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1 INTRODUCTION 
State-of-the-Art excavations in Sweden are 
nowadays performed by smooth wall blasting 
(Langefors and Kihlström, 1978). These 
excavations use mostly emulsion and string 
emulsion in respectively cut/production holes, 
and contour/helper holes. The excavation cycle 
with drill and blast consist commonly of the 
following steps: 

1. Face scaling, to prevent rock fall at the 
face and problems during drilling 

2. Blast hole drilling, with fully mecha-
nized drill rigs 

3. Charging of blast holes, commonly with 
pumpable emulsions 

4. Blasting and ventilation, the use of pyro-
technical (Nonel) and/or electronic deto-
nators 

5. Mucking and cleaning, large front end 
loaders in combination with dumpers or 
road lorries 

6. Scaling and rock support, with fully 
mechanized equipment for scaling, shot-
crete spraying and bolt hole drilling 
(Jumbo) 

The conventional excavation causes over-break 
and an Excavation Damage Zone (EDZ). This 
paper focusses on the methods of measurement 
of over-break and excavation damage as well as 
geological structures influencing the EDZ. 

1.1 Excavation Damage 
During the excavation process the rock mass 

outside the tunnel contour (theoretical contour) 
can be damaged by the blasting. The excavation 
damage is known to have a major effect on the 
rock mass and can cause over-break and tunnel 
instability (Saiang and Nordlund, 2009; Saiang, 
2010). The EDZ is an irreversible change of 
rock mass properties (fractures) (Siren et al., 
2015). The damage zone is influenced by the 
excavation procedures, the properties of the 
rock mass, the tunnel design (tunnel area and 
shape) and the stresses in the rock mass. The 
research on the EDZ started in the 1980s in the 
Stripa mine in Sweden (Andersson et al., 1989; 
Emsley et al., 1997) and is still under 
investigated (Siren et al., 2015; Ittner et al., 
2016). The main focus of the EDZ in previous 
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investigations has been the transmissibility of 
water (Christiansson et al., 2005; Olsson et al., 
2009; Ittner et al., 2014; Silvast and Wiljanen, 
2008; Siren et al., 2015).  

A excavate tunnel can be divided in three 
different parts: 1) the failure zone; the rock has 
fallen and is excavated (Over-Break), 2) the 
EDZ and 3) the Excavation disturbed Zone 
(EdZ), where a change of stress regime can be 
observed, but no irreversible change occurs. In 
other words the original stress regime could be, 
theoretical, restored. The failure zone is the 
purpose of the excavation but can be enlarged 
when the EDZ interacts with the local 
geological structures causing over-break i.e. the 
failure of rock masses outside the planned 
perimeter.  

1.2 Over-Break 
Over-break is seen as an indication of the 

blasting damage in the form of the failure zone. 
Over-break from the designed tunnel profile is 
caused by: 
• Drilling geometry; the look-out angle in other 

to maintain the required tunnel area 
(practical over-break) 

• Drilling inaccuracy; collar placement (cm 
scale) and drill hole deviation (cm/m scale), 
(Pre-blast over-break) 

• Blasting damage and geological structures; 
natural rock falls and scaling (Post-blasting 
over-break) 

1.3 Excavation Damage Zone 
The EDZ is classified in three separate zones 

(Van Eldert et al., 2016):  
1) Inner Damage Zone (Crush Zone) 
2) Transition Zone (Micro and macro frac-

tures) 
3) Progressing Zone (Macro fractures and 

extension of existing fractures) 
The micro and macro fractures caused by 

blasting develop a network within the rock. The 
micro fractures are caused by the shockwave 
energy of the blast (Jern, 2001). A clear sign of 
these fractures is the white wash in the half 
pipes directly after blasting. These micro 
fractures can be seen at the surface by visual 
observation, P-wave measurements and seismic 
dispersion. The micro fractures connect to each 

other in transition zone to form macro fractures. 
These macro fractures are formed radially from 
the drill hole and can be parallel to the tunnel 
wall (Olsson et al., 2009). These fractures 
interconnect with natural fractures and can end 
on these or jump the fracture (Ittner et al., 
2016). The fractures are path ways for the 
gasses expanding and these can reopen existing 
fracture or even propagate and develop new 
fractures (Ouchterlony et al., 2009). In some 
cases the blasting induced fractures intersected 
with the pre-excavation joints and fractures in 
the rock mass, causing massive over-break. The 
over-break can lead to stability issues and 
increased cost for the material haulage, machine 
hours as well as the amount of rock support 
placed (Van Eldert, 2014). 

