosives. In 2016, the level of used oil in emulsion
manufacturing at the KPC operations reached 80% used oil and in 2017, the level was increased to
100%. Laboratory-scale trials are conducted with emulsion technology to prove that the quality of
emulsion (stability, crystallization) meets the standards for a minimum period of seven days. The
successful trials were validated as the VODs was over 4500 m/s, P30 fragmentation 80% and digging
time below the 12 seconds target. The results of the trials proved the viability of the utilization of
100% used oil in the KPC operations, the highest level reached to date in Indonesia.
1

INTRODUCTION

emulsion explosives at KPC in the last decade.
KPC and AEL have collaborated in the
installation of equipment at the Emulsion Plant
on site and gradually have been increasing the
level of Used Oil since 2014.

PT. Kaltim Prima Coal is located in East
Kalimantan and is one of the largest coal mining
projects in Indonesia and one of the largest
export thermal coal mines in the World. With 63
million tons of coal production per year and a
total overburden removal of 519 million bcm,
118,000 tons of explosives were used in 2016 at
the KPC operations. The mining method at PT.
Kaltim Prima Coal is multi open pit, which is
divided into two areas, namely Mining
Operation division (MOD), which is mined by
PT. Kaltim Prima Coal, and a Mining Contract
Division (CMD) mined by three mining
contractors. This mining activity produces over
10 million litres of used oil per year from the
repair activities of equipment performed in the
workshop of PT. Kaltim Prima Coal and the
contractors. These used oils are known to
contain elements harmful to the environment,
and handling this waste stream in a cost effective
and environmentally responsible way is
challenging.

In 2016, the level in emulsion manufacturing
was 80% used oil and 20% fuel oil (80:20).

Figure 1

Advanced emulsifier technology combined with
high quality used oil allowed for successful
introduction of used lubricating oils into bulk
775

Used oil usage at KPC
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material and not as hazardous waste. This
USEPA specification is focused on burning the
used oil for energy recovery.

PT. Kaltim Prima Coal planned a final increase
up to 100% used oil in emulsion manufacturing
in 2017 as one the energy conservation goals. As
a first step, PT. Kaltim Prima Coal cooperated
with the supplier of explosives (PT. AEL
Indonesia) in the CMD area to conduct research
activities in an effort to replace 100% of diesel
oil by using used oil in explosive manufacturing.
Laboratory-scale trials are conducted using a
tailor-made emulsifier that can accommodate
used oil at the highest level. The results of
laboratory scale trials showed stable emulsion
quality and met the standards. The absence of
clots or crystallization on the emulsion and the
consistency after seven days is critical for the
blast performance.

Table 1

Property
Allowable Level
Arsenic
5 ppm maximum
Cadmium
2 ppm maximum
Chromium
10 ppm maximum
Lead
100 ppm maximum
Flash point
100°F (70°C)
Total Halogens
4000 ppm maximum*
* used oil containing more than 1000ppm
Halogens are presumed to be hazardous waste
Therefore, “waste oil” that is treated and passes
the above specification can be used in various
applications for energy recovery. Numerous
treatment methods are successful in ensuring
that the oil is recyclable. Mining and explosive
companies have also adopted this specification
for used oil that is incorporated into explosives.

After the laboratory testing, trials moved to the
field. The success parameters of trials were set
to a VOD with a minimum value of 4500 m/s,
P30 fragmentation 80% and a maximum digging
time of 12 seconds. The result of first trials was
VOD = 5069 - 5227 m / s, average fragmentation
P30 = 82.43% and average digging time 10.18 s.
2

USEPA used oil specification

3

USED OIL TECHNOLOGY

USED OIL HANDLING

The recovered used oil from the workshop is
delivered to a specific settling tank where the
used oil is allowed to settle for a number of days.
Water, solids and oil sludge is drained off the
bottom of the tank at regular intervals.

Very strict specifications for the oil quality have
been set in place to ensure that it is classed as a
re-usable source and not a hazardous waste
material. Used lubricating oil can therefore be
described as a mixture of different depleted
lubricating oils, which are drained from engine
crankcases, hydraulic motors, gearboxes,
transmissions and low levels of fuel oil. When
these oils are inappropriately blended with
hazardous waste material, it should be handled
as a hazardous waste stream.

Samples for analysis are then taken off the top,
bottom and middle of the tank; the oil is analysed
in a reputable external laboratory according to
the used oil specification as described in Table 1
above. Approved batches of used oil are then
transferred to a used oil storage tank.
The used oil in the storage tank is then blended
with diesel at a set ratio for use in emulsion fuel
blend make up. The used oil diesel blend is then
referred to as “blend oil”; the blend oil is kept in
motion to ensure a consistent mix. This blend oil
is approved for use in ANFO and Emulsion
Explosive applications.

The United States Environmental Protection
Agency define ”used oil” as any oil that has been
refined from crude oil, or any synthetic oil, that
has been used and as a result of such use is
contaminated by physical or chemical
impurities.
Used oil that passes the below defined
specification is also classed as a recyclable
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Figure 2

Used oil storage at emulsion plant

Figure 3

Used oil handling flowchart

Figure 4

Flowchart making of emulsion base product

777

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

Before being used in emulsion manufacturing
used oil must meet the specifications as table
below.
Table 2

AEL used oil specification and
test result

Figure 5

Based on the results of testing used oil sample
above shows the values for flash point, viscosity,
water content and presence of minerals meets the
specification. This used oil will be used to
manufacture emulsion oxidizer and the nonconforming oils will be sent to the waste oil
storage.
4

Emulsion base product with 80%
used oil vs emulsion base product
with 100% used oil

The laboratory tests showed that all the
specifications met the requirements with no
effect on the quality. No crystallization was
observed on day 4, which is the ‘sleep time’ for
emulsion at KPC pits. These results prompted
the field experiments at the blasting area.
The blasting parameters where maintained from
the 80% used oil level. The success parameters
of the trials where: VOD minimum 4500 m/s,
P30 fragmentation 80% and digging time less
than 12 seconds. These success parameters are
similar to the current practice by using 80% used
oil. In the first experiment, a comparison ‘apples
to apples’ was used between using 100% used
oil and using 80% used oil.

100 % USED OIL TRIALS

For every increase on the level of used oil, a
project plan is defined with two stages. The first
step is the laboratory scale experiments and the
second stage continues with the field trials. The
lab scale trials monitor potential changes on the
quality of emulsion and will define the
suitability for field trials. In the laboratory
located at KPC, AEL tests and checks the pH of
the Oxidizer, fudge Point, Emulsion viscosity,
signs of crystallization and product density. Any
anomalies observed during lab scale trials would
have to be corrected before moving to field
trials.

The blend emulsion is loaded 200 mm blastholes
in a 8 m x 9 m pattern with usual bench heights
of 9m to 11m. A 400 g Pentolite booster and
non-electric detonators are used to initiate the
blasts.

Figure 6
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Blast hole VoD position
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To measure VoD, resistance cable is laced
through the blast-holes and connected to a
continuous velocity of detonation recorder, in
this case the MicroTrap, with high-speed data
recording capability (up to 2MHz). The probe
cable used for the VoD recording is 3.38Ω/m in
the blast holes and RG58 coaxial cable as a lead
in. The probe cable is laced down each hole after
having been secured to the booster using
insulation tape in order to ensure that when the
booster detonates it breaks the cable in the
correct position along its length. This break in
the cable will trigger the MicroTrap, which will
start recording from that point of initiation. It
operates by continually measuring resistance of
the probe cable where VoD’s are to be recorded.
As the cable gets consumed while the explosives
detonate, and gets crushed by the pressure wave
through to the stemming, the resistance
decreases. The MicroTrap measures this change.
Since the resistance of the cable is known, the
MicroTrap can convert this resistance into
distance. A graph of length versus time can be
plotted after analysis of the data, yielding the inhole VoD.
Table 4

VoD blasthole information

Table 5

VoD measurement
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Figure 7

Fragmentation analysis DRN80

Figure 8

Fragmentation analysis DRN100
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In the first trials, the results obtained are shown
in the following table and show no significant
change in in terms of fragmentation and digging
time.

Table 9

Average Hitachi 2600 (EX750) (s)

9.96

Table 6

Average PC3000 (EX3004) (s)

9.46

Average PC4000 (SH304 & SH314) (s)

DRN80 Result

Average at PCB Pit (s)

Parameter
Target Unit
Result
V.O.D.
≥ 4500
mm/s
5142.8–5295.1
Fragmentation P30 80%
70.67%
Digging time
12
Seconds
10.42

Table 7

DRN100 Result

Parameter
Target Unit
Result
V.O.D
≥ 4500
mm/s
5069.7–5235.5
Fragmentation P30 80%
70.32%
Digging time
12
Seconds
10.63

Average per
Blast Location
(s)

With the success of the first trials, extensive
blasting was conducted with used Oil 100% in
order to confirm the positive performance.
Below are the results of several trials using
100% used oil.
Table 8

Digging time results

Fragmentation analysis result

10.37

10.18
P-0799

11.17

P-07109

11.16

P-0824

9.92

P-0876
P-0946
P-0956

10.33
10.14
9.94

K-1030

9.57

P-1043

10.66

P-1111

10.32

P-1123

9.80

K-1148

10.65

K-1149

9.42

K-1151

9.11

K-1192

8.92

K-1197

9.40

With these positive results, the new formulation
was implemented across all the contractors at the
CMD Division at KPC.
By increasing the use of used oil in emulsion
from 80% to 100% at CMD area, KPC obtained
additional savings of 330,221 liters of fuel oil in
2017.

Figure 9
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Use oil usage at CMD area
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Figure 10 2017 KPC use oil usage
The implementation of 100% used oil in
emulsion manufacturing in 2017 at PT. Kaltim
Prima Coal resulted in a final consumption of
4,687,611 liters of used oil for explosive matrix.
5

CONCLUSION

The blast performance did not change from the
previous scenario as the blasting KPI’s met the
targets: VOD = 5069 - 5227 m/s, the measured
average fragmentation P30 reached 82.43% and
the average digging time was 10.8 seconds so the
100% used oil level could be deemed to be
applied regularly.
By increasing the composition of used oil in
emulsion manufacturing from 80% to 100% in
2017 at CMD area, the additional savings
resulted in 330.221 liters of fuel oil. In 2017 PT.
Kaltim Prima Coal consumed a total of
4,687,611 liters of used oil as a substitute for fuel
oil in the Fuel Phase of Emulsion (89% used oil
: 11% fuel oil). PT. Kaltim Prima Coal and PT.
AEL Indonesia have successfully implemented
energy conservation initiatives.
6
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SLIM: Technology for blasting to improve mining
J. A. Sanchidrián
Universidad Politécnica de Madrid – ETSI Minas y Energía, Madrid, Spain

ABSTRACT
SLIM (Sustainable Low Impact Mining) is a cooperative research initiative by a group of academic
and industrial organizations in Europe. SLIM addresses a number of technical and scientific topics in
rock blasting. Among these, numerical modelling of non-ideal detonation, automatization of rock
mass characterization, integration of emerging technologies – ground-based and UAV-borne
photogrammetry, LiDAR and MWD, among others – into fragmentation prediction and measurement.
The project includes monitoring of the processing plant in order to assess the influence of blasting in
two mining operations, an iron ore medium-size mine and a small fluorite mine. Environmental
affections from blasting are being studied: seismic far field (vibrations) modelling, dust emissions
and nitrates leaching. The project started November 2016 with a duration of four years. An overview
of the project is presented and some of its highlights are described.
1 INTRODUCTION

is certainly worth considering for an optimized
operation.

Much like in other industries such as
manufacturing, technology can help the mining
sector to run more efficient businesses, to find
better ways of doing things and to increase
productivity. However, the traditional approach
of getting an off-the-shelf solution may not
apply for many use cases. Besides productivity,
mining faces social-sensitive environmental
challenges that should be addressed in order to
ensure the social license for its operations.

Advances in measuring techniques, models and
explosives can be incorporated to boost cost
efficiency and to limit environmental effects.
The former include controlling fragment size
distribution for an optimum mine and plant
operation and minimum damage to the
remaining rock, while the latter aim at
minimizing vibrations from blasting, dust
emissions, nitrates leaching and life cycle
analysis.

