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Abstract

Boliden is a mining company operating an open pit mine outside Géllivare, called the
Aitik mine. Presplitting is a controlled blasting method implemented in the Aitik mine to
minimize the backbreak by creating a crack between the presplit holes before blasting
the production blast. The presplit height is 30m and sets of the presplit holes are blasted
simultaneously with short delay times between the sets. The full production blasts are
blasted in two rounds with a height of 15m each, called double bench blasting. This
report is an extensive follow-up investigation of already executed benches and is aiming
to describe the relation between borehole pattern, geology and blast results in form of
backbreak and unbroken rock. Additionally to this, a suggestion on borehole pattern
improvement is proposed. The measured borehole pattern consists of the parameters
presplit spacing (S), presplit burden of the lower and the upper bench (B1 and B2
respectively). Two areas of the mine were of interest, the south footwall and the north
end wall.

The best blasting result was found at the south footwall. An explanation was derived
from blasting theory in combination with the Aitik geology. The south footwall was
blasted with inclined presplitting in alignment with the foliation acting as a weakness
plane, therefore resulted in the lowest backbreak measured in this report and a very
smooth bench face.

The result in this report consists of a blast type analysis and a statistical regression
analysis. At the north end wall, the deviation of presplit hole spacing (S) had no visible
effect on the backbreak. As for B1, the backbreak at the different blast types showed
contradicted results in relation to B1. The backbreak could therefore not fully be
explained with measured borehole pattern. The second problem at the north end wall
was portions of rock remained unbroken outside the intended bench face, in this report
called unbroken rock. It was interpreted partly as a result of the vertical presplitting
cutting through the foliation. It was also evident that dipping variation of the foliation
along the wall had an impact on the amount of unbroken rock. The regression analysis
combined with the blast type analysis clearly showed that the presplitting burden of the
lower bench part (B2) had the highest impact on the amount of unbroken rock,
compared to S and B1. On the contrary, the presplitting burden at the upper bench part
(B1) showed no documented effect on the unbroken rock, partly explained by a low
deviation of B1 throughout the benches. The presplit spacing required a noticeable
decrease in order to make a decrease in the amount unbroken rock by creating a more
defined crack.

The suggestion on improvements is based on trends of blast type results together with
statistical investigation on the most influential parameter. It is suggested to decrease the
presplit spacing (S) to 1.40m, and the presplit burden of the lower bench part (B2) to
2.20m as a first attempt to eliminate the unbroken rock.
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Sammanfattning

Boliden ar ett gruvforetag som driver ett dagbrott utanfér Gallivare under namnet Aitik
gruvan. Forsprackning ar en kontrollerad sprangmetod som anvands i Aitik for att
minimera bakatbrytning genom att skapa en spricka mellan forsprackningshalen fore
sprangningen av produktionssalvor. Forsprackningen ar 30m djup och en uppsattning
forsprackningshal sprangs samtidigt med kort fordrojningstid mellan uppsattningarna.
Man spranger 15 m dubbelpall med fanghylla mellan pallarna. Den har rapporten ar en
resultatuppfoljning av redan utférda sprangningar med malet att hitta samband mellan
borrhalsmonster, geologi och sprangresultat. Detta ska utgora underlaget for
forbattringar utav borrmonster. De uppmadtta borrhdlsmonstren i de olika
sprangtyperna bestdr utav parametrarna hdlavstdnd mellan forsprackningshalen (S),
och forspracknings-forsattningen utav bade den undre och dvre pall (B1 respektive B2).
Tva omraden i gruvan undersoktes, delar utav sddra liggvaggen och norra gaveln.

De basta sprangresultaten uppmaittes pa delar utav den sddra liggvaggen. Detta
forklaras med hjalp utav sprangteori kombinerat med Atik geologin. S6dra liggvaggen
sprangdes med en vinklad forsprackning parallellt med foliationen som agerar likt ett
svaghetsplan vilket resulterade i en valdigt slat vagg med en liten bakatbrytning.

Resultatet i denna rapport bestar utav sprangtyper och en statistisk regressionsanalys.
Vid norra gaveln sa visade inte variationerna utav halavstanden i forsprackningsraden
(S) nagon synlig pdverkan pa bakatbrytningen. Bakatbrytningen pa de olika pall-
nivaerna visade motstridiga resultat i relation till forspracknings-forsattningen (B1).
Bakatbrytningen kunde darfor inte forklaras helt med de uppmatta borrmonstren. Det
andra problemet vid norra gaveln var kvarstaende berg som inte brutits ut fran vaggen.
Detta tolkades delvis som ett resultat av att forsprackningen inte sammanféll med
foliationen. Tydliga variationer i mangden kvarstdende berg kunde &dven sittas i
samband med variationer av foliationens stupning. Regressionsanalysen kombinerat
med analyser utav de olika sprangtyperna visade tydligt att forspracknings-
forsattningen for den undre pallen (B2) uppvisade den starkaste paverkan pa mangden
kvarstdende berg, jamfort med S och B1. Daremot uppvisade inte forspracknings-
forsattningen vid den 6vre pallen (B1) nagon effekt pa det kvarstaende berget, delvis
forklarat av den laga variationen av B1 utmed pallnivderna. Regressionsanalysen visade
ocksa att halavstanden mellan forsprackningshdlen kravde en signifikant minskning for
att minska det kvarstdende berget, detta genom att skapa en mer definierad spricka.

Rekommendationer pa forbattringar baseras pa pallresultats trender tillsammans med
den statistiska undersokningen utav de olika borrhdlsavstinden. En minskning av
halavstandet (S) till 1.40m och en forsattning utav den undre pallen (B2) till 2.20m
rekommenderas som ett forsta steg mot elimineringen av kvarstidende berg.
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1 Introduction

1.1 Background

One of the factors behind the determination of the slope design at the Aitik mine is the
assessment of potential rock fall-outs from slope crests, that is backbreak. Since the
slope design is of main importance for the slope stability, it is of high importance to
control the backbreak. The magnitude of backbreak depends on geological structures,
blast damages and scaling. Presplitting is a controlled blasting method implemented in
the Aitik mine to minimize the backbreak by creating a crack between the presplit holes.
The backbreak was also controlled by decreasing the vertical damage by using more
buffer rows, decreasing the sub-drilling and avoiding drilling production holes to the
hauling level. The implementation of presplitting took place in the early 2000s followed
by a thorough follow up. Another problem encountered at some parts of the mine is the
unbroken rock, which are portions of rock remained unbroken on the bench face. In
other words the presplitting did not fulfill its purpose of creating a smooth wall face.
This report is a part of the continuous blast result investigation taking place at the Aitik
mine.

1.2 Aim

The blast result at different benches treated in this report is divided into two parts for
investigation:

1. Magnitude of backbreak
2. The amount of unbroken rock left on the bench face

The aim with this report is to describe the relationship between geology, borehole
pattern, and results, and thereby, bring a proposal based on the conclusion drawn on
how improvement and adaption can be achieved.

1.3 Approach

Following parts constitutes the tools for reaching the aim of the report

e Literature studies — Contains theory on both presplitting and blast damage.
Together, they form the theoretical foundation for explaining the investigated
blast results. Previous reports on the Aitik geology is also studied and presented
in this report.

e MicroStation - a CAD program used at Aitik to model and document projects in
the mine, based on laser scanning. This tool provided the quantitative
information on backbreak, unbroken rock and borehole pattern. It also enabled a
geological interpretation of the investigated areas.

e ShapeMetrix3D - A digital photogrammetry used to complement the geology
information available.



e Minitab - Statistical software used for multiple linear regression analysis to
investigate the relationship between blast results and borehole pattern.

1.4 Delimitation

The blast result depends on following points:

e Rock mass feature
e Blasting execution and design
¢ Blasting characteristics and distribution

The borehole pattern of main focus is the presplit row and the first buffer row because
of the closeness to the final wall. No deep consideration has been taken on the effect of
the blastholes further away from these. The borehole collaring represents the borehole
patterns in this report, therefore no consideration of the deviation of inclination and
depth of the boreholes (except some shallow photogrammetry measurements of the
presplit inclination deviation). The impact of the blasthole delay times and the blasting
agent characteristics is also outside the scope of this report, except for certain
assurances of its consistency. At the end of this report, the shortcomings of the
delimitations will be assessed which will lay the foundation for recommendation of
further investigations.

1.5 List of symbols
Parameters of the borehole pattern: S, B1, B2 and o
S: Presplit spacing - Distance between the presplit holes

B1: Presplit burden of the upper bench part - In this report the distance from the
presplit line to the buffer hole on the first buffer row at the upper bench part

B2: Presplit burden of the lower bench part - In this report the distance from the
presplit line to the buffer hole on the first buffer row at the lower bench part

o: Borehole collaring deviation
Regression analysis symbols: P-value, R? and VIF

P-value: A value used to investigate the impact of the blast pattern parameter on the
blast result. A reference value of 0.05 is used for conditional statements. If P-value <
0.05, there is an impact of the parameter, otherwise not.

R2: A value that measures the explanation degree (0-100%) and therefore indicates the
success of the regression analysis

VIF: A factor that measures if the parameters are related to each other



2 Theory on presplitting

2.1 Stress Waves

From a theoretical standpoint, the subject of stress waves can be separated into two
parts according to the stress-strain relationship of the medium. That is whether or not
the medium through which the stress wave is being propagated can be considered to
follow Hooke’s Law (Kolsky, 1964). The medium in which the elastic wave travels can be
described by the Hooke’s law. Only two types of wave can propagate in infinite isotropic
elastic solid. One of them is called the longitudinal wave, or sometimes called the p-
wave. The particles in a body, subjected to a p-wave, moves along the propagation
direction. The p-wave travels with a velocity determined by the materials characteristic
as following (Kolsky, 1964):

Cp = s (1

Where k is the bulk modulus, G is the shear modulus and p is the density.

The other wave type is called the shear wave, or sometimes called the s-wave. The
particles in a body subjected to an s-wave moves perpendicular to the propagation
direction. The shear wave travels with a velocity determined by the following relation
(Kolsky, H., 1964):

Cs = o (2)

The stress-strain relation associated to the shock wave is when the stress-strain curve in
non-linear way and curves towards the stress axis, i.e. becomes stiffer for large stresses
than for smaller ones (Kolsky, 1964).

2.2 Detonation

A detonation front moves along the explosive column at the instant of explosive charge
detonation. The chemical reaction that occurs generates pressure (in the GPa range) that
acts on the borehole wall. The propagating detonation front and the following reaction
zone create a stress wave system determined by the ratio between the velocity of
detonation of the explosive and the velocities of the waves in the confinement. If the
velocity of detonation, cq, is larger than the longitudinal P-wave, two cone shaped waves
will be generated (one for the longitudinal P-wave and one for the shear S-wave)
(Rossmanith et al., 1997). This is illustrated in Figure 1.
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Figure 1. Simplified mechanical model illustrating a ring line load propagating with constant speed from an
ideally detonated column chargewith radius a. P-Mach cone and S-Mach cone represents the longitudinal P-
wave and the shear S-wave. cq is the velocity of detonation and P (@) is the circumferential distribution of the
radial load. ( Rossmanith et al., 1997)

2.3 Mechanics of Presplitting

Presplitting is a cautious blasting method used to create a crack along the contour ahead
of the actual blasting round. The crack is a result of the shock wave and gas pressure
generated from the blast charge. The shock wave created from the explosive detonation
moves away from the borehole and consists of a radial (P-wave) and a tangential (S-
wave) component (Hustrulid, 1999a). The energy of the wave is initially high but
decreases as it results in crushing at the borehole periphery and/or when it results in
small radial cracking in a direction parallel to the maximum compression (Worsey et al.,
1981). The radial component is compressive and exerts a force that pushes the rock
radially outward as it propagates along the rock. The tangential component is tensile
and exerts a force that pulls the rock as it propagates away from the hole, see Figure 2
(Hustrulid, 1999a).
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Figure 2. Direction of the two different wave components (Hustrulid, 1999a)

In the case of two adjacent presplit boreholes, the outward velocity of the cracks
generated by the tangential component is slower than that of the wave itself (Worsey et
al., 1981). Further crack extension is therefore only possible by the gas pressure acting
on the fracture surface (Rossmanith et al., 1997). If the adjacent holes in a presplit line
are detonated simultaneously, then the surrounding rock mass will be strongly
influenced by the waves from the holes. The radial (compressive) wave component from
hole 1 will tend to close cracks through its desire to propagate in the direction
perpendicular to the borehole line away from hole 2. The tangential (tensile) wave
component from hole 1 will encourage the growth of cracks from hole 2 along the
borehole line. The reverse order is also valid, the crack growth from borehole 1 is under
the same impact from the wave components coming from borehole 2, see Figure 3. The
zone between the holes becomes highly cracked and acts as a path for the gas pressure
to escape and also encourages crack propagation parallel to the borehole line (Hustrulid,
1999a). The crack extension contributed from the gas is critical for the fulfillment of the
presplit, that is because of the velocity of the stress waves that initiated the fracture
being faster than fracture propagation. Further fracture extension can then only be
fulfilled by the gas pressure acting on the fracture surface (Rossmanith et al., 1997).
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Figure 3. Wave and crack interaction from two adjacent presplit holes (Hustrulid, 1999a)

The prerequisites for the mentioned interaction are that the holes must be sufficiently
close to each other, simultaneous initiation of the boreholes and the charge should
extend along the full length of the hole (Hustrulid, 1999a).