1.4 Excavation Damage control in Sweden 
In Swedish infrastructure tunnels, requirements 
are set for the theoretical blasting damage zone 
in the General Material and Work Description 
(AMA13) (svensk byggtjänst, 2014), as shown 
in Table 1. It is based on imperial tests, 
independent of the rock mass and excavation 
parameters. In practice, this theoretical damage 
zone is based on the Peak Particle Velocity 
(PPV). The PPV is determined by the amount of 
explosive detonated at once and the properties 
of the rock masses between the detonation point 
and measurement point. The PPV is to some 
extent related to the fracture development length 
into the rock mass, but differs with explosive, 
blasting and rock mass properties (Olsson et al., 
2009). Unfortunately these parameters are not 
taken into account with this method or the 
standardized blasting tables. 

In practice the charge concentration – fracture 
length relation is still used in practice as shown 
in Figure 1. 

Table 1. Excavation tolerance and theoretical damage 
zone, CBC/2 AMA13 (After svensk byggtjänst, 2014). 

Rock Excavation 
Class 

Theoretical damage zone (m) 
Wall/cut Floor 

1 0.2 0.5 
2 0.3 0.7 
3 0.5 1.1 
4 1.1 1.7 
5 Excavated rock lays outside 

theoretical contour 
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Figure 1. Blast damage table which is used in practice. 

2 METHODS FOR EDZ INVESTIGATION 

2.1 Indirect method  
Peak Particle Velocity (PPV) is a method 

where the wave amplitude of a pressure wave 
after blasting is measured (Holmberg and 
Persson, 1979). The PPV is back calculated 
from the measurement point to the detonation 
point. In the 1970s the PPV was correlated to 
the fracture grow after blasting (Holmberg and 
Persson, 1979). The assumption was based on 
that each rock has a breaking point; a critical 
particle velocity. When this velocity is exceeded 
the rock mass will be fractured. An empirical 
correlation was found consisting of the 
explosive concentration (Kg) detonated at once 
and site specific constants. The latter are 
influenced by many operational parameters as 
well as the geology of the site. In the 1990s 
adjustments were made on the PPV theory 
(Ouchterlony et al., 1991), by the use of a 
corrective master curve. Olsson and 
Ouchterlony (2003) presented a new theory 
incorporation operational parameters 
(decoupling ratio of the charge), explosive 
properties (Velocity of Detonation, explosive 
energy and density of explosive) and rock 
factures (fracture toughness). They found 
fracture length has to be corrected for hole 
spacing, initiation scatter, water in the drill 
holes and rock types degree of fracturing. 

2.2 Semi-direct and direct methods 
Half cast factor (HCF) is the ratio of half 

cast or barrels visible after the blasting in 
comparison with the number of contour holes 
drilled. The HCF is commonly applied in hard, 

competent rock masses. A high HCF indicates a 
stable, competent rock mass with limited 
blasting damage and a low number of natural 
fractures. Some consideration has to be taken 
into account; the HCF can give false 
impressions (Lizotte et al., 1996). The HCF is 
not applicable in soft, weak or heavily fractured 
rock masses either (Lizotte et al., 1996). 

Scaling time is the duration of scaling of the 
underground construction. Scaling is the 
operation where the lose rock is broken away by 
either hand or a mechanical hammer. In 
Scandinavia mechanical scaling is widely used. 
Several publications use this parameter to 
determine the rock conditions of the tunnel. It is 
seen as a basic indication of the rock mass 
quality (McKown, 1986; Lizotte et al., 1996; 
Scoble et al., 1997). The damaged rock volume 
can be estimated with the scaling time, 
incorporating the geology and geo-mechanical 
properties in the rock mass. Although scaler 
operator depended skills should be taken into 
account. 

Loading tonnage is related to the total rock 
mass volume that has been taken out. The 
volume over the practical excavated material 
can be seen as over-break or the excavation 
damage. An accurate calculation of the volume 
mucked includes the rock mass density and the 
swell factor. 

Loading time can give similar results as the 
loading tonnage, if the muck pile, fragmentation 
and bucket load is consistent. 

Cavity Monitoring Scanning (CMS) is used 
to measure the volume of an excavated area. 
Tunnels are scanned for quality control and drift 
mapping. The drift scanning gives information 
of the volume of material excavated. This is 
compared to the practical minimum volume 
(volume including the look-out angle). This 
value gives an indication of over-break and can 
be used in cooperation with geological 
information for estimating the damage zone. 