The mining cycle most often starts with drilling
and blasting, where rock is fragmented and cast
in a convenient form so that it can be dug, loaded
and hauled. This very efficient process
(compared with any other means of excavation
and crushing) must be controlled in such way
that the operation is optimized for cost efficiency
and its environmental impacts are minimized.
Much has been studied on the effect of
fragmentation by blasting in the efficiency of the
overall operation, both in the pit stage (mucking
costs), and in crushing (energy and throughput),
grinding, and even further downstream in the
plant. The concept of mine to mill has long been
in the miners’ agenda (JKMRC 1998,
Kanchibotla et al. 1998, Kojovic et al. 1998,
Valery et al. 1999, Grundstrom et al. 2001) and

The European Union is funding a research and
innovation action on rock blasting, ‘SLIM –
Sustainable Low Impact Mining solution for
exploitation of small mineral deposits based on
advanced rock blasting and environmental
technologies’. The project is part of the Horizon
2020 framework program. It started November
1, 2016 with a 4-year duration (EASME 2016).
Partners of the project are Universidad
Politécnica de Madrid (Spain, coordinating
entity), Montanuniversität Leoben (Austria),
Luleå
Tekniska
Universitet
(Sweden),
Technische Universität Graz (Austria), Bureau
de Reserches Géologiques et Minières (France),
VA Erzberg (Austria), Minera de Orgiva
(Spain), Arnó (Spain), 3GSM (Austria), Maxam
(Spain), Gate2Growth (Denmark), Minpol
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vectors. The software as it is in the current stage
allows for the identification of planar areas on
3D surface models and provides a vectored
description of polygonals (“annotation areas”)
similar to geologic mapping. Figure 1 shows an
example of joints detection and their clustering
into different joint sets.

(Austria) and Zabala Innovation Consulting
(Spain). This paper gives an overview of the
project with a brief description of the major
research topics addressed.
2 OPERATIONAL EFFICIENCY
The technologies that aim at improving the
efficiency of the operation are those related with
rock mass characterization, fragmentation
prediction and measurement, rock movement
and muckpile formation, and damage to the
remaining rock.

Point clouds from LiDAR bench face surveys
are also being studied for discontinuities
analysis. The results will be compared with
those based on photogrammetry.
2.1.3 Borehole logging: MWD and televiewer

The processing plants of Minera de Orgiva and
Erzberg will be monitored to assess the impact
of changes in blast design. A set of key
performance indicators (KPI) will be defined to
clearly translate the variations in the plant
quantitatively. Bypass flow in the primary
crusher, power consumption, concentrate yields,
recovery rates, etc. are the sort of indicators to
be measured and analysed.

The significant cost of installing the drill
monitoring system, especially in old drills,
restrains the use of this technology in numerous
small quarries and mines. An in-house MWD
system has been developed as a low-cost
alternative that allows monitoring the
information while drilling of any rig. For that,
the digitization and automatic sampling of the
analog signals of the sensors involved in the
operation have been carried out for their logging
and retrieval. The prototype has been installed in
a top hammer rotary-percussive vertical rig and
has been tested for the monitoring of six test
blasts. The MWD parameters are analysed,
considering their variation and magnitude, in
order to obtain a fracturing index to be used for
geotechnical rock characterization.

An economic assessment, with cost-benefit
analysis, will be carried out on the technologies
developed,
together
with
innovation
management guidelines, business opportunities
identification, exploitation and application
strategy and open access studies.
2.1 Rock mass characterization
Rock mass structural characterization is being
done with photogrammetric surveying of the
rock face, LiDAR surveying, borehole logging
with optical televiewer and Measure While
Drilling records. The ultimate goal of this
activity is to investigate blastability indexes
based on this description of the rock.

The blastholes have also been analysed with an
optical televiewer, which provides a continuous
unwrapped 360˚ oriented colour image of the
blasthole walls. These images are used as the
best evidence of the discontinuities in the rock.
Figure 2 shows an example of Televiewer log
used and its comparison with MWD-related
records.

2.1.2 Photogrammetry and LiDAR
An automatic rock mass characterization
algorithm is being developed that determines the
(main) geologic features of the bench face to
blast. A pure geometric approach has been
chosen. Attention has been paid to two previous
publications (Slob 2010, Riquelme et al. 2014).
They both tried to extract joint set information
from point clouds. However, the approach used
also considers the presence of a surface
description thus easing the first step of the
algorithm – the identification of surface normal
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Figure 1

Photogrammetric data analysis.
Same coloured areas on the upper
picture correspond to the same
joint set; these are shown as
clusters of poles in the
stereographic projection on the
lower graph.
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Figure 2

Televiewer optical logs: 2D 360°
scan of the borehole wall and a 3D
core-like reconstruction. The left
graph relates to MWD records.

Figure 3

Cylinder test. Left: test setup.
Right: CJ isentropes.
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2.3 Fragmentation
2.3.1 Models

Figure 4

The main goal of rock blasting is the
fragmentation of the rock mass. In order to
control fragmentation, tools must be used to
guide blast design towards a certain size
distribution. Prediction of the size distribution of
the fragmented rock from the rock mass
characteristics, the blast design parameters (both
in terms of the geometry and of the initiation
sequence) and the explosive properties is a
challenge that has been undertaken for decades.
It is currently available to the blasting engineer
in the form of formulae that relate the parameters
of a given size distribution function, or the
percentile sizes, to the rock properties and the
blast design parameters (Cunningham 1983,
1987, 2005, Kanchibotla et al. 1999,
Ouchterlony 2005, Sanchidrian and Ouchterlony
2017). Most of these models yield fragmentation
predictions of limited accuracy; a paradigmatic
evidence of this is the strong controversy on
what distribution functions better represent the
size distribution of blasted rock. One of the most
uncertain aspects is the effect of the delay on
fragmentation: there is still dispute on what is
delay between adjacent holes for optimum
fragmentation, the classical approach favouring
some 3 to 7 milliseconds per meter spacing
while others favour much shorter delays.
Engineering models for rock fragmentation
prediction will also be assessed from the test
results.

Detonation front curvature. Left:
experimental setup; right: streak
camera record.

The rock description index from MWD has been
compared for validation with the Televiewer
photographic records of the blastholes. This
comparison may improve the drill/rock
interaction knowledge and the understanding of
MWD logs, in order to better use them for rock
condition description. Figure 2 shows an
example of the monitoring data and the
televiewer record. As can be seen, negative
peaks in the percussive pressure and feed
pressure, and significant variation in the rotation
pressure for the first 4.5 m are related with a
possible disturbance zone (a different colour is
appreciated in the televiewer records). In the
same way, fluctuations in the MWD signals at
11.2 m show another possible disturbance zone.
The results from photogrammetric joint models
are also being compared with televiewer logs.
MWD data will also be analysed for their
correlation with ore composition variation; this
would save assaying costs and help to a more
flexible mine planning.

Considerable efforts have been directed towards
developing numerical simulation of rock
blasting. Various techniques have been used and
among others the Finite Element (FEM) and
Finite Difference (FDM) (Liu and Katsabanis
1997, Hao et al. 2002, Ansell 2005);
discontinuum and continuum-discontinuum
methods (Discontinuous Deformation Analysis,
DDA, Shi 1988, Mortazavi 1999); Discrete
Element Method (DEM) coupling gas flow and
rock motion (Preece at al. 1994) assuming the
rock to be already fragmented at the start of the
calculation, and combinations of discrete and
continuum (Munjiza 1992, Munjiza et al. 1994,
Furtney et al. 2009, 2012a, 2012b). FEM) and
DEM are being used in the project together with

2.2 Explosive characterization
The purpose of this task is to increase the
understanding of the detonation properties of
emulsion explosives as used in mining
operations. The detonation products expansion
characterization is carried out through cylinder
tests (Figure 3) and detonation pressure
measurement. Non-ideal detonation models are
being developed by means of detonation frontcurvature measurements (Figure 4) and
unreacted explosive equation of state
determination from impact tests.
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and LiDAR allow using the relief of the rock
surface for the segmentation process. SLIM is
investigating the latter two technologies by
using LiDAR measurements and highly
redundant UAV-borne photogrammetry and
comparing their measurements with the
fragments size distribution obtained by sieving
with mobile screens.

Smoothed Particle Hydrodynamics (SPH),
Bonded Particle Method (BPM) and Particle
Blast Methods (PBM), in an effort to push
numerical modelling forward for it to become as
close as possible to an engineering tool.
FEM can be used to model precisely the
detonation of explosives, blast-induced
vibration and blast-induced damage. In turn,
DEM and SPH are more suitable to model the
fragmentation of rock mass, the latter being also
appropriate for detonation modelling. Figure 5
shows a FEM-BPM-PBM numerical model of a
small-scale fragmentation test.

Figure 5

The goal in UAV photogrammetry efforts is to
utilize state-of-the-art findings in machine
learning and 3D (photogrammetric) computer
vision systems to develop computational
methods for muckpile characterization. Deep
learning and convolutional neural networks are
being developed to interpret images of
muckpiles to identify the fragment size
distribution, the presence and location of
boulders, the identification of partially covered
fragments, and fine material below image
resolution. Figure 6 shows a 3D image of a
muckpile in Erzberg. In addition, the possibility
of a joint classification using 2D image
information and 3D information from images
will be investigated.

FEM-BPM-PBM
numerical
model of fragmentation.

2.3.2 Blasting tests and measurements
Ten to fifteen full scale production blasts (with a
small number of holes) are planned to be
monitored applying the technologies described;
six of them have already been carried out in
summer 2017 and a second campaign is
scheduled in summer 2018. Detailed
geomechanical models of the blocks,
photogrammetry and LiDAR, hole deviation
monitoring and high-speed video recording (for
further processing to determine the time of
response of the rock, the trajectory and the
velocity of fragments) are being carried out.

Figure 6

3D image of muckpile in the
Erzberg mine.

LiDAR measurements are taken on each blast,
typically some directly after blasting and some
after a period of mucking. Data is analysed by
adjusting the 3D orientation of the data,
performing segmentation to identify individual
rocks and further analysis to classify the
segmentation into overlapped rocks, nonoverlapped rocks and areas-of-fines. Cumulative
size distribution curves are so obtained for both
individual measurements and combined for each
blasting trial. Figure 7 shows an example of
LiDAR segmentation and size distribution
curves from it.

Fragmentation measuring by digital image
analysis from photographs in the muckpile,
truckload, crusher feed, crushing plant belts etc.
is a mature technology for fragmentation
assessment. Techniques using photogrammetry
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The results of these measurements will be
compared with the sieving of the muckpile using
a mobile screen (Figure 8). This will expectedly
contribute to improving the accuracy of the
measurement methods and to assess available
fragmentation models.
Small scale tests are also scheduled with highspeed video recording to investigate the crack
generation process and rock motion, and to
quantify the generation of fines and very fines.
Figure 8

Muckpile sieving with mobile
screens in El Aljibe.

2.4 Damage
2.4.1 Models
Damage to the remaining rock should be
minimized to ensure slope stability or roof
integrity. Models to predict rock damage are
based on PPV calculations in the near field of the
hole. The Holmberg and Persson (1978) model,
despite its recognized oversimplification,
continues to be used in many blast design
methods. More refined models such as those
published by Blair (e.g. Blair & Jiang 1995,
Blair 2003, 2007, 2010) are relatively seldom
used probably due to their higher complexity;
they will be tested in the project. Numerical
modelling is also being used to calculate the
seismic near field.
2.4.2 Measurements

Figure 7

Measurements of particle acceleration and
velocity are carried out with downhole, cementembedded accelerometers and geophones
located in the vicinity of the blast (some 7 to 20
m from the nearest blasthole, the closer range
compatible with the maximum range of the
accelerometers used, 5000 g) and are being
compared with modelling results. Figure 9
shows the down-the-hole accelerometers mount.
Televiewer measurements are being used to
assess the difference in the post blast jointing as
compared with the pre-blasted rock.

