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Abstract

BERGAB - Berggeologiska Undersokningar AB, has reviewed and evaluated the contents of
SKB's report ZEDEX - A study of the zone of excavation disturbance for blasted and bored
tunnels (SKB ICR 96-03, Vol. 1-3). The review has been focussed on investigation methods,
results and interpretations. Moreover, the design and execution of drilling and blasting have
been scrutinised in view of the objectives set up for the project.

The conclusions of the review are that the ZEDEX study was successful in some aspects.
However, the study has not met with the objective of understanding the excavation-disturbed
zone (EDZ). A lot of questions remain to be answered as regards the origin, character and
extent of the EDZ. Investigation of the hydraulic properties of the EDZ was not included as a
major aim in the ZEDEX study and only some supporting studies were conducted. We find it
regrettable that priority was not given to these aspects, since improved knowledge in this field
are considered important with respect to the performance and safety of the repository.

The review has identified a number of shortages in the expected outcome and objectives set
up for the ZEDEX experiment, such as a vague definition of the terms "disturbed" and
"damaged" zones, a lack of an expectation model with respect to the different rock mass
properties measured and a too conservative estimate of the distance to the transition from
near-field (dependent on excavation method) to far-field (independent on excavation method)
effects. These shortages are considered to have more or less direct influence on the results of
the study.

Several problems of interpretation were introduced directly as a result of the unsatisfactory
performance of the Drill & Blast drift. It would have been valuable if cautious blasting had
been applied.

A number of recommendations for future studies are made, e.g.:

• Characterisation of the EDZ for different degrees of cautious blasting
• Controlled hydraulic characterisation of the EDZ
• Systematic presentation of the magnitudes of change in various rock mass properties

measured in an EDZ and a presentation of the potential of the different methods to
detect such changes

• Development of a qualitative and quantitative model of the impact on the rock mass
that can be expected as a result of various methods of excavation



Abstract (Swedish)

BERGAB - Berggeologiska Undersökningar AB, har granskat och utvärderat innehâllet i
SKBs rapport "ZEDEX - A study of the zone of excavation disturbance for blasted and bored
tunnels (SKB ICR 96-03, Vol. 1-3). Granskningen har varit inriktad mot använda
undersökningsmetoder och redovisade résultat och tolkningar. Vidare har utförandet av
borrning och sprängning granskats och värderats med hänsyn till bl.a. projektets malsättning.

Slutsatsema av granskningen är att ZEDEX-studien till en viss del varit lyckosam, men art det
uppställda malet att första den störda zonen ej uppfyllts. Mânga frâgor âterstâr att besvara vad
avser Ursprung, karaktär och utbredning av den störda zonen. Undersökning av den störda
zonens hydrauliska egenskaper var ej en av studiens huvudsakliga syften utan sâdana
mätningar utfördes endast som stöd till övriga insatser. Vi tycker att det är beklagligt att
högre prioritet ej gavs till dessa aspekter, eftersom ökade kunskaper inom detta omrâde är
betydelsefulla för förvarets funktion och säkerhet.

Granskningen har identifierat ett antal brister i projektets uppställda mal och förväntade
résultat, sâsom en oklar definition av begreppen "störd" respektive "skadad" zon, avsaknad av
en förväntningsmodell för de olika mätta egenskaperna hos bergmassan, och en alltför
konservativ uppskattning av avstândet till övergangszonen mellan störningar som är beroende
respektive oberoende av drivningsmetod. Dessa brister har haft en mer eller mindre direkt
pàverkan pâ resultaten av Studien.

Âtskilliga tolkningsproblem introducerades direkt som résultat av ett otillfredsställande
utförande av borrning och sprängning i den sprängda tunneln. Det hade varit värdefullt om
skonsam sprängning hade använts.

Ett antal rekommendationer för vidare studier ges, t.ex.:

• Karakterisering av den störda zonen för olika grad av skonsam sprängning
• Kontrollerad hydraulisk karakterisering av den störda zonen
• Systematisk redovisning av de förändringar i olika egenskaper hos bergmassan inom

den störda zonen som uppmätts och en redogörelse för olika mätmetoders potential
att detektera sâdana förändringar

• Utveckling av en kvalitativ och kvantitativ modeil av den pàverkan pâ bergmassan
som kan förväntas som ett résultat av användning av olika drivningsmetoder
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1 The task

BERGAB-Berggeologiska Undersokningar AB, has at the request of SKJ, reviewed
and evaluated the contents of SKB's report ZEDEX - A study of the zone of
excavation disturbance for blasted and bored tunnels (SKB ICR 96-03, Vol. 1-3).

The aim of the review

The review is intended to answer e.g. the following questions:

• Are the objectives and expected outcome of the project clearly stated?

• To what extent were the objectives met?

• Are the methods used sufficiently good to characterise the zone from a
hydrological and rock mechanical point of view?

• Are the methods used the most suitable ones- are there other methods
available?

• Which method of excavation is best / most flexible in view of
reinforcement, grouting and documentation?

• How is the quality of the measurements and what conclusions can be drawn
from the results about the extent of the disturbed zone for each of the
excavation methods?

• What remains to be done? (in BERGAB's opinion)

Thus the work aims to comprise a review of reported investigation methods, results
and interpretations. Moreover, the design and execution of drilling and blasting are
scrutinised in view of the objectives set up for the project.

The review

The review has been made by Kai Palmqvist, assisted by Thomas Wallroth in the
examination of methods used for characterisation of the disturbed zone. The drifts in
question at the Aspo Hard Rock Laboratory (HRL) were inspected as part of the
review work on the 24* of April 1997.



Contents of this report

The current report presents the results of the review and follows on the whole the
contents in SK.B ICR 96-03, Vol. 1. In order to facilitate the reading, sub-headings
used in the SKB report are used with the corresponding SKB chapter numbering
given in brackets. Only sub-chapters which are commented on are included in this
report. References to figures and tables are to the main report SKB ICR 96-03, Vol.
1, if not otherwise stated.

5 The ZEDEX project

5.1 Background (SKB 1.1)

Previous, documented experiments have shown that the excavation of a drift will
cause a disturbance to the rock mass surrounding the drift. The character and
magnitude of the disturbance is a function of the resulting stress redistribution due to
the existence of the drift opening, the method of excavation used to excavate the
drift and the properties and nature of the rock mass. The properties of the disturbed
zone surrounding excavations are of importance to repository performance and
safety assessment as the zone may provide preferential pathways for radionuclide
transport or may affect the efficiency and effectiveness of plugs placed to seal
underground openings.