So far, no consideration has been taken regarding fracture path in dissimilar materials.
The radial fracturing follows a straight line in a homogeneous isotropic material. A
heterogeneous body will give rise to a zig-zag course of the fracture, changing direction
as it moves from one material to the next, see Figure 4. Experimentations performed by
Rinehart showed that the change in direction of the fracture is associated with the
change of the wave shape as it passes from one material to the other. SNELL’s law
intends to predict the directional change to be expected for the case of a spherical wave
moving from a low velocity material to a high velocity material, and follows as (Rinehart,
1964):

sing, = msimpl (3)
sz
where 1 is the angle between the incident fracture and the normal to the interface, ¢2
is the angle between the refracted fracture and the same normal, c1 and c; are the

respective longitudinal velocities of the materials.
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Figure 4. Change of crack propagation direction through different velocity of materials (Rinehart, 1964)

2.4 Basic on Attenuation

The amplitude, energy and frequency of the shock wave are initially high in the near
vicinity of the blasthole and decreases with distance. The change in the nature of the
shock wave as a function of distance is called attenuation. There are four primary causes
for reduction in amplitude:

Geometric spreading
Dispersion

Reflection at boundaries
Damping

B W

The shock wave will propagate unchanged in the absence of these conditions but it is
also a valid statement that a various combination present will multiply the attenuation
effect. Geometrical spreading involves the geometry change of the shock wave. The
characteristic of attenuation as geometric spreading alone is that the energy level is
constant throughout the propagation as the amplitude reduces (Hustrulid, 1999b). That
is only possible in a medium in which the material is perfectly homogeneous, isotropic
and linear elastic. In that case, the equation describing the attenuation of the wave
amplitude as a function of the distance away from the source for plane, cylindrical and
spherical waves is

Ag

A=t @

Where, Ao = amplitude at the source, A = amplitude at radius R, n = 0 for plane waves, n
=14 for cylindrical waves, n = 1 for spherical waves.

The three remaining conditions depend on the properties of the transmitting medium
and the form, frequency and amplitude of the wave. The presence of these conditions
contributes to a reduction of the energy in the propagating wave. Dispersion occurs
when waves with different frequency merges into one wave. That can in some cases lead

7



to an extended wave with lower peak amplitude resulting in lower energy pulse
(Hustrulid, 1999b). Damping is caused by the loss of energy due to friction in the
material where the waves are propagating. Reflection at boundaries occur when a wave
intersects an internal interface such as another rock type or a fracture, a portion of the
wave is transmitted and another part is reflected back toward the source. Some of the
factors that determine the amount transmitted are the wave type, condition of the
interface, the angle of incidence, the relative properties on the two sides of the interface,
etc. The reflected energy remains in the system, but the energy transmitted further is
reduced. The extended general equation describing the attenuation of the wave
amplitude as a function of the distance away from the source for plane, cylindrical and
spherical waves is

A=204gmaR (5)

The first part of Eq.5 is describing geometrical spreading and is therefore identical to
Eq.4, while the three remaining causes for attenuation are described by e %R, The
attenuation factor alpha, «, incorporates the dispersion, reflection and damping effects
(Hustrulid, 1999b).

2.5 Influence of discontinuities on wave action

It is appropriate to mention the inability of joints, bedding and planar weakness to
transmit tensile stress, that is, its tensile strength can be considered as zero, or at least
to be very small in comparison with that of the intact rock. Furthermore in the context of
influence on wave action, the joint walls can be considered as surfaces from which stress
waves are partially reflected and therefore interrupted in the propagation through the
rock mass. Their presence therefore contributes to a greater attenuation to that of the
intact rock. This attenuation is strongly dependent by the orientation, spacing and type
of filler of the joints (Kutter et al., 1990).

In theory, it can be expected that a joint that crosses the path of the induced stress wave
will affect it in such manner that the induced stress will attenuate, which in combination
with an increased opening for gas pressure release reduces the propagation of the radial
cracks, and thus the fracturing effectiveness reduces. It is further acknowledged that an
increase in joint frequency crossing the presplit line have an accumulating effect on the
wave attenuation. The presplit crack can even stop in extreme cases as the stress wave
magnitude is greatly reduced (Lewandowski et al., 1997). Worsey observed that a joint
with an opening thickness of 3 mm acts like a free surface. Therefore the explosive
energy reflects back without producing the desired presplit plane (Worsey et al., 1996).
The influence of orientation of discontinuities on attenuation is covered in the blast
damage section.



2.6 Presplitting Spacing and Burden

The spacing should decrease with increasing joint frequency because the number of
interfering joints between the presplit holes has a negative impact on the facture
propagation (Kutter et al., 1990). Different guidelines are suggested by several authors
on how to take the joint frequency into account. Singh (et al,, 2005) suggested that
blasting in loosely jointed rock should have a borehole spacing that is not wider than the
joint spacing, contour problems is otherwise expected especially in cases of 2-3 joint
planes per spacing.

Swebrec (Swedish Blasting Research Centre) did tests to investigate the effect of S/B
(spacing/burden) on the damage zone. It was concluded that an S/B>2 eliminated the
interaction among the shock waves of adjacent contour holes. As the shock wave
interaction eliminates, the radial crack propagation increases causing an extended
damage zone. When S/B decreases and the holes are put closer to each other, the
damage zone decreases with simultaneous initiation. Full effect on the damage
attenuation was achieved when S/B < 1 which also led to less tendency of arc shaped
cracks causing blocky rocks (Olsson et al., 2008). Multivariate regression analysis done
in different mines with burden as one of the included parameters show that an excessive
burden causes an increased backbreak (Mohammadnejad et al., 2013).

When it comes to the tensile strength, Chen investigated the influence of rock strength
on the success of presplitting. It was concluded that tensile failure mechanism played a
significant role in fracture initiation and development. By testing in rock of different
strengths, it was further concluded that the maximum successful presplit borehole
separation was inversely proportional to the Brazilian Disk tensile strength of the rock.
It was also verified from the tests that the compressive strength have no direct
relationship to the blastability of rock and therefore not necessary in blast design (Chen
et al.,, 1986).



3 Theory on Blast Damage

3.1 General on blast damage

The definition of rock damage is the change in the rock mass properties that degrades its
performance and behavior. The extent of rock damage induced by blasting is directly
related to the level of stress exposed on the rock by the blast (Singh et al., 2005). The
factors influencing blast damage can roughly be categorized in three areas:

1. Blast design and execution
2. Explosive characteristics and distribution.
3. Rock mass feature

Blast design and execution together with explosive characteristics and distribution
governs the magnitude of the stresses, while the rock feature decides how well the
stresses are received. Rock mass feature remains unchangeable, but by knowing its
varying impact, a good adaption can be achieved (Singh et al., 2005). The presplitting
used at Aitik creates a crack that acts as a plane of weakness, a smooth bench face is
easier obtained with decreased impact from the adjacent blastholes.

3.2 Vibration Amplitudes

Field trials at the Aitik mine where the peak particle velocity (PPV) was measured. Focus
was put on the peak particle velocity as the primary cause of blast damage based on
absence of gas pressure effect. A blast damage model was created based on backbreak
measurement, swelling/heaving, and theoretical considerations. Blast damage with four
different of degrees was put together with the measured PPV values, which enabled a
site scaling law to be determined. The blast damage criterion at the Aitik mine is
illustrated in Figure 5 and Table 1. An increased PPV is obtained when the blast charge
weight increases or when the blast source is put closer to the blast source receiver
(Marklund et al., 2007).
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Figure 5. Blast damage model for the Aitik mine with four different degrees of horizontal damage (Marklund

etal,, 2007)

Table 1. Blast damage criteria for bench blasting at Aitik (Marklund et al., 2007)

PPV in Strong Rock PPV in Weak Rock
Damage Type Description (Diorite, Biotite Gneiss) (Biotite Schist)
(mm/s) (mm/s)
hi frock
Backbreak Crushing of rock and > 8000 > 8000
fall-outs
Possibility to dig the
Diggability blasted rock without 24000 24000
larger effort
Not ble;
Unacceptable damage _0 feasureable >2000 > 1250
judgement call
Heave Limit of measureable > 1250 > 795
heave
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3.3 Bench Design

The degree of damage is partly defined already at the moment of bench design decision.
The bench can be designed in such a way that confinement decreases, and thus serving
as a tool for decreasing the damage on the final wall from the adjacent blast. This can be
achieved both by the angle of the presplit line and the height ratio between the presplit
holes and the buffer/production holes (Rorke, 2011).

3.3.1 Angle of the presplit line

The confinement increases towards the back rows of a blast, forcing a more upward
component of movement of rock rather than a horizontal, cratering is the term of this
movement. The cratering induces a shear force along the presplit, which in cases of too
short inter-row delay in a multi-row blast together with vertical bench face can rip the
highwall apart along pre-existing planar weaknesses. This results in an unstable final
wall. A method to decrease the confinement, and thus ultimately the shear force along
the wall, is by inclining the presplit line. A complete elimination of the shear force can be
achieved by inclining the presplit line as little as to 80° to the horizontal, or preferably
even shallower if possible. The result is a significant less risk of both ripping of
geological planes of weakness and existing sub-drill damages (Rorke, 2011). This is
illustrated in Figure 6 and Figure 7.

Near vertical
displacement due to
high confinement

Sub-drill damage (C)

Pre-existing rock
structure (B)

et T

: : Buffer rows b
Desired vertical Production holes

final bench face (A)

Figure 6. A high vertical component of displacement towards the back of a blast causes a shear force (A) along
a vertical presplit that causes weaknesses (B) and pre-existing sub-drill damage (C) to rip apart and thus
leads to an unstable final wall (Rorke, 2011)
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Near vertical displacement
due to high confinement

11

Blasted rock pulls away
from angled presplit
(A) as there is no shear 11

force - -
Buffer rows =

Production holes

Desired inclined
final bench face (A)

Figure 7. In the case where a presplit line is inclined, the shear force along the presplit is reduced and
weaknesses (B) and (C) in the final wall remain intact. The benefits increase with increasing inclination of the
presplit (Rorke, 2011)

Moving further to the general topic on borehole inclination, the rock confinement at the
bottom can be decreased by inclining the borehole. The shockwave energy is better
utilized when the borehole is inclined. That is because the angle of breakage is equal to
the way that the shockwave reflects transforming into tension stress when encountering
the free face. It is the reflected tension stress that enables rock breakage. When the
borehole is vertical, a large part of the shockwave energy propagates under the rock
bottom without any reflection, and therefore less utilization of the shockwave energy.
Ultimately, a better rock fragmentation is obtained when the borehole is inclined
(Olofsson, 1999). See Error! Reference source not found. for illustration.