Muckpile LiDAR survey in El
Aljibe. The three images are:
Upper, 3D data; central, nonoverlapped
fragments
highlighted; lower, areas-of-fines
highlighted. The plot gives the
size distribution curves of
different muckpile surveys.
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Figure 9

Figure 10 Velocity
of
detonation
of
emulsion with density at two
viscosities.

Down-the-hole
accelerometers
mount and sample record.

3 ENVIRONMENTAL

2.5 Explosive developments

Environmental affections of blasting origin that
are being addressed by SLIM are vibrations, dust
and nitrates leaching. A comprehensive life
cycle analysis is also being carried out. Social
acceptance matters will also be addressed
including public awareness, communication,
trust-building and educational aspects.

This task aims at developing explosives
application
technologies
with
different
properties to match different rock hardness and
particular applications, specifically density,
velocity of detonation, energy, fume class and
viscosity. Delivery systems will also be
developed for bulk explosives.

3.1 Vibrations

A special bulk explosive is being developed with
the aim to formulate a more stable emulsion
product and to study its behaviour at different
viscosities (ranging from 300 to 1500 P) and
densities (from 0.90 to 1.35 g/cm3). The
relationship of the ammonium nitrate solution
micelle size with the velocity of detonation and
density is being particularly studied (Figure 10).
As the emulsion micelle size is reduced, the
specific contact surface between the oxidizer
and the fuel increases, which may lead to a near
ideal detonation.

The far-field vibration minimization task aims at
developing a 3D block model of the subsurface
using wave propagation equations. The first part
consists of evaluating measured vibration
responses, primarily in the form of P- and Swave travel times and amplitude decays for
waves from known explosive sources to gauges
at known positions. Figure 11 shows the array of
seismographs laid in the Erzberg mine and an
example of arrival time vs. distance seismogram
for one vibration direction. The desired wave
velocities are obtained by identifying straight
lines time=distance/velocity for the primary (P)
and the secondary (SH and SV) waves.

Explosive formulations and delivery systems
will be tested for their nitrates leaching rate
under field conditions. Explosives will be loaded
into boreholes with water, and the water will be
monitored for its salt content at different times.
The rate at which salts leach into the water will
be then calculated to determine if it exceeds preestablished limits. Standards will be defined to
specify which explosive and delivery system to
use under a given blasting scenario to minimize
leaching. It is expected that explosives wrapped
in waterproof packing or with high viscosities at
the point of use be more resistant to leaching.

From these data a 3D block model of the
subsurface can be constructed through so-called
inverse modelling using wave propagation
equations. The second part consists of the
reverse problem, forward modelling, i.e. a
computation of the superposed effects of a round
with initiation delay between blast-holes. Blast
geometry and delays are varied to find the
smallest vibration responses at chosen targets.
The best blasting patterns will then be validated
and best practices for blast vibration reduction
will be issued.
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3.3 LWC (Lining While Charging)
Keeping the emulsion column under control will
substantially decrease environmental impact
(nitrates
leaching), charge
malfunction
(detonation failure) and safety (flyrock) when
blasting in fractured and wet ground. The goal of
this task is to demonstrate the technical function
of the lining-while-charging (LWC) system of
blastholes with ContBlast (Moser and
Ouchterlony 2007) units. The specifications of
LWC, charging conditions, pressure, chemical
environment and safety issues will be
developed, and the final design of a ContBlast
unit for lining while charging (LWC), with
considerations for placement of detonator and
primer will be accomplished. Manufacture of
prototypes of a ContBlast unit with 3D printing
is planned; the prototypes will be field tested
with emulsion pumping, checking for emulsion
leakage through rise of emulsion column during
gassing and correct detonation. Figure 12 shows
the LWC unit in its present design.

Figure 11 Vibrations measurements in the
Erzberg mine. Upper: gauge
positions; lower: time-distance
diagram (z-comp).

Figure 12 Present design of LWC unit, to be
attached to the end of the
charging hose.
3.4 Life cycle analysis

3.2 Dust

Mining operations, even if included in most life
cycle analyses (LCA) where metals are
involved, do not beneficiate from a lot of
scientific publications or reports on their
environmental impacts. Many references exist
on life cycle assessment in the mining industry
(Awuah-Offei and Akim 2011, Folchi 2003,
Kuzu and Ergin 2005, Monjezi et al. 2009, Jahed
Armaghani et al. 2015). The goal of the LCA
study is to quantify and analyse the
environmental impacts of the technologies
developed
for
demonstrating
their
environmental benefits in the exploitation of
mineral resources in the EU. This approach will
hopefully raise the awareness of partners about
environmental concerns and how these are
assessed, so that on a longer term, the supposed
environmental benefits of the SLIM

Among the most frequent air pollutants near
mines and quarries, suspended particulate matter
has the major influence on human health and
welfare. Total suspended particulate matter
(TSP) and the fraction less than 10 μm (PM10)
are being measured with quantification of
emission factors for the drill, blast and muckpile
loading operations. Suspended particulate
matter in the quarry where test blasts are being
carried out has a significant amount of free
silica, and this is being measured as well using
personal dust monitors with filter capsule for
quartz analysis. Mitigation measures are being
assessed in test blasts.
Dust generation is also being investigated in
small scale blasts to assess generation of very
fines in the blast (PM2.5).
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technologies may support their large use and
diffusion. The stakes that should be studied
concerning water, energy, dust, fly rocks, noise,
vibrations, and how these can be assessed in
LCA, have been studied.
A first proposal of the system definition for each
of the three mines of the project has been
developed. These represent the processes to be
included in the foreground system of each mine,
see Figure 13 with an example. We focus on an
accounting approach, with no intention to
compare different products, and with no
consequences on a broader view (like mining in
Europe). The scope of the study is to analyse one
ton of raw ore produced. The system boundaries
may or may not include downstream treatments;
the decision will depend partly on a preliminary
appreciation of potential benefits. If ore
beneficiation is included, the potential risk is to
hide some benefits of the new mining solution in
bigger global impacts, but the benefit is that the
potential energy savings in the beneficiation are
directly covered by the inventory.

Figure 13 Preparation of a LCA case study;
system definition.
4 CONCLUDING REMARKS
The European Union has turned its focus back to
raw materials production, after years of a certain
political neglect. Developing technologies to
improve mining are now in the portfolio of EU
technological priorities, and Horizon 2020
framework program has been consistently
including raw materials production subjects in
its calls for proposals. One of these proposals is
the SLIM project whose objective is developing
and implementing new technologies and models
related with the blasting cycle that will help
mining both from the operational efficiency
standpoint and from the environmental impact
one. The former include rock mass
characterization by automatic joint mapping
from point clouds by photogrammetry and
LiDAR, and MWD analysis; fragment size
distribution measurement by UAV-borne
photogrammetry and LiDAR; fragmentation
prediction models; and rock damage
measurement and prediction through near field
seismic models. The environmental aspect
includes vibration minimization through farfield seismic models, nitrates leaching
reduction, dust control and a life cycle analysis.
SLIM is a four-year project running from
November 2016, expected to end October 2020.

Research is on-going on how to translate the
inventory of water use into the different impact
pathways. Mainly two perspectives are
considered:
-

-

the direct pollution into water (i.e. nitrates)
that cause acidification, ecotoxicity and
eutrophication, and end-point impact on
ecosystems quality,
the use of water and the change in water
quality, that can be translated into water
scarcity and deprivation, that at the end may
impact human health, natural resources and
ecosystem quality.

The project is an opportunity to clarify or join
these two perspectives: the use of water will be
assessed not only in terms of consumption and
emissions to water, but in terms of footprint.
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ABSTRACT
The deposit at the Phu Kham Copper-Gold Operation in northern Laos is a classical stock work disseminated porphyry copper-gold system extracted by conventional open pit drill blast truck shovel
methods. The orebody has two distinctive mineralisation zones, the upper thrust structure dipping 30
degrees and the lower block zone dipping 80 degrees. Open pit blast outcomes were found to be
significantly controlled by the dipping fabric. Poor quality blast implementation was causing loss of
berm crests and considerable excess wall toe leading to an increased rock-fall hazards and potential
sterilising ore in later stages. To satisfying downstream Semi-Autogenous Grinding (SAG) mill
throughput rates and resultant metal production ore production powder factors needed to be increased
up to 2.4 kilograms/bank cubic metres (kg/bcm). Waste from the open pit cut backs was required to
be utilised as construction materials for the annual construction of the Tailings Storage Facility (TSF)
earthen embankment wall. Water ingress into blast holes further complicated and was compromising
blast quality. These multiple requirements challenged the open-pit wall control. After a geotechnical
review, a number of alternate wall designs were proposed. The wall control blasting improvement
project was initiated to develop improved blast designs, measure outcomes, improve blast implementation.
Conventional wall control blast design was not effective in the anisotropic, layered red bed siltstones.
Decoupled 102 millimetre (mm) holes did not break the toe and yet fully coupled 200 metre (m)
production holes had a back break in excess of 8m. Test blasts were performed including pre-splitting,
trim blasts and production-trims combined to identify the designs required to preserve the final walls.
The planned slope design with a bench height of 20m, mined as 10m benches, a batter angle of 80
degrees with a pre-split across the full 20m was changed to 20m bench height, 65 degree batter angles
and 8m berm widths. Safe and efficient blasting processes created a 100 per cent increase in stack
slope angle and preserved the long-term life of the asset. Implementation improvements were maintained by consistent training and sustainable implementation based on blast design procedures and
blasting handbook.
1

INTRODUCTION

move to harder transitional and primary ores
over the next two years and primary ore was due
to be in the majority from early 2016. The drill
and blast team had very limited guidelines for
selection of blast design parameters and the design engineers primarily used experience and
previous blast designs select a powder factor.
Powder factors for trims were in the range of
0.4-0.6 kg/m3.

The Phu Kham Copper-Gold Operation is located in central Laos, approximately 140 kilometres from the capital, Vientiane. In April
2015, a drill and blast review was conducted followed by a drill and blast training session. The
aim of the review was to identify gaps and opportunities with which to improve overall performance. The long term mine plan indicated a
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A trial production blast was conducted in the
hard primary ore which was expected to be representative for the following three years. Preliminary fragmentation analysis using photogrammetry indicated the presence of many rocks of
over one metre in size. The generally coarse
fragmentation and lack of fines was identified as
a challenge that would compromise loading
productivity and process plant throughput. A review of trim blasting found limited breakage in
the toe, overbreak in the crest, and rifling of
some holes. This implied inadequate design and
implementation.

design methods (Crosby and Bauer 1982; Cunningham 2000; Konya and Walter 1991; Workman and Calder 1991) does not con-sider anisotropy in the rock mass and the trials to identify
best blast outcomes and final designs are described. The journey the drill and blast team took
to implement these series of alternative and complex blasts in difficult conditions is documented
briefly.

Once the majority of the operational blasting deficiencies had been identified, three parallel improvement processes were initiated.

The Phu Kham Copper-Gold Operation is located in the Xaysomboun District of the Vientiane Province, Laos, approximately 140 km north
of the capital, Vientiane. The topography ranges
between steeply sloping hills with elevations between 700 and 1,200 m above sea level (ASL)
and narrow river valleys with limited flat areas.
The area has a tropical monsoonal climate receiving about 2,400 mm of rain annually, with a
distinct wet season between May and September
and a pronounced dry season during the rest of
the year.

2

GEOLOGICAL AND
GEOTECHNICAL SETTING

2.1 Geological setting

- A ‘mine to mill’ project involving larger
production blasts to increase drill productivity
and blast energy improving mill throughput. A
strong focus was placed on reducing redrills in
areas of ground water ingress. Production
powder factors needed to be increased from
0.8kg/bcm to 2.4 kg/bcm during the trials.
- A waste cutback with higher energy waste
blasting to access lower ore zones with improved load and haul productivity. The red
beds were an important source of ’green’ nonacid forming material required for the tailings
storage facility embankment wall construction
pro-gram, this needed to be fragmented with a
top size below 300mm to reduce secondary
crushing and improve excavation of slabby
‘red bed’ material.