In order to obtain a better understanding of the properties of the disturbed zone and
its dependence on the method of excavation the Zone of Excavation Disturbance
Experiment (ZEDEX) was undertaken at the Aspo Hard Rock Laboratory (HRL), in
Sweden between April 1994 and June 1995.

The ZEDEX project comprised investigations before, during and after excavation of
drifts excavated by Tunnel Boring Machine (TBM) and by drill and blast methods
(D&B).

5.2 Objectives (SKB 1.2)

The objectives of the ZEDEX 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.



• To perform supporting studies to increase understanding of the hydraulic
significance of the EDZ.

• To test equipment and methodologies for quantifying the EDZ.

The project did not include, as a major aim, the study of possible changes in
hydraulic properties in the disturbed zone caused by the two excavation methods.
The main reason for this was that it was anticipated that it would not be possible to
resolve the issues of hydraulic effects in the disturbed zone within the time and
funding constraints of the project. However, a limited hydraulic testing programme
was included.

Emphasis was placed on measuring the extent of the immediate excavation-induced
damage zone and the total disturbance created by excavation. This has been referred
to as near-field and far-field effects, respectively.

It would have been valuable to have a distinct definition of the excavation disturbed
zone (EDZ) with respect to parameters necessary for its characterisation. What
qualities and changes are needed to quantify before, during and after excavation?
What is the difference between damage and disturbance in terms of some
quantifiable parameters?

5.3 Rationale (SKB 1.3)

It is among other things prescribed that excavation should be made in such a manner
that construction does not have a significant negative impact upon repository
performance. It is further stated that there is a need to demonstrate how the extent of
the EDZ can be reduced by the selection of the optimum drilling and charging
pattern for a drift excavated by D&B methods. However it is not explained what is
really meant by optimum in this context. If the blast design is correct, more drilling
and less charging of the holes will give smaller blasting induced damage on the
remaining rock than if less drilling and more charging is used.

As the experiment was meant to add to and complement similar experiments carried
out e.g. at URL in Canada (where the damaged zone was reduced to 10 or 20
centimetres) the question of optimum is important.

5.4 Tested hypothesis (SKB 1.5)

The hypothesis is set up that the near-field (<2 metres) disturbance or damage should
have been reduced by the application of an appropriate excavation method (smooth
blasting or tunnel boring). Further it was hoped that the project would confirm that
smooth blasting limits the extent of the damaged zone without affecting the blast



productivity. The hypothesis also predicted that far-field disturbance (>2 metres)
would be essentially independent of excavation method as it would have been caused
by stress redistributions, discontinuity geometry and the mechanical properties of the
rock mass.

The transition from near-field to far-field effects at 2 metres appears to be a very
conservative assumption in view of the results from previous experiments performed
both in Sweden and in other countries.

The expectation expressed that smooth blasting will limit the extent of the damaged
zone without affecting the blast productivity is remarkable. In almost every under-
ground construction there are blasting restrictions with respect to the maximum
permitted damage zone. Possible blast productivity will be dependent on the
restrictions and the effectiveness of the blast designs. With respect to the goals and
the rationale of the ZEDEX project, the primary interest should be a cautious
blasting based on reasonable restrictions of the maximum damage zone permitted in
the remaining rock. A correct drilling and blasting design and a correct performance
of drilling and blasting will give an effective blast productivity.

It is reported that the ZEDEX project included tests of the following excavation
techniques:

• Normal smooth (NS) blasting, similar to that used for excavation of the
Aspo HRL tunnel to a depth of approximately 420 metres,

• Smooth blasting based on the application of low-shock explosives (LSES)
in the perimeter and cushion holes and an optimised drilling pattern, and

• Tunnel boring

When the technique of smooth blasting was introduced by Langefors (1953) the
result was a better contour and lesser damage of the remaining rock. Sjoberg et al.
(1978) reported results from experiments with smooth blasting which led to the
introduction of a new blasting technique which ensured an even better contour of the
construction and smaller damage zones in the remaining rock without reducing the
blast productivity. This new technique is called cautious blasting. While smooth
blasting only has drilling and charging restrictions of the contour and cushion holes,
cautious blasting has restrictions also on production holes that can cause damage in
the remaining rock. Following the introduction, the technique of cautious blasting
has been used more and more frequently. Today, blasting in almost every rock
construction (e.g. road and railway tunnels) is prescribed to be cautious blasting.

It would have been valuable if blasting in the ZEDEX project had been conducted as
cautious blasting with different degrees of caution.

During our visit at Aspo Hard Rock Laboratory (HRL) we noticed that cautious



blasting had been performed close to the rounds of the ZEDEX experiment. The
difference with respect to visible damage in the tunnel is obvious. Where cautious
blasting has been performed practically no visible blasting-induced fractures could
be observed in the tunnel walls. This indicates that the damaged zone in this case is
very limited.

The test with smooth blasting based on the application of low-shock explosives
(LSES) in the perimeter and cushion holes is also reported to be based on an
optimised drilling pattern. However, it is not explained what is meant by an
optimised drilling pattern.

5.5 Expected outcome of experiment (SKB 1.6)

Disturbances in a number of measurable parameters are expected as a result of the
excavations. Experiences of earlier EDZ studies form the basis for selecting an
appropriate measurement programme. For that reason it would have been valuable to
present some quantitative estimates of the magnitudes of change in the parameters
selected for the present study. These estimates could have been based on previous
measurements and predictive modelling.

5.6 Location and configuration of the experiment (SKB 1.7)

The location of the TBM test drift and the D&B test drift have been described. The
two drifts are parallel and located approximately 25 metres from each other. What is
not mentioned in the report is that the TBM tunnel is not horizontal like the D&B
tunnel, but has an estimated inclination of about 10° towards WSW. This might be
of importance for the comparison and evaluation of the geological conditions,
especially the strike and dip of different fractures.

One of the prerequisites for a successful commencement of the project is that the
excavations based on different techniques are carried out in equivalent geological
environments. The choice of test drifts is satisfactory in view of the considerations
that had to be taken to the overall programme at the Aspo Hard Rock Laboratory.

A study of excavation induced disturbance of the rock mass requires test boreholes to
be drilled at appropriate locations before excavation. A number of boreholes were
drilled axially and radially relative to the test drifts to assess the properties and extent
of the EDZ. A borehole for accelerometer or vibration measurements was drilled
parallel to and at a distance of 3 metres from each test drift. Around each drift, six
boreholes (three to the sides, one above and two directed below the drift were drilled
with lengths of 40 - 50 metres to facilitate acoustic emission monitoring, directional
radar, seismic tomography and hydraulic conductivity measurements before, during
and after excavation of the drifts.