Reflected shock-

wave energy reflected
creating tension-
stresses breaking the

Shockwave energy not reflected,
therefore not involved in therock
breakage

Badly utilized shockwave Well utilized shockwave energy
energy

Figure 8. The difference between vertical and inclined borehole regarding the degree of shockwave utilization
(Olofsson, 1999)
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3.3.2 Height Ratio

A better distribution of the damage can be obtained by increasing the height ratio
between the presplit line and the adjacent buffer/production holes. A term for this ratio
is double benching, or sometimes triple benching. The idea is to take advantage of the
overlying rock contributing with a confinement, which helps to reduce the damage
caused by the shear force described above, see Figure 9. The usage of the word
confinement as a positive term in contrast to the previous section might create
confusion. To clarify the difference, when the first round of the buffer/production holes
are blasted in a double or triple bench, the exposed wall acts as a support (confinement)
to the next coming rounds of blasts. If drilling limitations forces the execution of single-
bench, a presplit spacing should be decreased to limit the extent of crest damage (Rorke,
2011).

Single bench presplit
A

B

| ' _\Result

Double bench presplit

B

Result

Figure 9. No confinement is acting along the surface, except from the gravity. Therefore, uplift movement and
damage (A in the case of a single bench presplit or the top of a double bench presplit) happens very easily and
with a rounded crest as a result. In the case of a single bench presplit, the damage may be severe enough to
almost completely shatter the final wall. In the case of a double bench presplit, the second blast round results
in much less damage because the overlying mass of rock from the top bench contributes confinement and
therefore eliminates any uplift (B) with a better final wall as a result (Rorke, 2011)

3.4 Direction of Geological Structures

The influence of geological structures on the blast result is undeniable. Certain
directions of the structures in relation to the final wall are more favorable than others.
There is unfortunately no total consensus among published articles in this subject, but
the different viewpoints are presented here. For the sake of clarification regarding
geological structure, a distinction is made between the strike, dip and the combination of
strike/dip, all three in relation to the final wall. Starting with the latter there are two
conflicting statements. Hustrulid suggest that the strike and the dip direction of the most
prominent joints in igneous or metamorphic rock should be aligned and parallel with
the rows of boreholes. In the case of sedimentary rocks, the drill holes should be placed
in rows parallel to the formation strike line (Hustrulid, 1999a). Gates points out that an
oblique angle of the strike/dip is preferable for decreasing backbreak. The conclusion
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from field tests was that a parallel structure forced the explosive energy up and along
the preexisting joint sets, loosening and displacing the rock along the dip planes
ultimately causing backbreak and planar/wedge rock failures (Gates et al., 2005). Kutter
argued for the opposite, imposing that a presplit line is favorably placed in the same
direction as the geological structure, so that the gas pressure can extend the fracture
initiated by the stress wave along the structures, and ultimately the presplit line (Kutter
et al.,, 1990).

When it comes to the relative orientation between the joint and the presplit line, it has
been demonstrated through small-scale tests, that the attenuation of the stress wave
transmitting through the joint is a function of the angle of incidence of the stress wave
onto the joint face (Lewandowski et al., 1997). Figure 10 illustrates the results from tests.
Lewandowski concluded that an angle of incidence either parallel or perpendicular to
the face is favorable since it was acknowledged that the stress wave attenuation was
lower in those conditions. The stress wave attenuation was considered to reach a
maximum when the angle increased from 15° to 45° and decreased from that point
(Lewandowski et al., 1997). A shattered and irregular profile is obtained when the joints
were at an angle of 30 to 60 degrees to the face (Singh, 2005).

25,
204 —

154 _,rr ™,

101 _ 4 Y

% Overbreak

04 : : :
0 20 40 0 &0 100
Joint Orientation in Degrees

Figure 10. Overbreak as a function of joint orientation degrees in relation to the presplit line (Singh, 2005)

h

The final conclusion done by Lewandowski for an optimum presplit wall quality was
that the radial cracks should be in the plane of the presplit wall. The argument for that
statement is that the crack will propagate with a minimum attenuation when the angle
of the joint relative to the presplit line is parallel, nearly parallel or normal. For inclined
angles the wave attenuation was significantly increased causing more difficulties in
obtaining the presplit formation (Lewandowski et al, 1997). Worsey has concluded
from similar tests and field observations that a presence of discontinuities at less than
60° to the presplit line caused worse presplit formation. An angle less than 15° gave a
presplit result that was no different from bulk blasting (Worsey, 1984).
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Rinehart carried out a pure theoretical approach on the subject of inclined non-cohesive
interface. It was concluded that when a longitudinal compressive wave would strike a
non-cohesive interface with an oblique incident, it would modify the wave with
additional shear and longitudinal components developed in the vicinity of the interface.
As a result, a reduction would take place of the intensity of the longitudinal wave that
propagates beyond the interface. The assumptions made at the non-cohesive interface
are continuity of displacement normal to the interface, continuity of stress normal to the
interface, and no shearing stresses on both sides of the interface. The relative intensities
of the three different waves created at the interface are functions of the angle of
incidence, a and poisson’s ratio, v, their exact relations will be covered here. Figure 11
shows the plotted values for plexiglass (v=0.40) as a function of the angle of incidence «
(Rinehart, 1964).

Figure 11. Amplitude ratio of reflected and longitudinal wave as a function of a non-cohesive interface angle
(Rinehart, 1964)

The curves indicate that transmission with undiminished intensity occurs at
a = 0 and a = 90. The result from Rinehart resembles more to the small-scale tests
made by Lewandowski than the results presented by Worsey.

When it comes to the dip of the structure in relation to the final wall, Rorke concluded
that geological planar weaknesses are most susceptible to damage caused by the shear
forces if they are between horizontal and dipping into the final wall. They are less
vulnerable to the shear force if they dip away from the final wall into solid rock (Rorke,
2011), see Figure 12.
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Bench crest

Y

Figure 12. The red arrow represents the dip angle of the geological planar going from the horizontal into the
final wall in a counterclockwise direction. The green arrow represents the dip angle of the geological planar
going away from the final wall into solid rock in a counterclockwise direction. The two lines are an example of
these two geological planar dipping references

3.5 Borehole Deviation

The blast hole deviation changes the burden, spacing and plane of the holes which can
result in unexpected results (Singh, S.P., et al,, 2005). Field tests in Aitik mine showed
that a deviation of presplit holes parallel to the presplit line didn’t affect the result
significantly. However, it was noticed that a borehole staggered in the presplit line but
with a deviation of inclination in a direction perpendicular to the presplit line caused an
obvious damage (Marklund et al., 2007).

17



4 Multiple Linear Regression Model

This section provides the theory that the linear regression analysis is based on. The
theory is exclusively obtained from (Chatterjee et al., n.d.) if not otherwise mentioned.

The data consists of n sets of observations {xli,le-, ...,xpi,yl-} where the x-values
represents the predictor variables and the y-values represents the response variables.
The borehole pattern consists of the parameters S, B1 and B2. The predictor variables
are the presplit borehole spacing S and presplit burden B1 and B2 in Figure 18 and the
response variable is the blast result (which is either backbreak or unbroken rock, see
Figure 19-Figure 21).

The assumption of a linear relationship is done as following
Vi =Bo+ Brx1i+ o + Bpxpi + & (6)
where the (8 coefficients are unknown parameters, and the €; are random error terms

The estimation of the unknown [ parameters is done with least squares regression,
where the estimates is chosen to minimize

S [yi = (Bo + Buxas + o+ Boxpi)]” (7)

For any value of estimated parameters /3, the estimated expected blast result value given
the observed borehole pattern equals

9i = Bo + Prxsi + e+ Bpxp; (8)

and is called the fitted value. The difference between the observed value y; and the fitted
value y; is called the residual. In this report, Eq.8 is used to describe a linear relation
between the borehole patterns and the blast results. In the case of unbroken rock, Y =
unbroken rock as the response variable, borehole pattern X; = S, Xz = By, X3 = B2 were
chosen as the predictor variables with € as an independent stochastic variable. In the
case of backbreak as the response variable, Y = Backbreak, and two predictor variables
are used, X1 = S and Xz = B1 with € as an independent stochastic variable.

The expected response of blast result, E(Y), can be estimated for any given set of x values
of borehole patterns using

E(Y) = fo + B1x1 + e + Bpxy (9)

Ideally it means that a specific borehole pattern can be determined for an optimal blast
result, given than the regression analysis is optimal.

Following assumptions are needed to justify the usage of the least square regression
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1. The expected value of the residuals is zero
2. The variance of the residuals is constant
3. The residuals are normally distributed

The strength of prediction could be measured by R2 where

R2 = I, 9-7)?

- Z?=1(Yi—}7)2 (10)

R? is the main indicator of how good the regression model is, a high value means that the
blast result can be well explained by the borehole patterns, i.e. small difference between
the observation values and the fitted values. (Chatterjee et al., n.d.). R? goes to 1 with
increasing amounts of predictive variables (Vannman, 2009). R? adjusted that takes this
error into consideration is not used in this report since the variables are few.

The hypothesis test related to the regression coefficients ([3) of interest follows as: Given
the other parameters in the model, does a particular parameter provide additional
impact on the blast result? This corresponds to a test of the significance of an individual
coefficient,

Ho:Bj = 0,j = 1,.,p (11)
versus
Hy:Bj #0  (12)

Eq.11 means that the null hypothesis true, i.e. the parameter does not affect the blast
result. Eq.12 means the null hypothesis is rejected, i.e. the parameter affects the blast
result. This is tested using the p-method (Vannman, 2009) with the predetermined
significance level a =0.05. Eq.11 is true if the P-value > 0.05 and Eq.12 is true if the P-
value < 0.05.

Multicollinearity occurs if the parameters are highly correlated with each other. In that
case it would be difficult to know which parameter that affected the blast result. As a
result, hypothesis test becomes unreliable. The criteria to determine this in general is
the variance inflation factor (VIF) for parameter, which is defined as

VIF, = —

s (13)

where R]-2 is the R2 of the regression of the variable xj on the other parameters. There are

no formal rules as to what can be regarded a large VIF. Multicollinearity is generally not
a problem if the observed VIF satisfies

1
VIF < max(lO,m) (14)
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5 The Aitik Geology

5.1 Geology at Aitik

The Aitik mine is positioned along a major shear zone between Lake Ladoga in Russia to
Kiruna. This structure is also the boundary between the Karelian plate and the
Svecofennian plate. The mine is located in an area that consists of metamorphosed
plutonic, volcanic and sedimentary rocks, which can be dated to the Precambrian age.
Further to the west, relatively large formations of gabbro are encountered while granitic
bodies dominate towards east. The whole region is covered with less than 10-20 m thick
layer of moraine and overlaying peat (Sjoberg, 1999).

The copper mineralization at Aitik contains chalcopyrite together with small contents of
silver and gold. Ore grade mineralization is hosted in the main ore zone gneiss, with
minor mineralization in the footwall gneiss. The orebody is around 2000 m long and 300
m wide, strikes approximately N20°W and dips about 45° to the west. The ore zone is
divided into two sections based on the ore variation with depth. In the northern section,
ore grades are relatively constant with depth, while there is a decrease with depth in the
southern section. The ore reserve extends to a depth of around 300 m below the ground
surface in the southern section and more than 800 m in the northern section (Sjoberg et
al,, 2007).

Metamorphic igneous rocks with various mica content (gneiss and schist) are the
dominant rock type encountered in Aitik. Diorite and biotite gneiss generally of fairly
high strength are dominant rock types in the footwall. The contact between the footwall
rocks and the mineralization is not clear and is solely based on cutoff grade. The
hangingwall contact toward the ore zone is an old thrust contact that represents a clear
economic ore boundary. The thrust contact has been exposed to intense shearing and
clayey material is occasionally found in this zone (Sjoberg et al., 2007).

