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

In Scandinavia, tunnels are mainly excavated 
by drilling and blasting, which is an effective 
excavations method in hard rock. The blasting 
however, induces damage to the rock, that can 
be divided in over-break and the Excavation 
Damage Zone (EDZ) (Siren, et al. 2015) that 
both are influenced by geological, design and 
excavation parameters (Ibarra et al. 1996; 
Olsson and Ouchterlony 2003; Olsson et al. 
2009; Mohammadi et al. 2017). Despite the 
efforts to reduce the blast-induced damage 
through optimization of the design and 
excavation parameters, the EDZ is still 
inevitable (Ibarra et al. 1996; Ericsson et al. 
2015).  

A number of observational methods are 
available to estimate over-break and the EDZ, 
e.g. theoretical damage tables in project 
requirements (AMA anläggning 17: allmän 
material- och arbetsbeskrivning för 
anläggningsarbeten), Peak Particle Velocity 
(PPV), operation cycle times, muck tonnages, 
and Cavity Monitoring Systems (CMS) 
measurements (Ibarra et al. 1996; Lizotte et al. 

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

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

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

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

2.1 Measurement While Drilling 

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

2.2 Field Data Collection 

All tunnel walls where manually mapped for 
rock types and fractures.  

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

 

A. Garbage Collection Depot 

B. Stockholm bypass Tunnel 214 

C. Stockholm bypass Tunnel 213 

D. Äspö HRL TAS04 Tunnel 
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The P-wave velocity was measured every 2 cm 
along all drill core and then plotted versus the 
core length. Close to the tunnel surface the 
velocity is lower but increases with increasing 
distance from the tunnel surface. The distance, 
at which the velocity reaches the rock mass 
natural (in-situ) P-wave velocity (threshold), is 
interpreted as the extent of the EDZ. 

GPR was measured, with Malå GS equipment 
and 1.6 GHz antennas, along 34 lines on the 
accessible tunnel walls at 2 cm measurement 
intervals.  

During the tunnel mapping attempt was made 
to differentiate between natural fractures and 
blast induced ones. By comparing mapped 
fractures or fracture zones with GPR data, 
locations with both mapped fractures on the 
tunnel wall and clear GPR fracture response 
was considered as natural fractures. If the only 
appear in the GPR data they were considered to 
be blast induced (Karlsson 2015, ÅF 2016, Van 
Eldert 2017). The extent and depth of these 
blast-induced fractures was used as an 
indication of the depth of the EDZ.  

2.3 Multiple Linear Regression 

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

3.1 Veidekke Garbage Collection Depot 
Access Tunnel 

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

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

3.2 Subterra Stockholm Bypass Tunnels 

The Stockholm Bypass consists of 21 km of 
new roads, of which 18 km will be located 
underground as tunnels (Norberg, Markstedt & 
Thörnqvist2005). The construction of the first 
access and ramp tunnels started in 2015 in 
Skärholmen in Stockholm, see Figure 3. 

The rock mass is mainly a gray, medium to 
large-grained gneiss with intrusions of granite 
and pegmatite. Some zones of weaker material, 
e.g. graphite and weathered rock, were also 
observed in the site investigation (Arghe 2016). 
The 97-119 m² tunnels was excavated with an 
Atlas Copco WE3 rig, drilling ø48 mm drill 
holes with a specific drilling of 1.44 m/m³. The 
contour holes were spaced 50-90 cm apart and 
charged with 0.350 kg/m string emulsion and 
0.4 kg bottom charge (Forcit Kemiiti 810). In 
this case, pyrotechnical detonators were used 
(Austin Powder). 
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3.3 SKB TAS04 at the Äspö HRL 

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

 

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

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

4.1 Field Data 

When drilling the rounds in the tunnels the used 
rigs are navigated and all recorded MWD data 
are aligned with the tunnel line coordinates. 
The GPR measurements on the other hand 
where recorded along profiles on the tunnel 
walls. In order to calibrate the GPR data with 
the detailed located MWD data, the bottom 
charge was used as an indicator. This was 
possible, since the bottom charge had a 
significant higher specific charge and was 
clearly visible in the GPR measurements (see 
Figure 5).  

The dotted line in Figure 5 shows the estimated 
blast damage at the first part of the left wall in 
the TAS04 tunnel. The depth of the damage 
zone is at the string charge (blast hole pipe) 
between 8 and 12 cm. At the bottom charge, at 
the end of the drill holes, the GPR reflections 
goes much deeper into the rock mass (30 to 40 
cm), indicating a more extensive damage zone. 
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In Figure 6 the depth of the GPR reflection at 
the location of all 49 drill cores, are presented. 
The depth varies from 12 cm up to over 40 cm 
into the tunnel wall.  