In Figure 1-4 and Figure 1-5, the boreholes located nearest to the drifts are situated
almost 2 m from the drift wall. Bearing in mind the experiences of earlier studies of
the disturbed zone, the choice of some of these locations is astonishing as the near-
field disturbance (<2 m) was expected to be dependent on the excavation method.
The far-field (>2 metres) disturbance was expected to be essentially independent of
excavation method. With this configuration of the boreholes, they could not be used
to map excavation-induced fractures. Without extensive mapping and investigations
of "new fractures" in the disturbed zone the results from the geophysical methods
used could not be fully compared to the geological characteristics of the disturbed
zone. Thus the capability of the methods to delineate and characterise the disturbed
zone could only be partially evaluated. Anomalies and new features can be identified
by these methods but it cannot be verified what they represent.

We are aware that many of the boreholes drilled to enable various measurements had
to be shared, and some of these holes were obviously not optimally located to get the
most information out of each of the techniques.

After excavation of the drifts a number of short (3 metres) radial boreholes were
drilled from each drift to assess the extent of the disturbed zone in the near-field. The
primary purposes of these holes were to investigate P-wave velocity, borehole
resonance and permeability. In Figure 1-4 and Figure 1-5 it can be seen that the
radial holes in the drill & blast drift are situated in the lower left quadrant of the
disturbed zone. As these boreholes were drilled after excavation their usage for
mapping of excavation-induced fractures is very uncertain, due to difficulties in
differentiating new fractures from pre-existing fractures.

5.7 Excavation disturbance measurements (SKB 1.8)

The following parameters were identified as measurable and included in the
measurement programme:

• input energy during excavation
• physical properties of the rock mass
• hydraulic conductivity
• natural and induced fracturing
• acoustic energy release
• stress state
• temperature

We agree with the choice of parameters, except for the temperature which seems
needless in view of what can be expected.

The rock stress measurements described do not appear associated with the ZEDEX
experiments, since they were made much too far away from the region of interest.
Information of undisturbed rock stresses as well as stress changes are essential for the



understanding of the EDZ. It would have been valuable to carry out stress
measurements in the ZEDEX region.

Mapping of fractures in cores is important for the understanding of the EDZ, since
this technique gives direct information on the rock conditions. Thus the results are
also useful for the evaluations of indirect techniques, such as geophysical
measurements. This characterisation method was however only applied on cores
from holes drilled after the excavation. Experience has shown that in many cases it
can be difficult to distinguish between pre-existing and new fractures. Without a
reliable classification of fractures in the damaged zone with respect to their origin,
the interpretation of geophysical methods and permeability measurements becomes
much more difficult.

6 Results from the TBM drift (SKB 3)

6.1 Work performed (SKB 3.2)

Seven boreholes were drilled axially along the position of the TBM drift prior to
excavation. These holes were grouted and redrilled before further measurements
were done. After excavation six radial holes were drilled in the wall and floor of the
TBM tunnel.

Before excavation the following measurements were made:
- directional radar
- seismic tomography
- pressure build-up tests
- core logging
- borehole TV logging
- stress measurements (overcoring)

The stress measurements were reported as being made in a borehole located near the
TBM Assembly Hall. However, no results from these measurements are reported
explicitly.

During excavation the following measurements were made:
- vibration monitoring
- temperature measurements
- acoustic emission monitoring and ultrasonic velocity measurements
- installation of convergence pins for displacement measurement; readings at
the time of installation and after excavation

After excavation the following investigations were performed:
- mapping of drift and cores
- pressure build-up tests



- seismic tomography
- hydraulic pulse tests in radial holes
- down-hole seismic and borehole resonance measurements
- borehole television logging
- laboratory measurements on core samples

6.2 Measurements during excavation (SKB 3.4)

6.2.1 Acoustic emissions (SKB 3.4.4)

Locations of events are compared with the positions of features mapped in the drift.

A specification of absolute and relative accuracy of event locations with respect to
data acquisition and processing would have been valuable.

6.3 Excavation induced changes (SKB 3.5)

6.3.1 Boundary element stress and displacement modelling (SKB 3.5.1)

A 3-D boundary element code was used for predictive analysis of stresses and
displacements at the drifts. In this analysis the rock was assumed linearly
elastic and isotropic. It would have been beneficial to have measurements of
primary in-situ stresses at the actual location of the experiments instead of
estimated stresses based on measurements made at other locations in the Aspo area.

6.3.2 Displacements (SKB 3.5.2)

Predicted elastic displacements were compared with actual (elastic and non-elastic)
displacements based on convergence measurements. It was reported that the pattern
of displacements was relatively consistent with the predictions. Significant sources of
uncertainty are however stress input data, difference in position between measured
and calculated convergence and elastic displacements occurring prior to the first
reading. SKB anticipated that about 50% of the elastic displacement was not
monitored. This fact makes comparisons between modelled and measured values
difficult and conclusions of elastic versus non-elastic components are hence poorly
supported.

6.3.3 Hydraulic properties from pressure build-up tests (SKB 3.5.3)

Pressure build-up tests were conducted in two axial boreholes before and after the
excavation. The tests were made in straddled, 3.5 m long borehole sections.
Pre-grouting of the rock mass was made prior to any tests.

8



It is reported in the description of the measurements that there was an uncertainty in
the measurement of the undisturbed pressures. This could to some extent have been
avoided by applying a more flexible measurement programme. The measurement
sequence described in Appendix 1 including prescribed time periods for flow and
pressure monitoring is not appropriate for a research experiment. For many sections
tested, the local hydraulic conditions may imply that steady-state conditions are never
reached within the time given. It would also have been valuable to monitor the
"pressure stabilisation" period prior to testing.

The use of steady-state specific capacity to characterise transmissivity changes means
that skin effects are not taken into account.

The potential effects of the pre-grouting on the hydraulic properties are difficult to
estimate. However, it is obvious that the pre-excavation measurements do not
represent virgin hydraulic conditions. The presence of a higher degree of
hydraulically open natural fractures could have resulted in a somewhat different
consequence of the excavation.

The sub-chapter about pressure build-up tests in Appendix 1 describes the use of
Jacob's method for calculating transmissivity based on the pressure transient data.
However, neither pressure build-up data nor calculated transmissivities are presented
in the report.

A thorough analysis of the pressure build-up data in relation to the available
information on the geometry of pre-existing water-bearing fractures may have
provided some aid to the overall understanding of observed increases and decreases
in specific capacity. The construction of the tunnel implies that certain water-bearing
fractures are cut off, which is bound to lead to that the rock volume affected by
single tests is changed. It is important to be able to distinguish between induced
changes due to the cavity itself and changes induced by the excavation process. This
was not discussed in the report.