5.2 Structures

Structures of the same scale as interramp and overall slopes can be considered as a
large-scale structure. Only a few large-scale structures have been detected at Aitik. The
most prominent one is the hangingwall thrust contact (Sjoberg et al, 2007). The
strength of the thrust contact is heavily reduced due to the exposing of intense shearing
and varies in thickness between a few to 30 m (Sjoberg, 1999). On the footwall side, a
steeply dipping zone with epidote-feldspar rock may be considered as a large-scale
structure even though the strength is high. That is because the contact toward the biotite
gneiss rock is smooth and may therefore act as a weakness plane (Sjoberg et al., 2007).
The epidote-feldspar zone intersects at the 180 m level (Sjoberg, 1999).
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A distinct foliation is evident in the majority of the rocks. In the footwall however, only a
weakly developed foliation is present in the diorite rock. The dominant jointing are
foliation planes, although cross-joints and sub vertical joint sets also exist. The foliation
joint planes strikes sub parallel to the ore body (footwall) and dips between 45° and 70°
toward west (steeper toward the footwall). The steeply dipping (70°) foliation planes
are most widespread. Joint lengths are generally less than 10 m except for the sub
vertical joints striking nearly perpendicular to the pit walls (Sjoberg et al., 2007).

5.3 Magnetic Anisotropy along the North End Wall

The anisotropic magnetic susceptibility (AMS) was measured on oriented core drill
holes collected along a 230m wide profile on the north end wall at the Aitik mine. The
profile starts 65 m east of the footwall contact and extends throughout the ore zone
ending 10 m west of the of the hanging wall thrust zone. The total amount of measured
samples was 101 pcs with an accuracy of the orientation and the measuring ~ 2-4°
respectively. The maximum error possible is therefore summed to 8° but the average is
probably much less. The anisotropy data is presented in the same way as for regular
geological structures, i.e. hemispherical plots (Mattsson et al., 2002).

The plots representing the foliation are tightly gathered where the striking is to the east
and the dip varies from steep to moderate. They reflect a plastic foliation that strike
straight to south and dips between 45° and 70° towards west, see Figure 13a. The
mineral lineation plots is spread along the hemispherical circle in the foliation plane but
with a larger concentration of plots striking north-west, see Figure 13b (Mattsson et al,,
2002).

a) Poler till foliationen b) Lineation

Figure 13. a) Poles of the magnetic foliation. b) Poles of the magnetic lineation (Mattsson et al., 2002)

An interesting pattern is observed regarded the foliation dip where a variation with a
regular trend is evident. The diagram in Figure 14 illustrates how the foliation dip varies
along the north end wall profile. It is a cyclic variation between a moderate to steep
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foliation dip with a period of 40 m. That could be a result of two different generation of
deformation causing two different plastic foliations. However, it is more likely because
of the pattern of shear folding occurring at the location of the Aitik mine (Mattsson et al,,
2002).
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Figure 14. a) The degree of the dip of the foliation plotted as a function of the profile distance along the north
end wall b) Interpretation of the cause to the periodic variation in the foliation measured with AMS along the
north end wall, the staggered lines represents the different dip (Mattsson et al., 2002)
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6 Pit Slope Design and Blasting at Aitik

6.1 Pit slope design at Aitik

The Aitik mine is divided into eight different design sectors, illustrated in Figure 15. Mine
north is oriented 12° west of the geographical north and 15° west of the magnetic north.
The investigated areas in this report are the north end wall, NE, and the south footwall,
FS both marked in red in the figure below. The north end wall strikes, roughly measured,
perpendicular to the south footwall.
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Figure 15. The aitik mine from a top view with the eight different design sectors with the investigated area
marked in red (Sjoberg et al., 2007)

The pit slope design is divided into three categories: bench, interramp and overall slope.
The design of benches consists of the bench height, bench face angle and the catch bench
length, see Figure 16. From a rock mechanic point of view, the factors that need to be
considered in the design process of a bench are the structural geology condition in the
mine and the blasting method (Marklund et al, 2007). The bench height for the
investigated areas is 30m while the bench face angle differs and depends on the
maximum allowed backbreak. South footwall has a presplit angle of 70° with a
maximum backbreak of 5m. The bench face angle then becomes flatter than the presplit
angle with consideration of maximum backbreak. The bench face angle at the south
footwall is then 62°. The north end wall has a vertical presplit that is 90°, with a
maximum allowed backbreak of 4.6m. The bench face angle is then 81°.
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Figure 16. Pit slope design devided in three categories (Sjoberg et al., 2007)

6.2 Blasting at Aitik

The blast types with the borehole patterns of the buffer rows will be covered later on in
the report where blast results have been measured. The buffer rows follow a squared
pattern, while the production rows are staggered and drilled in 7X9m or 9X7m pattern
depending on the direction of the blast. The distance from the presplit line to the first
production row is around 13 m both in the south footwall and the north end wall, where
the distance from the last buffer row to the first production row is around 6 m. The
borehole diameters at Aitik are 311 mm for production holes and 165 mm for
presplit/buffer rows.

Common for both the north end wall and the south footwall is that double bench blasting
is applied, although the presplit lines are drilled in full bench height, the
buffer/production holes are drilled in two rounds with equal height, that is 15 m
excluding the sub-drilling. Hereafter, they will be referred as the lower/upper bench.
Between each catch bench there are two 15m high benches with a drilling offset
separating the two benches, this is done in order to make sure that the foliation plane
was cutting through the toe of the two benches. The offset was set to 5.5 m in the
footwall for it to match the foliation dip angle of 69° (Marklund et al., 2007).

At the south footwall, the presplit holes are inclined 70° followed by buffer holes with
different inclinations. The presplit holes are vertical at the north end wall to satisfy the
design layout. All production holes in south footwall and north end wall are drilled
vertically. 1 m sub-drilling is conducted except in cases where the drillholes intersect a
future underlying bench crest in order to protect the following bench crest.
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6.3 Charging

The presplitting is performed with ¢ 45 mm Dynopre, watergel cartridges with a 6 g/m
downline, doubled up the last 1 m. When blasted separately, 10 holes per interval are
initiated simultaneously with 17 ms between the intervals (Marklund et al., 2007). The
explosives in the production holes contain emulsion explosives with 30% ANFO while
the buffer rows contain 100% emulsion explosives. An axial decoupling length (distance
between the charge and the collaring) of 3m is applied in the buffer holes and 5.0-5.5m
stemming for the production holes (except for the first row of production holes where
the axial decoupling length is 5.0-5.5m), see Figure 17. The presplit holes are fully
coupled. A priming unit containing a primer and a cap are used to initiate the blasthole.
This priming unit is detonated by a Nonel Unidet initiation system with six different
delay times (Aitik employee, 2013).

Buffer Hole Production Hole
3m 3m axial decoupled 5 - 5.5m stemmed
2-25m
15m
12m charged 9.5 - 10m charged

Figure 17 - Charge plan for the buffer and production hole.
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7 Methodology

7.1 Methodology description

Two benches at the south footwall with a total length of around 500m and four benches
at the north end wall with a total length of around 1300m were used for data collection
with measurements of both blast results and borehole patterns. Two result parameters
were analysed, backbreak and unbroken rock. The backbreak were measured at every
other presplit borehole and the unbroken rock at every presplit borehole (a detailed
description can be found in section 7.2 and 7.3 respectively). The three different
parameters of the borehole pattern S, B1 and B2 (see Figure 18), with 2 buffer rows in
the upper bench and 4 buffer rows in the lower bench were measured along the north
end wall while the borehole pattern at the south footwall was given by the mine staff,
see Figure 27. The data was processed as:

1. Bench level/blast type specific mean values of the data collection of borehole
patterns and blast result for both north end wall and south footwall.

2. Dividing (1) into sections of 10 presplit boreholes each, mean values of borehole
patterns and blast result of each section at the north end wall were used for liner
regression analysis. All four benches at the north end wall were used for the
regression analysis of unbroken rock while only the two lower benches were
used for the regression analysis of backbreak.

The aim is to use 2 as a more detailed complement to the overview of 1 by capturing the
borehole collaring deviation within each bench. These are then put against blast theory
and Aitik geology.
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Figure 18. S is the distance between the presplit holes (into the plane) along the row and is written within
brackets. B1 is the presplit burden between the presplit row and the first buffer holes in the first row of the
upper bench part. B2 is the presplit burden between the presplit row and the first buffer hole of the lower
bench part. This section is in side-view.

7.2 Calculation of Backbreak

Usually there is a transition of inclination from the catch bench to the bench face. In this
report, the crest is defined as the point where the angle of the catch bench is maximum
around 10°. This value is chosen since it is roughly estimated by the mine staff to be the
critical value for the catch bench to fulfil its purpose. The backbreak in this report is
measured at every second borehole which was roughly assessed to be enough because
of the extensive area included. The mine walls are displayed both in top and side view
and the area of interest is defined in the top view in order to obtain the desired side
view. With the bench face displayed in the side view, values (X, Y, Z) were documented.
The points in Figure 19 are defined according to:

1. Borehole collaring from the presplitting - (X11, Y11, Z11 .- X1n, Y1n, Z1n)

2. Bench crest - (X21, Y21, Z21 ... X2n, Y2n, Z2n)
The first index number represents the reference point (1 = borehole collaring, 2 = bench
crest), the second index number represents the measured data number (1,2,3,....n)
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These two points form the definition of the backbreak measured in this report. The
backbreak is defined as the top view distance between 1 and 2 in the list above,
according to following equation

Z?=1 \/(Xln_XZn)2+(Y1n_YZn)2 (1 5)

n

Backbreak =

Height difference between 1 and 2 is not included according to Eq.15 in order to obtain
the backbreak shown in the figure below.

2 \ Backbreak
./

Figure 19. The backbreak distance between 1 ( presplit borehole collaring) and 2 (bench crest)

The limit of around 10° inclination (of the catch bench) is enough if there is a regular
transition of the inclination, from horizontal to vertical. If an irregular transition was
present, a second criterion was implemented. In that case, the angle between the two
potential crests was measured, see Figure 20. If the angle of the staggered line was less
than around 20° to the horizontal, the corner closest to the bench face was considered to
represent the bench crest. Otherwise, the corner at the other end of the staggered line
was considered to represent the bench crest. The criterion was based on rough
estimation on the preservation of the catch bench purpose in cases of mixed transition.
But more importantly, the implementation of this criterion brings a consistent selection
of bench crest where mixed transition was encountered.
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Figure 20. A staggered line was put between the corners in a mixed inclination transition to define the bench
crest depending on the angle of the staggered line. An angle up to 20° was the requirement for the corner
closest to the final bench face to be considered as the bench crest

7.3 Measuring of unbroken rock

For measurements of the amount of unbroken rock, see Figure 21 the area of interest
was defined in the top view in order to obtain the corresponding side view. A vertical
line was put on the presplit borehole collaring since it represents the intended bench
face design. The surface outside the vertical line was considered to constitute the
amount of unbroken rock measured in m2. The amount of unbroken rock was measured
at every presplit hole along the north end wall at all the different bench levels.

Unbroken rock

Figure 21. A vertical staggered line representing a vertical presplit line was put in the point of the presplit
collaring. Unbroken rock was defined as the area between the intersections of the staggered line, bench floor
and bench face

7.4 Follow up of borehole pattern

The spacing S between the presplit blastholes was calculated from a top view
throughout the benches, both for the south footwall and the north end wall. Since every
other presplit blastholes was documented in excel, the distance was divided in half to
obtain a mean value of the presplit blasthole spacing, see Eq.16.

S = YV Xin—X1n—1)2+V1n—Y1n_1)? (16)

2n
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Figure 22 shows the measuring method for burden B1 and B2 at the north end wall. A
line was drawn between every presplit hole, and every buffer hole of the first buffer row
was marked. The minimum distances between the line and the marked buffer holes
represents B1 or B2 for the upper and lower bench.

