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Preface

This report describes the field experiment performed within the project termed CAPS (Counterforce 
Applied to Prevent Spalling). The overall aim of the project has been to demonstrate whether a 
small confining pressure obtained by the application of dry bentonite pellets is sufficient to suppress 
thermally-induced spalling in KBS-3 deposition holes.

The report is focused on the design, execution and observations made during the field experiment. 
The main report has been written by Rune Glamheden, while the co-authors have contributed with 
background memos included in the appendices. The field work was carried out at Äspö Hard Rock 
Laboratory in Oskarshamn, operated by SKB (Svensk Kärnbränslehantering AB).

A field experiment like the present one involves contributions from a many individuals and in addition 
to the project manager Rune Glamheden the following people have been taken part in the project:

Rolf Christiansson, Derek Martin and Harald Hökmark – Steering committee.
Lisa Björk – Activity leader.
Mats Lundqvist – Project coordinator and responsible for the instrumentation including calibration 
work and the data processing.
Richard Bäck – Responsible for design, manufacturing and installation of test equipment in the 
field test, as well as the design and manufacturing of the equipment for the post characterization.
Elinor Örtendahl – Project coordinator in the beginning of the project during the drilling and grouting.
Titti Falk, Birgitta Karlsson and Siren Bortelid Moen – Project administrators.
Maria Eriksson and Margareta Gerlach – Data Operators for SICADA.
Margareta Lönnqvist – Scoping calculations and set up of model for back-calculation.
Lars Jacobsson – Uniaxial compression tests of intact rock and Oedometer tests of pellets.
Torbjörn Sandén – Compression tests in pellet filled slot.
Johan Harrström – Water injection tests of the damaged zone.
Billy Fälth – Back-calculation of temperatures and stresses in the field experiment.
Sakar Koyi and Tobias Zetterberg – AutoCAD drawings within the field experiment.
Kim Forchhammer and Jonny Andersson – Reporting of temperature data.
Lars Bergkvist – Investigation of rock fragments.
Mikael Gustavsson and Roger Jonsson – Core drilling of the test holes.
Anders Larm and Björn Ekstedt – Reaming of heating holes.
Christer Gustavsson and Jaana Gustafsson – Bips-logging of core drilled holes.
Ulf Andersson, Anders Wägnerud and Oskar Sigurdsson – Mapping of core drilled holes.
Johan Berglund – Mapping of drill cores and RVS-modelling of the site geology.
Pär Kinnbom – WellCAD diagrams for geological data.
Anders Wikman –Pressure build-up tests in pilot holes.
Johan Funehag and Henrik Svensson – Design and performance of the grouting program.
Quanhong Feng – Laser scanning for documentation of initial conditions.
Rolf Berlin and David Johansson – Laser scanning for post characterization of the breakouts.
Curt-Robert Lindqvist – Photo documentation of the field experiment.
Gerry Johansson – Surveying within the field experiment.
Stefan Grandin Svärdh, Nils-Göran Myrén, Tomas Sandsten, Tony Andersson, Jan Hultgren, 
Åke Hultgren, Christer Jonasson, Robert Johansson, Hampus Gustavsson and Jonas Hallberg 
– Practical issues at the site and installation work in the field experiment.

The authors acknowledge Johan Andersson, Rolf Christiansson, Philip Curtis, Anders Fredriksson, 
John Hudson, Harald Hökmark and Derek Martin for examination of the manuscript.
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Abstract

The field experiment within CAPS (Counterforce Applied to Prevent Spalling) was initiated to 
determine if the application of dry bentonite pellets is sufficient to suppress thermally-induced 
spalling in KBS-3 deposition holes. The experience gained from Äspö Pillar Stability Experiment, 
conducted between 2002 and 2006, indicated that spalling could be controlled by the application of a 
small confining pressure in the deposition holes /Andersson 2007/.

The CAPS field experiment that included four pairs of boreholes with a diameter of approximately 
0.5 m, was carried out as a series of demonstration experiments in the TASQ-tunnel. The first and 
second heating tests were performed in open holes, without any confining pressure on the borehole 
wall and the third and fourth heating tests with a confining pressure created by expanded clay pellets 
(LECA). The first heating test was initiated at the end of August 2008 and the final test was finished 
at the end of May 2009.

The trials suggest that the small confining pressure offered by the LECA pellets was adequate to 
control spalling and prevent the formation of a highly conductive zone of fractured rock in the 
500-mm-diameter holes. It is recommended that a full-scale test be carried out to assess if the find-
ings are applicable to 1,750-mm-diameter deposition holes. Should the full scale tests support the 
findings from these initial trials, filling the gap between the bentonite blocks and rock wall with dry 
bentonite pellets will provide a viable engineered solution for controlling the effects of thermally-
induced spalling in the KBS-3 deposition holes.

Sammanfattning

Fältförsöken inom CAPS (Counterforce Applied to Prevent Spalling) initierades för att fastställa om 
applicering av torr bentonitpellets är tillräckligt för att förhindra uppkomsten av termisk inducerad 
spjälkning i KBS-3 deponeringshål. Erhållen erfarenheten från pelarförsöket vid Äspölaboratoriet 
(APSE), som utfördes mellan åren 2002 och 2006, indikerade att spjälkning kan förhindras genom 
applicering av ett litet mothållande tryck i deponeringshålen /Andersson 2007/.

Fältförsöket CAPS, som inkluderade fyra par borrhål med en diameter av ungefär 0,5 m, utfördes 
som en serie demonstrationsförsök i TASQ tunnel. Det första och det andra uppvärmningsförsöket 
utfördes i öppna hål, utan något tryck mot borrhålsväggen, medan det tredje och fjärde försöket 
utfördes med ett mothållande tryck som skapades av lecakulor. Det första uppvärmningsförsöket 
påbörjades i slutet av augusti 2008 och det sista försöket avslutades i slutet av maj 2009.

Försöken tyder på att det lilla mothållande tryck som lecakulorna ger upphov till är tillräckligt 
för att begränsa spjälkningen och förhindra uppkomsten av en starkt genomsläpplig zon av 
uppsprucket berg i de aktuella 500 mm hålen. Det rekommenderas att ett fullskaligt försök utförs 
för att bestämma om forskningsresultaten är applicerbara på hål med 1 750 mm diameter. Skulle 
fullskaleförsöken bekräfta resultaten från dessa inledande försök, kan utfyllnad av spalten mellan 
bentonitblocken och berget med torr bentonitpellets utgöra en praktisk ingenjörsmässig lösning för 
att begränsa inverkan av termisk inducerad spjälkning i KBS-3 deponeringshål.
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Abbreviations and definitions

The most important abbreviations and symbols utilized in the report are compiled in this section, 
along with the definitions of important rock mechanics terms.

Geological, rock mechanical and thermo-mechanical abbreviations
σ1, σ2, σ3	 Major, Intermediate and Minor principal stress, (MPa)

E, Em		  Intact rock, rock mass Young’s modulus, (GPa)

ν, νm		  Intact rock, rock mass Poisson’s ratio

α		  Coefficient of linear thermal expansion, (10–6/K)

λ		  Thermal conductivity, (W/mK)

κ		  Thermal diffusivity, (10–6 m2/s)

C		  Heat capacity, (MJ/m3K)

CI		  Crack initiation threshold, (MPa)

BTS		  Brazilian tensile strength of intact rock, (MPa)

UCS		  Uniaxial compressive strength of intact rock, (MPa)

UCSm		  Uniaxial compressive strength of the rock mass, (MPa)

Other abbreviations
APSE 		   Äspö Pillar Stability Experiment

CAPS 	  	 Counterforce Applied to Prevent spalling

EDZ		  Excavation Damaged Zone

LECA 		  Light Expanded Clay Aggregates

TASQ 		  The Q-tunnel at Äspö HRL

Definitions
Spalling		� Rock fracturing that form thin slabs on the boundary of the deposition holes in 

the position of the maximum tangential stress. The spalling strength is normally 
estimated as a fraction of the determined UCS or by the determined CI value.

Breakouts	� Breakouts are zones of enlargement of the heating holes due to failure of the rock in 
the spalling process.

UCS		�  Uniaxial compressive strength of a cylindrical sample of rock, 45–55 mm in 
diameter and 125–150 mm in length. The value should be view as a standard index.

BTS		�  Brazilian (indirect) tensile strength as a measure of true (direct) tensile strength (T). 
The ratio of UCS to T is an indicator of spalling potential.

CI		�  Crack initiation threshold for the rock sample. This threshold is marked by the onset 
of systemically increasing damage (cracks) with increasing applied stress. This 
threshold can be determined by acoustic emission monitoring or by lateral strain 
measurements. This threshold marks the lower bound for in situ rock strength.
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1	 Introduction

1.1	 Background
The KBS-3 disposal concept consist of copper canisters with cast iron inserts containing spent nuclear 
fuel, which are surrounded by bentonite clay and deposited at approximately 500 m depth in saturated 
granitic rock, see Figure 1-1 /SKB 2006/. Not indicated in the figure, is that the reference design includes 
a small slot between the buffer and the rock, which will be filled with bentonite pellets.