6.3.4 Seismic properties (SKB 3.5.4)

Differences in P-wave velocities before and after excavation were below the
resolution of the technique.

6.3.5 Location of short radial holes (SKB 3.5.5)

Two sections of the TBM tunnel were examined by 3 m long holes drilled from the
drift horizontally, inclined and vertically, respectively. It is not reported on what
basis, in terms of e.g. geology, the positions of the radial boreholes were chosen.



6.3.6 Core logging (SKB 3.5.6)

The cores from the radial boreholes were mapped. No evidence of any
excavation-induced fractures was reported.

6.3.7 Permeability measurements in short radial holes (SKB 3.5.7)

Permeability measurements were conducted in the radial boreholes at one of the
sections. The choice of pulse tests to characterise the permeability of the rock
entails by necessity that high-permeable fractures could not be tested. However, since
the excavation according to SKB 3.5.6 did not result in any induced fractures, the
tests were mainly aimed at measuring the permeability of the matrix.

It is uncertain from the description of data acquisition in Appendix 1 whether air was
allowed to evacuate from those holes drilled horizontally. Any air left in the system
may significantly affect the measurement result.

No conclusions concerning the effects of the excavation on the permeability can be
drawn from the results. The higher permeabilities observed close to the drift in the
horizontal and inclined boreholes are associated with natural fractures. In our
judgment it is not possible to draw any conclusions about potential induced effects on
these fractures. The term "damaged fracture" used in Appendix A-9 is not defined.

6.3.8 Down-hole seismic measurements (SKB 3.5.8)

The down-hole seismic measurements showing low velocities close to the drift wall
seem convincing. However, effects of an enhanced frequency of natural fractures
could have affected the general picture independently of excavation-induced changes.

6.3.9 Borehole resonance measurements (SKB 3.5.9)

Figure 3-15 displays changes in material properties on the basis of variations in the
impedance function. The classification terminology used (damage-weakened,
weakened-competent and competent) is however not defined. Thus it is not possible
to form a clear opinion of the results. SKB concluded that this measurement
technique overestimates the extent of the EDZ.

6.3.10 Laboratory measurements (SKB 3.5.10)

The following measurements were conducted on core samples; porosity
measurements, P- and S-wave velocity measurements, S-wave polarisation, isotropic
compression tests and permeability measurements.
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A general problem with these tests is that too few samples are tested. Some of the
conclusions drawn are therefore very uncertain in view of an expected natural
variability in the parameters. The conclusions of the permeability measurements in
particular, where, for instance, a decrease with distance is reported for the horizontal
borehole based on just two samples, must be questioned. The vertical borehole where
also two samples were tested revealed a small increase in permeability with distance
according to the data in figure 3-20. However, the interpretation made was that this
borehole did "not show any variation".

The overall conclusions of the short radial hole testing suggested an extent of the
EDZ of 20-30 cm in the TBM drift, but a significant uncertainty in this estimate is
admitted.

6.4 Summary of results (SKB 3.6)

It has been concluded that the borehole radar, seismic reflection and geotechnical
mapping were useful in delineating fractures. We propose that the last word is
changed to features, since we have not seen any fully convincing correlations of all
geophysical anomalies with mapped fractures.

It is manifest in the results of the measurements that no significant damage has been
introduced in the rock surrounding the TBM drift. However, the evidence for a
specific extent of the EDZ is rather poor.

7 Results from the D&B drift (SKB 4)

7.1 Work performed (SKB 4.1)

Before excavation of the drift, seven axial boreholes were drilled around the drift and
three additional holes were drilled perpendicular to the D&B drift from the TBM
drift. In these boreholes, a variety of measurements were made before, during and
after the excavation. Following the excavation a large number of short radial
boreholes were drilled from the D&B drift in order to study the near-field EDZ
properties.
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7.2 Initial conditions (8KB 4.2)

7.2.1 Fracturing (SKB 4.2.2)

The predominant set of NW fractures is reported to correlate well with the
interpreted radar data. However, only one single NW striking reflector can be found
in the compilation in Figure 4-1. A complete comparison of interpreted reflectors
with mapped fractures would have been helpful.

7.3 Blast design (SKB 4.3)

7.3.1 Introduction (SKB 4.3.1)

A total of eleven rounds were blasted; nine of these were included in the ZEDEX
test. Two different excavation techniques were used:

• Low-shock energy smooth blasting (LSES) for rounds B2 to R4
• Normal smooth blasting (NS) for rounds Bl and R5 to R9

It is reported that the LSES blast design was tentatively optimised in the access drift
and that the LSES design could not be completely optimised because of restrictions
in the use of some type of bulk explosives in Aspo. However it is not explained what
is meant by optimised. Optimised with respect to what?

7.3.2 Performance of drilling and blasting (SKB 4.3.2)

Geometry

All charged blast holes had a diameter of 48 millimetres and a length of 3.6 metres.
The drill pattern designed for the LSES design had three more holes than the NS
design in the cushion row.

Figure 4-5 shows that the look out for the contour line and lifters were 300
millimetres while the cushion line look out was only 150 millimetres. A drilling
pattern for cautious blasting should have the same look out for the contour line, the
cushion line and the lifters. Another prerequisite to minimise the effects of shock
energy into the remaining rock is to adapt the length of the different types of
boreholes to have a concave shape of the "surface" represented by the end points of
the boreholes. In this way the rock break by the boreholes in the cushion and contour
line will not be hindered.

Another prerequisite for cautious blasting is that the actual positions of the blast
holes coincide with the decided drilling pattern. A deviation of one or more holes
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from the decided drilling pattern will cause more damage on the remaining rock.
Thus it is very important to control the actual position of the holes before charging.
In the report nothing is said about the deviation permitted for different blast holes
and control of actual performance.

During our visit at Aspo Hard Rock Laboratory (HRL) we noticed that there were
obvious deviations of several holes in the contour line. A quite different accuracy in
the drilling performance could be seen in the section of the tunnel where cautious
blasting had been performed.

Explosives

The main difference between the LSES and NS designs was the amount and type of
explosives in the cushion and lifter holes.

In the LSES technique, cushion holes were characterised by lower shock energy
levels compared to production holes. The explosives used in these holes were
Emulite 100 which were 22 and 25 millimetres in diameter. In the NS design,
cushion holes were loaded with Dynamex with a diameter of 25 millimetres.

In the LSES technique, Emulite 100, 25 millimetres diameter was used in the lifter
holes in place of Dynamex 32 millimetres which was used in the NS design. For cut
and production holes charges were similar in all rounds. To minimise the effects of
shock energy, Gurit 17 millimetres was used in perimeter holes in all rounds.

This gives a specific charging for NS rounds of 2.25 kg/m3 and specific charging for
LSES rounds of 2.0 kg/m3.