Figure 22. A small section of boreholes where the three holes on the left side represent the presplit holes, S is
the distance between those and is called the presplit spacing written within brackets. The two on the right
side represents the buffer holes. A line was drawn between the presplit holes so that the minimum distance
between the buffer hole and presplit line could be measured, representing presplit burden B1/B2.

It is important to distinguish S, B1 and B2 from the burden and spacing of the remaining
buffer rows in Figure 18. The boreholes in microstation are presented both as the
planned borehole collaring and as the actual performed collaring. The planned S, B1 and
B2 are changed from bench to bench (and therefore also the actual), and it is the actual
performed S, B1 and B2 that are measured. These were chosen for deeper investigation
based on the literature section 2.6.

The planned burden and spacing of the remaining buffer rows were investigated, so
small deviation from the actual performed might occur. An overview of these was of
interest to detect any significant differences between the bench levels.

7.5 Borehole Deviation

Two types of deviation were investigated, the borehole collaring deviation, o, and the
deviation of the borehole pipe inclination. Standard deviation was used in order to
estimate the degree of o, which is a statistical measure of how much the distance data
collected deviates from the mean value. The standard deviation was measured by Eq.17.

n .—D)2
Borehole collaring deviation: 0 = /W (17)

where D; is the measured value and D is the mean value for each one of the parameters.
Individual analysis of ¢ (S), o (B1) and o (B2) can be seen in Table 3.

For the borehole pipe inclination deviation, ShapeMetrix3D was used to complement o.
It was obtained by simply marking one point each on the both ends of the visible
borehole pipe, that is, two points on the Z direction. The mine coordinates of these
points are then obtained. Since vertical presplit borehole was planned at the north end
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wall, any deviation in X and Y value of the two points is a deviation from the intended
borehole plan.

7.6 Follow Up of Geology

The structure and the geological unit of the geology were of interest. The structures
were acquired through previous reports on geological surveys. As a complement, a
digital photogrammetry was conducted at the north end wall using ShapeMetrix3D.
Points were marked along the joint contour and the rock. The software registered the
height and side differences by connecting the points, together, the connected points
represents the joint plane, see Figure 23. The joint plane is automatically described in dip
and dip direction. Only two benches were investigated because of the 40m height
limitation of the measuring tool. The geological interpretation in the horizontal sections
was acquired through microstation by defining area of interest in a top-view. Since the
coordinates from measured backbreak and unbroken rock were documented, a
corresponding geological unit could be assigned.
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Figure 23. Metric and orientation information interpreted from drawing lines on the joint surfaces

7.7 Multiple regression analysis

Since the regression analysis is a statistical method, an adequate number of input data is
required. The data along the north end wall was therefore divided into sections of ten
presplit boreholes. Since the spacing of the buffer boreholes is wider than the
corresponding of the presplit boreholes, a section of ten presplit boreholes were chosen
so that a number of buffer boreholes would fit within the divided section. Within each
section, a mean value was taken on S, B1, B2 and the blast result of the backbreak and
the amount of unbroken rock. One section represents one observation point. Further on,
the linear regression analysis was chosen to investigate the relations between the
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borehole patterns and the blast result with the linear regression model described in

Eq.8.

The linear regression result was analyzed by:

R? is investigated as a measure of percentage of variation in blast result that can
be explained by the linear model. It represents one of the key measurements of
the success of the model, a high R? is therefore desirable.

The residuals described in section 4 can be regarded as observations of €. By
plotting the residuals in different ways, it can be investigated if the linear
regression model with its embedded assumptions is justified (Vannman, 2009).
The residual plots are therefore also analyzed since a violation of the
assumptions made can create misleading confidence intervals and hypothesis
tests (Chatterjee et al., n.d.). The assumptions are described in chapter 4.

P-value is presented to test the hypothesis test. It is used as a shortcut to
determine whether Eq.11 or Eq.12 is true. A predetermined significance level o =
0.05 is standard for the test. If the P-value < «, the null hypothesis can be rejected
(Eq.12), meaning that the parameter affects the blast result. If P-value > a, the
null hypothesis is true (Eq.11), meaning that the parameter do not affect the blast
result.

VIF is investigated to detect any correlation between the parameters. A low value
can be interpreted as a non-correlation between the parameters, which is
desirable since the hypothesis tests can be wrong otherwise (Chatterjee et al.,
n.d.).
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8 Result and Analysis

8.1 Blast pattern

The blast type 1-7 belonging to the different benches at the mine describes the analyzed
blast patterns. This division of blast types was done in order to compare the blast result
with the different blast patterns at the different benches. The values are compiled in
Table 2 and the illustrations of the different blast types are shown in Figure 24 - Figure 27.
Blast type 1-6 belongs to the north end wall and is a result of the borehole pattern
measurement in section 7.1 and 7.4. Blast type 7 belongs to the south footwall with the
borehole pattern given by the mine staff (therefore not a result from the borehole
pattern measurement described in section 7.1 and 7.4).

The height in the figures is the planned height of 30m presplit with 1m subdrill. The
blast types in the north end wall contain a vertical presplit line followed by two vertical
buffer rows in the upper bench and four vertical buffer rows in the lower bench. Blast
type 7 contains an inclined presplit followed by an inclined buffer- and a helper row.

Table 2 - The different blast patterns at the north end wall and south footwall

First Buffer Row In First Buffer Row In
Presplit The Upper Bench The Lower Bench
Part Part
Blast Bench Spacing Burden Spacing Burden
Type Level [m] S [m] B1 [m] B2 [m] [m] [m] [m] [m]
1 60-90 1.96 2.58 3.02 4.0 4.5 4.0 4.5
2 60-90 2.06 2.50 2.83 4.0 4.0 4.0 5.0
3 90-120 2.0 2.37 2.90 4.0 4.5 4.0 4.5
4 120-150 1.81 2.34 2.56 4.0 4.5 3.6 4.5
5 150-165 1.82 2.34 3.6 4.0
6 150-165 1.78 2.50 3.6 4.0
7 South 2.0 3.0 3.0 4.0 4.8 4.0 45
footwall

It can be seen in Table 2 that both blast type 1 and blast type 2 belong to the top bench
level 60-90. They were distinguished because of the difference of the planned burdens of
the first buffer rows (upper and lower bench part respectively). It can also be seen that
blast type 1 and 2 exhibit among the highest values of S, B1 and B2 at the north end wall.
However, it should be mentioned that the actual height of the investigated area of blast
type 2 was mostly significantly higher than 31 m with a significant height difference
between the bench crest and the lower positioned presplit collaring. Blast type 1 was
towards the footwall while blast type 2 was towards the hangingwall.
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Blast type 3 at bench level 90-120 and blast type 4 at bench level 120-150 almost have
the same B1 (2.37:2.34) and it can be seen that they are significantly lower compared
with the bench level 60-90 (2.58:2.50). However, there is a distinct decrease in S-B2
going from blast type 3 to blast type 4 (2.0-2.90 to 1.81-2.56). The planned burdens of
the first buffer rows at the upper and lower part of the bench are the same (4.5m). The
spacing of the first buffer row on the upper part for blast type 4 is however decreased to
3.6m in conjunction with the S decrease from 2.0m to 1.8m.

Both blast type 5 and blast type 6 was used at the bottom bench level 150-165. They
were distinguished because of the difference of the planned burden of the first buffer
row (4.0:4.5). S is almost the same (1.82:1.78) but there is a difference in B1 (2.34:2.5).
Only the upper bench part has been blasted so far, and therefore the absence of B2.

The biggest difference between blast type 7 in the south footwall and blast type 1-6 in
the north end wall is that B1 that reaches a minimum difference of around 0.4m and the

inclination of the boreholes.
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Figure 24. a) blast type 1 shown at the left side was used at the bench level 60-90. b) blast type 2 shown at the
right side is used at the bench level 60-90. The height of the double benches is on the left side of each presplit

line. Spacing is written within brackets and Burden without brackets.
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Figure 25. a) blast type 3 shown on the left side was used at the bench level 90-120. b) blast type 4 shown on
presplit line. Spacing is written within brackets and Burden without brackets.
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Figure 26. a) blast type 5 shown on the left side was used at the bench level 150-165. b) blast type 6 shown on
the right side was used at the bench level 150-165. The height of the double benches is on the left side of each

presplit line. Spacing is written within brackets and Burden without brackets.
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Figure 27. Blast type 7 - Height, angle of presplit line, S and B for presplit/buffer rows. S is written within
brackets while B is written without brackets (Aitik Employee, 2013, Personal communication)

8.2 Borehole Deviation
Table 3 shows the borehole collaring deviation o, for the measured parameters S, B1 and

B2. The borehole pipe inclination from ShapeMetrix3D is also shown. Bench level 60-90
and 150-165 show the highest o (S) in respectively parts. o (B2) have the highest value
of the parameters while o (S) have the lowest. The reason why o (S) is the lower than o
(B1-B2) is because the presplit boreholes are drilled closely while the buffer holes are
drilled with wider distances. The inclination measurements in the lower benches show

almost a full verticality, therefore no detected inclination deviation.

Table 3. Spacing deviation of the presplit holes and the inclination of the pipes of the presplit holes, divided

into the upper and lower part
Borehole pipe
Bench Level [m] o (S) [m] o (B1) [m] o (B2) [m] inclination [°]
60-90 0.25 0.25 0.55
90-120 0.10 0.30 0.55
120-150 0.15 0.20 0.40 89.97
150-165 0.20 0.30 89.97
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8.3 Backbreak and Unbroken rock at the north end wall

This section consists of three parts:

1. Background information
2. Parameter isolation
3. Trends of backbreak and unbroken rock along the north end wall

Starting with the background information on the measuring procedure, the backbreak of
blast type 1 at bench level 60-90 (see Table 4) might be slightly overestimated. That is
because of either upheave or safety berms at the bench crest prolonging the backbreak
measurement with the 10° criterion mentioned in section 7.2. As for blast type 3 at
bench level 90-120, the measurement procedure of Figure 20 was almost exclusively
made at this bench level. The blast types at bench level 120-150 and 150-165 showed
clear defined benches crest, facilitating the interpretation of backbreak. These two
bench levels where therefore chosen for the backbreak - linear regression analysis.

As for blast type 2, intense damage was measured in some of that area with a seemingly
prolonged backbreak. Figure 28 clearly shows this where the backbreak almost deviates
towards 10m in those areas (the upper limit of the deviation). The corresponding low
value of unbroken rock in Table 4 is therefore not of good rock fragmentation but instead
a cause of blast damage. The bad results in the area of blast type 2 seem to be related to
other factors than measured borehole pattern (one uncertainty regarding height
difference between bench crest and the presplit highlighted mentioned in section 8.1).
The low value of unbroken rock at bench level 150-165 is because of the half way
executed bench.

Table 4. Combining borehole patterns with the backbreak and the amount of unbroken rock at the north end
wall complemented with the assigned geological unit and the location description

Blast Bench Borehole pattern S- | Backbrea Unbroken Geological Location
Type Level [m] B1-B2 [m] k [m] Rock [m?] Unit Description
1 60-90 1.96 - 2.58 - 3.02 6.2 32.8 Hornblende | . 0 1< Fw
Gneiss
2 60-90 2.06 - 2.50 - 2.83 6.8 19.6 Hornblende | .0 4o Hw
Gneiss
3 90-120 2.0-237-2.90 5.3 30.7 Hornblende
Gneiss
4 120-150 1.81-2.34-2.56 5.2 185 Hornblende
Gneiss
Hornblende Towards
5 150-165 1.82-2.34 2.9 9.8 Greiss FW/HW
6 150-165 1.78 - 2.50 3.4 11.3 Hornblende Middle
Gneiss

The aim with the second part, the parameter isolation, is to investigate the impact of S,
B1 and B2 on the result. It is assumed that B2, taking place at the lower bench part, have
no effect on the backbreak taking place at the upper bench part. It is therefore assumed
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that the backbreak is defined on the first blast round. The impact of S and B1 on the
backbreak is investigated by searching for cases where one parameter (S or B1) can be
isolated when comparing two blast types. For the analysis of S by comparison of the
blast types, Table 4 shows that blast type 3 and blast type 4 have almost the same B1
(2.37:2.34) and can therefore be considered as isolated as S decrease from 2.0m to
1.81m. No noticeable effect of the S decrease can be seen in the backbreak.