For a repository at the proposed depth of 500 m, the site description of Forsmark indicates high in situ 
stresses in relation to the compressive strength of the intact rock and spalling of the deposition holes 
is expected to occur during the drilling /SKB 2008/. The process of spalling is defined as fracturing 
of rock that forms thin slabs on the boundary of the deposition holes in the position of the maximum 
tangential stress. The spalling strength is normally estimated as a fraction of the determined uniaxial 
compressive strength of intact rock.

Spalling before deposition of spent nuclear fuel is possibly only a concern for practical engineering; 
whereas the process of thermally-induced spalling in deposition holes may impact the safety of a 
repository if a continuous damaged zone is developed along the hole. A hydraulic conductive spalled 
zone intersected by conductive fractures, will enhance the risk for mass transfer from the deposition 
hole /SKB 2006/.

To obtain a better understanding of the spalling process and examine the possibilities of reducing its 
impact on the safety of a repository, Swedish Nuclear Fuel and Waste Management Company (SKB) 
has carried out two large field experiments at Äspö HRL. The first experiment called the Äspö Pillar 
Stability Experiment (APSE), conducted between 2002 and 2006, indicated that spalling could be 
controlled by application of a small confining pressure (≈150 kPa) in the deposition holes /Andersson 
2007/.

The promising results from the APSE experiment lead to the initiation of a subsequent field experi-
ment termed CAPS (Counterforce Applied to Prevent Spalling), which is reported here. The object 
being to determine if the small counterforce obtained by application of dry bentonite pellets in the 
slot between the buffer and the rock, could be sufficient to suppress or at least reduce thermally-
induced spalling.

Figure 1-1. The KBS-3 concept for disposal of spent nuclear fuel /SKB 2006/.
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The CAPS field experiment included a total of eight boreholes that were heated up in a series of 
demonstration experiments in the TASQ-tunnel. Each test consisted of two heating holes with a 
diameter of approximately 0.5 m and a depth of 4 m, separated by a 0.7 m thick pillar, which were 
surrounded by a number of boreholes equipped with temperature gauges. The boreholes included in 
the field experiment are presented with labels in Figure 1-2. The first and the second heating tests 
were performed in open holes without any confining pressure on the borehole wall. The third and the 
fourth heating tests were carried out in holes with loosely placed LECA pellets (expanded clay), in 
a 50 mm gap created between an inner tube and the borehole wall, to observe any difference in the 
occurrence of spalling compared to the previous tests. The first heating test was initiated at the end 
of August 2008 and the final test was finished by the end of May 2009.

After the final heating test, post characterization of the spalled damaged zone in the heating holes 
was carried out. The post characterization included examination of the hydraulic transmissivity 
of the spalled zone in one heating hole in the final test, and documentation of the geometry of the 
spalled zone in the other heating holes. The post characterization of the spalled zone was completed 
by mid-September 2009.

Figure 1-2. Drawing showing the configuration and the labels of the boreholes included in the field experi-
ment. ÄSPÖ96 coordinates system. The difference in elevation between the iso-lines is 0.1 m.

Boreholes for temperature gauges (drilled 2008)

Boreholes for hydraulic testing (drilled 2009)

Heating holes (drilled 2008)

Existing borehole (drilled 2003)



TR-10-37	 11

1.2	 Experience from APSE field experiment
In this section a short account of the experience from Äspö Pillar Stability Experiment (APSE) is 
given. The APSE field experiment was conducted between 2002 and 2006 to examine the spalling 
process in a heterogeneous slightly fractured rock mass (approx. 1–2 fracture/m) subjected to 
excavation and thermal induced stresses /Andersson 2007/. The field experiment was carried out on 
the 450 m level at ÄSPÖ HRL in the TASQ tunnel, in a part of the tunnel (Section 62–68) beyond 
that used for CAPS field experiment (Section 45–55), see Figure 1-3.

The APSE field experiment consisted of two large boreholes with a diameter of 1.75 m and a depth 
of 6.5 m separated by an approximately 1 m thick pillar. To prevent excavation induced spalling 
occurring in the first borehole a confining pressure of about 700 kPa was applied on the borehole 
wall by a large rubber bladder before excavation of the second hole commenced. The rock in the 
second hole spalled from a depth of approximately 0.5 m down to 2 m when excavated.

To induce thermal stresses in the pillar, it was heated by electrical elements in two pair of core drilled 
holes located on each side of the pillar. The temperature on the pillar wall reached approximately 30 
degrees before the heater was turned off. The superimposed thermal stresses caused spalling along the 
pillar wall in the unconfined hole, which propagated down to approximately 5 m depth close to the 
bottom of the hole before the heater was turned off /Andersson 2007/.

When the temperature increase in the pillar had stopped and steady state was reached, the confinement 
pressure in the protected hole was reduced gradually in 50 kPa steps from 700 kPa to zero pressure 
under a period of 1.5 days. Large acoustic activity on the confining side of the pillar was not observed 
until the confining pressure was reduced to about 150 kPa. The results indicated that spalling could be 
controlled by application of a small confining (100–200 kPa) pressure in the deposition holes and this 
was the key finding for the planning of the follow up CAPS field experiment /Andersson 2007/.

Figure 1-3. Location of APSE field experiment in relation to CAPS field experiment.



12	 TR-10-37

1.3	 Objective and scope of work of the study
The CAPS field experiment has had the following twofold objective:

1.	 Establish that thermally-induced spalling will occur at a tangential stress corresponding to about 
60% of the uniaxial compressive strength in open boreholes of 0.5 m diameter and 4 m depth, i.e. 
as for the open full scale APSE hole.

2.	 Establish if dry bentonite pellets are sufficient to suppress or significantly reduce thermally-
induced spalling.

The overall aim of the project is to provide the Safety Assessment work groups with experimental 
results that support a viable engineered solution for controlling the effects of thermally –induced 
spalling.

The scope of work of the field experiment has included the following main activities:

•	 Scoping calculation to determine the optimal hole configuration for the field experiment and the 
positioning of instruments. These calculations also involved estimation of the thermal energy and 
temperature required to achieve the spalling along the borehole wall and estimation of the stress 
magnitudes that would develop on the wall of the boreholes.

•	 Development of proper equipment for central heating of the test holes and a frame that produces 
a 50 mm gap for filling of pellets against the borehole wall.

•	 Development of a fixture for attachment of temperature gauges on the wall at several levels in the 
heating holes and development of monitoring cameras for observation of spalling in the heating 
holes.

•	 Selection of a suitable pellet substitute for bentonite pellets based on odometer tests and compres-
sion tests of a pellet-filled slot.

•	 Core drilling, water loss measurements and grouting of test holes. Reaming of pilot holes to the 
desired diameter for the heating holes.

•	 Uniaxial compression tests of rock samples from the test holes.

•	 Documentation of the conditions of the heating holes by photographs and laser scanning before 
heating.

•	 Realization of Tests 1–4, which comprise installation of test equipment, heating and cooling of 
the test holes and documentation of the occurrence of spalling before scaling of the borehole wall 
by photographs and video recording.

•	 Post characterization of the notch geometry after scaling of the borehole wall by photographs, 
thin lighted slots, laser scanning and video recording.

•	 Post characterization of the hydraulic transmissivity of the spalled damaged zone by water injec-
tion tests of one heating hole in the final test (KQ0046G03) after sealing of the pellet filled slot.

•	 Evaluation and reporting of the results.

The field work at Äspö HRL was initiated by the core drilling in March 2008 and completed in 
September 2009 by the final post characterization.

The work presented in the report is divided into sections, including site conditions (Chapter 2), 
design of the experiment (Chapter 3), preparation of the test site (Chapter 4), execution of the field 
experiment (Chapter 5), spalling observations (Chapter 6), post characterization (Chapter 7), analysis 
of test results (Chapter 8) and finally summary of the results, conclusions and recommendations 
(Chapter 9–11). 22 appendices are also incorporated into the report (Appendix A–V).
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2	 Site conditions

2.1	 Overview of the geology
A map of the tunnel floor showing rock types and structures is shown in Figure 2-1, and an isometric 
view of the test area with borehole sections logged with oxidation and the boundaries of a shear zone 
running through the site, is presented in Figure 2-2.

The dominating rock type around TASQ tunnel is quartz monzodiorite to granodiorite (Äspö diorite, 
501037). The grain size is medium to coarse and the rock has a faint to weak foliation. Mapped drill 
cores taken from the tunnel floor in general show weak to medium oxidization in the uppermost 
1–1.5 m of the rock, see Figure 2-2. The oxidation, which is a result of alteration of the rock over 
geological time, might be accompanied by a slight weakening of the rock /Staub et al. 2004/.