Initiation system

To control the blast firing time, high accuracy electronic detonators were used for
initiation of 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.

The initiation plan (Figure 4-5) is almost impossible to understand. There is a total
confusion of interval number and interval times. Because of the unsymmetrical
drilling pattern the initiation plan will never be good (heavy breaking).

In the cut the distance between the empty holes and the cut holes is too large. It is
very difficult to predict the opening up against the empty holes. In the report it is
declared that this type of cut will diminish the risk for sympathetic initiation between
the borehole charges. It is obvious that the type of cut will also diminish the
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possibility for full pull. A safer cut would have been desirable. To diminish the risk
for sympathetic initiation between the opening holes in the cut, another explosive
than Dynamex should have been used, for example Emulite. Experiments with
Emulet 50 have also shown good results.

The results presented in Figure 4-9 show that it is very important that the cut and
production holes have an initiation succession that will accept the large spreading for
NONEL detonators.

The electronic detonators used in the contour and cushion line in the LSES rounds
have a very limited spreading. It would have been preferable to have the contour
holes detonating instantaneously, or in groups, to get a better contour through united
action.

7.4 Measurements during excavation (SKB 4.4)

7.4.1 Excavation progress (SKB 4.4.1)

The excavation progress for each round and the design used are summarised in Table
4-2. The table shows that two of five LSES rounds had a full pull (Rl and R3). Three
of five NS rounds had a full pull (R5, R7 and R9). The LSES rounds B2, R2, R4 and
the NS rounds R6 and R8 had to be reblasted. Consequently there was first an un-
controlled damage to the remaining rock when there was not a full pull and after that
further damage caused by reblasting.

7.4.2 Acceleration measurements (SKB 4.4.2)

In the D&B drift, seismic acceleration measurements were undertaken to monitor the
firing sequences and to evaluate the level of seismic energy released into the
surrounding rock mass.

The maximum cumulative seismic energies from the blast rounds exhibited a definite
radiation effect. Significantly more energy was radiated towards the back of the blast
than to the front. This is natural as the breaking by the bottom parts of the cushion
and contour holes is hindered (the cushion holes should be shorter than the
production holes and the contour holes shorter than the cushion holes).

Blast rounds Rl to R3 produced the lowest levels or cumulative seismic energy
(CSE), blasts R4, R5 and R7 displayed intermediate levels of CSE and rounds R6
and R8 produced the highest CSE values which were 2.5 to 3 times larger than
rounds Rl to R3. Data for R9 could not be used as the accelerometers were located
too far from the blast round.

Figure 4-10 shows that any missing or bad pull will result in increased seismic
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efficiency. Compare for example the two full pull LSES rounds Rl and R3 with the
two half pull LSES rounds R2 and R4. The same can be said about the full pull NS
rounds R5 and R7 compared to the NS rounds R6 and R8 (misfire and half pull
respectively). The increased seismic efficiency is expected to result in greater
damage on the remaining rock.

7.4.3 Mapping of the half-barrels (SKB 4.4.3)

Missing and damaged sections of half-barrels from the perimeter boreholes can be
used as an indication of damage.

A greater proportion of the half barrels were intact for the LSES rounds than for the
NS blast rounds. This is natural with respect to the different charging of the cushion
holes. In the reblasted rounds highly fractured, almost crushed sections along the
half- barrels were often observed.

Fractures running along the half-barrels were observed to be numerous and extend
for the full length of the round. Some of these fractures running along the half-
barrels are almost perpendicular to the rock wall.

The observed fractures are mostly a result of heavy breaking from the contour holes.
In the rounds of cautious blasting outside the ZEDEX experiment, similar fractures
are absent.

7.4.4 Displacements (SKB 4.4.4)

Convergence was measured during excavation at each new face following rounds 1
and 3 to 8. Practical considerations in the drift, including avoiding the floor and
protection of the pins from the following blast, dictated the final positions of
reference pins. Due to the concave shape of the face caused by misfires, these were
typically installed about 2 metres behind the centre of the face. As is commented
above (7.4.1) in the design with respect to borehole length, a concave shape of the
rounds should have been aimed at to minimise the effects of shock energy into the
remaining rock.

7.4.5 Acoustic emissions (SKB 4.4.6)

Acoustic emissions (AE) were monitored for about 8 hours following the first eight
of the nine blast rounds. Referring to Figures 4-12 and 4-13 it is reported that AE
activity is intensely clustered within 1 metre of the drift perimeter and face for
successful blast rounds. Successful in this context probably means a full pull.
However it can be questioned if the AE source locations should not show a more
symmetrical picture without local concentrations if the rounds were successful in
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terms of minimising the damage in the remaining rock.

Some of the activity associated with rounds 3 and 4 appeared to extend radially in the
surrounding rock. It was suggested that this may be caused by a near vertical vein of
fine grained granite being more brittle than the Aspo diorite. However, according to
Figure 2-4 very small near vertical veins do not occur inside the rounds 3 and 4.

When interpreting the AE source pattern of a round the actual position of every blast
hole should be known. A deviating borehole will always give rise to deviations in the
pattern.

Blasts that were not successful in dislodging the intended blast volume have most of
their AE activity spread out through the blasted yet in place rock (Figure 4-15).

It is reported that the floor appears to be more highly damaged than the roof of the
drift. Further it is reported that events also appear to be located further from the drift
in the floor than in the walls. Quite high concentrations of events locate at the
"corners" between the floor and the walls of the drift. This is not surprising as more
blast damage can be expected with respect to the explosives used.

At the drift face the blast damage and related AE activity is reported to be related to
the high explosives used in the cut. However the AE source locations recorded after
round 5 are probably also related to the heavy breaking in the fastened deeper parts
of the cushion and contour holes.

7.5 Excavation induced changes (SKB 4.5)

7.5.1 Seism ic tomography (SKB 4.5.2)

The locations and orientations of the fractures denoted AD and OD in Figures 4-18
and 4-19 do not seem to fully agree with the fractures shown in Figure 2-3.

It would have been valuable if the structures delineated by the reflection analysis had
been presented in relation to the information on geological features from mapping.

7.5.2 Hydraulic properties from pressure build-up tests (SKB 4.5.3)

The same questions can be raised as in sub-chapter 6.3.3 as regards the measurement
sequence, lack of transmissivity data and interpretation of data with respect to the
geometry of pre-existing fractures.
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7.5.3 Location of short radial boreholes (SKB 4.5.4)

In total 17 short (3 m) radial boreholes were drilled. Horizontal holes were drilled in
each of the rounds, and vertical and inclined boreholes were drilled in four of the
rounds.