3D-photogrammetry use photographs to form 
a three dimensional model of the tunnel. This 
model can be used in a similar fashion as the 
CMS. 

Surface mapping or fracture mapping is done 
to investigate the geological structure along the 
tunnel. The most common systems are the Q-
system (Barton, 1974) and Rock Mass Rating 
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(RMR) (Bieniawski, 1974). These systems look 
at the fracture density (RQD, (Deere and Deere, 
1988)) and fracture filling among other 
parameters. New, un-weathered fractures 
indicate fractures developed during the 
excavation. These fractures are related to the 
excavation damage zone. The intensity of the 
number of fractures can be used to estimate the 
relative blasting damage. 

Ground Penetrating Radar (GPR) sends high 
frequency waves (up to 2500 MHz) into the 
rock masses. Anomalies, for example fractures 
will reflect the waves and are recorded. Micro 
fractures will cause a loss of energy as 
dispersion and can be identified as a damage 
zone (Silvast and Wiljanen, 2008; Heikkinen et 
al., 2010). Unfortunately, the GPR cannot be 
applied in tunnels which use steel fiber shotcrete 
since the fibers reflect the wave energy (Silvast 
and Wiljanen, 2008). 

Core drilling and rock slicing are techniques 
where rock samples are taken and visually 
inspected for fractures (Jern, 2001; Ittner et al., 
2016; Van Eldert et al., 2016) and type of 
fractures; natural or blasting induced. This can 
give the depth of the damage zone as well as the 
behavior of this zone. In rock slicing a 3D 
image of the fracture development (Olsson et 
al., 2009) and the EDZ can be given where in 
diamond core drilling only information along 
the hole is extracted, these cores can be logged 
for RQD, rock and fracture types.  

P-wave measurements on drill core samples 
indicated the extent of micro fractures in the 
rock mass. Diamond core samples can be 
measured diametrically to see the change of 
behavior of the P-wave velocity (Van Eldert et 
al., 2016). In rock samples with micro fractures 
the P-wave velocity is reduced (Jern, 2001) has 
shown a quadratic correlation between the P-
wave velocity and the elastic modulus (Young’s 
modulus) of the rock mass. The relative 
decrease in velocity indicates the EDZ.  

3 CASE STUDY 

The Stockholm By-Pass improves the North-
South connection and will reduce the traffic in 
the Essingeleden and the Stockholm’s inner city 
(Trafikverket, 2015b). The construction exist of 
21 km of new roads, where of 18 km is located 

in tunnels, as shown in Figure 2. The 
construction of the first tunnels started in 2016. 
The By-Pass is scheduled to be open for traffic 
in 2026.  

The different methods discussed in the 
previous section were applied in two ramp 
tunnels in the Stockholm By-Pass excavated by 
Subterra AB, see and Figure 3. 

 

Figure 2. Stockholm by-pass (Trafikverket, 2015b). 

 

Figure 3. Subterra’s consession (Trafikverket, 2015a). 
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4 RESULTS  

During the excavation of the two ramp tunnels 
several methods for the excavation damage 
study were performed. The headings below 
show the results of each investigation technique 
employed. 

4.1 Half Cast Factor 
The HCF was not continuously measured in this 
case study, since the half barrels were not 
visible along the whole tunnel. Figure 4 and 
Figure 5 show an example of a blast, where the 
half cast are visible. The drilling data, Measure 
While Drilling logs, shows that 49 holes are 
drilled in the contour. In the blasted contour, 21 
half cast were, partly observed, resulting in a 
HCF of ~40%. 

 

Figure 4. Drill holes in round 0/285 in tunnel 213. 

 

4.2 Cavity Monitoring System 
Drift scanning is done on a regular basis; every 
two to three blasts. The tunnel volume measured 
with the CMS, Figure 6, is compared with the 
designed profile, the drilling plan, and the 
drilling report (hole location, direction and 
lenght), as shown in Table 2 and in Figure 7. 
Table 2 shows that the effects of drilling can be 
significant and have to be taken into account. 
Besides it has shown that in this case the over-
break from the blasting and scaling is low 
(3.7%). This indicated a limited failure zone.  

 

 
Figure 6. Part of tunnel 214 drilling log and tunnel scan. 

Figure 5. Half casts in in round 0/285 in tunnel 213.