The dominant rock types in the vicinity of the
open-pit are shale, sandstone, limestone (often
karst-forming), felsic, volcanic (dacites and rhyolites), andesite and chert. The rock sequence
has been significantly folded and faulted. The
Phu Kham deposit is part of a copper-gold
porphyry system. It comprises a thick sedimentary unit (predominantly a felsic tuff) and an inter-bedded volcaniclastic-carbonate sediment
unit (including: shale, sandstone, siltstone and
limestone). Both units are intruded by narrow
porphyry intrusions. The presence of sulphides
in the mineral assemblage requires integrated
plans to effectively manage potential acidic
drainage from the open-pit wall rock, the waste
rock dump (WRD), ore stockpiles and the tailing
storage facility (TSF).

- A wall control project, which is the focus of
this paper, to steepen the walls and reduce
damage from high-energy production and
waste blasts, improve safety outcomes and ensuring no ore was lost to wall position sterilisation.
The wall control project involved a series of interim wall limit blast trials and final wall limit
blast trials. The aim was to create a safe and efficient mining environment whilst preserving
the long-term life of the asset. This paper describes the geological environment of the anisotropic ‘red bed’ rock with the geotechnical implications. Conventional wall control blast

2.2 Geotechnical setting
The geotechnical setting of the Phu Kham deposit is presented in this paper based on the descriptions reported by (King 2015) and (Peisold
2005).
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The ‘red bed’ siltstones occur on the western
side of the deposit, their competency varies from
medium to high. In the geotechnical holes they
have high Rock Quality Designations (RQDs)
>80 per cent but can be very fissile. The ‘redbeds’ are described as anisotropic due to the intensity of bedding throughout the unit. The
logged cores have five to six joints per metre and
one to two joint sets. There is great variability
within the ‘red bed’ material with the average
bedding dipping from 45 degrees to 65 degrees,
however there are are-as where the bedding is
sub-vertical. The bedding planes are planar
smooth, mostly clean and generally have low
strengths. Blast outcomes were found to be significantly controlled by the dipping fabric.
Breakage along the bedding tended to create
slabs up to 200 mm thick increasing the rock fall
risk and decreasing productivity.

Figure 1

Distribution
of
unconfined
strengths for red bed material
with cumulative distribution.

2.3 Geotechnical design

Several large faults were intersected and where
orientated these have moderate south east dips
and one that dips towards the north west. Bedding is often coincident with the foliation or obscured by it. Adversely orientated joints result in
minor batter scale failure and wedge failures
may form part of a major shear failure surface.
Joints of all orientations reduce the rock mass
strength and increase the probability of strength
con-trolled failures.

In 2005, an open-pit geotechnical evaluation included recommendations for wall protection. A
general guide was provided for the protection of
final walls in the fresh rock zones within the
open-pit including trim shots and pre-split in certain areas. Down grading of powder factors
when in close proximity to final walls was also
recommended. No sub-drill above berms was
suggested to reduce damage to crests. There is
limited data available for historic wall control
methods undertaken at Phu Kham.

The ‘red beds’ are surprisingly strong with
measured unconfined compression strength
(UCS) up to 168 MPa as shown in Figure 1. Typical of anisotropic rocks they have a wide distribution of strengths with a long tail towards the
high strength’s indicative of how the relationship between the bedding plane angle and the
core axis influences the strength (Jaeger and
Cook 1979).

The company’s geotechnical review panel
(GRP) met in June 2015 to review current practices. Findings included; overall localised wall
stability issues, problematic geotechnical areas,
wall depressurisation requirements and future
operational opportunities. Of concern was that
there were few places in the open-pit where the
design slope was being met relative to crest and
toe position. Figure 2 shows that very few of the
benches in the ‘red bed’ regions were achieving
the 65 degree slope on the batters as seen by the
lack of red contours.
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Figure 2

safety risk inherent in the reduction of berm capacity for controlling any possible rocks falling
from the slope (Sellers et al. 2013; Reid and
Stacey 2009). The potential for rocks to roll
down the slope negatively impacts the ability to
mine beneath these walls. Secondly, the simultaneous loss of crest and increase in toe flattens
the overall slope. The flatter slope would lead to
decreased ability to access ore at lower levels
significantly reducing the net profit value (NPV)
of the Operation.

Actual topography of the pit indicating areas where the wall was
steeper than 60o in red.

To meet the design Inter Ramp Angles (IRA) going forward, the GRP recommended a series of
slope options. The options were designed to permit different risk management strategies. Design
option six was selected using a set of geotechnical sensitivities performed for the geotechnical
sector six in June 2015. The option was preferred
as it enabled traditional wall control blasting using presplitting. Option six required a bench
height of 20m (mined as 10m benches), a batter
angle of 80 degrees with a pre-split across the
full 20m if possible. This provided a berm width
of 16m with capacity to accommodate rock that
could fall off from the crest along the dip of the
anisotropy. Bench stacking allowed for a 20m
wide berm every 80m high. The steep berms required a big shift from the original design and
needed to be trialled on site. The trials are discussed here and show the reasons for a decision
to move away from option six.
3

Figure 3

Photograph of original trim outcome showing breakouts (denoted
by yellow dashes) from back
row (positioned along green line)
and the stab row (yellow solid
line).

BLAST ENERGY IN ANISOTROPIC
ROCK

Anisotropic rock contains multiple parallel
joints or foliations and is well known to fracture
unusually (Hoek 1964) and fail in sliding and a
number of unexpected buckling models (Mercer
2013). Studying the outcomes of a series of trim
blasts, it became evident why the breakage was
unsatisfactory. As shown in Figure 3, the rock
mass foliation was controlling the breakage and
therefore the slope angle. The toe of the blast
was not breaking back to design due to the energy preferentially moving forward along the foliations. Also, when viewed from above as in
Figure 6, it was obvious that the crest was broken further than design. This led to two serious
outcomes for the Operation. Firstly, there is a

Figure 4 Photograph of back break showing
crest damage.
The original blast design is shown in Figure 5.
The blast design as detailed in Table 1 is conventional for a trim blast design (Reid and
Stacey 2009). A plan of part of a typical trim
800
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Table 1 Original trim blast design

blast is shown in Figure 6. The timing contours
are relatively steep and crossing the bedding as
would be expected using the latest design guidelines for open-pit (Reid and Stacey 2009). At this
stage, there were constraints on the type of initiating systems that could be used. The mine was
using non electric (NONEL) and had to order
stocks 6 months in advance. The effect of introducing electronic detonators for high-energy
production blasts is discussed elsewhere (Rogers
et al. 2018).

Row
Dia (mm)
B (m)
S (m)
L (m)
Stem (m)
PF g/bcm

Figure 5 also indicates that the breakout
achieved is not according to the planned section.
The back row has not broken to the full extent
that would be expected in a more uniform rock
mass. There is a zone where the back break leads
to a sub-vertical profile a couple of metres high
and then the breakage follows the foliation of the
rock mass. The stab hole, placed to break to rock
to the 65 degree design slope has actually cratered and broken further than expected, damaging the crest of the trim. The toe of the stab hole
however tends to not break any further as shown
in Figure 7. When the anisotropic red beds break
they create a very rough surface near the charge
as shown in Figure 7 with large flat slabs where
there is low energy as shown on the surface in
Figure 3. This makes it difficult to develop a
wall control strategy where in some places
higher energy is needed to create breakage and
in other areas the breakages is due to active pressure on the rock mass causing slip along weak
planes.

stab
102
3.5
4
4.5
1.5
0.3

back
102
3.5
4
10*
1.5
0.53

front
127
3.9
4.5
10*
1.5
0.7

Figure 6

Plan of original trim blast design
and timing with contours (small
part for illustration).

Figure 7

Photograph showing how decoupled charge created no breakage
at the toe. Also shown is the rough
surface arising from blasting the
anisotropic rock.

Horizontal decoupling reduces the pressure exerted by explosives on the surrounding rock. The
pressure in the borehole with decoupling is estimated (Hustrulid 1999) as
Pb = 0.125(VoD)^2*CR2ϒ

(1)

where ϒ is the estimated ratio of specific heats
for an ideal gas and C.R. is the coupling ratio
calculated using the following equation

Figure 5 Section of original trim design with
breakout (dotted).

C.R.=√ Øc/Øh
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where C is the percent of the explosive column
loaded, Øc is the charge diameter, Øh is the hole
diameter. A coupling ratio of 0.67 is typical for
Phu Kham. For a ϒ value of two and a VoD
about 4,000 metre-squared for a 67 mm emulsion (Sellers et al. 2007) the pressure is 573 MPa
or 271 MPa for gamma of two or three respectively. This is higher than the range of UCS values shown in Figure 1 and so the rock should
break further than the toe of the hole according
to conventional theory (Hustrulid 1999). However cavity expansion theory (Cunningham et al.
2007) indicates that pressures must be more than
four times UCS for cavity formation, which is
more in line with site observations. Much more
work is required to use the data collected to create quantitative design methodologies for anisotropic rock masses.
The second stage of the project considered the
waste cutback blasting in the ‘red beds’. The
mine plan created a series of interim walls that
were due to be cut back again to the final wall
within three to six months. A wall control approach for these interim walls was required to
ensure that they met toe and crest positions
other-wise the cutback would be unsuccessful.
Additionally, they needed to be safe from falling
rock with the continuing blasting conditions below. At the start of the project the wall control
strategy was to reduce the diameter of the back
row. As shown in Figure 8 the production holes
were 200m, diameter and the back row was reduced to 140mm. Digging was able to progress
much further than expected. To test the extent of
the breakage, a 4 m standoff was applied between the back row and the design slope. The
slope broke back to the crest following the dip of
the foliation in the ‘red beds’ providing a slope
that met the crest criteria. This met the crest criteria as shown in Figure 9, but did not break out
the toes and created geotechnical and production
challenges. The ‘red bed’ material in the standoff zone broke into large slabs, more from the
displacement than the explosive energy. These
proved hard to dig and needed additional crushing to be used as ’green waste’. Also, the slabs
created an additional rock fall hazard. A new
method was needed in this zone.

Figure 8

Section through interim wall
waste blast test with four m standoff showing damage from the production holes.

Figure 9

Photograph of interim wall behind waste production test blast.

4

OUTCOMES OF WALL CONTROL
TRIAL BLASTS

The concept of option six, was to dramatically
increase the berm capacity by shifting from 10m
benches to 20m benches, 65 degrees batter angles to 80 degree batter angles resulting in a
berm width of 14m rather than 8m at a double
bench. Pre-splitting was inclusive of the trial to
improve the final wall of the 80 degree batters.
A solution by trial and error was necessary, as is
typical for wall control blasts with a lack of
quantitative design criteria, especially for anisotropic rock masses. A number of wall control
trial blast were conducted in separate areas
within the ‘red bed’ domain. A 25mm cartridge
had become available at the Operation and could
be used in 102mm holes for pre-splitting.
The first trial involved a vertical split (the results
as shown in Figure 10). The split worked well in
a very narrow zone of the Operation where the
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‘red beds’ had been rotated and baked by an intrusion. Everywhere else the vertical split caused
a series of overhanging slabs that created rock
fall danger.

Figure 12 Outcomes of angled pre-split
blast.
The trials resulted in batter failure directly following firing of the trim shot and in some cases
large areas of ‘hung up’ material resulting in unsafe batters. While the additional berm capacity
contained the material it was decided that the additional risk and time cleaning up/scaling the
trial area was unproductive and didn’t suit the
requirements of the Operation.

Figure 10 Photograph of outcomes of a vertical pre-split trial.
The next set of trials involved splitting at an 80
degree angle. The idea was to split the full 20 m
bench at once. Drill rigs that have the capability
to drill 80 degree holes at an angle to the drill
axis (as shown in Figure 11) are required for this
type of drilling on narrow benches. Fortunately,
these were available although the drillers needed
training. The trial started with a 10m split.

Following these trials the mine reverted to 20 m
bench height with 65 degree batter angles and 8
m berm widths. Additional trials were then held
with a focus on the use of low energy trim blasts
to improve wall control. The introduction of stab
rows with very low pow-der factors (PF ~0.24
kg/m3) and buffer rows (PF ~0.54 kg/m3) and the
quality control and assurance of drilling were essential.