7.5.4 Core logging (SKB 4.5.5)

Fractures in the cores from the boreholes were mapped. However, no conclusions are
drawn on the basis of the mapping, e.g. observations of induced fractures.

7.5.5 Permeability measurements in short radial holes (SKB 4.5.6)

Permeability measurements using pulse tests were made in some of the radial
boreholes. The vertical boreholes were reported to show the greatest "increase" in
permeability. A more restricted use of the term "increase" is recommended since
there is no information available about the rock conditions prior to the excavation.

In the core logs from the holes some damage-induced micro cracking is indicated
which correlates with the enhanced permeability. It is obvious that some sections
showing enhanced permeability do not include any visible cracks.

SKB estimated the extent of a zone of enhanced permeability to be 25-27 cm in the
horizontal holes and 80 cm in the vertical holes. Both these values are questionable,
in view of the data shown.

It is reported that permeability measurements were made using steady-state, constant-
pressure tests and pulse tests. However, it is not possible to understand which
permeability values refer to each of the test methods. No details about the original
data are presented (e.g. flow rates, pressure data or evaluated flow dimension). The
evaluation method used for the pulse tests (Bauer et al., 1995) presupposes radial
flow. Experience has shown that an incorrect assumption of flow dimension can
affect the results significantly.

7.5.6 Down-hole seismic measurements (SKB 4.5.7)

Down-hole seismic measurements were performed in all short radial boreholes.
The data revealed lower seismic velocities within the part of the boreholes
being close to the drift. The extent of reduced velocity was greater for the vertical
boreholes than for the inclined and horizontal holes.
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7.5.7 Borehole resonance measurements (SKB 4.5.8)

Changes in frequency and amplitude were interpreted as corresponding to damaged
rock. Some differences in observations were correlated with variations in success rate
of blasting.

7.5.8 Laboratory measurements (SKB 4.5.9)

Laboratory measurements were undertaken on 26 samples from the radial cores
and additionally five samples from the face of the drift.

A general critical comment on these tests including various measurement techniques
concerns the conclusions which in most of the cases are drawn on the basis of very
few tested samples. Two or three subjectively chosen test positions along a borehole
do not provide a sufficient data base to allow major conclusions about potential
decrease with distance in the rock property measured.

Thin section observations were made on the samples taken closest to the wall. Crack
density calculations were reported, but no details were given. It would have been
valuable to perform a more extensive mapping/counting of micro cracks in thin
sections, including an attempt to characterise the origin of the cracks (natural,
blasting-induced, stress-induced).

7.5.9 Compilation of all short radial hole results (SKB 4.5.10)

The results of all in-situ and laboratory measurements were compiled in order to
estimate the extent of the EDZ in different directions and for different rounds. In
Table 4-6 an estimate of "considered extent" of EDZ is given for each of the
boreholes for which laboratory tests were made. It is not declared here which of the
measurement techniques is considered most reliable. However, it appears as if the
greatest stress is laid on the in-situ permeability measurements. An explanation to the
estimates of "considered extent" would have been valuable.

7.6 Summary of results (SKB 4.6)

It is evident that the vertical boreholes indicate a larger zone of damage than
boreholes drilled in other directions. This can be explained as being a result of the
higher lifter hole charging and the flat floor. The extent of the EDZ is smallest in the
walls of the drift.

Differences between the two blasting methods cannot be evaluated from the results.
The reason for this is to some degree differences in initial geological conditions but
primarily the unsatisfactory blasting performance.
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8 Comparison of EDZ for different excavation
techniques (SKB 5)

8.1 Differences in initial conditions (SKB 5.1)

8.1.1 Lithology and fracturing (SKB 5.1.1)

Two major differences are described:

• The lithological variations. The fine-grained granite is more common in the
D&B drift. This may have affected the results.

• Fracturing is reported to be more intense in the TBM drift. Furthermore many
NW striking water-bearing fractures cut the TBM tunnel.

SKB states that these differences in initial conditions may have a notable effect on
the results of the investigations, independently of the method of excavation used.

8.1.2 Excavation shape (SKB 5.1.3)

The sections are similar but the D&B drift has a flat floor. This is likely to have
influence on the extent and performance of the EDZ in the floor of the drift.

8.1.3 Investigations before excavation (SKB 5.1.4)

Some of the effects observed have been attributed to variations in mechanical
properties in the Aspo diorite and the fine-grained granite, respectively. It would
have been valuable to make a quantitative comparison between the properties of the
two rock types.

8.2 Differences in measured parameters (SKB 5.2)

8.2.1 Post-excavation near-field (short radial bole) measurements (SKB 5.2.3)

The results from the various measurement techniques are compiled and the extent of
the damaged zone is estimated for the different boreholes. It is argued that pre-
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existing fractures in the horizontal and inclined boreholes from the TBM drift may
have resulted in an over-estimate of the damaged zone. However, it should be
emphasised that natural fractures also exist in the boreholes drilled from the D&B
tunnel and may have affected these estimates. This means that a comparison between
different boreholes must take the differences in initial geological conditions into
account.

Comparisons between different rounds of blasting are not considered meaningful in
most cases due to the significant problems encountered during blasting. The
lithological variations made such comparisons even more difficult.

8.2.2 Post-excavation crack test measurements (SKB 5.2.4)

Blocks were excavated by sawing in two places in the D&B drift, at rounds 4 and 8.
It is not clear from the description, why rounds 4 and 8, which had to be reblasted,
were chosen for these tests. A comparison of the fracture data from these rounds to
visible fractures in the TBM tunnel appears to have little sense to the project.

8.3 General observations (SKB 5.3)

8.3.1 Crack initiation for AE events (SKB 5.3.1)

Modelled stresses at the locations of induced events are discussed in relation to the
unconfined compressive strength and it is concluded that the acoustic emissions have
occurred in previously damaged rock with reduced strength. It is not clear to us
whether the quality of acoustic data collected has allowed an evaluation of seismic
source mechanisms. However, some of the AE have obviously been interpreted as
being a result of movements on pre-existing fractures. Provided that waveform
processing is possible, it would have been interesting to see an analysis of some
microseismic events with a seismological model based on a shear source.

Problems encountered and lessons learned (SKB 6)

We are of the opinion that this chapter is valuable. SKB have self-critically identified
factors related to both test performance and data interpretation that are unsatisfactory
in some respect. This procedure may help in further examinations of the data
collected and it will also be useful for any future experiments. We agree with many
of SKB's comments, but we have only commented on parts of the text where we
wish to make additional remarks.
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9.1 Initial conditions (8KB 6.1)

9.1.1 Geological setting (SKB 6.1.1)

Unsatisfactory knowledge and understanding of the initial conditions are basic
drawbacks for a complete interpretation of some of the measurements undertaken.
Timing constraints are stated to be the major reason to this shortage. We are fully
aware of economic and time constraints on the project. However, we find it
regrettable that a research project of this size does not permit development of a
sufficiently detailed geological model of the initial conditions.