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

 

End of round 2  End of round 1  End of round 0
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4.2 P-wave measurements 

Diametric P-wave measurements were done for 
all cores with enough quality. Some parts of the 
cores were heavily fractured and could not be 
measured. According to the theory the P-wave 
will be lower close to the tunnel wall where the 
rock has been affected by blasting. With 
increased distance from the tunnel wall the rock 
mass conditions will be more and more 
undisturbed resulting in a higher P-wave 
velocity. The distance from the tunnel wall to 
the transition point where the P-wave velocity 
is no longer affected by the excavation, is 
defined as the estimated EDZ.  

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

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

 

4.3 Multiple Linear Regression 

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

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

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

The RQD along the drill hole displays a 
medium correlation for both the raw MWD data 
(R²: 0.338, Table 1) and the calculated MWD 
parameters (R²: 0.359, Table 2). The p-values 
show a high significance of the design 
parameters, i.e. tunnel cross section (1.4% and 
4.0%), rock cover (1.5% and 4.7%) and charge 
concentration (4.8% and 3.0%), and for the 
feed pressure for the raw MWD parameters 
(4.8%), as is displayed in Table 1 and Table 2. 
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  GPR  R²: 0.673 P-wave decrease R²: 0.363 RQD R²: 0.338 
Raw MWD Factor p-Value Factor p-Value Factor p-Value 
(Intercept) -15.022 0.427 -13.476 0.543 -0.450 0.465 
Charge 
Concentration 7.111 -0.584 0.870 -0.212 
Penetration rate -0.044 0.063 0.020 0.498 -0.001 0.180 
Feed Pressure 0.220 0.057 -0.054 0.721 0.008 
Rotation speed 0.135 0.064 0.300 0.001 0.625 
Water Flow 0.155 -0.019 0.792 0.003 0.112 
Rotation Pressure -0.091 0.425 -0.029 0.871 -0.001 0.908 
Rock Cover -0.021 0.019 0.160 0.001 
Tunnel Cross 
section -0.070 0.089 0.071 0.004 
Contour Spacing -2.932 0.836 11.843 0.446 -0.177 0.706 

  GPR R²: 0.578 P-wave decrease R²: 0.107 RQD R²: 0.359 
Calculated MWD Factor p-Value Factor p-Value Factor p-Value 
(Intercept) 82.491 0.105 -10.229 0.714 -0.429 0.605 
Charge 
Concentration 16.792 0.286 -3.143 0.681 -0.440 
Hardness 
Indication -0.804 0.442 0.177 0.850 -0.011 0.685 
Fracturing 
Indication -0.018 0.997 1.877 0.595 0.018 0.863 
Rock Cover -0.095 0.262 0.049 0.315 0.003 
Tunnel Cross 
section -0.348 0.256 0.169 0.294 0.010 
Contour Spacing -13.288 0.643 13.674 0.532 0.044 0.946 

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

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

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

The statistical analysis showed that there are 
correlations between MWD and the measured 
excavation damage, especially indicated with 
the GPR. Here the coefficient of determination 
was 67.3% for the raw MWD parameters and 
57.8% for the calculated MWD parameters. For 
the other methods, medium correlations were 
found (Table 1 and Table 2).  

The variation in the measurements of the 
excavation damage could be explained by the 
design parameters (i.e. charge concentration, 
contour hole spacing, rock cover and tunnel 
cross section), see Table 1 and Table 2. These 
findings are similar with earlier studies 
conducted on over-break (Mohammadi et al. 
2017) and the EDZ (Olsson and Ouchterlony 
2003, Ouchterlony et al. 2009).  

The suggested approach to use MWD data and 
design parameters to predict blast damage in 
underground excavations has an identified 
potential. The effects of other parameters such 
as initiation (Olsson and Ouchterlony 2003, 
Ouchterlony et al. 2009), fracture toughness 
and rock mass texture (Howarth and Rowlands 
1987) has not been studied within the project 
and is still not included in the current prediction 
model. Further studies to include these effects 
are suggested. 

The study shows that the extent of EDZ, 
measured by GPR, P-wave velocity and RQD, 
is influenced by the properties of the rock mass 
and excavation parameters. The study also 
shows the effects of initiation on the measured 
blast damage. Furthermore, multiple linear 
regression show that the combination of MWD 
and design parameters can describe the extent 
of the GPR based blast damage quite well, and 

to a lower extend for the blast damage based on 
P-wave velocity and RQD. 
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