Figure 12 shows the outcome of the 10 m split at
80 degrees was slightly more successful than the
vertical split in the typical ‘red bed’ rock. However, there was still evidence of large slabs. A
challenge with the drill was deviation along the
foliations and at one place there was an intersection between the split holes and the trim holes
leading to very poor outcomes.

5

FINAL WALL CONTROL BLAST
DESIGNS

It was clear that standard designs (Reid and
Stacey 2009) for trim blasts did not work in the
anisotropic ‘red beds’. There is currently no way
of designing specifically for the anisotropy. The
approach taken was to respect the dip of the rock
mass. Once the breakage extent had been identified in the trials, the charge coupling and geometry of the holes could be selected to trim the
slope to the desired angle. This requires using
decoupled holes that break to the dip to cut the
toe and the placement of stab holes with lower
stem heights that crater to cut across the bedding
to achieve the desired crest.

Figure 11 Photograph of drilling at an 80
degree pre-split trial.

The final recommendation was for a trim blast
could comprise of up to three sections (Figure
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13). The buffer section next to the wall has the
lowest powder factor and smaller holes. The trim
production has larger holes similar to the production blast though has only one to three rows
of holes. This is the section that has a free face
for final walls.

blast with upward movements that cuts the
crest and fragments the slabs in the wedge improving excavation.
• The back row has no subdrill and production
rows have one metre of subdrill.
• Any row within half a burden of the design
crest of the bench below has a standoff (negative subdrill) of 500 mm.

For ‘red bed’ waste blasts on interim walls, it
was possible to add a third section – a production
blast to the front of the trim (Figure 13b). Typical powder factors for the production and buffer
components are 0.8 kg/m3 and 0.5 kg/m3 respectively.

a)

• The burden and spacing of the production
holes is calculated from the design powder
factor using the guidelines for production
blast design.
• To minimise the damage that could be caused
to the highwall and still break sufficiently, the
body of the trim blast is designed with less energy than a typical blast. A powder factor of
0.8 kg/m3 should be considered a maximum
in waste material. The powder factor should
be chosen carefully to ensure adequate fragmentation with minimal energy.

b)

Figure 13 Schematic of free face final wall
trim blasts and production- trim
interim wall blasts.
The buffer section adjacent to the highwall required a lower powder factor than the body of
the blast. The first method to apply to reduce
damage is smaller diameter holes. To further reduce blast damage on the highwall, the charges
in the back row of the buffer zone were horizontally decoupled by using packaged explosives.
Typically, a 10-metre-deep trim blast will have
one to two rows within the wedge section.

A typical blast is shown in Figure 14. The blast
has two 102 mm diameter buffer rows, one
short-stab row and one full-length row. It has
two 127 mm diameter trim-production rows and
four extra 127 mm production rows. Because of
the different hole geometry, explosive coupling
and the different energy zones within the block,
the average powder factor for the block will increase as production rows as shown in Figure 15.
This means that trim blasts cannot be designed
based on an average powder factor approach.

The guidelines developed for the ‘red beds’ are:
• The holes in the wedge and the first row should
be 102 mm in diameter.

Previously, the holes had been laid out in straight
lines for convenience of use of the mine design
software. This caused differences of energy
along curved trim with high energy where the
straight lines intersected curved slopes. Drill and
blast regulations were changed to ensure that the
orientation of the rows for a trim blast always ran
parallel with the wall. This ensures even energy
distribution against the wall.

• The toe of the first full-length hole should be
500 mm from the proposed toe. This breaks to
the design toe.
• One stab row of 102 mm diameter will be used
in the wedge, unless the batter is flatter than 50
degrees when two stab rows will be used.
• The toe of stab rows has a one metre vertical
stand-off from the proposed batter.
• The stab row at the back is placed so the horizontal distance from the crest equal the hole
length to create a 45 degree angle from the
crest to the toe of the hole.
• The back stab row has a shorter than usual
stem length of one metre. This creates a crater
804
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Table 2

Final trim blast design.

Batter

45

60

Buffer

stab
1

stab
2

Buffer

stab
1

Dia (mm)

102

102

102

102

102

Length (m)

10

2.5

6.3

10

3.5

Burden (m)

3

3.5

3.5

3

3

Spacing (m)

3.5

3.5

3.5

3.5

3.5

Offset (m)

0.5

-2.5

-6.5

0.5

-3

Stem (m)

2.5

1

1

2.5

1

Explosive

bulk

cart

cart

bulk

cart

Row

Figure 15 Increase in powder factor with
number of production holes illustrating how trim blast must be design on burden not powder factor.
Further trials indicated that just changing the explosive distribution was insufficient to properly
create a good final wall. Timing also needed to
be considered. The timing for the trim blast was
switched so that the angle of the timing contours
to the wall strike was reduced as shown in Figure
16. This caused the blast action to be more parallel to the strike of the foliation in the red beds
and created a neater slicing of the slabs.

Care should be taken when using damage contours to predict the damage zone around a blast
hole in anisotropic rock. In anisotropic rock, the
factors used in calculating wall damaging contours do not accurately encompass the observed
blast damage. This could result in wall damage
being underestimated.

Figure 16 Plan of updated trim blast design
and timing contour (small part
for illustration).

Figure 14 Final design for trim and trimproduction shots in red beds.
Trim blasts (red solid line indicates the stand off and red dotted
line indicates the 45o breakage
zone).

For trim production blasts, the timing in the production part was steepened to create a space of
already moving rock at the intersection of the
trim and the production blast as shown in Figure
17.
The amount of movement delivered in the production blast decreases with the increasing number of holes. Timing was altered to use a ‘centre’-lift in the production trim blocks with
control row one or two burdens in front of the
production trim boundary as shown in Figure 18.
This allows the movement of the rock mass upwards to relieve the stress and confinement on
the face of the trim.
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Figure 17 Plan of trim – production blast design and timing.
flow into leaving the blast blocks completely
isolated from ground water and surface run-off.
The zone of broken rock also acts like a buffer,
mitigating potential blast damage from the production blast. This was a significant advantage
because it allowed for the introduction of very
high powder factors, particularly critical adjacent to trim blasts.

Figure 18 Schematic illustrating ideal timing of trim-production blast.
6

IMPROVEMENT PROCESSES AND
IMPLEMENTATION

The new strategies required the efforts of all
members of the blasting team from drillers to engineers. The blast designs evolved over a period
of nine months to a level of refinement which
minimised over break and clean-up while still
producing an adequate zone of bro-ken rock.
The team became more comfortable with exploring new techniques which led to further initiatives such as: fast timing with electronic detonators, larger blasts, multiple powder factors
within one blast, and blast exclusion zone reductions. Changes to blast design processes added a
layer of complexity to the planning process, so
the use of bench by bench ‘blast masters’ for
planning the blast sequencing was initiated.
Once all the designs had been trialled and tested
a hand book was written detailing design parameters to be used and an integrated process for the
blast master layout, blast design and post-blast
review processes.

Blasting, particularly in metalliferous mining,
requires a design mindset as dynamic as the geological deposit itself. In the case of the Phu
Kham deposit, as the ore types were becoming
significantly more competent, the ground water
ingress was also becoming a severe problem.
Blast designers and consultants had to identify
geological change, find ways to remove the water from the blast bench and explore alternative
blast designs to reduce the negative effects
harder ores were having on the comminution circuit. This was problematic as using higher blast
energies in anisotropic rock structures can cause
excessive wall damage.
Trench blasting was implemented as a solution
to the water ingress and reducing the potential
for wall dam-age caused by vibration. The
trench design involves a single line of blast
holes, partially filled with explosive and initiated with a delay between each hole, to surround one or more blast block and ‘daylight’ out
into the free face of the open-pit edge. This creates a zone of broken rock which the water can

The geotechnical team provided input into the
blast master development to help identify risks
such as blasting in close proximity to faults and
poor ground such as the variability of the rock
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mass around the western fault. Ongoing geotechnical advice is given to drill and blast engineers to assist with the design for production
trim or pre-split blasting. This includes review
of blast-masters for the layout of blast blocks,
providing structure and rock mass character inputs to blast design, selecting the blast direction
of firing to minimise back break damage, jointly
inspect blasting to review blasting impact on
open-pit walls, recording back break cracking on
berms for geotechnical and drill and blast analysis.
7

The ability to perform the cutback quicker by
adding waste production blasts to trims without
having to dig to a free face has increased the
mining rate of the cut-back.
Improved fragmentation with relatively high energy closer to the interim walls has reduced
crushing requirements for the ’green’ waste.
The wall control blasting enabled high energy
blasting that led to plant throughput that improved by 14% to 54%, depending on the design
(Rogers et al. 2018).

THE VALUE OF WALL CONTROL
IMPROVEMENTS

As a result of the project, the percentage of the
open-pit wall meeting the design angle for batters has increased dramatically as shown in Figure 19. The back damage reduced from more
than 2 m to less than 0.5 m, at least a 75% reduction. Underbreak on the toe improved about 66%
being reduced from 1.5m to less than 0.5m. This
leads to much more stable walls without loose
rock allowing the waste cutback to proceed
safely

Wall control blasting is often seen as a cost that
needs to be paid in order to reduce geotechnical
risk. This project has added a number of dimensions of value to the mining operation. The use
of larger blasts improved drill usage with additional broken stock reducing the risk for downtime of plant and mining equipment.

Figure 19 Pit topography after 18 months showing the considerable improvement of batter
slopes after the project (red colour indicates meeting target).
The new ability to blast to design crest and toe,
without additional secondary blasting has doubled the stack slope angle as shown in Figure 20.
The steeper open-pit walls allow access to ore
that was planned for the final pit design, but

would have been unattainable without cutting
back the entire slope. Inspections of the slope indicates the overall good outcome as seen in Figure 21 and shows that the changes can be sustained long-term.

807

12th International Symposium on Rock Fragmentation by Blasting, Luleå Sweden 11-13 June 2018

to the ore body at depth with increased productivity in waste and high energy production blasts
that increased plant throughput with reduced risk
of rockfalls.

Figure 20 Section through pit 18 months
later showing increased stack angles; the red dotted line indicates
the open-pit if interventions had
not occurred
8

CONCLUSIONS

The waste rock at the Phu Kham Copper-Gold
Operation consists of maroon coloured ‘red bed’
siltstones with thick lenses of arkosic conglomerate. Blast outcomes were found to be significantly controlled by the dipping fabric. Poor
quality of blast implementation was causing loss
of berm crests and considerable toes. Breakage
along the bedding tended to create slabs up to
200 mm thick increasing the rock fall risk and
decreasing productivity. In production blast
blocks, the main focus was on creating fine fragmentation to increase throughput, however the
high explosive energy required had the potential
to create a number of adverse effects including
damage to the final open-pit wall.

Figure 21 Photograph of open-pit wall in
December 2016
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Application of Power Deck in wet condition, case study:
Goharzamin iron ore mine
M. J. Askari Badoee. M. A. Ebrahimi Farsangi, H. Mansouri and A. M. Mansor Panahi
Shahid Bahonar University of Kerman, Kerman, Iran

ABSTRACT
Goharzamin iron ore mine is facing some challenges such as, toe problem, fly rocks, air blast, and
poor frag-mentation. To overcome these problems and to improve blasting operations efficiency it
was decided to de-sign and carry out some blast tests using bottom air decking (Power Deck). Seventeen blast tests in waste materials and ores in wet conditions were carried out using both Power
Deck and conventional blasting. To evaluate the performance of Power Deck, muck-pile fragmentation and displacement, fly rock, and toe conditions were measured and analyzed. The results showed
15% of reduction in blasting costs while achieving less fly rocks, air blasting, and better toe conditions.
1

INTRODUCTION

“Floyd” 2004 conducted onsite tests and documented the use and benefits of Power Decks in a
major gold mine in northern Nevada. His study
showed that the use of Power Deck allowed reducing explosive consumption for waste blasts
by 31% without scarifying excavator performance. In addition, the annual waste drilling requirements was reduced by approximately 131
drill shifts. As a result, the annual savings of
966240 dollars were achieved without any
downstream operational losses (Floyd 2004).