Figure 2-1. Map of rock types and the ductile shear zone (mylonite) occurring in the tunnel floor in the part 
of the tunnel utilized for the CAPS experiment. The positions of the heating holes are also indicated in the 
figure. Fine grained granite – light pink; Äspö diorite – dark pink; Pegmatite – brown; Mylonite – grey.
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Other rock types in the area are medium to coarse, red pegmatite (501061) and fine- to medium-
grained red granite (511058) occurring as veins normally less than 0.5 m wide. Another structure 
observed in the tunnel floor is a complex brittle-ductile shear zone (mylonite) with several branches. 
The width of the branches is normally between 0.1–1 m and the dip is typically 50–60 degrees to 
the southeast, see Figure 2-2. Although composed mainly of sealed fractures, there was a desire to 
avoid intersection between the heating holes and the shear zone, in order to obtain as far as possible 
homogeneous rock conditions for the experiment. However, at the assigned site intersection was 
unavoidable, since the zone’s strike is parallel with the tunnel.

The fractures observed in the tunnel can be generalized as belonging to three characteristic fracture 
sets. The dominating fracture set is orientated approximately in a steep northwest-southeast direc-
tion, the other two being a sub-horizontal one and a steep set, sub-parallel to the tunnel direction. 
Most of the fractures observed around the tunnel are sealed and include mineral fillings. Fracture 
coatings or fillings of calcite, chlorite and epidote are the most common. The sealed fractures are 
judged to have only a minor influence on the mechanical properties of the rock and these fractures 
are normally non-transmissive. The open water bearing fractures in the current Section 45–55 of 
TASQ tunnel are actually very few.

The estimation of the quality of the rock mass in the part of the tunnel used for CAPS was based 
on a rock mass classification performed for the APSE project using the Q-index /Barton 2003/. The 
Q-index estimated for the rock in tunnel sections 25 to 60 vary between 8 and 2,130 with a mean 
value of 110. The estimated Q-value corresponds to “good to excellent” rock quality.

Figure 2-2. Isometric view of the test area showing borehole sections logged with oxidation and the 
boundaries of a shear zone running through the site. The pink cylinder sections indicate oxidized rock and 
the purple disks indicate mapped shear zone boundaries.
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2.2	 Properties of intact rock
2.2.1	 Mineralogy
The dominating rock type around the TASQ tunnel, Äspö Diorite (501037), is in a fresh condition with 
the following mineral composition: 46% plagioclase, 15% quartz, 15% biotite, 12%, K-feldspars, 6% 
epidote, 2% amphibole, 1% chlorite and 4% accessories. In general, the largest grains are of K-feldspar, 
with a size of 1–5 mm. The grains of plagioclase and quartz are normally 0.5–2 mm /Andersson 2007/.

Alteration of the rock has occurred by oxidation or mylonization with alteration of plagioclase and 
K-feldspar to quartz and calcite, and of biotite to chlorite. A minor study on thin sections reported by 
/Andersson 2007/, indicate that the oxidized rock found in TASQ tunnel has an increased content of 
epidote and calcite, while the mylonitic rock has an increased content of quartz, epidote and calcite 
compared to unaltered rock. The observed exchange of the minerals in the alteration process suggests 
reduced strength in the oxidized rock and increased strength in the mylonitic rock. Laboratory tests 
on oxidized rock or rock containing sealed fracture networks, confirm a lower compressive strength 
relative to fresh Äspö Diorite. The ratio is approximately 0.5–0.6 compared to fresh rock /Staub et al. 
2004/.

2.2.2	 Density and porosity
Density and porosity of intact rock samples were previously measured in the laboratory /Staub et al. 
2004/. Wet and dry bulk densities, as well as effective porosity, were conducted on a total of 5 samples 
collected in two boreholes in the TASQ tunnel in the section used for APSE. The results, which show 
normal values for this type of rock, are listed in Table 2-1.

2.2.3	 Mechanical properties
The deformation and strength properties of intact rock were previously measured in uniaxial tests 
/Andersson 2007/. The tests included eighteen samples collected in four boreholes in the TASQ 
tunnel in the tunnel section used for APSE /Staub et al. 2004/. The results are presented in Table 2-2.

In the current field experiment another ten samples were collected for measurements of deformation 
and strength properties of intact rock from the CAPS tunnel section, see Appendix C. The results from 
these additional tests are summarized in Table 2-3. The latest laboratory results are close to those earlier 
reported.

Table 2-1. Dry and wet density as well as effective porosity of intact rock evaluated from five 
samples collected in the tunnel section used for APSE /Staub et al. 2004/.

Parameter Mean Range Unit

Dry bulk density 2,746 2,740–2,750 kg/m3

Wet bulk density 2,754 2,750–2,760 kg/m3

Effective porosity 0.3 0.15–0.40 %

Table 2-2. Deformation and strength properties of intact rock evaluated from eighteen samples 
collected in the tunnel section used for APSE /Andersson 2007/.

Parameter Mean Range Unit

E 76 69–79 GPa

ν 0.25 0.21–0.28 –

CI 121 80–160 MPa

UCS 211 187–244 MPa

BTS 15 13–16 MPa

Note: The crack initiation stress is evaluated from acoustic emission.
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Although the last results indicate a somewhat higher uniaxial compressive strength compared to in ear-
lier tests, the difference is judged to be within the accuracy of the applied testing method. It should also 
be noted that the two sets of testing were performed by different laboratories (SP Technical Research 
Institute and Helsinki University of Technology, respectively).

Since the number of samples included in both sets of laboratory test was relatively small, it is only 
the evaluated mean values that are judged to be representative for the rock. The given ranges are 
mainly a result of having small number of samples and probably do not indicate real differences in 
the rock properties. However, the evaluated deformation and strength properties of the intact rock are 
likely to be influenced by local variations in the geology. Alteration by oxidation and epidotization 
are examples of conditions in the rock that might influence the strength. The more foliated parts of 
the rock might also show a certain directional dependence of the strength properties. It should be 
noted that the core sections used for the specimens have been selected with the aim avoiding sections 
with sealed fractures that have an acute angle to the direction of the axial load.

The crack initiation threshold is evaluated based on two different methods, acoustic emission moni-
toring in the earlier tests and strain based monitoring in the present tests. More confidence is given to 
the results evaluated from the monitoring of the acoustic emission, since this method is judged to be 
more exact.

The tensile strength was not determined during the present field test, since the uncertainty in the results 
of the previous laboratory tests was judged to be small. Furthermore, in the present study the parameter 
is used mainly to predict the spalling potential of the rock via the ratio of the compressive strength to 
tensile strength. In the current experiment the ratio of UCS/BTS is about 15, which indicates that the 
spalling potential of the rock is high.

Although composed mainly of sealed fractures, the observations in the APSE field experiment indicate 
that the mylonitized shear zone has a slightly different spalling strength compared to the surrounding 
Äspö diorite /Andersson 2007/. The risk that the shear zone would influence the outcome of the field 
test was consequently assessed. However, the selected location was considered to be the most suitable 
found in the TASQ-tunnel.

2.2.4	 Thermal properties
The thermo-physical properties of intact rock in TASQ tunnel were determined previously for the APSE 
field test /Andersson 2007, Staub et al. 2004/. These results are presented in Table 2-4. Additional testing 
of the thermo-physical properties for CAPS field experiment was considered unnecessary, since the 
results for the APSE test were rather homogenous.

Table 2-4. Coefficient of thermal expansion and thermal properties of intact rock evaluated from 
samples collected in the tunnel section used for APSE /Andersson 2007, Staub et al. 2004/.

Parameter Mean Range Unit

α 7.0 6.2–8.3 10–6/K
λ 2.6 2.4–2.8 W/mK
C 2.1 2.0–2.5 MJ/m3K
κ 1.1 1.0–1.3 10–6 m2/s

Table 2-3. Deformation and strength properties of intact rock evaluated from ten samples 
collected in the tunnel section used for CAPS, see Appendix C.

Parameter Mean Range Unit

E 74 71–78 GPa
ν 0.29 0.22–0.32 –
CI 116 85–152 MPa
UCS 227 170–294 MPa

Note: The Crack initiation stress is evaluated from uniaxial tests using the strain method.
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2.3	 In situ state of stress
In situ stress measurements in the body of rock, where the TASQ tunnel is located, have been performed 
by three different methods in two orthogonal boreholes /Christiansson and Janson 2002/. The in situ 
stress around the TASQ tunnel has also been evaluated based on a back calculation of convergence 
measurements made in the tunnel /Andersson 2007/. The resulting best fit stress tensor from the back 
calculation is presented in Table 2-5. The major difference between the stress tensor evaluated from 
borehole measurements and the tensor evaluated from convergence measurements in the tunnel, is 
related to the plunge and the trend. The major principal stress is assumed to be perpendicular to the 
direction of the TASQ tunnel.