For the analysis of B1, S can be considered isolated in two cases. In the first case, it can
be seen in Table 4 that blast type 1 and blast type 3 differs a little in S (2.0:1.96) while B1
decreases from 2.58m to 2.37m, resulting in a clear backbreak decrease from 6.8m to
5.3m. Comparing blast type 4 and blast type 6 Bl increases from 2.34m to 2.50m
resulting in a significantly decreased backbreak from 5.2m to 3.4m, i.e. 34%. When
comparing these two cases, it is evident that they contradict each other, i.e. the first case
indicates a decreased backbreak with decreased B1 while the second case indicates the
opposite.

As mentioned in section 8.1, blast type 2 and blast type 5 have different planned burden
of the remaining buffer rows. They are therefore not suitable for comparison of S, B1
and B2 with the other blast types, especially blast type 2 with already mentioned
uncertainties.

The same procedure of parameter isolation is applied for the unbroken rock, but with
the added parameter B2. Due to limited numbers of isolation combinations (notice that
bench level 150-165 falls out due to absence of B2), only one parameter is possible to
isolate leaving the other two free. It is therefore difficult to know which one of the two
parameters that affects the result mostly. Two cases are highlighted, the first involves
blast type 1 and blast type 3 with S approximately being isolated, see Table 4. B1-B2 is
decreased from 2.58-3.02 m to 2.37-2.90 m. Despite the significant decrease of B1 (and a
noticeable decrease of B2), the amount of unbroken rock only decreased from 32.8m? to
30.7m2, which can be considered as small. It should also be mentioned that the decrease
of B1 is nearly twice B2’s.

The second case with blast type 3 being compared with blast type 4 is the main result of
the parameter isolation. B1 is isolated and S-B2 decreases from 2.0-2.90 to 1.81-2.56
resulting in a decrease of the amount of unbroken rock, from 30.7m?2 to 18.5m2. As seen
in Figure 29, the upper limit of blast type 4 is lower than the mean value of blast type 3,
i.e. a significant decrease of unbroken rock has been observed.
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3 Blast Type 4

Figure 28. Plots of average backbreak with standard deviation at the north end wall. The numbers left to the dots
represents the borehole pattern with following order: S-B1
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Figure 29. Plots of average unbroken with standard deviation at the north end wall. The numbers left to the
dots represents the borehole pattern with following order: S-B1-B2

Moving further to the third part, Figure 30-Figure 33 show the backbreak along the north
end wall with the aim to find trends. The top level is shown in Figure 30. Blast type 2
extends from 7440 to little less than 7600 in the x-coordinate where the blast type 1
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starts. The decrease of the degree of fluctuation towards blast typel coordinates is due
to the lower backbreak in the blast type 1 area.
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Figure 30. Backbreak along the north end wall at bench level 60-90

The backbreak at bench level 90-120 shown in Figure 31 fluctuates between around 8m
to 3-4m in relatively short intervals of x-coordinates. That is probably due to the mixed
transition encountered at corresponding bench level. The fluctuation is consistent
throughout the bench.
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Figure 31. Backbreak along the north end wall at bench level 90-120

Figure 32 shows that the backbreak at the bench level 120-150 is higher initially and
then decreases moving towards the higher x-coordinate values. The amplitude oscillates
between relatively small ranges of values after the initially high. No particular trend is
visible.
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Figure 32. Backbreak along the north end wall at bench level 120-150

At bench level 150-165 shown in Figure 33, blast type 5 is encountered between x-
coordinates 7477-7536 with intermediate damage and 7703-7789 with very low values
of backbreak. Blast type 6 is encountered in between with some large values of
backbreak between around 7670-7700. No prominent trend is visible.
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Figure 33. Backbreak along the north end wall at bench level 150-165
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Figure 34-Figure 37 show the unbroken rock along the north end wall with the aim to find
trends. At bench level 60-90, it can be seen in Figure 34 that there is a small increasing
trend moving from the low x-coordinates to the higher. The low values of unbroken rock
at the low x-coordinates are due to the severe backbreak damage at some of the blast
type 2 area (7440-7600 in x-coordinates).
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Figure 34. Amount of unbroken rock along the north end wall at bench level 60-90

The amount of unbroken rock at bench level 90-120 seen in Figure 35 is relatively
consistent throughout the bench except for a decrease in the middle and at the end.

NE - Level 90-120

|

ur
o O

S
o

w
o

N
o

Unbroken Rock [m2 ]

U=y
o
-

A
WV

7400 7440 7480 7520 7560 7600 7640 7680 7720 7760 7800 7840
X-coordinate

Figure 35. Amount of unbroken rock along the north end wall at bench level 90-120

A very interesting trend can be seen at levels 120-150 and 150-165 (Figure 36 and
Figure 37). The amplitude varies in a cyclic behavior with various periodicities mostly
around 40 - 80 m more distinct in Figure 37. The bottom level (level 150-165) was the
only bench at the north end wall with the possibility of a visual inspection on the same
level. The variation was found to be very clear. Both bench levels have their peaks on the
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left side, i.e. at the lower X-coordinate values. The bench level 150-165 has some values
reaching 0 where no unbroken rock on the face is evident.
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Figure 36. Amount of unbroken rock along the north end wall at bench level 120-150
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Figure 37. Amount of unbroken rock along the north end wall at bench level 150-165

A good illustration of how the unbroken rock appears at many sections of the north end
wall can be seen in Figure 38. The red parts marked in red represent small elements of
pegmatite, not visible in the top view geological interpretation in Table 4.
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Figure 38. Unbroken rock at the bench level 150-165 in the north end wall with two pronﬁinent elements of
pegmatite marked in red

8.4 Backbreak at the south footwall

The backbreak together with assigned geological unit at the investigated area in the
south footwall is presented in Table 5. The covered length is added to this due to the
different geological units at the same bench levels. Blast type 7 was used for both bench
levels, but the backbreak differs although the same geological unit. The backbreak at
bench level 150-180 is relatively high and there is a noticeable difference between the
diorite and amphibolite gneiss result (4.6m to 5.3m). A significant decrease is visible
moving further to bench level 210-240 with the lowest values including the backbreak at
the north end wall. The difference between the backbreak value of diorite and the gneiss
is very small (2.6m to 2.5m).

Table 5. The backbreak in different geological unit at the south footwall

Blast Type Bench Level [m] Backbreak [m] Geological Unit Covered Length [m]
7 150-180 4.6 Diorite 65
5.3 Amphobolite Gneiss 193
7 210-240 2.6 Diorite 82
2.5 Amphobolite Gneiss 159

Figure 39 is showing the bench level 210-240 at the south footwall with a smooth wall
and visible pipes. It can also vaguely be seen that the bench levels above is blasted
successfully as well. The figure below is representative for many areas at the south
footwall. Bench level 150-180 however also at the south footwall represents one of the
areas with worse blasting results.
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Figure 39. The final wall at bench level 210-240 in the south footwall
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8.5 Linear regression analysis

8.5.1 Backbreak

Only bench level 120-150 and 150-165 is included in the model. These two bench levels
were chosen because of their clearly defined bench crests.

Using Eq.8 described in section 4, an analysis of the backbreak could be done. The
predictor variables are S and B1 with the approach of the analysis found in section 7.7.
Based on 33 observations (n=33) the following relation was found:

Backbreak =7.86 + 0.41 S-1.93 B1 (18)
With a R? of 7.2% the regression model seems to have a very low prediction capability.

Eq.18 implies that an increasing distance of S increases the damage while an increasing
distance of B1 decreases the backbreak. However, no parameter effect on the backbreak
is detected since it can be seen in

Table 6 that the P-value of both B1 and S clearly exceed the limit of 0.05. Therefore no
rejection of the null hypothesis especially with S reaching a very high P-value.

The variance inflation factor, VIF (described in section 4), is very low. This verifies that
there is no problem with multicollinearity, which is positive. That is because the
different parameters are not correlated with each other.

Table 6. P-value of the constant and the predictor variables

Predictor P VIF
Constant 0.211
S 0.860 1.122
B1 0.180 1.122

To evaluate individual benches, the data to Eq.18 was separated into the bench levels.
Thereafter they were analysed with the same procedure as earlier described. It can be
seen in Table 7 that it is the RZ value of blast type 6 (0%) that decreases the overall R2 of
Eq.18. The explanation behind the R? of 0% is unidentified.

Table 7. RZ of the regression model together with P-values of the predictors for each bench

Blast Type Bench level [m] R-Sq [%] S [P-value] B1 [P-value]
4 120-150 27.7 0.611 0.118
5-6 150-165 5.9 0.854 0.414
5 150-165 22.6 0.832 0.373
6 150-165 0.0 0.971 0.963

Figure 40 show the result of the normal probability plot of the residuals of Eq.18 and it
can be seen that the plots generally follow a straight line implying that the residuals are
normally distributed.
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Figure 40. Normal probability plot of the residuals of Eq.18

It can be seen in Figure 41 that the residuals are centred around zero with no apparent
structure indicating a constant variance of residuals.
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Figure 41. Fitted value against the residuals of Eq.18
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8.5.2 Unbroken rock

Bench level 150-165 is not included due to the lack of B2 value. Blast type 2 at bench
level 60-90 is not included in the regression analysis either because of the previous
mentioned uncertainties in that particular area.

Using Eq.8 described in section 4, an analysis of the unbroken rock could be done. The
predictor variables are S, B1 and B2 with the approach of the analysis found in section
7.7. Based on 41 observations (n=41) the following relation was found:

Unbroken rock=-68.0 + 19.0S - 0.83 B1 + 21.3 B2 (19)

With a R? of 68.5% the regression model seems to have fairly high prediction capability.
More input parameters such as subdrilling etc. could improve the prediction model.

The positive regression coefficient in Eq.19 indicates that an increasing distance of S and
B2 would increase the amount of unbroken rock. This in contrast with the coefficient for
B1 which is negative, although very low.

As for their effect on the unbroken rock, it can be seen in Table 8 that B2 is the only
parameter that rejects the null hypothesis (strongly) and therefore affects the unbroken
rock clearly. Both S and B1 exceeds the limit for null hypotheses rejection, but while S
can be considered to relatively close to 0.05, B1 is significantly greater than 0.05 with
seemingly no impact on the result of unbroken rock and is therefore removed from the
regression model.

The VIF is very low meaning that there is no problem with multicollinearity (i.e. the
different parameters are not correlated with each other).

Table 8. P-value of the constant, the predictor variables and VIF

Predictor P VIF
Constant 0.004
S 0.075 1.049
B1 0.880 1.072
B2 0.000 1.109

Removing B1 from the prediction model (n=41) gives:
Unbroken rock =-69.5 +18.9 S + 21.2 B2 (20)

The coefficient of determination was found to be unchanged, i.e. R = 68.5%

Table 9 shows that the P-value of S decreases a little with the removal of B1, but is still
slightly to high to reject the null hypothesis.

Table 9. P-value of constant, S and B2

Predictor P

Constant 0.001
S 0.072
B2 0.000
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To evaluate individual benches, the data to Eq.20 was separated into the bench levels.
Thereafter they were analysed with the same procedure as earlier described. The results
of the regression analysis after the separation can be seen in Table 10. The P-value of S
increases significantly while B2 remains low even after the separation of benches. R? is
remarkably high for blast type 1 (at bench level 60-90) while there is almost no
explained variation by the regression line for blast type 5 -6 (at bench level 150-165).

