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INTRODUCTION 

The ZEDEX (Zone of Excavation Disturbance EXperiment) project was 
undertaken at SKB's underground research facility, the Äspö Hard Rock 
Laboratory (HRL), Sweden, between April 1994 and July 1996. The project was 
undertaken in two phases with the first experimental phase being completed in 
1995 and reported by Olsson et al. (1996). A second phase was undertaken with 
the experimental acquisition work performed between January and July 1996. The 
results and analyses from the second phase were integrated with those from the 
first phase. The result from both phases of the project are presented here. 

The ZEDEX project was undertaken as a joint project by ANDRA, UK Nirex and 
SKB with significant contributions from BMBF and Nagra. The objectives of the 
project were to understand the mechanical behaviour of the Excavation Disturbed 
Zone (EDZ) with respect to its origin, character, magnitude of property change, 
extent and its dependence on excavation method. Supporting studies to increase 
understanding of the hydraulic significance of the EDZ and to test equipment and 
methodology for quantifying the EDZ were also performed. 

The rationale for undertaking this project is that it is considered that the properties 
of the disturbed zone, that develop around excavations created by the construction 
of a repository, may affect the efficiency and effectiveness of plugs placed to seal 
underground openings and provide enhanced hydraulic conductivities which may 
negatively affect repository performance. 

185 



© 1998, Svenska Bergteknikföreningen och författarna/Swedish Rock Engineering Association and authors

Bergteknik (BK-Dagen) 1998

186 

DEFINITION OF EDZ 

The abbreviation EDZ is often used to describe the zone around an excavation and 

is used variously for the tenn "Excavation Disturbed Zone" as well as for 

"Excavation Damage Zone". In addition the expression "Disturbed Rock Zone 

(DRZ)" is also used to describe this zone. All these tenns are used synonymously 

and often without clear definitions in the literature. According to Read (1996) the 

zone around an underground opening can be divided into three parts: 

1) a disturbed zone in which the material behaviour is essentially unchanged, but 

the stress state is perturbed by the opening, 

2) a smaller excavation damaged zone characterised by changes in both the pre

excavation stress state and in the material behaviour of the rock mass, 

3) a failed zone in which rock slabs detach completely from the rock mass as a 

result of progressive failure. 

In this paper, in an attempt to avoid confusion and establish a clear nomenclature 

for the various zones which may develop around an underground excavation, the 

tenn EDZ is taken to mean the disturbed zone that includes the failed and damaged 

zones closest to the wall that are caused by the excavation method. Further, in 

discussing experimental observations, results, and interpretations the terms f ailed, 

damaged, and disturbed zones have been defined according to Read (1996) and are 

used for the respective parts of the EDZ. 

EXPERIMENTAL CONFIGURATION AND SCOPE 

The site for the study was located at the very beginning of the TBM drift at a depth 

of 420 metres below ground (Figure"l). The experimental drift for the drill and 

blast operations was located parallel and 23 metres from the TBM drift This 

location was detennined by the location of the TBM drift and the requirement that 

the two test drifts should be situated in relatively homogeneous Äspö diorite so 

that the geological conditions for both drifts would be similar, facilitating a 

meaningful comparison. 

The TBM test drift constitutes part of the main access tunnel of the Äspö HRL. 

The test section is 35 metres long and located directly after the TBM assembly hall. 

The first two rounds in the D&B test drift were not part of the test and were used 

to reduce the effects of the anomalous stress field caused by the drilling niches and 

D&B access drift and to allow plane strain conditions. The following four rounds 

were used for testing the smooth blasting technique based on low-shock energy 

explosives and the remaining five rounds were used for testing the effects of 

normal blasting. The shape of the blasted drift was designed to be circular with a 
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flat floor and with the same diameter (5 metres) as the TBM drift. A number of 
boreholes were drilled axially and radially relative to the test drifts to assess the 
properties and extent of the EDZ. These boreholes were used to undertake a range 
of measurements that included seismic tomography, borehole radar, hydraulic 
testing and acoustic emission monitoring. After excavation of the drifts a number 
of short (3 metres) radial boreholes were drilled in each drift to assess the extent of 
the damage zone in the near-field, measurements included velocity logging and 
high resolution hydraulic measurements. A set of lon ger ( ~ 15 metres) boreholes 
was drilled radially from the drift to investigate properties of the disturbed zone, in 
the far-field, at a larger distance from the drift wall. 