Table 2-5. Evaluated in situ stress field in the rock mass at TASQ tunnel, based on back calcula-
tion from convergence measurements taken in the tunnel during excavation /Andersson 2007/.

σ1 σ2 σ3

Magnitude (MPa) 30 15 10
Trend (Äspö 96) 310 0 220
Plunge 0 90 0

Note: The values correspond to the best fit stress tensor derived by numerical modelling using a Young’s modulus Em = 55 GPa.

2.4	 Damaged and disturbed rock mass zone
The rock around a blasted opening is normally damaged and disturbed to some distance from the rock 
face. The Excavation Damage Zone (EDZ) may be defined as a zone where existing macro-cracks 
are opened or extended, or where new macro-cracks are induced by blasting. Furthermore there is a 
disturbed zone that is wider than the damaged zone. In this zone, rock mass properties of importance 
for the construction, or in this case the experiment, are affected by factors like blasting, stress 
redistribution and weathering. Obviously, the degree of damage and disturbance is strongly dependent 
on the blasting technique employed.

A theoretical section of the TASQ tunnel is shown in Figure 2-3. The tunnel, which has a total height 
of 7.5 m and width of 5 m, was excavated by a 5.5 m high pilot drift followed by a 2 m high bench. 
This excavation method was used to minimize the damaged and disturbed zone in the tunnel floor. 
There was also stringent control of the borehole precision to minimize the EDZ /Olsson et al. 2004/.

Investigation of the resulting EDZ in the tunnel floor of TASQ indicates that the zone has an extent 
of 100–200 mm /Olsson et al. 2004/. There is, however, no evidence of any continuous damage zone 
in the tunnel floor.

2.5	 Water flow into heater holes
The hydraulic conductivity of the rock in the tunnel section used for the CAPS field experiment was 
examined by pressure build-up tests and water loss measurements. A criterion for acceptable inflow 
to the heating holes was established at 0.05 l/min to limit the heat transport by water movements 
during the field tests. The results from the water loss measurements indicated that this criterion 
might be exceeded in a couple of the holes and limited grouting was performed with silica sol prior 
to the reaming of these holes, see Section 4.4.

After completion of the reaming, the actual inflow of water to the heating holes was measured based 
on the change in water level in the holes during a period of 20 hours. The results from these measure-
ments, which were performed in July 2007, are presented in Figure 2-4. The measurements indicate 
a slightly larger inflow into the holes located on the NW-side of the tunnel axis compared to those 
located on the SE-side. The measured inflow exceeded the established criterion in only one of the 
heating holes.
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Figure 2-4. Recorded inflow of water to the heating holes in July 2007 after reaming before heating (l/min).

Figure 2-3. Theoretical section of the TASQ tunnel. The tunnel was blast as a pilot drift and a separate 
bench /Andersson 2007/.
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3	 Design of the field experiment

3.1	 Layout of the experiment
The field experiment has been carried out on the 450 m level at Äspö HRL in Section 45 to 55 of the 
TASQ tunnel. A photograph of the test site is presented in Figure 3-1. The configuration of the holes 
and the position of the instruments were settle based on scoping calculations /Lönnqvist et al. 2008/. 
Drawings showing the layout for each separate test are presented in Appendix G.

The test site consists of four pairs of heating holes, each surrounded by six instrumentation holes. 
The heating holes have a diameter of approximately 485 mm and a length of 4 m in rock. The centre 
to centre distance between the heating holes is 1.2 m giving a pillar width of 0.7 m. The diameter of 
the instrumentation holes is 56 mm.

The bottom of the heating holes has a telescopic shape over the last 1 m length, since they were reamed 
from a core-drilled hole in four steps (76 – 162 – 242 – 354 – 486 mm). To seal the heating holes from 
water on the tunnel floor, each hole had a cast 0.1–0.5 m thick concrete collar. The total length of each 
heating hole is consequently around 5.4 m with the collar of all holes at level –446.0 m.

Figure 3-1. Photograph of the test site of CAPS in TASQ tunnel Äspö HRL. The photograph was taken 
before all of the instrumentation holes had been drilled. The test sequence of the field experiment as well as 
labels of the heating holes, are indicated in the figure (Photo C-R Lindqvist).
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3.2	 Test sequence
The test sequence of the field experiment and labels of the heating holes, are indicated in Figure 3-1. 
The first test in the sequence included the heating of one pair of holes without any counterforce 
applied on the borehole wall. This test was performed to ensure that spalling occurred and could be 
observed in the holes. The heating period in the first test was initiated at the end of August 2008. 
Compared to the original plan, the heating period was prolonged from two to four weeks, due to a 
larger heat loss and slower temperature increase than expected in the test.

The second test was performed in November 2008 with a heating period of little more than two weeks. 
It was performed as a repetition of the first test with improved sealing of the heater holes and with a 
system for moistening the holes by generation of steam from heater tubes. The observations during the 
first test indicated that the inflow of water and the humidity in the holes had a significant influence on 
the results and that it was important to control this parameter during the tests.

The third test was performed in December 2008, promptly after the second test had been completed. 
This test was the first that included pellets of LECA (Light Expanded Clay Aggregates) loosely placed 
in a 50 mm gap created between a large inner tube of stainless steel and the borehole wall. The test 
was designed to observe any difference in the occurrence of spalling compared to the previous tests.

The final heating test was initiated in mid-February 2009 and the heating continued for two months. 
The test was performed as a repetition of the third test, but compared to the previous test, with artificial 
wetting of the heating holes to preserve the moisture content of the borehole wall. Another distinction 
from the third test was that the heating power was applied in a stepwise manner in this test to reduce 
the temperature gradient in the surrounding rock. The cooling period was also increased to ensure the 
return to ambient temperature before emptying the pellet filled gap.

3.3	 Substitute for bentonite pellet
The confining pressure in the field test on the borehole wall was accomplished with the use of LECA 
pellets (Light Expanded Clay Aggregates) instead of bentonite pellets. The use of bentonite pellets 
was impractical due to the inflow of water into the boreholes and the fact that the counterforce of dry 
pellets, without the effect of the swelling component, was to be investigated.

Pellets of LECA were judged to be a suitable substitute for dry bentonite based on oedometer tests, 
which demonstrated similar stiffness of both pellet materials, see Appendix E. In addition to the 
oedometer tests, calibration of the confining pressure was also carried out in compression tests 
using a pellet filled slot with the same dimensions as in the field experiment, see Appendix F. These 
latter tests indicated that the static horizontal confinement pressure from the pellet filling, i.e. the 
counter pressure without any wall movements, is very low (approximately 1 kPa) for both bentonite 
and LECA filling. The results are depending mainly on the silo effect of the slot and the static 
confinement pressure does not vary much with the filling height. The results from the pellets filled 
slot as well demonstrated that the LECA filling is slightly stiffer than the bentonite filling when 
compressed. The difference between the two laboratory tests is probably caused by differences in 
the degree of compaction.

When the rock wall fragments move in response to the progressing failure, the compressibility 
becomes important. The results from the oedometer tests indicate that loosely placed LECA pellets 
generate a confinement pressure on the borehole wall in the range of 10–20 kPa for 0.5% deforma-
tion, see Appendix E. The compression tests performed in the pellet filled slot give confining 
pressures of approximately 30 kPa for 0.5% deformation, see Appendix F.

A photograph of the pellet filled slot during preparation for Field Test 4 is presented in Figure 3-2. 
Typical properties of the selected LECA pellet are shown in Table 3-1.
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Table 3-1. Typical properties of the selected LECA pellet.

Parameter Value Unit

Fraction 8–14 mm
Bulk density ~270 kg/m3

Water ratio on delivery 5–10 %
Young’s modulus 10–20 MPa
Compressive strength ≥ 0.85 MPa
Heat conductivity 0.12–0.17 W/mK

3.4	 Test equipment and instrumentation
The instrumentation in the field experiment included temperature gauges, relative humidity gauges 
and monitoring cameras. A photograph of the test equipment and instrumentation installed in the 
heating holes in Test 1 is presented in Figure 3-3 and of Test 3 in Figure 3-4. Drawings of the test 
equipment and instrumentation with dimensions are presented for each separate test in Appendix G 
and additional photographs of the instrumentation are presented in Appendix U.

The installation of the test equipment is report in Section 4.6 and the operational experience of the 
test equipment is reported in Section 5.1.