One of the important and effective parameters in
drilling and blasting operations in open pit mining is subdrilling that is used to prevent the formation of high grades or “toes,”. However, it increases drilling and blasting costs and can cause
serious problems, such as lower bench damage
and excessive vibrations.
One of the methods to reduce drilling and blasting costs is to use air decking (Power Deck) that
can reduce or remove sub-drilling completely.
This meth-od was firstly developed by international Technologies, LLC. to eliminate subgrade
drilling, reduce ground vibrations, improve fragmentation, and re-duce explosive consumption.
This technique uses a uniquely designed borehole plug, with a bottom hole air deck and a predetermined stemming mass on top of the plug.
This combination is referred to as the Power
Deck (Chiappetta 2004).
2

Chiappetta used Power Deck method to minimize sub-drilling, optimize fragmentation, reduce explosive, and vibration. A reduction of explosive be-tween 16% to 25%, complete
elimination of sub-drilling and reduction of vibration up to 33% was achieved (Chiappetta
2004).
3

THE POWER DECK TECHNIQUE

The Power Deck plug is very simple, easy, and
quick to use in any hole ranging from 2.4 inch to
12 inch of diameters (Figure 1). Basically the
Power Deck plug is attached to a precut length
of wooden or PVC stick that defines the bottom
hole air deck length, and a small amount of drill
cuttings or crushed rock is placed into the Power
Deck plug’s specially de-signed holding chamber. This assembly is dropped into the borehole
without any other accessories.

LITERATURE STUDY

Correa” 2003 carried out some investigations on
the effect of using Power Deck on the western
side of the Escondida mine. He could eliminate
sub-drilling and obtain 36% of reduction in the
explosives consumption (Correa 2003).
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Blast holes with diameter of 10.5” or 8.5” are
used for production blasting and holes with diameter of 6.5” for pre-splitting control blasting.
Table 1

Characteristics of mudstone,
conglomerate, magnetite, and
hematite.

Rock type
Figure 1

Power Deck tulip plug.

Mudstone
Conglomerate
Magnetite
Hematite

The Power Deck configuration is shown in Figure 2.
Typically, the length of stake is 4 times of hole
diameter and the length of stemming on the top
of plug is the same as hole diameter (Chiappetta
2004).

Figure 2

Power Deck configuration.

Tensile
strength
(MPa)

4.5
15.8
62.9
34.5

0.4
1.42
5.52
3.4

Figure 3

Waste material (mudstone and
conglomerate).

Figure 4

Ore (magnetite).

The Power Deck plug and support stake is
dropped into the hole to create a 90 cm or 110
cm air deck at the bottom of the hole. 21.6 cm of
stemming is then placed on top of the plug. The
explosive loading and stemming is then done
normally, finishing with 5.5 m of stemming.
4

Compressive
strength
(MPa)

BLAST DESCRIPTION

The Power Deck test blasts were carried out at
Goharzamin iron ore mine, Kerman, Iran. Two
different types of rocks, low and medium
strength, in waste (mudstone, conglomerate)
(Figure 3) and ore (magnetite and hematite)
(Figure 4) were considered to do the tests. The
corresponding properties for these rock types are
presented in Table 1.

The pattern for drilling is staggered and spacing
is between 1.14 to 1.3 times of burden. ANFO
and Emulite are used for dry and wet conditions
respectively. More than 80% of the tests were
carried out in wet conditions.
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The initiation of the explosive charge is done
with a 2000 gr cartridge Emulite initiator. The
initiation system uses a 25 m length shock tubes
with 25 ms surface delay and 500 ms in hole delay.
5

Bench Height:
15 m
Hole Diameter:
216 mm
Explosive Type:
ANFO or Emulite
Burden:
5.5 m
Spacing:
7m
Stemming:
5m
Subdrilling:
1.1 m
Powder Factor
250g/ton
An illustration of hole charging in the Power
Deck design is shown in Figure 6.

TEST PROCEDURES

5.1 Initial Blast Design
The waste and ore blast design parameters without using Power Deck are as below:
Bench Height:
15 m
Hole Diameter:
216 mm
Explosive Type:
ANFO or Emulite
Burden:
5.5 m (ore: 4)
Spacing:
7 m (ore: 5)
Stemming:
5 m (ore: 6)
Subdrilling:
1.5 m (ore: 2)
Powder Factor:
290g/ton (ore: 350)
A sample of charged holes in pattern design in
waste materials is shown in Figure 5.

Figure 6

Hole charging in the Power Deck
design.

This test reduced the charge length by 1.7 meter
and the powder factor by 14.8 %. A careful evaluation of excavator productivity indicated that
the bottom of the bench was easy to dig. As a
result, the design was modified to reduce subdrilling by 50%.

Figure 5

Also, the use of the Power Deck was expanded
to ore rock types. Totally, in this research, 17 experiments were carried out using Power Deck.
Eight of these experiments were done in waste
materials and nine in ore. The first experiment
was done by creating air deck at the bottom of
the hole in waste and ore. The next experiment
was in wet condition creating water deck as well
as reducing sub-drilling. In or-der to compare
both conventional and Power Deck methods, in
70% of the experiments conventional and Power
Deck methods were used simultaneously. The
results obtained for 17 blast tests are shown in
Table 2.

Charging of holes in pattern design in waste materials.

5.2 Power Deck Tests
The first blast using Power Deck was consisted
of 64 blast holes in which 51% of holes were
charged based on Power Deck design. The corresponding de-sign for Power Deck is as follows:
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6

Tonnage

Water level (m)

No. of holes

Depth
(m)

Emulite per hole (kg)

ANFO (kg)

Stemming (m)

Powder factor reduction (%)

Specific drill factor reduction (%)

Hole efficiency (%)

Results of Power Deck blasting for 17 blast tests.

Blast No.

Table 2

8-255
5-34
7-339
8-224
8-242
8-230
8-236
15-77
16-45
15-81
1649
1590
16-56
15-94
14-146
16-63
15-100

41929
88172
28322
14139
38066
53370
70842
17277
22694
27905
13651
37728
25326
33111
82555
113404
128873

0
0
0
1.2
1.5
3.35
1
4
7.2
4
1
2.3
5.3
8
6.5
5
7

42
62
33
15
25
39
42
15
18
12
14
33
21
19
42
56
72

16.51
13.95
15.38
15.7
15
15.53
15.52
16.15
16.76
16.8
16.9
15.06
16.2
15.34
15.45
15.48
13.7

395
379
382
375
424
442
443
437
385
418
386.
382
375.
323.

301.6
248.8
273.7
270.6
-

5.5
4.65
5.26
5.37
5.25
5.5
5.67
5.4
5.6
5.6
5.6
5.2
5.56
5.45
5.65
5.82
5.23

10.14
16.15
17
16.6
19.7
21.6
25.76
11
17.7
12.3
15.5
21
16.8
20
24.5
26.6
29.6

-1.4
3.1
3.1
3.1
6
6.6
9.6
0
5.6
1.7
2.9
7.1
4.7
6.7
9.8
11.4
12.7

-1.4
3.2
3
3.18
6.4
7.1
10.6
0.6
6
1.8
3
7.7
5
7.2
10.8
13
14.6

PERFORMANCE EVALUATION

blast tests in waste materials there is no problem
related to toe conditions (Figures 7 and 8).

The performances of using Power Decks were
evaluated by back break and fly rock analysis,
fragmentation, presence of toe, muck-pile displacement, amount of savings in drilling and explosives, and hole efficiency.
It was observed that by using Power Deck, backbreak was reduced between 16 to 60 percent
com-pare to conventional blasting because in the
Power Deck method less explosives were consumed.

Figure 7

In more than 80 percent of the tests both the conventional and Power Deck shots resulted in flat
floors with no significant differences and in all
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Toe elimination after using Power
Deck technique in waste material.
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Figure 8

Toe elimination after using Power
Deck technique in ore.
Figure 10 Power Deck shot using 110 cm
bottom air-deck in waste material.

The data provided by the topographical study indicated that the use of Power Decks allowed the
excavator to achieve a flat level floor. Also, in
Power Deck blasts flyrock was deducted to 40%70%.
In a conventional blast gas pressure is immediately relieved through the top of the shot, greatly
increasing the potential for airblast and flyrock.
A Power Deck shot, on the other hand, utilizes a
plug to direct the force downwards and breaks
the rock with tension, rather than compression
(Chiapetta et al. 2004). This method, with more
energy control, tries to reduce the destructive effects of the blasting (Figures 9 and 10).

Figure 9

Figure 11 Uniform fragmentation in Power
Deck shots.

Conventional shot in waste material.

Figure 12 The muck- pile shape and cast
distance in magnetite.

Furthermore, Power Deck blasting improves the
degree of fragmentation and produces more uniform fragmentation compared to conventional
blasting (Figure 11).

Hole efficiency is one of the quantitative indicators of the blasting and expressed as the volume
of exploded rock per unit length of the hole.
With the proper design of the blasting parameters, the maxi-mum productivity for each hole
and the minimum cost of drilling, blasting, loading, holding, and crushing per ton of extracted
rock can be achieved (Jimeno et al. 1995). In this
research, by reducing the length of drilling, hole
efficiency increased between 2.5% to 14.6%.

Also, in Power Deck tests a better muck-pile displacement was achieved. The maximum height
of Power Deck muck-pile was 25% shorter than
conventional muck-pile, which is safer for
equipments. Also, cast distances of Power Deck
shots was 15 % less than conventional shots
(Figures 12 and 13).
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the next bench’s blasthole collars. By investigating the muck-pile it was seen that fragmentation
with the new method is not very different from
the conventional blasting. In addition, using
Power Deck decreases the powder factor between 11 to 29.6 percent, specific drilling factor
between 1.7 to 12.7 percent, flyrock between 40
to 70 percent and increases the efficiency of hole
in the range of 0.6 to 14.6 percent.
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An assessment of economic benefits of this
method was carried out and the results are summarized in Table 3.
Table 3

Economic savings of Power Deck.

Parameter
Drilling in waste
Drilling in ore
Drilling time saving
ANFO
Emulite

Unit
m
m
min
kg
kg

REFERENCES

Amount
140
364
1480
7647
40592

Chiappetta, F. (2004) New blasting technique to
eliminate subgrade drilling, improve fragmentation, reduce explosive consumption
and lower ground vibrations. Journal of Explosive Engineering, Vol 21, No. 1, pp 10-2.
Chiapetta, R., Wyciskalla, J. (2004) Bottomhole and multiple Power Decks-independent
test results of a new blasting technique.
Quarry Management, Vol 31, No. 2, pp 2132.
Choudhary, P. B., Raina, A. K., Ramlu, M. and
Kumar, P. (2008) Optimization studies & investigation into Ground vibration, Air over
Pressure & Fly Rock for recommended Productive & SAFE BLAST Design at Nimbeti
Limestone Mine of M/s Shree Cement Ltd.
CMRI Regional center, Nagpur.
Correa, C. E. (2003) Use of Air-Decks to reduce
subdrillings in Escondida mine. Fragblast,
Vol 7, No. 2, pp 79-86.
Floyd, J. (2004) A report on Power Deck optimization. Blast Dynamics.
Jimeno, C. L., Jimeno, E. L. and Carcedo F. J.
A. (1995) Drilling and blasting of rocks. Rotterdam, Balkema.

By using this method, the drilling and blasting
costs were decreased by 22% in waste and 24%
in ore. Table 4 clearly indicates the annual saving in the case of using Power Deck method in
all blasting operations.
Table 4

Annual savings.