Table 2. Volumetric change of a tunnel. 

  Volume from 
 Volume Design profile Drill Plan Pre-Blast 

Design profile (Profile & length) 1577 m³ - - - 
Drill Plan (incl. bottom holes) 1656 m³ 79 m³ (5.0 %) - - 
Pre- Blast (excl. bottom holes) 1633 m³ 56 m³ (3.6 %) -23 m³ (-1.4 %) - 
Post- Blast (excl. bottom holes) 1694 m³ 117 m³ (6.6%) 38 m³ (2.2 %) 61 m³ (3.7%) 
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Figure 7. Over-break compared from the drill log, section 

0/845-0/831 in tunnel 214. 

4.3 Surface Mapping 
Directly after mucking the tunnel surface is 
mapped for geological structures, displayed in 
Figure 8. The mapping shows areas of over-
break (gray), fracturing (colored lines) as well 
as geological structures (colored zones). For 
each section of the tunnel the Q-value is 
calculated and an example is shown in Table 3. 
This mapping can be used to record over-break 
areas and indicate probable causes. The 
mapping can be utilized to record blasting and 
blasting indicated fractures. The over-break 
areas in Figure 8 correspondent well with the 
over-break measured with the drift scanning, 
displayed in Figure 7. 
 

 
Figure 8. Mapping of a tunnel section, section 0/848-

0/827 in tunnel 214. 

4.4 Ground penetrating Radar 
Ground penetrating Radar (GPR) data was 
recorded along the tunnel walls in a similar 
fashion as done by Van Eldert et al. (2016). 
Figure 9 shows an example of the GPR data 
collected on the left wall in section 0/848 to 
0/827 in tunnel 214. The image shows and high 
amount of reflection/energy lost in the first 20 
cm of the rock mass. This can be indicated as 
fracturing and blasting damage zone in the form 
of micro and macro fractures. This zone is 
marked with the blue line in Figure 9. Deeper in 
the rock mass other reflections are observed, as 
marked with the red ellipses in Figure 9. These 
reflections indicate macro-fractures in the rock 
mass. This could be related to blasting fractures, 
but most likely natural factures, most of them 
can be seen in the tunnel mapping. 

4.5 Core Drilling 
After the excavation a concrete drill, Hilti 
DD200, was used to take diamond drill core In 
total 20 cores were drilled in the concession. In 
this case study the focus will be on four holes 
drilled in section 0/848 to 0/827, displayed in 
Figure 8. The cores were taken to a rock depth 
up to one meter, Figure 10 and Figure 11. The 
drill cores were mapped for rock type and 
fractures, as displayed in Figure 10. They show 
the quality of the rock mass can vary a lot. The 
diorite in hole 12 is heavily fractured while the 
gneiss in drill hole 13 has very little fracturing. 
The cores are located less than two meters apart, 
but show differences in rock type and 
fracturing. In this case the fracturing in drill 
hole 12 is caused by the geological features. The 
fractures are filled and clearly not fresh. A 
natural fracture zone at the tunnel portal has 
been indicted in the pre-investigation, during 
drilling with Measurement While Drilling 
(MWD) data and during the excavation. The 
rock mass in hole 13 and hole 18 show much 
less breakage, as displayed in Figure 10 and 
Figure 11. When looked at the cores closely, 
fresh, new fractures can be observed in the first 
30-40 cm of the rock mas, indicating the 
excavation damage zone. 
 

Hole 14 

Hole 13 

Hole 12 

Hole 18 
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Table 3. Mapped and calculated values along the tunnel 214 (Graphite opserved in 848-845). 

Sec-
tion 

Section 
Part 

Rock 
Type 

Grai
n 

size 

Weather-
ing 

Struc-
ture 

Compres-
sive 

Strength 
(MPa) 

Q-Values 
Q 

val-
ue 

       
1. 