Except for a number of modifications to improve the test equipment, the equipment used in Tests 2 and 
4 was similar to the one used in Tests 1 and 3, respectively. Most changes were carried out between the 
first and the second test. The most important modifications to the test equipment between Test 1 and 2 
are listed below:

Figure 3-2. Photograph of the pellet filled slot during preparation of Field Test 4 (Photo R Glamheden).
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Figure 3-3. Photographs of the test equipment and the instrumentation installed in the heating holes in Test 1 
(Photo C-R Lindqvist).

Heater tube

Monitoring 
camera

Temperature 
gauge

Spot light

•	 Improved sealing of the hole cover to keep the moisture in the heating holes.

•	 Location of temperature gauges on the outside of the heater tube to improve the temperature 
control of the field test.

•	 Increased gap between temperature gauge and the guide bushing to ensure good thermal contact 
between the temperature gauge and the borehole wall.

•	 Changed space material from polyurethane to clinker since the flushing point was too low.

•	 Monitoring cameras removed to limit the heat loss and drying up of the heating holes.

•	 Continuous monitoring of relative humidity in the heating holes since signs were observed that 
the humidity of the holes had an impact on the spalling occurrence.

•	 Artificial wetting of the heating holes to prevent drying up of the borehole wall.

•	 Level control of the drainage pump to limit the ventilation of the holes.

•	 Modification of the bottom disc to be able to unscrew when lifting the holder.

The modifications are further discussed in Section 5.1, which documents the operational experience 
of the test equipment. The changes of the equipment are also illustrated by a number of photographs 
in Appendix U.
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Figure 3-4. Photographs of the test equipment and the instrumentation installed in the heating holes in Test 3 
(Photo C-R Lindqvist).
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3.4.1	 Instrument holder
The test equipment and instrumentation used in the heating holes were mounted on a holder for instal-
lation as one unit into the hole. In Tests 1 and 2 the equipment installed consisted of a centre tube in 
carbon steel (Ø76 mm) that included the heater, and three pairs of adjustable spacers (195 mm length) 
for centring of the tube. The instruments were in this case mounted on the spacers, see Figure 3-3. 
In Tests 3 and 4, the holder was complemented with a larger tube in stainless steel (Ø385 mm and 
5 mm thickness) that created a 50 mm slot towards the borehole wall. In this case the main part of the 
instrumentation was mounted directly on the surface of the larger tube, see Figure 3-4.

After installation of the holder into the heating holes, the spring loaded temperature gauges were released 
to come in contact with the borehole wall. Then the centre tube and the larger tube were filled with sand 
to prevent thermal convection in the tube and to improve the thermal conductivity towards the surface of 
the tube. Photographs of the test equipment in place are shown in Appendix V. The operational experience 
with the holder is reported in Section 5.1.1.

3.4.2	 Drainage system
The heating holes were drained by two suction pumps, one per hole, that were installed via a pipe 
located on the holder running from the top to the bottom of the hole, see Appendix G. In the first test 
the suction pumps were running continuously without any interruption, while in the subsequent tests 
the pumps were controlled by a level guard or by a timer. A number of drainage pumps were also 
installed in the tunnel to keep it free from water and prevent the heating holes from being flooded. 
The operational experience from the drainage work is discussed in Section 5.1.2.

3.4.3	 Heating system
The temperature in the experiment was controlled by Backer electrical heater elements located in 
the sand filled tube in the centre of the heating hole, see Figure 3-3 and Figure 3-4. The length of the 
heater elements was 4.2 m, while the active length of the elements that generated heat was 4 m. The 
elements were installed with the active part between level –446.4 and –450.4 m in the boreholes. 
The dimensional output of the heater elements was limited to 2,300 W and the maximum allowable 
temperature of the elements was limited to 700°C. To reduce the power output of the heaters and to 
achieve redundancy in the system, each heating hole was equipped with two parallel heating ele-
ments that were used simultaneously. Furthermore, the last field test was equipped with an additional 
heating element as a reserve, since the heating period was considerably longer in this test compared 
to the previous.

The heater power control was managed by Jumo thyristors, one for each heater, which were possible 
to operate via the internet. The heater output was also supplemented with alarm levels and supplied 
by back-up power in case of power supply failure. Additional technical specifications of the heater 
system are to be found in Appendix H. The operational experience of the system is discussed in 
Section 5.1.3 and the heating procedure in Section 5.3.

3.4.4	 Wetting system
The second and the fourth heating tests were performed with artificial wetting of the heating holes to 
preserve the moisture content of the borehole wall. In the second test the wetting was achieved using 
a system that generated steam in the heating holes. A small flux of water was conducted through six 
small pipes to drip plates located in pairs on three levels on the heating tube where it vaporized, see 
Figure 3-5. Drawings of the system are presented in Appendix G.

The instrument holder used in the fourth test was equipped with a wetting system similar to the one 
used in the second test. However, the system was replaced by another system during the installation 
and the original one was never used. The system used instead was based on a loop that circulated 
water in the pellet filled slot and by re-pumping the water from the bottom to an elevated tank shown 
in Figure 3-6. Both the tank and the pipes were well insulated to minimize the heat loss from the 
system. The operational experience of the wetting system is discussed in Section 5.1.4.
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Figure 3-5. Close-up view of the pipe and the drip plate included in the wetting system used in the second 
heating test (Photo C-R Lindqvist).

Figure 3-6. Shows the tank and part of the pipe work of the wetting system installed in the last field test. 
Both the tank and the pipes were well insulated to minimize heat loss from the system (Photo C-R Lindqvist).
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Figure 8-5. Comparison between temperatures recorded at the borehole wall in KQ0046G03 during Test 4 
and corresponding calculated temperatures.

Figure 8-6. Comparison between temperatures recorded at the borehole wall in KQ0046G04 during Test 4 
and corresponding calculated temperatures.
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Figure 8-7. Calculated tangential stress on the heating hole wall versus temperature for three depths in the 
different field tests. Note that the recorded temperature and the calculated stresses are at different positions 
on the borehole wall, as indicated by the bottom inset.
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In spite of a somewhat uneven temperature development between the heating holes, the modelling 
results show an induced stress that is rather similar in both of the heating holes of any individual 
field test, see Figure 8-7. This indicates that the observed differences in spalling between the heating 
holes located on the NW-side and those on the SE-side of the tunnel axis are not caused by variations 
in the induced stresses.

The calculated tangential stresses versus distance from the borehole wall are presented on two 
occasions at 1.5 m depth in the NW heating hole in Figure 8-9. The simulated results show that the 
induced stress gradient in the various field tests was flattest in Test 4 at the beginning of the heating 
period and steepest in the same field test when the cooling phase was initiated. The reason for this is 
the fast temperature increase in the last field test, when the drainage pumps stopped and the wetting 
system shut down, see Section 5.1.2 and 5.1.4.

According to the results presented in Figure 8-9 the nominal spalling strength was exceeded up to a 
distance of 50–90 mm from the borehole wall in the different field tests. The shallowest value was 
estimated for Test 1 and the deepest value for Test 4. Despite the fact that the numerical simulation 
was performed by a linear elastic model that does not predict the post failure stresses, a comparison 
of the results with the field observations gives an indication of the beneficial confinement effect of 
the pellet filling. In the field experiment the maximum notch depth was observed in Field Test 2 
rather than Test 4.
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Figure 8-8. Comparison between calculated tangential stresses and the occurrence of breakouts along 
the heating holes. The calculated results correspond to the conditions after the excavation and when the 
cooling phase was initiated. The intervals of observed breakouts are indicated by the dimension lines. 
The position of the observed maximum breakout in respective hole is also indicated in the diagrams.



TR-10-37	 85

8.2	 The occurrence of breakouts
The occurrence of breakouts in the heating holes is a function of the induced stresses and the rock 
strength. The estimated stress described in Section 8.1.3, suggests that one should expect an even 
distribution of breakouts in the heating holes if the strength of the rock was the same throughout the 
volume employed by the field experiment. Moreover, if the rock strength was equal, the distribution 
of breakouts along the borehole wall should be expected to form a continuous notch along both sides 
of the borehole wall. However, the observed outcome of the field experiment clearly illustrated that 
this is not the case.

As indicated in the previous sections, the results suggest a correlation between the natural humidity 
in the heating holes and the volume of breakouts in the individual tests. Possible reasons for this are 
discussed in Section 8.2.1 below. A possible explanation to the observed breakout distribution may 
also be associated with the geology, which causes local variation in the rock strength or the in situ 
stresses. Possible geological factors are described in Section 8.2.2.

8.2.1	 Influence of humidity
The results from the field experiment appear to indicate that the volume of breakout in the heating holes 
can be correlated with the water inflow and the natural humidity of the heating holes, see Table 8-1. 
After the completion of the first field test, the large difference in proportion of breakouts between the 
heating holes was interpreted as a result of disturbance to the natural humidity in the holes. The heating 
and the system of compressed air to keep the camera lenses free from mist resulted in a reduced humid-
ity in the heating holes during the first test. The least amount of breakout was observed in the heating 
hole with lowest relative humidity. The drying-up of the boreholes was initially assumed to have caused 
a slight apparent confinement of the borehole wall due to suction within the borehole boundary.