During the second phase of the project additional 8 metre long radial boreholes 
were drilled in a ring around both drifts, two rings located in the D&B drift and 
one in the TBM drift. Additional measurements were undertaken in these boreholes 
that included high resolution hydraulic measurements, seismic velocity logging, 
seismic tomography and anisotropy measurements. In two of the rings, one in each 
drift, three additional boreholes were drilled parallel to one of the existing 
boreholes, in order to perform seismic velocity anisotropy studies. Additionally, 
three boreholes were drilled for stress measurements, two of the boreholes were 
positioned in the pillar between the drifts and one was directed SE of the D&B 
drift to obtain measurements of the virgin stress field. A fourth borehole was 
subsequently drilled in the pillar between the drifts to undertake confirmatory stress 
measurements, this borehole is close and sub-parallel to the other two boreholes, in 
the pillar, used for stress measurements. 

GEOLOGICAL SETTING 

The two test drifts are located in grey medium grained Äspö diorite with irregular 
sheets ofred fine grained granite cutting the drifts at various locations. The rock 
mass is intersected by three dominant sets of fractures, some of which were water 
hearing with considerable outflow. The D&B drift is only intersected by two water 
conducting fractures while the TMB drift was intersected by a larger number of 
water conducting fractures. Borehole radar, seismic reflection and geotechnical 
logging were all useful in delineating these features. The main fracture sets are all 
steeply dipping, striking NW and NE. 

Geotechnical logging used to determine the rock mass quality gave quite uniform 
results of good quality rock in the TBM drift but showed more variability in the 
D&B drift. 

Seismic tomographic imaging showed variability in velocity and attenuation 
interpreted to be associated with fracturing. The average P-wave velocity of about 
6 km/s indicated a very good quality rock mass. Seismic anisotropy measurements 
showed good correlation with fracture orientations. 
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Stress measurements have been perfonned in the pillar between the D&B and 

TBM drifts to study the variation in stress as a function of distance from the tunnel 

wall. The magnitudes of the stresses measured at the ZEDEX site were lower than 

expected based on an extrapolation of trends seen throughout the Äspö HRL based 

on earlier measurements. However, after comparative measurements had been 

made using different overcoring methods values obtained at the ZEDEX were 

judged to be reliable. The magnitude of the main principal stress ( 0'1) was estimated 

to be approximately 20 MPa orientated approximately NW and horizontal. The 

magnitudes of O'z and 0'3 were estimated to be 11 and 10 MPa, respectively. 

EXCA V ATION TECHNIQUES 

TBM excavation 

The TBM drift excavation began on June 16, 1994, using an Atlas Copco JARVA 

Mkl5/1680 5.0 TBM. Some technical parameters of the TBM are listed in Table 1. 

Table 1. TBM Parameters. 

TBM Diameter 
Rotation Rate 
Typical Penetration Rate 

Maximum Thrust Force 

Typical Torque 
Number of Cutters 
Gripper load 
Stroke length 
Installed Power for breaking the rock 

5.03m 
max. l0RPM 
1200-2000 mmh·1 

8300kN 
40kNm 
34 
25000kN 
1.52m 
1680MW 

The average thrust on the TBM cutters was estimated to be 140 kN up to 190 kN 

per cutter. The penetration of the cutters is about 1 to 2 mm per rotation and at 

this penetration the contact length of the cutter was estimated to range from 18 to 

26 mm. The average contact pressure on one of the cutters was estimated to vary 

between 280 MPa and 570 MPa which is of the order of 2 to 3 times higher than 

the uniaxial compressive strength of the rock. 

Drill and blast excavation 

The D&B drift was designed to have the same geometry as the TBM drift, except 

for a flattened floor, with a cross section of 17. 7 m2 and an excavated total length 

of 38.5 metres. Two different excavation techniques were used: 1) Low-shock 

energy smooth blasting (LSES) for rounds B2 and Rl to R4. Normal smooth 

blasting (NS) for rounds Bl and R5 to R9. 
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The drilling parameters were the same for all charged blast holes, with all blast 
holes having a diameter of 48 millimetres and a length of 3.6 metres. The cut 
design included three empty holes of 102 millimetres diameter. The drill pattem 
designed for the LSES design had three more holes than the NS design in the 
cushion row and the drilling pattem of the cut was also reversed between rounds. 
The main difference between LSES and NS designs was the amount and type of 
explosives in the cushion and lifter holes. 

In the LSES technique, the cushion ho les were charged with Emulite 100 which 
were 22 and 25 millimetres in diameter to produce lower shock energy levels 
compared to the production holes. The lifter holes were charged with Emulite 100, 
25 millimetre diameter. Whilst, in the NS design, the cushion holes were loaded 
with Dynamex with a diameter of 25 millimetres and Dynamex with a diameter of 
32 millimetres which was used in the lifter holes. 

The cut and production hole charges were similar in all rounds. To minimise the 
effects of shock energy, Gurit 17 millimetres was used in the perimeter holes in all 
rounds. 