Parameter
Drilling in
Drilling in ore
Drilling time
ANFO
Emulite
7

Unit
m
m
shift
kg
kg

Percent Amount
8.7
80388
11.4
23256
420
25
2112500
25
3025000

CONCLUSIONS

It was concluded that by applying Power Deck
method in wastes and ore materials, no problem
was observed in the case of creating “toes” and
making big boulders. The pit floors had very little deviation from the desired grade and the reduction in subdrilling improved the integrity of
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Optimisation of blast design for an armour stone quarry - a
case study
G. Gopinath, H. S. Venkatesh and R. Balachander
National Institute of Rock Mechanics, Bengaluru, India

ABSTRACT
In southern India one of the largest rubble mounted break water was constructed with 13 million tons
of 8 different range of rock from 1 kg to 20 tons being sourced from nearby hilltop quarry. The project
underwent low yield of armor stones. (26.0% against the required yield of 36 %). Various blast
designs practiced by the quarry team of 442 blast data with blast wise yield totalling of 3.7 million
tons of rock was analysed. After the modification, 434 blast data was analysed accounting to 5.0
million tons of Armour rock. It was established that the modified design and implementation approach
increased the yield from 26.0 % to 37.5 %. This paper describes the fundamental principles of drilling
and blasting for Armour stone production and the field results of various controllable parameters on
Armour stone production in an operating quarry and its successful completion of a mega breakwater
project.
1

INTRODUCTION

supply. Quarry team had conducted about 442
blasts, the average armour production was about
26% against 36% of required percentage.
Increasing the yield of armour stone from the
quarry was very crucial not only to reduce the
cost but also to avoid delays in the completion of
the project. Keeping this in view, this study was
conducted to maximise the yield of armour stone
of the specified sizes through proper blast
design. Fundamental principles of drilling and
blasting for armour stone production and the
experience of the authors were applied to modify
and refine the design parameters followed by the
quarry team.

Unlike mining blasts, break water projects
require large size of boulders from blasting
which are termed as armor stones, are also used
to protect shores, reservoirs and dams. For these
purpose, the required rock sizes are in the range
of 1 kg to 20 tons. The stones from 1 to 500 kg
are called as core fill whereas greater than 500
kg are termed as armor stone. The main task of
blasting engineer in armour stone quarry is to
produce
various
required
size
rocks
proportionately from the designated quarry with
minimum losses.

Table 1

In India three break water were constructed
recently. The total length of the three break
water is 5.25 km. The base width of these break
waters were 120 – 130 m and the top width is 80
m with a height of 16 m. About 13 million tons
of eight various graded rock (Table 1) were
quarried from the nearby hillock for construction
of these break waters. The project was facing an
acute shortage of armour rock (0.5 to 20 t size).
This shortfall in armour stone was adversely
affecting the progress of the construction of the
breakwaters. The primary reason for this
shortfall was that the quarry was unable to
produce the armour sizes at the required rate of

Required
different
graded
material at Seabird project

Required percentage of rock
Grade of
Weight of the
for the construction of break
the
Fragments
water- Case 1
material
Q0
<0.5 t
64.04
Q1
0.5 - 1.0 t
4.64
Q2
1–2t
8.93
Q3
2–4t
11.72
Q4
4–7t
7.89
Q5
7 – 10 t
1.97
Q6
10 – 14 t
0.58
Q7
14 – 20 t
0.23
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2

FACTORS INFLUENCING ARMOUR
STONE PRODUCTION

smallest dimension >3) rock and smaller
fragments. While developing the bench face, one
should consider the orientation of joints and to
reduce the flaky rock and maximize the yield of
armour rock

There are two groups of factors that influence
the production of armour stone; uncontrollable
and controllable factors as given in table 2.
Uncontrollable factors or fixed factors are
basically the availability of the natural resource
and it plays an important role during the
selection of the quarry. It is essential to study the
discontinuities of rock mass before selecting the
quarry. Too small in-situ block sizes are formed
by the closer discontinuities which are
unfavourable for armour stone. To produce
armour stone the discontinuity spacing should be
larger than 1 m and the RQD of boreholes be
over 80 % (Fookes and Poole, 1991).

Controllable factors

Uncontrollable factors

Table 2

3

SPECIFIC REQUIREMENT OF
ARMOUR STONE

In general, the design of a breakwater dictates
the physical and mechanical properties of the
rocks to be used. A few of the specifications are
tabulated in table 3.
Table 3

Rock
specifications
breakwater

Properties
Shape L/D (largest
dimension/lowest
dimension)
Specific gravity
Fresh rock face
Compressive strength
Skin weathering
Water absorption
Intrusions / foreign material
Los Angels abrasion value

Factor influencing riprap stone
blasting (Wang et al. 1991)

In-situ block size
distribution
Discontinuity
Discontinuities
orientation
Infilling, aperture,
waviness
Rock density
P wave velocity
Intact rock
Tensile strength
Young’s modules
Burden
Spacing
Blasting
Bench height
geometry and
Blast hole diameter and
drilling
inclination
Sub drill
Detonation velocity
Explosive density
Explosive and Specific charge
detonation
Priming
methods
Stemming
Decoupling
Delay sequence

4

for

Value
<3
> 2.65
> 90 %
>100 Mpa
< 10 %
<2%
< 10 %
< 25 %

FIELD INVISTIGATION

4.1 Geology of the quarry site
The quarry in the hill ranges of the Western
Ghats. The main rock types encountered were of
heterogeneous composition, with a mixture of
gneisses, granites and dolerites. Intermittent
dykes were also present in the hillock. The
specific gravity of rocks was 2.63 – 3.08 kg/m3
and the uniaxial compressive strength varied
from 115 to 250 MPa. A series of core drilling
was carried out at various locations in the quarry
to estimate the quarry reserves. The size of the
rock blocks produced not only depended on the
drilling and blasting parameters but also on the
structural features of the deposit, mainly, the
joint spacing and orientation of joints. The
intersecting joints form natural blocks in the
rock mass and the size of the blocks are
dependent on the number of joint sets, their
orientation and spacing. This decides the in-situ
size distribution and availability of armor stone
in a quarry. Since the quarry is operated by slice

In general in-situ block size of rock mass should
be more than the required higher grade size of
rock for the construction of break water.
Orientation of joints and bench face influences
the blasting result by producing unwanted
effects in the rock face after blasting and also
generation of flacky shape (largest dimension to
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mining method and four sides of a bench block
was opened, bench wise joint discontinuity
survey was carried out (Figure 1) across the four
sides in all the benches to estimate the available
natural block sizes. It was estimated that the
natural block size above 1 t blocks ranged from
50 % to 61 % in different benches. The rocks for
blast design purpose was categorised into four
distinct groups, massive granite, fractured
granite, massive dolerite and fractured dolerite.

Figure 1

Flat slabs, thin slabs, elongated pieces and
rounded boulders with unacceptable dimensions
are trimmed to suitable dimensions and
despatched. About 4-5 % of the total muck was
flaky and the wastage was about 25-28% while
converting the flaky materials into armour stone.
Rock fragments larger than 20 t were drilled and
blasted into smaller armour stone. Secondary
blasting carried out was to a tune of 14% of the
total volume of rock blasted in the primary
blasts. This indicates that most of the oversized
boulders were protected from getting
disintegrated to smaller fragments in the primary
blasts and were sized subsequently by controlled
secondary blasting thereby enhancing the
armour stone recovery

Face mapping at one of the face

4.2 Method of working
A fully mechanised quarry was operated with
top slicing method of mining with a bench height
of 10 m. The whole hillock was divided into two
zones namely East Zone and West Zone. Two
benches in each zone were operated. Hydraulic
and pneumatic drill machines were used to drill
the blast holes. The loading and transportation of
the materials from the quarry is illustrated in
figure 2. Normally, Q2 to Q5 grade materials
were loaded on dumpers and the mixed load was
sent to the segregation yard from where Q2, Q3
etc. were dispatched separately to the stockpile.
Sometimes different grades were segregated at
the face itself and the dumpers carrying separate
grades were dispatched to the stockpile. Smaller
fragments (less than 1000 kg) were sent to either
a vibrating or a static grizzly for further
processing. All materials from the quarry were
passed through a weighbridge and data was
generated on-line for records and analysis
including blast-wise and face–wise yields. The
yield reported in this study is at the quarry, after
splitting of blocks larger than Q5 and before
rectifying blocks of poor shape. As per
requirement, all rock fragments should be rough
and angular in shape and the ratio of smallest to
largest dimension should be greater than 0.35.

Figure 2

Loading and transportation
operations of blasted material

4.3 Review of Existing Drilling and Blasting
Practice at Quarry and determination of its
parameters
In order to enhance the recovery percentage it
was decided to review the existing blasting
practice and the results obtained therein. In total
details of 442 blasts conducted by the quarry
team were collected for analysis
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Table 4

Drill and Blast design parameter
practiced by the quarry team

Parameters
Total Number of
Blast carried out
Hole diameter, mm
Average bench
height, m
Average hole depth,
m
Sub grade drilling,
m
Burden, m
Spacing, m
Bottom charge, kg
Column charge, kg
Number of holes in
a blast
Explosives used
Specific charge,
kg/m3
Spacing/burden ratio
Stemming column,
m
Charge per hole, kg
Over all Yield of
armour rock, %
Total rock
transported, Tons

blast design parameters followed by the quarry
team is summarized in Table 4. The overall
percentage of size wise armour rock yielded
from 442 blasts is given in Table 5. The overall
percentage of armour rock was 26 against the
required percentage of 36. Having noted that
there has been a shortfall of 10-12 %, the authors
further analysed the gathered two year data (442
blasts, 3.7 million tons of rock) and the details
are discussed in the following sections.

Values
442
76,89,102 &115
10
11

Table 5

1.0
2.5-7.7 (Mean value
3.8)
1.9-4.0 (Mean value
3.0)
15.0
5.0

Grade of
the
material
Q0
Q1
Q2
Q3
Q4
Q5
Q6
Q7

30-100
Cartridge based
Slurry Explosive
0.15-0.4 (Overall
Specific charge=
0.25)
0.4-1.33 (Mean value
0.8)

Grade wise armour yield with the
existing blast design
Weight of the
fragments

Armour
yield, %

<0.5 t
0.5 - 1.0 t
1–2t
2–4t
4–7t
7 – 10 t
10 – 14 t
14 – 20 t

76.31
5.85
3.95
5.85
5.65
0.89
0.75
1.05

4.3.1 Bench Height and Bench Face
The quarry was planned for bench heights of 10
m. Usually, bench heights in the range of 15-20
m are suitable for armour stone production
(Jemino et al 1995; Wang et al, 1991). However,
bench heights of 6 to 9 m have also been used
(Bhandari and Tanwar, 1993). Bench height too
high and too low will reduce the armour stone
production. For a very larger bench height, the
block of stones produced from collar would fall
on the lower portion of the blasted muck pile and
would break the boulders in the lower portion
thereby reducing the armour percentage. Further
very large bench heights are associated with
blast hole deviations which directly affect rock
fragmentation and have been a major cause for
The length of the blast face could be as larger as
possible. The smaller lengths of the blast face
create more number of end constrains for
producing the same quantity of rock compared
to a single long face blast. Huge quantity of
armour is lost from the face corners which can
be avoided by having longer blasting face. In this
quarry the length of the face was 200 m to 300
m, which was a good practice (Figure 3).