The observations resulted in the decision to perform the next test as a repetition of the first, however, 
with controlled humidity in the holes. In the second test the sealing of the heating holes was improved 
and a system to maintain the humidity in the holes, by the generation of steam via the heating tubes was 

Figure 8-9. Calculated tangential stress versus distance from the borehole wall on two occasions in a 
position located 1.5 m down into the NW heating hole.
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employed, see Section 3.4.4. Furthermore, the observation cameras were not included in the second test 
to exclude the disturbance caused by the compressed air. However, these actions to prevent the rock 
from drying up during the second test did not result in the expected more uniform breakout distribution 
in the heater holes, see Table 8-1.

Another possible explanation of the observations is that the dry and the wet parts of the borehole wall 
have different rock strength. Laboratory results on dry and water saturated samples of Äspö diorite 
confirm a difference in both the crack initiation stress and the uniaxial compressive strength of the rock, 
see Appendix C. However, the difference is only about 10%, which probably is too small to explain the 
observed results. Moreover, the variation in strength within the dry and saturated sample group is much 
larger than between the groups. Consequently the heterogeneity in the breakout occurrence is assumed 
to be caused by other factors than just the humidity in the heater holes. Other geological conditions that 
possibly correlate with the humidity of the heater holes are discussed in the section below.

8.2.2	 Correlation between breakouts and geology
Possible correlations between the occurrence of breakouts and aspects of the geology were evaluated 
based on photographs, video recording, laser scanning and RVS modelling of the geology. The 
geological factors that were considered of interest to examine were the shear zone that intersects the 
area, rock mass foliation and alteration such as oxidation and epidotization, along with the distribu-
tion of sealed fracture networks. A number of pictures produced to evaluate possible correlation 
between the occurrence of breakouts and the geology are included in Appendix B. A separate study 
by Vattenfall Power Consultant regarding this subject is presented in Appendix S. The account here 
summarizes the findings in the current study.

The boundary of the shear zone is shown in Figure 8-10. All heating holes penetrated the shear zone, 
but the holes on the SE-side of the tunnel axis are drilled through the full width of the zone, while 
boreholes on the NW-side only penetrate the zone partly and mainly are excavated below the zone. 
The occurrence of breakouts is more extensive in the latter holes, which mainly runs below the shear 
zone, Figure 8-11 and Figure 8-12.

Another condition related to the shear zone that is illustrated by the figures, is that the occurrence 
of breakouts is reduced in areas of more pronounced foliation, i.e. the volume between the upper 
and lower boundary of the shear zone that has previously been exposed to high levels of strain. In 
foliated rock where breakouts do occur, the foliation to a certain degree influencing the boundary of 
the breakout, both affecting its position slightly and generating a stepped contour, see Figure 8-13.

Alteration by oxidation, which is more pronounced in the upper part of the heating holes, does not 
seem to influence the occurrence of breakouts in any systematic way, see Appendix B. This lack of 
any identifiable systematic pattern is also seen in the case of the epidotization and distribution of 
sealed fracture networks, which are commonly associated with the more foliated parts of the rock. 
However, it appears that the dimension of breakouts is larger in sections of more pronounced oxida-
tion, see Appendix B. Moreover, the sealed fracture networks in some cases, for example in upper 
part of the KQ0048G04, appear to have controlled the shape of the breakouts.

The above described observations related to the shear zone and the oxidation are in accordance with 
the findings in Section 2.2.1, which indicate that parts of the strong foliated rock in the shear zone are 
expected to have higher strength, while parts of oxidized rock possibly has lower strength. A variation 
in the intensity in the foliation or the oxidation might be the cause of differences in the amount of 
breakouts observed on the different sides of the wall in a heating hole. However, the mapping that the 
RVS modelling was based have not sufficient resolution to confirm that assumption, since mapping 
was carried out on cores of the pilot holes in the centre of the heating holes.
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Table 8-1. Compilation of breakout volumes, water inflow and relative humidity in the heating holes.

Borehole/Test Breakouts1 
(litre)

Inflow2 
(litre)

Relative humidity3

Temp (°C) RH (%)

Test 1
KQ0054G03 5.1 0.003 100 20
KQ0054G04 1.3 0.002 100 5
Test 25

KQ0051G04 12.8 0.016 94 81
KQ0051G05 1.6 0.003 93 94
Test 3
KQ0048G04 6.44 0.081 94 65
KQ0048G05 2.7 0.003 100 12
Test 45

KQ0046G04 0.4 0.001 71 18

1) Breakouts volume in the heating holes based on results from the laser scanning.
2) �Inflow of water into the heater holes based on the changed in water level during a period of 20 hours.
3) Estimated mean value of temperature and relative humidity during the heating period.
4) The value has been corrected for breakouts that occurred during the drilling.
5) The field test was performed with artificial wetting of the heating holes.

Figure 8-10. Isometric view of the test area showing the heating boreholes and the boundaries of the 
shear zone running through the site. The geometry of the boreholes is based on the laser scanning except 
for KQ0046G03 for which no mesh has been produced. The purple disks in the northeastern part indicate 
splays of the shear zone.
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Figure 8-12. Visualization of mapped boundaries of the shear zone and sections of oxidations together with 
sections of observed breakouts in Tests 3 and 4 performed with confinement by LECA pellets. The projections 
of the breakouts are from the outside. The breakouts in the areas marked by a blue ellipse and a circle occurred 
mainly before the heating.

Figure 8-11. Visualization of mapped boundaries of the shear zone and sections of oxidations together 
with sections of observed breakouts in Tests 1 and 2 performed without confinement by LECA pellets. 
The projections of the breakouts are from the outside.
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8.2.3	 Confinement effect on spalling
The evaluation of the confinement effect on spalling is not unequivocal due to the heterogeneity in 
the spalling results between heating holes from the same group, i.e. Tests 1 and 2 without confine-
ment compared to Tests 3 and 4 with confinement. The heterogeneity in the results, which most 
likely is caused by the shear zone striking parallel with the tunnel, means that evaluation of the holes 
on the NW-side of the tunnel axis must be made separately from those on the SE-side. Moreover, 
the differences in temperature development and resulting thermal stresses in the various field tests 
must be considered. Based on the numerical calculations, the largest dimensions of the breakout are 
expected in Field Test 4 followed in declining sequence by Field Test 3, 2 and 1.

When evaluating the results from Test 3, it should be noted that the boreholes were not scaled 
before the heating period and that breakouts already existed in the upper part of the NW-hole 
(KQ0048G04). It should also be observed that the removal of pellets in Test 3 was carried out when 
the temperature in the surrounding rock was to a certain degree still elevated.

The NW-hole from Field Test 4 is not included in the comparison since it was grouted. In the hole 
presented from Test 4, only the NE-side of the borehole wall was scaled.

The parameters that have been included in the evaluation of the confinement effect on spalling are 
the maximum length, width and depth of the created notch as well as the volume of breakouts in the 
holes, see Figure 8-14 to Figure 8-17. It should be noted that the volume in KQ0048G04 in Test 3 
(NW-hole) has been corrected for the initial breakout during drilling, see Section 6.1.

Figure 8-13. The picture shows an example where the foliation affects the left boundary of the breakout, 
whereas the narrow fine-grained granite does not appear to have any impact on the breakout border.
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Figure 8-14. Comparison of max breakout length in the heating holes, a) holes on NW-side and b) holes 
on SE-side. Field Test 3 and 4 were performed with confinement. The NW-hole from Field Test 4 is omitted 
since it was grouted. The breakout length in Field Test 3 includes the part that spalled during the drilling.

Figure 8-15. Comparison of maximum breakout width in the heating holes, a) holes on NW-side and b) holes 
on SE-side. Field Test 3 and 4 were performed with confinement. The NW-hole from Field Test 4 is omitted 
since it was grouted. The maximum breakout width on the NE-side in Field Test 3 is located in the part that 
spalled during the drilling.

Figure 8-16. Comparison of max breakout depth in the heating holes, a) holes on NW-side and b) holes 
on SE-side. Field Test 3 and 4 were performed with confinement. The NW-hole from Field Test 4 is omitted 
since it was grouted. The maximum breakout depth on the NE-side in Field Test 3 is located in the part that 
spalled during the drilling.
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When comparing the dimensions of the notches in the various heating holes, the results indicate equal 
or smaller dimensions of the notches created in holes performed with confinement compared to those 
carried out without confinement. The trend is similar when comparing the breakout volume in the holes, 
the volume is equal or smaller in the holes performed with confinement compared to those carried out 
without confinement. The only exception to this trend is the result on the NE-side in KQ0048G05, where 
the maximum volume occurred in the upper part of the hole and which might be a consequence of the 
removal of pellets when the temperature was still elevated.