To control the blast firing times, high accuracy electronic detonators were used for 
initiation of the cushion and contour holes in the LSES rounds. This was combined 
with the conventional NONEL system, which was used in the remaining blast 
holes. For one round, electronic detonators were used for all the holes. The five 
NS blast rounds were completely initiated using NONEL detonators. 

RESULTS 

Measurements during excavation 

During TBM excavation, vibration measurements showed that only about 0.03 % 
of the energy used to excavate the drift and bore through the rock was radiated 
into the surrounding rock as seismic energy. Maximum partide velocities 
determined 3 metres from the drift wall during cutting were only about 1 mm/s. 
For the D&B drift, it was estimated that 4-7 % of the energy applied in the form of 
explosives was converted into seismic energy. Accelerations measured 3 metres 
from the drift wall reached values in excess of 500 g in peaks of very short 
duration. The seismic energy input to the rock mass was somewhat lower for 
rounds excavated using the smooth blast design than the normal blast design. 
These data showed that the TBM requires much more cumulative energy to create 
a similar length of drift compared toa drill and blast round. However, the time 
required for excavation and the minimal seismic efficiency of the TBM means that 
drill and blast methods may input somewhere in the region of a million times more 
power into the rock as seismic waves or ground vibration. 
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Acoustic Emission (AE) monitoring was performed when TBM excavation was 

stopped. For the TBM drift the majority of AE-events occurred at the face within a 

few tens of centimetres from the advancing face. Additionally other events were 

located around the drift, generally within a few tens of centimetres of the drift 

perimeter. 

In the D&B drift AE monitoring was undertaken after each blast round. The spatial 

distribution of AE events was similar for both drifts but the AE-event density was 

approximately a factor of 10 higher for the D&B drift compared to the TBM drift 

and was high out to one metre from the drift wall. 

Figure 2 shows the a comparison of the radial distribution of AE events for TBM 

and D&B drifts. For the D&B drift AE events are frequent out to about one metre 

from the drift perimeter compared to a few tens of centimetres for the TBM drift. 

The resolution in locating the AE events which is approximately 10 cm. 

Measurements after excavation 

The seismic tomography results showed no effects of excavation on the seismic 

properties of the rock at distances larger than 1.5 metres from the drift wall for any 

of the excavation methods. In the D&B drift a low velocity zone extending up to 

about 1 metre from the drift perimeter was observed. 

A large number of hydraulic pulse test data were collected from 26 tested short radial 

boreholes. The data suggested that any change of hydraulic properties in hard rock 

due to the EDZ is attributed to enhanced aperture and/or connectivity of discrete 

features and not to deformation or alteration of the rock matrix itself. 

The results of the measurements made in the short radial boreholes to assess the 

near-field damage (permeability, seismic velocity, and fracture mapping) can be 

summarised as follows: 

• The comparison of results from the different measurement types in general 

showed strong correlation. 

• The vertical boreholes in the floor of the D&B drift indicated the presence of a 

larger zone of damage than observed in boreholes with other orientations. This 

can be explained by the high lifter hole charging and the large radius of the flat 

floor. 

• The extent of the damaged zone in the D&B drift is estimated to be 0.8 metres 

in the floor and about 0.3 metres in the walls. In the TBM drift there is very 

little evidence of damage. 

• The results showed no significant or consistent differences between the two 

blast designs. 



© 1998, Svenska Bergteknikföreningen och författarna/Swedish Rock Engineering Association and authors

Bergteknik (BK-Dagen) 1998

CONCLUSIONS 

The ZEDEX experiment was performed in a rock mass with low stresses which 
resulted in mainly elastic behaviour and no induced damage due to stress 
concentrations at the drift perimeter. The damaged zone caused by the excavation 
methods applied has been identified by several measurement techniques. Monitoring 
of AE-events is the most sensitive method which indicates minor damage due to 
crack opening and slip. Sparse AE-activity monitored in the disturbed zone is not 
expected to correspond to measurable changes in rock properties. However, a large 
number of AE-events indicates intense micro-cracking and is expected to produce a 
macroscopically detectable increase in crack density. For the D&B drift significant 
AE-activity was observed up to 1 metre from the drift wall while the corresponding 
extent for the TBM drift is a few tens of centimetres. Changes in seismic velocity 
indicate a larger increase in crack den si ty. The dye penetration tests performed in the 
slots cut from the drift has shown the extent of macro fracturing, which in the floor 
of the D&B drift has extended to about 50 centimetres (Figure 3). The hydraulic 
measurements performed in the damaged zone showed little if any change in 
permeability of the rock matrix. The larger permeabilities observed have been 
associated with the induced and pre-existing fractures. 