Table 10. R? of the regression model together with P-values of the predictors for each bench and n
observations

Blast Type Bench level [m] R-Sq [%] S [P-value] | B1 [P-value] | B2 [P-value] n
1 60-90 86.8 0.184 0.000 10

3 90-120 57.4 0.323 0.002 15

4 120-150 50.1 0.593 0.029 16
5-6 150-165 3.1 0.521 0.895 17

5 150-165 6.0 0.859 0.599 8

6 150-165 18.1 0.319 0.572 9

When considering only the double benches, an interesting trend is that R? decreases
from the top bench level 60-90 to bench level 120-150, describing less variation of the
amount unbroken rock. This is in conjunction with an increasing P-value of B2,
especially for bench level 120-150, i.e. less impact of the borehole pattern on the
unbroken rock.

The data from bench level 150-165 is also added, which provides a good opportunity to
investigate the impact of B1 without the influence of B2 in the blast of the upper bench
part alone. It can be concluded that the high P-value remains, far exceeding the limit of
0.05 (no impact on the unbroken rock). It is already known, recalling from the section of
blast pattern, that bench level 150-165 consists of two blast types. It is therefore good to
separate them from the total result (R?=3.1%), to keep burden of the first buffer row
constant. A noticeable difference is detected in RZ (18.1% and 6.0%) when treated
separately, but the P-value is still high. Based on the statistical analysis the effect on the
unbroken rock by B1 is negligible.

A normal probability plot is presented to assess whether the inherent assumption of a
normal distribution of the residuals is justified. The normality of the residuals is
assessed by plotting the observed ordered residuals on one axis and the expected
positions (under normality) of those ordered residuals on the other. The plot is required
to follow a straight line for justification of mentioned assumption (Chatterjee et al,, n.d.).
Figure 42 shows the result of the normal probability plot of the residuals of Eq.20 and it
can be seen that the plots generally follow a straight line implying that the residuals are
normally distributed but with one outlier at residual -20. The assumption of normally
distributed residuals explained in chapter 4 is therefore satisfied.
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Figure 42. Normal probability plot of the residuals of Eq.20

Another assumption is that the expected value of the residuals are zero and that the
residuals are constant. Residuals vs. fitted value can be used to see if that is the case. It
can be seen in Figure 43 that although the residuals are centred around zero, there is
some kind of height difference on the left part moving to the right. It is therefore a little
uncertain on whether the variance of the residuals is constant. The assumption of a
constant variance of residuals is therefore potentially violated. One outlier is evident at
the fitted value of 40 and it is from the same residual as the outlier in the previous
figure. The explanation behind the outlier is a large B2 value in conjunction with a low
unbroken rock value that deviates from the rest.
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Versus Fits
(response is U)

Figure 43. Fitted value against the residuals of Eq.20
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8.6 ShapeMetrix3D

The hemispherical plots from the ShapeMetrix3D are shown in Figure 44. The digital
photogrammetry was performed at the north end wall but only at bench level 120-150
and 150-165 due to height limits of the software. The entire wall was divided into
around 5 sections with digital photogrammetry. These sections were then put together
by the software in order to reflect the north end wall. The majority of the plots were
taken from bench level 120-150 (around 80%-85%) with the reason that the structures
were more visible on that level.

Figure 44. Hemispherical plot from ShapeMetrix3D. The blue line represents the dip direction of the north
end wall while the pole represents the dip direction of the joint planes

The blue line has a dipping appearance although the bench faces are vertical. That is
because of the catch bench in between the two bench faces included in the
photogrammetry. The poles in the red dashed circle are representing a certain
confidence of interval. These poles generally have a dipping direction between west and
southwest with a dipping between 35°-70°. They also resemble to the poles found in
Figure 13a that were taken from the bench level 120-150. The poles outside the dashed
circle belong sporadic elements of structures along the north end wall with deviant
directions.
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9 Discussion

9.1 Backbreak

Starting at the footwall, it can be seen in Table 5 that the assigned geological units at the
investigated areas are diorite and amphobolite gneiss. These can be considered as
strong rock according to the blast damage model at the Aitik mine, see Table 1 (assuming
that the different gneiss formations approximately having the same strength).
Undesirable results encountered at the investigated areas will therefore be attributed to
directions of geological structures rather than rock mass strength features. It is evident
from section 5.4 that the foliation strikes subparallel to the footwall with a dip between
45° and 70° towards west. The steeply dipping (70°) foliation planes are most
widespread and therefore merges with the 70° inclined presplit line. The foliation then
acts as a weakness plane when the gas pressure extends the stress wave initiated
fracture along the foliation, and ultimately, the presplit line (Kutter et al., 1990). The
result is less backbreak (seen in Table 5) and it can be seen in Figure 8 that an inclined
borehole utilizes the shockwave energy better (Olofsson, 1999). This results in a smooth
wall with visible borehole pipes and no unbroken rock on bench face. This is the case at
bench level 210-240 which can be regarded as the typical result at large parts of the
south footwall (from visual inspections). The bench level 150-180 shows a significantly
higher degree of blast damage. One possible explanation (although not verified) could be
that the 70° inclined presplit line at the investigated area coincides with the minority
flatter foliation (45°) described in section 5.4. This eliminates the mentioned advantages
of presplit alignment with the weakness plane.

The north end wall strikes around perpendicular to the foliation where the vertical
presplit line and the vertical buffer row are cutting through the foliation. This eliminates
the advantages of presplit alignment with the weakness plane. Also, it is possible that
vertical presplit line together with vertical buffer rows causes more shear force due to
higher confinement compared to that of an inclined presplit (Rorke, 2011). This is
explained in Figure 6. Together they explain two potential reasons for a generally large
backbreak at the north end wall.

As for the impact of the parameters, there is a full consensus in the literature section
that a decreased S is beneficial on the result (Singh et al., 2005), (Kutter et al., 1990),
(Rorke, 2011). That is because of less joint interfering and a better defined presplit crack
which facilitates rock breakage from the adjacent borehole. However, such impact was
not found in the parameter isolation based on Table 4 (described in section 8.3) or by the
P-value of S (seen in Table 6). It can be interpreted as a decrease of S by 0.2m is not
enough to give a positive impact on the backbreak. Moving further to B1, the PPV-value
increases when the buffer hole (blast source) is put closer to the presplit row (blast
source receiver), for more information see vibration amplitude section 3.2. A decrease of
B1 should theoretically therefore be associated with a larger backbreak due to an
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increasing PPV-value. However, the performed analysis of the B1 impact is more difficult
to interpret. That is mainly because of the contradicting results of the parameter
isolation (mentioned in section 8.3) but also the high P-value (see Table 6).

The low R? of Eq.18 and the high P-values of S and B1 (both exceeding 0.05) indicate
that there are some other factors dominating the backbreak. Especially since the
borehole collaring deviation o (S) and o (B1) (seen in Table 3) can be considered as
relatively small (i.e. less possibility to make an impact on the regression). Some of these
missing factors include the sensitivity of backbreak measurements. This is due to
differences in inclination criteria mentioned in section 7.2, sub drilling of the previous
bench blast and differences in geological formations below the surface. It can then be
said that the character of backbreak is “surface dependent”.

9.2 Unbroken rock

Two potential reasons for the existence of the unbroken rock could be the increased
confinement at the rock bottom as a result of vertical boreholes (Olofsson, 1999) and
that the presplit is cutting through the foliation.

The parameter isolation was complemented well with the regression analysis. Both the
first case of the parameter isolation (section 8.3) and the high P-value of B1 (Table 8)
indicate a small effect of B1 on the unbroken rock. B1 and B2 both represent the
placement of the buffer row perpendicular to the presplit row. As earlier described,
decreased distance increases the PPV-value. The amount of unbroken rock can therefore
be expected to decrease with decreasing B1 and B2. The residual outlier mentioned in
section 8.5.2 is the exception where a large B2 value resulted in a small value of
unbroken rock. An explanation of the outlier found at bench level 90-120 is difficult to
find when restricted only to the borehole pattern.

Two possible reasons are presented on why B1 exhibit a high P-value (with no effect) in
the contrary to the very low P-value of B2 (with a clear effect). Table 3 shows that ¢ (B1)
is much less than o (B2), i.e. smaller possibility of B1 to make an impact based on the
regression analysis. Secondly, there is a difference in blasting confinement when
comparing B1 with B2. In the first blast round (B1), there is no confinement along the
surface. This enables an uplift over the bench crest causing backbreak. In the second
blast round (B2), there is confinement from the overlying rock mass that eliminates the
uplift movement (Rorke, 2011). It could be that this restraint improves the utilization of
the blast energy for the rock removal. A change in B2 can in that case be expected to
have higher impact on the amount of unbroken rock compared with B1. The concept of
confinement difference in a double bench blast is illustrated in Figure 9, however in
another context than described here.

Table 9 shows that the P-value of B2 (0.000) is far below the 0.05 limit. The P-value of S
(0.072) is slightly above that limit. It is therefore concluded that B2 had a larger impact
on the unbroken rock than S in the second case of the parameter isolation (where both
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B2 and S decreased). This can be explained by the assumption that the emulsion
explosive in the buffer holes is stronger than the watergel cartridges in the presplit hole.
A decrease of B2 is therefore associated with a more efficient/destructive way of
reducing the amount of unbroken rock.

The problem with the P-value limit is the absence of grey zones. So before dismissing the
impact of S at this particular regression, the P-value of S in Table 9 should the compared
to the same in Table 10. That is a good example of the importance with a wide variety in
the predictive variable. The regression analysis could capture the largest decrease of S,
from 2.0m to 1.8m (when all benches were included). A smaller variety of S is
encountered when dividing the regression into the bench levels causing higher P-value
of S (Table 10). So even though the P-value of the total data is slightly above 0.05, the
decreasing trend with increasing variety of S points to the conclusion that S have an
impact if adequately decreased. The reason is that a more defined crack is obtained
when the presplit boreholes is put closer to each other. This will ultimately facilitate the
rock removal.

Two different theoretical approaches will be presented in an attempt to explain the
cyclic behaviour at bench level 120-150 shown in Figure 36. Together with the
information from different sections of the report, one of them will be rejected. Note that
the approaches are within the delimitations of borehole pattern and geology.

1. A corresponding borehole pattern variation along the north end wall.
2. Arelation with the cyclic variation of the foliation dip described in Figure 14.

The regression analysis in section 8.5.2 provides as a helping tool to detect if the
variation is related to the borehole pattern or not. The R? of the different benches would
ideally remain unchanged if the first approach were true. Table 10 shows that this is not
the case in the performed regression analysis as the R? decreases at bench level 120-150
(where the cyclic behaviour was encountered). The P-value of B2 is consequently the
highest, from 0.000 to 0.029. This indicates that the cyclic behaviour is related to
another factor than the borehole pattern.

The likelihood of the second approach is thereafter evaluated. There are two main
arguments that the second approach is true. Firstly, it is known after an investigation of
the magnetic anisotropy that the variation occurred at the same depth as bench level
120-150. Secondly, the foliation dip according to the magnetic anisotropy varies
between 45° and 70° with a periodicity of around 40m. Figure 36 also shows a cyclic
variation throughout the north end wall with three peaks with around 40m of
periodicity. In order to explain this correlation in terms of blasting process, it should
first be mentioned that rock breakage occurs through tensile stresses. The foliation can
be regarded as a weakness plane where the strength is lower parallel to it. The direction
and the dip of the foliation can therefore be expected to affect the rock fragmentation (in
the sense that they govern the direction where rock is most susceptible to breakage).
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The dip directions of the foliation poles are centered around the striking orientation of
the north end wall. The encapsulated poles in Figure 45 represents the foliation dipping
towards south in relation to the blue line creating wedges. These wedges hold its largest
value when the foliation dip is flat (45°) because of a higher deviation toward south. This
is in contrast to the steeply dipping foliation (70°) where the wedges hold its smallest
value because of smaller deviation toward south. A cyclic variation is apparent in the
amount of unbroken rock when the dip of the foliation oscillates between those two
values.