4.0
15-25
26.06
3701225

Face geology sketches before the blasts and the
estimated yield, photographs of the face before
the blast, drilling and blasting details,
photographs of blasted muckpile, yield data
(blast-wise, month-wise, face-wise etc.) and
secondary blasting details were all collected and
tabulated blast wise. The quarry was developed
with bench heights of 10 m and all the operating
machinery are matched to this. Hence it’s
imperative that for this study, the bench height
should be considered as a fixed parameter. The
data revealed that the quarry team had tried
different drilling and blasting parameters like
blasthole diameters, spacing, burden, specific
charge and charging methods. The drilling and
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Figure 3

Photographs showing long face with full face blasting
Table 6

4.3.2 Blasthole Diameter
Blast hole diameter of 65 mm to 125 mm are
generally used in armour stone blasting (Wanh,
et al 1991). The quarry team had tried four
different blasthole diameters of 76 mm, 89 mm,
102 mm and 115 mm. To select the best suitable
hole diameter at this site, 76 blast data was used
to assess the yield percentage of armour stone
for different blast hole diameter keeping the
other parameters constant. The percentage of
armour obtained is given in Table 6. It can be
observed that the percentage of armour
production is higher in 89 mm blast hole
diameter compared with other three hole
diameters practiced at quarry. The decrease in
armour production could be because of
extensive crushing in larger hole diameters (102
& 115 mm). In case of 76 mm diameter holes, it
was found that there were more toe blasts
conducted probably due to hole deviation. The
results indicated lower recovery of armour stone
and excessive fine of waste generation. From the
analysis it could be established that 89 mm
diameter blastholes yielded better results

Influence of different blast hole
diameter on armour production

Blast design parameters and results
Burden, m
3.6-4.0
Spacing, m
2.5-3.0
Spacing to Burden
0.75
constant
Raito
Specific Charge,
0.19-0.21
Kg/m3
Bench Height, m
10
Fragmentation
Armour
Number of
with
different
%
blasts
Hole diameter
76 mm
25.9
16
89 mm
29.93
27
102 mm
23.37
22
115 mm
23.14
11
4.3.3 Blasthole Inclination
Blastholes were drilled at an inclination of about
15 degree from the vertical, approximately
parallel to the bench slope. This is a good
practice and minimizes toe and avoids subdrilling in some instances thereby protecting the
bench top of the subsequent bench.
4.3.4 Burden and Spacing
The burden distance for conventional blasting
usually varies from 20 to 40 times the blasthole
diameter. For armour stone production, the
burden should be greater than 40 times the
blasthole diameter (Olofsson 1991). To select
the best suitable burden, 56 blast data was used
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Table 7

to assess the yield percentage of armour stone
for different burden keeping the other
parameters constant. The percentage of armour
obtained is given in Table 7. It can be observed
from the table that the armour percentage
increased while the burden was increased up to
a burden distance of 4 m, whereas for burden
beyond 4.0 m armour percentage was found to
be is reduced and toe was being left (Figure 4).
Considering this a bur-den distance of 4 m was
established ideal for this site.

Influence of burden on armour
production

Blast design parameters and results
Blast hole
89
diameter, mm
Spacing, m
2.5-2.6
Spacing to Burden
0.52-1.0
Raito
Specific Charge,
0.19-0.21
Kg/m3
Bench Height, m
10
Number
Fragmentation with
Armour %
of
different burden
blasts
2.5 m
23.35
5
3.0 m
28.36
7
3.5 m
33.45
6
4.0 m
36.63
17
4.5 m
30.04
19
4.8 m
28.0
2

For production of armour stone, recommended
spacing to burden (S/B) ratio varies between 0.5
and 1.0 (Olofsson 1991; Wang et al 1991). At
S/B less than 0.5, the blast will behave like presplitting while at greater than 1.0, it will behave
like a conventional production blast. The quarry
team typically used spacing of 1.9 – 4.0 and
different S/B ratio. To assess the optimum S/B
ratio 316 blast data from the quarry team blast
design and 129 blast da-ta from the modified
blast design was used for analysis. The
percentage of armour obtained is given in Table
8 and in Figure 5. It can be observed that as S/B
increases the armour yield is progressively
decreases.
It was also noted during the
investigation, that irregular faces were obtained
for S/B ratio less than 0.5 and also for S/B ratio
more than 0.8 (Figure 6). Figure 7 shows a neat
and straight face with drillhole impressions
visible for almost all the holes with a spacing of
2 m. The optimised spacing was found to be 2 m
and the optimised S/B ratio was established as
0.5.
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Figure 4

Formation of toes at a burden of
4.5 m

Figure 5

Plot of Armour % Vs S/B ratio
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Table 8

Influence of S/B ratio on production of armour stone

S,m

B, m

MS, m

1.9-2.1
1.9-2.2
2.5-3.2
2.5-3.3
2.6-3.2
2.7-3.6
3.0-4.0
3.5-4.0

4.2-5.0
3.8-4.2
4.2-4.8
3.0-4.7
3.5-4.5
3.2-4.0
3.0-4.0
3.0-3.5

2.0
2.0
2.7
2.7
2.8
3.1
3.4
3.8

MB,m SC, Kg/m3
4.7
4.0
4.6
4.1
3.2
3.6
3.5
3.3

0.18-0.23
0.16-0.23
0.16-0.23
0.16-0.23
0.17-0.25
0.17-0.25
0.19-0.30
0.18-0.23

OSC,
Kg/m3
0.19
0.19
0.22
0.20
0.20
0.22
0.26
0.21

S/B ratio
0.4-0.47
0.5
0.56-0.60
0.62-0.70
0.71-0.80
0.81-0.90
0.91-1.00
1.10-1.20

MS/B
ratio
0.45
0.50
0.59
0.67
0.75
0.88
0.99
1.15

Armour
NB
%
38
10
37
129
29
19
28
66
25
97
24
55
21
65
20
4

Note: S-Spacing, B-Burden, MS- Mean spacing, MB- Mean burden, SC- Specific charge, OSC- Overall specific charge,
S/B- Spacing to Burden, MSB- Mean S/B, NB- Number of blasts

4.3.6 Subgrade Drilling

Figure 6

To break the bottom of the bench up to the bench
floor sufficient length of subgrade drilling is
required. If the sub drilling is small, the rock will
not be completely sheared off at the floor level,
which will result in toes. Excessive sub drilling
results in increased drilling cost and ground
vibration. This also damages the subsequent
bench top which lies in the armour potential area
(Stemming portion) of the blast hole resulting
drilling difficulties while blasting at lower levels
and also reduces the armour production. The
length of the sub drill is usually set at about a
quarter to one third of the burden
(Gustafson,1973). Acceptable quarry floor could
be obtained with a subgrade drilling of 1 m along
with other design parameters, thus increasing the
possibility of desired blocks from the lower
benches.

Irregular face due to larger
spacing to burden ratio (>0.8)

4.3.7 Number of Rows

Figure 7

Single row of holes is the standard practice for
armour stone production (Olofsson 1991,
Gustafson (1981). In multi row blasting, the
blocks produced by earlier fired row(s) is further
broken as a result of the falling of rocks from
successive rows. Quarry team practised single
row of holes and same was continued.

Neat and straight face with 0.5
spacing and burden ratio

4.3.5 Stemming Length
The column and stemming portion is the place
where maximum boulders are generated. This
aspect is also taken to advantage to maximize the
armour production. The stemming length should
be at least equal to burden. The quarry team
maintained a stemming length of 4 m or longer,
which was considered reasonable.

4.3.8 Type of Explosives
Explosives having high gas energy and low
shock energy are more suitable for armour rock
blasting. The explosives should break and shear
the material at the floor but it should cause
minimum breakage to the rock mass above the
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charge in the hole. Generally decoupled charges
are used while blasting for graded / armour
stone. Different explosives such as slurries and
ANFO were tried by the quarry team. Dense and
powerful explosive was preferred to break and
shear the material at the floor. The shattering
will be restricted to the bottom of the holes while
the top of the bench will be blocky. This will
allow the floor to be diggable without disturbing
the upper rock mass. Decoupled charge of 50
mm diameter cartridge in 89 mm diameter holes
or 83 mm diameter cartridges in 115/102 mm
diameter blast holes or procuring customized
string explosives of suitable diameter (50 mm or
83 mm) ANFO/slurry in polythene sleeve of
above drill hole diameters was tried. Cartridges
based slurries explosive of 50 mm diameter in
89 mm blast hole worked better than other two
combination.

Figure 8

Typical Muckpile profiles for
armour stone production at
Seabird Project

Table 9

Influence of specific charge on
armour production

Blast design parameters and results
Blasthole diameter, mm
89
Spacing, m
2.7
Burden, m
3.6
Spacing to Burden Raito
0.75
Bench Height, m
10
Fragmentation with different
Armour
Specific Charge, Kg/m3
%
0.16-0.18
35.0
0.20
37.2
0.21
34.0
0.23
33.2
0.25
28.4
0.30
25.1
0.33
24.4
0.40
19.0

4.3.9 Specific Charge
In general the specific charge recommended for
armour stone production is ranging from 0.11 to
0.2 kg/m3 (Jemino et al 1995; Olofsson 1991).
The quarry team typically used a specific charge
of 0.15 kg/m3 to 0.4 kg/m3. 70 blast data was
used to assess the yield percentage of armour
stone for different specific charge keeping the
other parameters constant. The percentage of
armour obtained is given in Table 9. Further
blast and yield data was filtered based on
specific charge, nature and type of rock, the
anticipated yield and is given in Table 10. A
higher specific charge resulted in a lower muck
pile height and a lower yield from the blast. On
the other hand, a little lower specific charge
resulted in toe formation. Figure 8 shows four
typical profiles of the muckpile of a blast. The
width of the muckpile at the floor level in this
blast varied from 9 to 17 m. It was found that
larger displacement was always associated with
lower yield. With larger displacement, the height
of the muckpile is also lower than the desired.
Figure 9 shows the muck pile of a good blast.
There is some drop in the height of the muckpile
and some displacement in the forward direction.

Table 10

Optimum specific charge and
anticipated yield depending on
rock type

Specific
charge,
kg/m3
Massive granite 0.20 – 0.22
Massive dolerite 0.16 – 0.18
Fractured
0.18 – 0.20
granite
Fractured
0.16 – 0.18
dolerite

Rock type
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Anticipated
Yield
Very good
Good
Fair
Poor
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Figure 9

Figure 10 Various
charging
practiced at quarry

Muckpile profile with optimum
displacement

patterns

4.3.11 Blasthole Initiation

4.3.10 Charge Configurations

Based on the available information (Jemino et al,
1995; Bhandari and Tanwar, 1993) the
blastholes were fired instantaneously or at least,
groups of holes using detonating cord as
downlines as well as trunklines.

The charge configuration for armour stone is a
combination of bottom charge like in
conventional blasting and a column charge like
in pre-split blasting. The purpose of bottom
charge is to break and remove the toe, whereas
the purpose of the column charge is to create a
fracture plane between the holes along the row.
The face after removing the blasted mass should
look like a pre-split face without any toe or
overhang. Various methods of blasthole
charging used at the site are given in Figure 10.
The first method (Figure 10a) consists of only a
bottom charge and is considered to be the best if
the rock from the upper portion comes out of the
face. This method was applicable only in highly
fractured rock. Figure 10b consists of a bottom
charge and a small quantity of column charge. It
is expected that maximum armour stone is
produced from the uncharged portion of the
hole. So, the length of the bottom charge should
be minimum but sufficient enough to displace
the toe. The column charge should be of a small
quantity of explosives. Figure 10c shows yet
another charging technique in which bottom
charge and a column with air decking. Based on
the overall results, it could be established that the
best method suited was bottom charge of 12 to
15 kg and the column charge of 1 to 3 kg (Figure
10b).

5
5.1

RESULTS ACHIEVED
Increased Yield of Armour stone

Based on the critical review and the trials the
blast design parameters were optimized and
quarry team followed the same till the
completion of the project. The optimized blast
design is given in Table 11. The result of grade
wise rock yielded before and after the
implementation of modified design is given in
Table 12 and it shows that the yield of armour
stone has increased by more than 11% after the
study.
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Table 11

Table 13

Modified/ optimized drilling and
blast design parameters

Parameters
Bench height
Hole diameter
Blasthole
inclination
Burden
Spacing
Subgrade
drilling
Blasthole length
Specific charge
Stemming
length

Values
10 m
89 mm
parallel to bench face
(≈15 degree)
4m
2m

Face
number
30/1
30/2
40/1
40/2
6

1m

4m

7

The average yield of the armour stone versus the
percentage of blocks suitable for yielding
armour stone in each face is given in Table 13.
The difference between the two varies from 7 to
17 % due to breakage of the blocks during
quarrying operations such as primary blasting,
secondary blasting/splitting, rectification of
flaky rocks, loading and transportation. The
contribution of each of these operations is
estimated as below which is mostly unavoidable
(Adhikari et al, 2006).
 10-12%

Secondary blasting

1.7%

Rectification of flaky rock

 1.0-1.4%

Loading and transportation

 2%

Total

15-17%

Actual
yield, %
34.75
34.23
25.97
31.05

Differe
nce, %
≈ 14
≈ 10
≈ 17
≈7

CONCLUSIONS
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