Two different blast designs were used during excavation of the D&B drift. 
Measurement results show only minor differences in terms of damage between the 
blast designs used. Differences in initial conditions, coupled with relatively small 
differences between results from the two drill and blast designs, make it difficult to 
draw any precise conclusions regarding the differences between the effect of 
excavation method between low-shock energy smooth blasting and normal smooth 
blasting. However, failed rounds of both designs have shown more damage than 
successful rounds. 

The disturbed zone is characterised by elastic displacements and no induced 
fracturing. There are only very few AE-events observed in the disturbed zone and 
these have been found to correspond to slip on existing fractures. The AE-event 
density is also similar for both the TBM and D&B drifts (Figure 2). The hydraulic 
tests performed before and after excavation have not revealed any significant changes 
in hydraulic properties due to excavation. 

The current view of the characteristics and extent of the damaged and disturbed 
zones are shown in Figure 4. The extent of the damaged zone is significantly greater 
around the drift excavated by blasting compared to the drift excavated by the tunnel 
boring machine. 

The results from ZEDEX indicate that the role of the EDZ as a preferential pathway 
to radionuclide transport is limited to the damaged zone. The extent of the damaged 
zone, which is the hydraulically significant part, can be limited through application of 
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appropriate excavation methods. By limiting the extent of the damaged zone it 

should also make it feasible to block pathways in the damaged zone by plugs placed 

at strategic locations. 

The ZEDEX Project has been successful, particularly in the mechanical aspects and 

met the objectives set out for the project. The project applied and tested an 

integrated suite of measurement techniques to the characterisation of the damaged 

and disturbed zones. Great emphasis was placed on the integration of the different 

data sets and the redundancy of data proved to be very useful and provided a 

consistency in the interpretation of the "boundary", albeit gradational in nature, 

between the damaged and disturbed zones developed around the drifts. Further it has 

demonstrated the link between damage and the excavation method and has shown 

that a difference, in terms of damage, can be determined. It has also indicated that 

there is some lithological control on damage, with the more "brittle" lithologies 

showing more. 

The range of methodologies employed during the ZEDEX project has allowed 

equipment to be tested and to assess the applicability of certain equipment and 

methods to quantifying the EDZ and the change in properties in the EDZ around the 

drifts. The laboratory measurements provided a check on the in situ measurements in 

terms of providing data on rock properties by alternative techniques. In general, the 

laboratory measurements corroborated the results obtained in situ and provided 

greater confidence in the interpreted extent of the damage zone. In addition, the 

laboratory measurements provided data on parameters such as micro-crack porosity, 

compressibility and micro-cracking not directly obtainable from in situ methods. 
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Figure 1 Experimental configurationfor the ZEDEX experiment. 
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Figwe 3 Cracks observed in the floor round R4 of the D&B drift. The depth of 

the slot is about 0.5 metres. 
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Figwe 4 Summary of main findings of the ZEDEX project. The extent of the 

damaged zone is signi.ficantly greater in the drift excavated by 

blasting compared to the drift excavated by a tunnel boring machine. 
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SAMMANFATTNING 

ZEDEX-projektet har genomförts som ett internationellt samarbetsprojekt vid 
SKBs Äspölaboratorium beläget norr om Oskarshamn. Projektets mål har varit att 
studera den störda zonen med avseende på orsaken till förändringar i bergets 
egenskaper, förändringarnas storlek, störda zonens utbredning samt dess beroende 
av brytmetod. Förändringar som kan vara av betydelse vid utformning av ett 
djupförvar för använt kärnbränsle. I projektet har "normal" drivning medelst 
sprängning, försiktig sprängning och tunnelborrning studerats. Tunnlarna är 
belägna på 420 m djup, har cirkulär profil och är 5 m i diameter. 

Förändringar i bergets mekaniska egenskaper (den skadade zonen) är vid TBM
drivning begränsad till c:a 3 cm ut från tunnelväggen. I den sprängda tunneln har 
en skadezon påvisats ut till c:a 30 cm från tunnelvägg och tak samt till ett djup av 
c:a 80 cm i sulan. Den skadade zonen karakteriseras av irreversibla förändringar i 
bergets egenskaper på grund av inducerade makro och mikrosprickor vilket 
resulterar i minskade seismiska hastigheter och ökad hydraulisk permeabilitet. 
Utbredningen av skadezonen varierade något beroende på de geologiska 
förhållandena och utfallet av sprängningen. Den större skadezonen i sulan är en 
effekt av den större laddningen i bottenhålen och sulans platta form. 

Utanför den skadade zonen finns en störd zon där förändringar i bergets mekaniska 
egenskaper inte har kunnat påvisas. Mätningarna visar på elastiska bergrörelser i 
denna zon. Några mätbara förändringar förändringar i seismisk hastighet har inte 
observerats. 
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