Considering that the numerical calculations indicate that the nominal spalling strength is exceeded 
further into the borehole wall in Tests 3 and 4 compared to Tests 1 and 2, the overall conclusion from 
the present evaluation, is that the confinement provided by LECA pellets has reduced the thermal-
induced spalling. Besides this, as already pointed out in Section 6.3, the confinement provided by the 
LECA pellets has the capability to keep rock slabs with larger dimensions than the pellet fraction in 
place on the borehole wall.

8.2.4	 Confinement effect on the hydraulic conductivity
The results from the water injection tests demonstrate that the transmissivity of the damaged zone 
with confinement by LECA pellets is typically below 5∙10–9 m2/s, see Section 7.4. The correspond-
ing hydraulic conductivity for an assumed thickness of the damage zone between 10–50 mm is 
estimated to be less than 5∙10–7 m/s. This conductivity is much larger than the hydraulic conductivity 
of undisturbed matrix rock at Äspö, which according to determinations by the GeoMod project is 
approximately 1∙10–12 m/s /Vidstrand 2003/. However, the resolution of the measurements performed 
in the current experiment is unfortunately insufficient to determine how close the hydraulic conduc-
tivity of the investigated damaged zone is to the matrix background hydraulic conductivity.

In order to assess the benefit from the confinement effect of the hydraulic conductivity of the damage 
zone, the results reported here were compared with the results from a study by /Neretnieks and Andersson 
2009/. In the study the hydraulic conductivity was estimated for a spalled damage zone, consisting of a 
zone of increased porosity but with the fragments in place. The results are based on data obtained from 
the rock fragments collected in the APSE field experiment. The results from this study indicate that the 
damage zone had a hydraulic conductivity above approximately 1∙10–4 m/s, see Figure 8-18.

Although the results generated by data from APSE are based on a methodology quite different from 
the one used in CAPS, a comparison of the results indicates that the confinement provided by LECA 
pellets has noticeably reduced the hydraulic conductivity of the damage zone. The inferred reason 
for this is not only that the cracks of the damage zone are kept closed by the confinement, but that 
the net of flow paths becomes more complex, by keeping the slab in place on the borehole wall.

Figure 8-17. Comparison of breakout volume in the heating holes, a) holes on NW-side and b) holes on 
SE-side. Field Test 3 and 4 were performed with confinement. The NW-hole from Field Test 4 is omitted 
since it was grouted. The volume in KQ0048G04 has been corrected for the initial breakout during drilling 
(NW-holes, T3).
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Figure 8-18. Estimated hydraulic conductivity versus porosity of a spalled damaged zone. The upper curve 
corresponds to flow parallel to the spalled fragment and the lower curve to flow across the fragment. After 
/Neretnieks and Andersson 2009/.
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9	 Summary of the results

9.1	 Heat losses
The heating power applied in the field experiment was in general larger than the value obtained in the 
numerical calculations by fitting the recorded temperatures. The main reasons for discrepancy between 
the applied and back-calculated heating power are additional sources of heat loss not included in the 
calculations.

The results from the numerical simulation indicate that the heating power that enters the rock mass 
is about 20–40% lower than the applied power in the field tests. The calculated and recorded heating 
power showed best agreement in the third field test, which was carried out without artificial wetting.

9.2	 Relative humidity
The measurements in the tunnel displayed stable humidity with only minor variations. The recorded 
relative humidity before starting the heating period in all heating holes was in the range of 90–100%.

In Field Tests 1 and 3, which were performed without artificial moistening, the lowest relative humid-
ity in both tests was recorded in the SE-hole, where it reached a value of around 5%. The artificial 
moistening in Field Tests 2 and 4 was not able to maintain the relative humidity at the initial value in 
the heating holes but the humidity of the holes were balanced and the reduction of the humidity during 
the heating period was limited.

9.3	 Temperature distribution
The initial temperature of the rock mass before starting the first field experiment was around 15°C. 
In the following tests, the initial temperature increased slightly and reached a maximum of 18°C in 
Field Test 3 due to the disturbance from the nearby previous heating test.

The maximum temperature on the wall in the heating holes, reached just before the cooling phase was 
initiated, ranged from approximately 80°C in the first test to 140°C in the final test. In all heating holes 
the temperature on the borehole wall reached the calculated temperature necessary to induce thermal 
spalling along the main part of the wall.

With the exception of Tests 2 and 4, the temperature development in the field tests was somewhat 
uneven between the heating holes. The difference in temperature is a reflection of the relative humid-
ity of the heating holes, which was largest in the heating hole with least temperature change.

The calculated and recorded temperature distribution of the field tests demonstrates reasonable agree-
ment in Tests 1 and 2, while a more modest agreement was achieved in Tests 3 and 4. What proved to 
be difficult to achieve was the fitting between calculated and recorded temperatures on the wall of the 
heating holes, especially in Tests 3 and 4.

9.4	 Thermal stress evolution
The numerical simulation indicates that the spalling stress threshold for Äspö diorite (120 MPa) is 
exceeded down to a depth of about 1.2 m below the edge of the concrete collar after excavation and 
to a depth of 4.2 m in the various field tests during the heating phase.

According to the simulations the highest stresses are expected to occur close to the tunnel floor in the 
heating holes. In Tests 1–3 the calculated tangential stress amounts to 185–190 MPa, while in the last 
test it exceeds 200 MPa in the model. However, no EDZ was accounted for in the simulations and it 
is thus likely that in the model the stresses in the upper part of the tunnel floor, within approximately 
0.3 m distance, are overestimated.
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The stress gradients close to the heating holes in the numerical model are correlated to the calculated 
stress levels. The highest stress gradients are consequently estimated in the last test where the 
temperatures and the stress levels were highest.

There is a linear relationship between the calculated stress changes and the temperature changes. The 
dependence seems to be similar both during temperature increase and temperature decrease and for 
all borehole depths.

In spite of a somewhat uneven temperature development between the heating holes, the modelling 
results demonstrate induced stresses that are rather similar in both of the heating holes of any 
individual field test.

According to the numerical simulations, the nominal spalling strength was exceeded up to a distance 
of 50–90 mm from the borehole wall in the different field tests. The shallowest value was estimated 
for Test 1 and the deepest value for Test 4.

9.5	 Spalling observations
Spalling related to the drilling of the boreholes was only observed in three of the heating holes and was 
in general minor involving only few rock slabs in the depth interval of 0.6–1.3 m. According to the 
estimated stresses, the drilling should have caused a stress concentration sufficient to create spalling 
down to at least 1.2 m depth in all the holes. The small amount of spalling related to the drilling process 
might be a result of reaming the heating holes to full size in several steps from a core drilled pilot hole, 
which is supposed to reduce the extent of the damage zone.

The uppermost observation of breakouts in the holes after the heating phase was encountered in the 
interval 0.4–0.8 m below upper edge of the concrete collar and the lowest observation in the interval 
3.1–4.1 m below the same reference level. The observations are in close agreement with the expected 
interval of the damaged zone based on the results from the numerical modelling.

The results show large heterogeneity in the proportion of observed spalling between the heating holes 
as well as between opposite sides of any individual heating hole. The largest amount of spalling was 
observed in the heating holes with the largest inflows of water, even though the temperature increase 
was smallest in these holes. The moisture content of the borehole wall appears to influence the results. 
However, the overall pattern is most likely dominated by the effect of the shear zone that strikes 
parallel to the tunnel axis, causing local variations in the strength of the rock.

The length of the breakouts varies from less than 0.1 m up to approximately 2.6 m. It is mainly in the 
upper part of the heating holes that the breakouts form a continuous notch. The breakouts in the lower 
part of the heating holes consist of separate sectors of a length that normally is less than 0.1–0.2 m. 
The notch was least developed in Test 4, performed with confinement provided by LECA pellets.

The width and depth of the notches reach approximately 270 mm and 70 mm, respectively. When 
normalised to the initial hole radius, the depth of the notches reaches up to about 0.3 of the hole 
radius. The maximum width and depth of the notches are approximately half the size of the dimen-
sions observed in the APSE project (width≤500 mm, depth ≤ 135 mm) /Andersson 2007/.

The determined breakout angle ranged from approximately 5 degrees for the tiny breakouts to up 
to 60 degrees for the fully developed ones, with a mean around 30 degrees for all observations. The 
corresponding values of the opening angles were 90 degrees for deep asymmetric breakouts and up 
to 160 degrees for shallow symmetric ones, with a mean of around 130 degrees for all observations. 
The opening angle is comparable with the observation in APSE, while the breakout angle is approxi-
mately half the mean value /Andersson 2007/.