RQD 
2. 
Jn 

3. 
Jr 

4. 
Ja 

5. 
Jw 

6. 
SRF  

848–
845 

1 Left 
half 

Gneis
s 

fine-
large W1-W3 B4-S1 10-250 80 

(50) 
9x
2 1 8 1 5 0.1 

840–
845 

2 Right 
half  

Gneis
s 

fine-
large W1-W2 B5 100-250 60 9x

2 2 2 1 5 0.6 

845–
840 1 Back Gneis

s 
fine-
large W1-W3 B5-S1 50-100 50   12 1 8 1 5 0.1 

840–
833 2 Walls Gneis

s 
fine-
large W1 B4 100-250 90 9 2 2 1 5 2 

833-
823 1 Back Gneis

s 
fine-
large W1-W2 B5-S1 100-250 60 12 1 1

3 1 1 0.4 

833-
823 

2 Left 
wall 

Gneis
s 

fine-
large W1 B5-S1 100-250 60 12 2 2 1 1 5 

833-
823 

3 Right 
wall 

Gneis
s 

fine-
large W1-W2 B5-S1 100-250 75 6 2 4 1 1 6.25 

 

 
Figure 9. Ground Penetrating Radar on the left wall in section 0/848 to 0/827 in tunnel 214. 

 

 
Figure 10. Drill core mapping. 

4.6 P-Wave Velocity 
The collected drill core can be used for other 
tests, in this case study P-wave velocity tests 
were performed. Figure 12 shows the P-wave 
velocity collected from the drill cores from the 
drill holes 12, 13, 14 and 18. The P-wave 
velocity in each of the drill cores is measured 
diametric at 2 cm intervals at two points under a 
90 degree angle as discussed by Eitzenberger 
and Nordlund (2002). In some cases both or one 
of the diametrical measurements could not be 
measured as shown in Figure 11 and Figure 12. 
The graph in Figure 12 shows that the P-wave 
velocity stabilizes in the depth zone of 10 to 30 
cm. This is in concurrence with the observed 
cores, in Figure 10 and Figure 11, as well as the 
depth of the GPR radar, Figure 9. 

 

Hole 12 

Fracture 4 
Fracture 18 Fracture 18 

Fracture 18 
Fracture 18 

Fracture 18 
Fracture 18 

Fracture 23 Fracture 23 
Over-break 
(gray) 

Hole 13 Hole 14 
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Hole 12 Hole 13 

Hole 14 Empty 
Hole 18 Empty 

Figure 11. Drill core collected from drill holes 12, 13, 14 and 18.

 
Figure 12 P-wave velocity in diamond drill cores in 
section 0/848 to 0/827 of tunnel 214.  

4.7 Other Methods 
Other methods were not applied but could have 
provided additional information. In this case 
study the scaling time was not measured. In 
other cases, for example Boliden’s Kristinaberg 
mine, all the activities within the excavation 
cycle are logged (Van Eldert, 2014). With this 
information, an index of the amount of scaling 
and thus the rock conditions can be given. The 
same posibilities can be performed with loading 
time and loading tonnage. The loading tonnage 
requires an installed scale on the loaders. 

4.8 Comparison of Methods 
The techniques described and applied in this 
paper can determine geological structures 
blasting damage. Some of the techniques, PPV, 
scaling time, loading tonnage and time give 
very rough estimates. Other methods, core 
drilling, P-wave measurements and cavity scans, 
give very exact values on the over-break and 
damage zone. On the other hand, the latter are 
relatively costly and/or time consuming.  

The commonly used techniques (PPV, Half 
Cast Factor or Standardized Blasting Tables) 
look only at indication parameters. Since several 

excavation and rock mass parameters are not 
taken into account. These methods, HCF and 
mapping, are not objective and depends on the 
quality of recording. Other methods use 
production data directly. This data is collected 
during the excavation process and does not need 
additional activities or equipment. This makes 
the method relatively low cost, but has limited 
accuracy. Methods with a high accuracy and a 
direct measurement are often time consuming 
and/or relatively costly. Table 4 shows the 
benefits and limitations of the different 
investigation methods. This table can be used to 
select and appropriate method for the 
investigation of over-break and blasting 
damage. The selection procedure should depend 
on the requirements, layout of the tunnel and the 
excavation operation.  

5 CONCLUSION AND DISCUSSION 

The techniques described above have shown 
improved methods to measure over-break and 
the Excavation Damage Zone in underground 
construction. The methods have a large degree 
of concurrence and can be seen as an addition to 
each other.  

The paper shows the Excavation Damage 
Zone can be measured in many different ways. 
For any excavation a suitable method of 
investigation can be selected. The results can be 
used to improve the excavation process and the 
tunnel quality. By adjusting drilling and 
charging activities depending on the excavation 
damaged determined. 

Lastly the author wants to emphasize the 
importance of good quality, control and 
following up processes in conventional 
tunneling. In order to minimize over-break and 
the EDZ accurate drilling and charging is 
required. 
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