Figure 45. The poles of the foliation from the magnetic anisotropy along the north end wall (see Figure 13a).
The blue line marked represents the vertical bench wall at the north end wall, striking around N73E, with
RT90 coordinates. The red circle marked encloses the critical poles which strike/dip causes unbroken rock at
the north end wall

Finally, a question mark is put on the statistical analysis of the unbroken rock. Although
the residuals do not follow any pattern, there were some height differences in Figure 43
indicating that there may be a non-constant residual along the fitted value. It is difficult
to assess whether it is a violation of the assumptions or if there are too few sets of
observations at higher fitted values. A violation of the assumptions can affect the P-
values and would therefore decrease the reliability of the model. However, there is one
argument pointing to the lack of sets as the reason behind the non-constant distribution.
The argument is that there are theoretical grounded explanations of the regression
result (discussed in this chapter).
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10. Conclusion

The main conclusions of this study can be summarized as following:

The 70° inclined presplit at the south footwall creates two advantages compared
to the vertical presplit at the north end wall. The first is better utilization of blast
energy (Olofsson, 1999). The second is the presplit alignment with the foliation
plane (weakness plane) facilitating the fracture process along the presplit line
(Kutter et al., 1990). Together, they explain some of the reasons behind the good
results at the south footwall and the bad results at the north end wall.

The presplit spacing (S) and presplit burden of the upper bench part (B1) seems
to have no impact on the backbreak. That is probably due to missing parameters
(such as sub drilling etc.) and small values of borehole collaring deviation of the
presplit spacing, o (S), and the borehole collaring deviation of the presplit burden
of the upper bench part o (B1).

The blast type analysis shows no visible effect of the presplit spacing (S) on the
backbreak while contradicting results of presplit burden of the upper bench part
(B1). The reliability of the backbreak results is too low for further analysis.

A relatively high coefficient of determination (R?) for the statistical analysis of the
unbroken rock. However, with a small question mark on one of the three
assumptions required for the justification of the linear model.

The unbroken rock responded very clear to changes in the presplit burden of the
lower bench part (B2) but not to the presplit burden of the lower bench part
(B1). That is because of higher borehole collaring deviation ¢ (B2) compared to o
(B1) and possibly because of the confinement differences in the two bench parts
(Rorke, 2011).

A downward trend of the P-value of the presplit spacing (S) indicates that a
noticeable decrease of (S) is required to decrease the amount of unbroken rock.
Cyclic geological variations behind the cyclic variation in the amount of unbroken
rock at bench level 120-150.
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11. Recommendations and Further
Research

Unfortunately, it is not possible to suggest recommendation on how to improve borehole
pattern to reduce backbreak. However, the result of the amount of unbroken rock
enables suggestions on improvements. Even though the equation Eq.20 exhibits a
relatively high RZ, it is not enough to create a predictive confidence interval with
sufficiently high precision according to Eq.9. The range of unbroken rock values
becomes to wide with a given set of predictive borehole pattern for an elimination of
unbroken rock. Also, no set of observation was measured with a fully absence of
unbroken rock. A set of predictive variable outside the range of actual data is less
reliable (Vannman, 2009). Instead, the best guideline towards improvements is found in
the comparison of blast type 3 and blast type 4 in combination with the hypothesis tests.
S is crucial for the success of attaining a smooth wall. Firstly it affects both bench parts
simultaneously where B1 have no documented affect on the upper bench part. Secondly,
a further decrease of S is a damage preventive action through its ability to obtain a more
defined crack. This occurs in a more controlled manner because of the lightly charged
presplit holes. Such presplit crack improvement increases the protection against
decrease in the more blast destructive B2, but also the facilitation of the rock removal
from the adjacent blast. In a simplified manner, given that the borehole pattern decrease
of 19cm/34cm (S/B2), from 2.0m/2.90 to 1.81/2.56, decreased the amount of unbroken
rock with 12.7m?, an additional 145% decrease of borehole pattern is required to
remove the remaining 18.5m?2. That would lead to an S = 1.5m and B2 = 2.10m. It is
suggested to emphasize on the S decrease by drilling S = 1.4m and start with B2 = 2.20,
and decreasing B2 gradually as the necessity demands as a precaution of blasting B2 too
close from the final wall.

Following two points should be investigated more closely

e Are there any factors outside the scope of the delimitation in this report that
explain the question marks regarding the backbreak at the north end wall, such
as different delay times?

e A theoretical approach describing the cyclic variation was conducted in the
discussion section. Further research needs to be done for fully affirmation.

e There is room for improvements regarding the regression analysis. That can be
done by including the full length of the boreholes and a deeper follow up of
charging differences, both assumed constant in this report.

58



References

Aitik Employee. 2013, Personal communication
Chatterjee, S., & Simonoff, ]. (n.d.). Handbook of regression analysis (1st ed.).

Chen, Q., & Worsey, P. (1986). The Effect of Rock Strength on Perimeter Blasting and the
“Blastability” of Massive Rock. Proceedings of the second mini-symposium on explosives and
blasting research, Atlanta, 13-14 February 1986

Gates, W., Ty Ortiz, L., & Florez, R. (2005). Analysis of rockfall and blasting backbreak problems,
US 550, Molas Pass CO, 25--29.

Hustrulid, W. (1999a). Blasting principles for open pit mining (1st ed.). Rotterdam [etc.]:
Balkema.

Hustrulid, W. (1999b). Blasting principles for open pit mining (2nd ed.). Rotterdam [etc.]:
Balkema.

Kolsky, H. (1964). Stress waves in solids. Journal Of Sound And Vibration, 1(1), 88--110.

Kutter, H., & Kulozik, R. (1990). Mechanics of blasting in a discontinuous rock mass. Proc
International Conference on Mechanics of Jointed and Faulted Rock, Vienna, 18-20 April 1990:
295--304. Rotterdam: Balkema

Lewandowski, T., Danell, R., & Luan Mai, V. (1997). Influence of discontinuities on presplitting
effectiveness. Fragblast, 1(1), 27--39.

Marklund, P., Sjoberg, ]J., Ouchterlony, F., & Nilsson, N. (2007). Improved Blasting and Bench
Slope Design at the Aitik Mine, 279.

Mattsson, H., & Magnor, B. (2002). Strukturgeologisk modell 6ver Aitik. Slutrapport januari 2002,
CTMG report 02001, Luled University of Technology

Mohammadnejad, M., Gholami, R., Sereshki, F., & Jamshidi, A. (2013). A new methodology to
predict backbreak in blasting operation. International Journal Of Rock Mechanics And Mining
Sciences, 60(Complete(, 75—81

Olofsson, S. (1999). Modern bergsprdngningsteknik (1st ed.). Arla: APPLEX

Olsson, M., Svard, |., & Ouchterlony, F. (2008). Blast damage from string emulsion, field tests and
damage zone table including simultaneous initiation. Swebrec

Rinehart, ]. (1964). Transient stress wave boundary interactions. Springer, 193--206.

Rorke, A. (2011). Limiting blast induced damage on final pit walls. Retrieved 31 September
2013, from Limiting blast induced damage on final pit walls. (2014). [online] Available at:
http://www.agg-net.com/files/attachments/articles/limiting blast-

induced damage on final pit walls 0.pdf [Accessed 31 Sep. 2013].

Rossmanith, H., Uenishi, K., & Kouzniak, N. (1997). Blast wave propagation in rock mass—Part I:
monolithic medium. Fragblast, 1(3), 317--359.

59


http://www.agg-net.com/files/attachments/articles/limiting_blast-induced_damage_on_final_pit_walls_0.pdf
http://www.agg-net.com/files/attachments/articles/limiting_blast-induced_damage_on_final_pit_walls_0.pdf

Singh, S. (2005). Blast damage control in jointed rock mass. Fragblast, 9(3), 175--187.

Singh, S., & Xavier, P. (2005). Causes, impact and control of overbreak in underground
excavations. Tunnelling And Underground Space Technology, 20(1), 63--71.

Sjoberg, J. (1999). Analysis of large scale rock slopes (Doctoral thesis). Division of rock
mechanics, Luled University of Technology, 682 p.

Sjoberg, J., & Marklund, P. (2007). Rock mechanics work at the Aitik open pit

Vannman, K. (2009). REGRESSIONSANALYS S0001M. LULEA UNIVERSITY OF TECHNOLOGY
Worsey, P., Farmer, [, Matheson, G., & others,. (1981). The mechanics of pre-splitting in
discontinuous rock.

Worsey, P., & Chen, Q. (1986). The effect of rock strength on perimeter blasting and the
blastability of massive rock. Annals Of The Israel Physical Society, 8, 149--163.

Worsey, P., & Tariq, S. (1996). An Investigation into the Effect of Varying Joint Aperture and
Nature of Surface on Pre-splitting. Proceedings of the twelfth annual symposium on explosives
and blasting research, Orlando, 4-8 February 1996

Worsey, P. (1984). The effect of discontinuity orientation on the success of pre-split blasting.
Proceedings of the 10th annual SEE conference on Explosives and blasting techniques. 197--217

60



Appendix

A1 Linear Regression Analysis Unbroken rock

Bench level | Unbroken rock S B1 B2 | Benchlevel | Unbrokenrock | S B1 B2

120-150 16.00 1.82 | 2.24 | 2.72 60-90 30.96 2.01 | 2.65 | 2.63
9.74 1.89 | 2.17 | 2.59 26.79 1.89 | 2.59 | 2.66
12.81 1.87 | 2.29 | 2.56 28.02 2.01 | 248 | 2.61
17.48 1.82 | 2.33 | 2.51 28.16 198 | 249 | 2.64
12.65 1.83 | 2.42 | 2.58 47.83 199 | 2.32 | 3.62
12.24 1.83 | 2.45 | 2.69 30.31 194 | 2.77 | 2.90
12.24 1.85 | 2.57 | 2.51 32.72 230 | 2.62 | 2.96
27.19 1.78 | 2.35 | 2.63 24.51 1.77 | 2.78 | 2.95
15.69 1.80 | 2.40 | 2.41 31.08 1.96 | 2.59 | 3.19
11.11 2.02 | 246 | 2.19 51.20 2.04 | 2.52 | 4.06
16.47 1.88 | 2.23 | 2.20
26.62 194 | 2.54 | 2.79
34.55 1.79 | 245 | 3.29
9.14 2.03 | 2.09 | 2.06
30.63 1.78 | 2.22 | 2.86
25.35 1.83 | 2.22 | 2.48
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Bench level | Unbroken rock S B1 B2
90-120 18.17 1.96 | 2.27 | 2.20
21.74 2.04 | 230 | 2.52

19.48 2.02 | 247 | 3.35

39.68 2.03 | 250 | 3.44

55.49 2.01 | 2.63 | 3.63

41.36 2.01 | 2.64 | 2.90

20.01 2.01 | 2.56 | 2.32

18.45 2.02 | 2.81 | 2.59

13.77 2.02 | 2.06 | 2.56

28.93 2.00 | 2.28 | 2.93

34.87 2.01 | 1.90 | 2.77

34.83 196 | 2.15 | 2.76

41.06 1.98 | 2.21 | 3.25

39.09 2.01 | 243 | 3.18

31.72 2.05| 233|279
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A2 Linear Regression Analysis Backbreak

Bench

Bench level | Backbreak S B1 level Backbreak S B1
120-150 5.15 1.76 2.24 150-165 1.76 1.80 2.32
4.68 1.79 2.17 2.06 1.77 2.32

5.43 1.78 2.29 2.40 2.01 2.23

5.01 1.81 2.33 2.90 1.69 2.32

3.97 1.82 242 2.28 1.74 2.40

431 1.85 2.45 3.38 1.63 2.31

4.90 1.80 2.57 4.33 1.80 2.79

4.78 1.77 2.35 3.19 1.82 2.70

4.45 1.80 2.40 2.21 1.82 2.71

5.61 1.81 2.46 2.50 1.86 2.45

3.88 1.89 2.23 3.11 1.62 2.47

435 1.80 2.54 3.35 1.82 2.48

4.50 1.73 2.45 3.23 1.86 2.50

6.49 2.08 2.09 3.45 2.08 2.08

6.68 1.81 2.22 3.44 1.88 2.26

6.03 1.82 2.22 3.94 1.62 2.37

3.98 1.79 2.55
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