9.1.2 Radar measurements (SKB 6.1.3)

Borehole radar measurements are reported to be successful for location of water-
bearing fractures. However, we have not seen convincing evidence for this
interpretation of the reflectors located.

9.2 Measurements during excavation (SKB 6.2)

9.2.1 D & B excavation (SKB 6.2.2)

The excavation of the Drill & Blast drift was performed in a very short time. The
plan was to make one blast every evening and to perform measurements at night and
during midday. The plan was followed with minor modifications even if a large
number of the blasts failed and had to be reblasted. The short time between blasts did
not allow thorough analysis of results before the next blast was due. Hence, it was
not possible to redesign and correct the blast designs between blasts.

This is a very important lesson learned. If not enough time is given for analysis and
necessary corrections, to perform the test rounds in a proper way, the basis for
meaningful research is absent.

It is further described that the problems during excavation led to a concave rounded
face which necessitated positioning of the convergence pins at some distance from
the face. In cautious blasting where damage on the remaining rock is intended to be
minimised, the length of the contour and cushion holes have to be shorter than the
production holes in order to create a concave rounded face. This is necessary to get
an easy break from the contour and cushion holes resulting in minimal damage on the
remaining rock.

Another experience reported was that some of the problems with the drill and blast
excavation could have been caused by deviation of boreholes in the rounds.
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Little information is available on the re-blasts of failed rounds and the record of the
charges or holes used is according to SKB not good. Vibration monitoring was not
generally done for these re-blasts. Although AE data were generally recorded, these
data have not been fully processed to date due to the time-consuming nature of
processing. With these conditions, it is obvious that reliable conclusions about causes
to damage on remaining rock induced by excavation are not possible to draw.

9.2.2 Hydraulic testing (SKB 6.2.5)

Time constraints during testing reduced the value of the tests conducted. A more
flexible measurement programme would have solved some of the problems
encountered. The test procedure applied is not suitable for a research project.

SKB mentions that re-analysis of the test data using type-curve matching is planned.
We recommend that the hydraulic data in this case is thoroughly analysed in relation
to the geometrical information on fluid-bearing fractures.

9.2.3 Displacement/convergence measurements (SKB 6.2.7)

It is reported that displacement and convergence measurements were generally
successful. The main source of concern were with convergence measurements made
in the D & B drift. Because the face was not flat, the initial convergence
measurements were on average made about 2 metres behind the centre of the face.
The MPBX extensometers were installed further still behind the face. This suggests
that in both cases most of the displacement that one would expect to occur, could
have already occurred before installation of the instrumentation. It is then stated that
this problem would be minimised if the face had been excavated flat or
instrumentation had been installed from nearby drifts.

An excavation with flat face is incompatible with cautious blasting where the damage
on the remaining rock is minimised. The alternative with instrumentation installed
from nearby drifts would most probably be very difficult to execute.

9.3 Short radial holes (SKB 6.3)

Some of the radial holes had significant natural fracturing in the zone near the drift
perimeter. It is therefore stated that the location of the short radial holes should be
chosen to minimise the effects of differences in natural fracturing. It is further
concluded that natural fractures will influence the results and may obscure
excavation induced damage.

The basis for the statement about significant natural fracturing in the zone near the
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drift perimeter is not explained. In the report from the core logging there is no
presentation of which fractures are natural and which are induced by blasting.

Natural fractures can hardly be avoided. It is doubtful that natural fractures may
obscure excavation induced damage. The changing properties of natural fractures
induced by blasting is also normally a damage to the rock.

In the report it is considered that the number of boreholes tested may be inadequate
to characterise the effects of the excavation. It is therefore recommended that
additional boreholes should be drilled having many and different orientations such
that they surround the drift. These boreholes, concentrated in a few rounds should be
used to undertake a full suite of measurements.

A prerequisite that more boreholes will give better information is that there are
accurate coordinates for every borehole in the round. A further prerequisite is that the
loading of every borehole in the round is documented as well as information of the
initiation.

However, with a controlled cautious blasting there will hardly be any extra need for
short radial boreholes.

9.3.1 Down-hole seismic measurements (SKB 6.3.1)

It is stated that although the down-hole measurements seem to show good agreement
with other measurements in the short radial holes, the method used suffers from
several problems.

Besides the problems with the method described by SKB, it should be noticed that a
relevant evaluation of the reliability of the method based on a comparison with
recorded blasting induced fractures in the boreholes is missing.

9.3.2 Resonance measurements (SKB 6.3.2)

An expected detection of fracture zones with this technique is discussed. In the core
logs presented, there are no such zones.

9.3.3 Permeability measurements (SKB 6.3.3)

The general problem with the interpretation of these tests is that there are no
corresponding detailed tests made in any boreholes prior to the excavations. Hence,
any estimates of potential permeability increase are speculative. Detailed core
logging is proposed by SKB as an aid to improve the quality of the interpretations.
However, even if applying a very detailed logging procedure there will likely be
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difficulties to distinguish between natural and induced fractures.

9.3.4 Laboratory measurements (SKB 6.3.4)

In our view, the most fundamental problem with these tests is related to the number
of samples. For some boreholes SKB draw conclusions about the extent of the EDZ
based on two or three subjectively chosen sample locations.

10 Answers to SKI's questions

Are the objectives and expected outcome of the project clearly stated?

- The definition of EDZ is vague. What does "disturbed" and "damaged" mean in
terms of the various measurable parameters? This kind of experiment, where one of
the most important (and probably most cited) outcomes is the estimate of the extent
of the EDZ, requires a well-defined terminology.

- An expectation model with respect to different properties would have been most
valuable. What changes in different parameters measured were expected? What
physical impact on the rock matrix and the pre-existing fractures is expected as a
result of different excavation methods? In view of the existing information of
excavation disturbance from Sweden and abroad before the commencement of the
project, we consider the hypothesis rather vague.

- The 2-metre distance as an estimate of the transition from near- to far-field effects
may be questioned in view of earlier experiences of EDZ experiments.

- Investigation of the hydraulic properties of the EDZ was not included as a major
aim in the study. It is regrettable that priority was not given to these aspects, since an
increased understanding of the hydraulic properties of the disturbed zone are
considered very important with respect to the performance and safety of the
repository (See 1.3 Rationale, SKB ICR 96-03, Vol. 1).

To what extent were the objectives met?

(i) Although we are of the opinion that the study has been successful in some aspects,
it is doubtful whether the study has succeeded to meet with the objective of
understanding the EDZ. A lot of questions remain to be answered as regards the
origin, character and extent of the EDZ.

(ii) Supporting studies related to the hydraulic properties of the disturbed zone have
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been conducted. The quality and number of tests are however not sufficient for an
understanding of the hydraulic significance of the zone.

(iii) The testing of equipment and methodologies for quantifying the EDZ have at
least partially been successful.

Are the methods used sufficiently good to characterise the zone from a hydrological
and rock mechanical point of view?

- The, in many respects, unsuccessful blasting performance has implied considerable
general problems in characterising the EDZ in the D&B drift. This fact is bound to
lead to difficulties to evaluate the value of different methodologies for
characterisation.

- The use of shared holes means that it will not be possible to get a maximum amount
of information from each method. The number of holes is not sufficient for some of
the methods. Some axial boreholes appear to be located too far from the region of
interest to provide the information asked for.

- There is not enough data available regarding the rock mass characteristics
(especially existing fractures) before excavation. The mapping of the cores from the
radial boreholes does only provide information on the total amount and conditions of
all fractures existing after excavation. It is not a trivial task to distinguish between
natural and excavation-induced fractures. Moreover, the understanding of the
characteristics of the EDZ also requires more information on to what extent the
mechanical and hydraulic conditions of natural fractures are affected by the
excavation process.

- The use of indirect methods for characterisation presupposes that the results of such
methods can be compared to and correlated with observations from direct
measurements. In this study this condition should apply for fractures on macro as
well as micro scale. However, the basis for this kind of correlations has not been
presented in the report. Many conclusions seem to be based on indirect evidence
only.

Are the methods used the most suitable ones- are there other methods available?

- It would have been desirable to have more boreholes. Especially for the TBM
tunnel, the number of radial boreholes is unsatisfactory and many axial boreholes are
located too far from the drift to measure the effects of the excavation.

- A thorough mapping of the undisturbed rock mass conditions would also have been
valuable.
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- Rock stress measurements in the ZEDEX region would have been valuable.
Detailed data are required for a thorough analysis of displacement monitoring.
Moreover, it would have been interesting to have data on the in-situ post-excavation
stress variation around and between the two tunnels. The impact of the damaged zone
on the stress redistribution is essential for the understanding of the characteristics and
origin of the EDZ.

Which method of excavation is best / most flexible in view of reinforcement,
grouting and documentation?

The tunnel to an underground repository will be designed and constructed based on
predictions of rock conditions. Even with a very comprehensive pre-investigation
programme, it is likely that the excavation will meet with unexpected rock
conditions. Any problems encountered will probably be easier to handle with D & B.
This is especially true if it is necessary, with respect to the rock conditions, to change
the lay-out for the tunnels.

Excavation by TBM will give a tunnel where even the bottom of the tunnel is
inspectable. However, during excavation the bottom of the tunnel cannot be
inspected within a long distance from the tunnel face without removal of the tunnel
machine.

In a D & B tunnel the bottom can be inspected only after cleaning, a process that will
interfere with transports in the tunnel.

If it is crucial to make reinforcement and complementary grouting quite close to the
tunnel face, it is necessary in TBM excavation to choose a machine with such
properties that it can be moved backwards in the tunnel even if the tunnel section is
reduced by reinforcement. When this is not possible, urgent grouting and
reinforcement in tunnel parts hidden by the machine is difficult to perform.

Generally it is easier to perform necessary grouting and reinforcement in a D & B
tunnel.

How is the quality of the measurements and what conclusions can be drawn from the
results about the extent of the disturbed zone for each of the excavation methods?

Quality:

- The quality of the measurements undertaken is in general high.

- Problems of interpretation were introduced as a result of the unsatisfactory D&B
performance. It is not possible to evaluate differences between the two D&B
methods.
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Conclusions:

- The extent of the damaged zone around the TBM drift is smaller than the zone
resulting from poorly executed blasting.

- The extent of damage in the floor of the D&B drift is greater than the damage zone
in the walls.

- We consider it difficult to give a definite quantitative measure of the extent. This
uncertainty stems firstly from the lack of precise definition of disturbance / damage
in terms of the quantities measured and secondly from the incomplete measurement
programme.

- Based on these conclusions, we consider the measures 0.2 m and 0.8 m given by
SKB for the extent of the disturbed zone in the TBM and D&B drift, respectively, as
questionable. The available data is not sufficient to allow such estimates.

What remains to be done? (in BERGAB's opinion)

- Characterisation of EDZ for different degrees of cautious blasting.

- A systematic evaluation of each of the indirect measurement techniques tested
through a comparison with actual changes in the properties of rock matrix and the
natural fractures.

- A controlled hydraulic characterisation of EDZ in view of the importance of these
properties to the safety and performance of a deep repository.

- A systematic presentation of the magnitudes of change in the various properties
measured in the EDZ and a judgment and discussion of the potential of the different
methods to measure such changes.

- Development of a qualitative and quantitative model of the impact on the rock mass
that can be expected as a result of various methods of excavation (including cautious
blasting).

11 Concluding remarks

• A well-defined terminology for the properties of the EDZ is lacking. What is the
difference between "damage" and "disturbance" in terms of some quantifiable
parameters?
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An expectation model with respect to different properties measured would have been
most valuable. What physical impact on the rock matrix and pre-existing fractures is
expected as a result of different excavation methods?

The expected transition from near-field (dependent on excavation method) to far-
field (independent on excavation method) effects at 2 metres appears to be a very
conservative assumption in view of previous experience in this area.

The performance of the Drill & Blast drift is unsatisfactory. This has implied several
problems of interpretation and reduced the value of the experiment. It would have
been valuable if the blasting had been conducted as cautious blasting.

A study of excavation induced disturbance requires test boreholes to be drilled at
appropriate locations before excavation. In the ZEDEX experiment a large part of the
investigations has been made in boreholes drilled after the excavation, which in
many cases makes the interpretations very uncertain.

The data available regarding the occurrence and characteristics of existing fractures
before the excavation is insufficient. More information on to what extent the
mechanical and hydraulic properties of natural fractures are affected by the
excavation process is required.

The use of indirect methods for characterisation presupposes that the results of such
measurements can be correlated with observations from direct methods. Many of the
conclusions drawn seem to be based on indirect evidence only.

The conclusions drawn about the hydraulic properties of the EDZ are in many cases
poorly founded.

The conclusions drawn about the EDZ based on the laboratory tests on core samples
are questionable in many cases. The data base is much too small for many boreholes
in view of the natural variability in the properties measured.
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