The trend of the damaged zone, which was evaluated separately for each side of the borehole wall, 
varies between N20–53E degrees (mean N38E degrees) and N193–263E degrees (mean N212E 
degrees), respectively. The observed position of the damaged zone agrees relatively well with a 
direction normal to the trend of the major principal stress, which according to the evaluations in 
APSE corresponds to N40E or N220E degrees /Andersson 2007/. The observed variations seem to 
be caused mainly by the foliation, by the shear zone and minor dykes that intersect the heating holes.
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9.6	 Investigation of rock fragments
The total weight of the rock fragments due to thermal spalling that dropped down in the heating holes 
amounts approximately 80 kg. The total weight of rock fragments that were collected from the holes 
heated without the confinement provided by the pellets varies between 4–33 kg (1.4–12.0 litres). The 
corresponding total weight for the holes heated with the confinement provided by the pellets, varies 
between 1–19 kg (0.3–7.0 litres).

The rock fragments range in weight from less than 1 gram up to discs with a weight of 1.6 kg. The 
maximum recorded length of the collected rock fragments was 290 mm, while the maximum width 
was 180 mm. The distribution of the width/length ratios indicates that most fragments have a width 
that corresponds to half their length, which corresponds well with the observations in the APSE field 
experiment /Neretnieks and Andersson 2009/.

The thickness of the collected fragments is typically 0.1 of the length, which likewise is close to the 
observations in the APSE field experiment /Neretnieks and Andersson 2009/.The investigation shows 
a larger amount of thinner fragments in the holes of Field Tests 1 and 2 compared to the fragments 
collected in Field Test 3, which seems to indicate that the confinement resulted in slightly thicker 
fragments.

9.7	 Hydraulic test
The results from the water injection tests, in a heating hole with confinement provided by LECA filling, 
demonstrate that the transmissivity of the damaged zone is typically below 5∙10–9 m2/s. The correspond-
ing hydraulic conductivity for an assumed thickness of the damage zone between 10–50 mm is esti-
mated to be less than 5∙10–7 m/s. The measured conductivity is much lower than the expected hydraulic 
conductivity of a damage zone with incomplete confinement, which is estimated to be approximately 
1∙10–4 m/s by /Neretnieks and Andersson 2009/. The hydraulic conductivity of undisturbed matrix rock 
at Äspö is approximately 1∙10–12 m/s /Vidstrand 2003/.

The lack of interference between the water injection holes during the hydraulic tests indicates that 
the thermal spalling has not produced a continuous damage zone along the heating holes where 
confinement is provided by LECA filling.
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10	 Conclusions

Thermally-induced spalling occurred in the unsupported holes at approximately the magnitudes of 
tangential stress that were predicted, i.e. at a tangential stress corresponding to about 60% of the 
uniaxial compressive strength.

The largest amount of spalling was observed in the heating holes with the largest inflows of water, even 
though the temperature increase was smallest in these holes. The moisture content of the borehole wall 
seems to influence the results. However, the overall pattern is most likely dominated by the effect of 
the shear zone that strikes parallel to the tunnel axis.

The uppermost and lowest observation of breakouts in the holes after the heating phase is in close 
agreement with the expected interval of the damaged zone based on the results from the numerical 
modelling. However, it is mainly in the upper part of the heating holes that the breakouts form 
continuous notches. The breakouts in the lower part of the heating holes consisted mainly of isolated 
spots of spalling.

The nonuniform development of thermally-induced spalling is probably associated with local variation 
in the rock strength caused by a variable geology. The deflection of the strength variation in the breakout 
occurrence is probably enhanced for the current hole size compared to full size deposition holes. The 
results simply indicate that the current scale was too small to be fully representative for the present rock 
conditions. In a full scale-hole, the nominal spalling strength would be exceeded in a significantly larger 
volume, meaning that the probability for local high-strength parts on the borehole wall to block the 
formation of a continuous spalled zone would be smaller. In full size deposition holes, without confine-
ment, it is expected the breakouts would be more likely to form continuous notches along the holes.

The results indicate that dry pellets cannot prevent the borehole wall from cracking, whereas they 
will keep slabs in place with larger dimensions than the pellet fraction. These slabs represent a 
sufficiently large proportion of the spalled volume to obtain a reduced hydraulic transmissivity of the 
damage zone compared to the unsupported case where all fragments are free to detach.

When comparing the breakout dimensions and breakout volumes in the various heating holes, the 
results indicate equal or smaller breakouts in the holes performed with confinement compared to 
those carried out without confinement. Considering that the numerical calculations indicate that the 
nominal spalling strength is exceeded further into the borehole wall in the confined holes compared 
to the unconfined ones, the conclusion is that the confinement provided by LECA pellets has reduced 
the thermal-induced spalling.
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11	 Recommendations

Since the results indicate that the current scale was too small to be fully representative for the encount
ered rock conditions, it is recommended that a full-scale test be carried out to assess whether the findings 
are applicable to 1,750-mm-diameter deposition holes. Such a test should involve regular dry bentonite 
pellets instead of LECA pellets, since the laboratory results indicate that a LECA filling might be stiffer 
than a bentonite filling. Moreover, the time dependent temperature change with the corresponding 
stress path for the full scale tests should be close to the expected conditions in a repository located in 
Forsmark. Should the full scale tests support the findings from these initial trials, filling the gap between 
the bentonite blocks and rock wall with dry bentonite pellets may provide a viable engineered solution 
for controlling the effects of thermally-induced spalling in the KBS-3 deposition holes.

In a future field experiment attempts should also be made to obtain a site with less heterogeneity 
in the geology, and also to achieve a similar temperature gradient around all heating holes included 
in the experiment. Implementation of monitoring by acoustic emission for observation of possible 
spalling activity during the heating period and when the confinement pressure is released should also 
be considered.
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Appendix A

WellCad diagrams for geological data of the pilot holes
The diagrams present geological data for the core drilled pilot holes located in 
the centre position of the later reamed heating holes
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Appendix B

Visualisation of the geological data

Figure B-1. Isometric view, looking down to the east, of the heating holes. Sections logged with oxidation 
in pink and the outline of the shear zone running through the investigation area. In the northeastern part 
the shear zone splay downwards.
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Figure B-2. Isometric view, looking down to the east, of the heating holes. Laser scanned mesh is visualized 
as grey mesh in the boreholes (no mesh has been produced for KQ0046G03) and also the outline of the 
shear zone running through the investigation area. In the northeastern part the shear zone splay downwards.
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In the following images the breakouts are visualized on both sides of the heating holes; darker blue 
color on the southwest side and lighter blue on the northeast side. NE and SW denote view towards 
the northeast and southwest, respectively.

Figure B-3. Visualization of breakouts (light bluish) together with sections of Sealed Networks in KQ0046G04, 
visualized as the primary mineral sealing of the fractures in the network. Also visualized is the upper and lower 
boundary of the shear zone and its internal foliation (reddish disks). NE and SW denote view direction towards 
the northeast and the southwest, respectively.
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Figure B-4. Visualization of breakouts (light bluish) together with sections of oxidation in KQ0046G04. 
Also visualized is the upper and lower boundary of the shear zone and its internal foliation (reddish disks). 
NE and SW denote view direction towards the northeast and the southwest, respectively.
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Figure B-5. Visualization of breakouts (light bluish) together with sections of Sealed Networks in 
KQ0048G04 and -G05, visualized as the primary mineral sealing of the fractures in the network. Also 
visualized is the upper and lower boundary of the shear zone and its internal foliation (reddish disks). NE 
and SW denote view direction towards the northeast and the southwest, respectively.
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Figure B-6. Visualization of breakouts (light bluish) together with sections of oxidation in KQ0048G04 and 
-G05. Also visualized is the upper and lower boundary of the shear zone and its internal foliation (reddish 
disks). NE and SW denote view direction towards the northeast and the southwest, respectively.
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Figure B-7. Visualization of breakouts (light bluish) together with sections of Sealed Networks in 
KQ0051G04 and -G05, visualized as the primary mineral sealing of the fractures in the network. Also 
visualized is the upper and lower boundary of the shear zone and its internal foliation (reddish disks). NE 
and SW denote view direction towards the northeast and the southwest, respectively.



122	 TR-10-37

Figure B-8. Visualization of breakouts (light bluish) together with sections of oxidation in KQ0051G04 and 
-G05. Also visualized is the upper and lower boundary of the shear zone and its internal foliation (reddish 
disks). NE and SW denote view direction towards the northeast and the southwest, respectively.
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Figure B-9. Visualization of breakouts (light bluish) together with sections of Sealed Networks in KQ0054G03 
and -G04, visualized as the primary mineral sealing of the fractures in the network. Also visualized is the 
upper and lower boundary of the shear zone and its internal foliation (reddish disks).The zone here only 
affect the upper part of KQ0054G04, but in this part of the tunnel several less extensive offsets of the zone 
exists (not visualized) below the major zone. NE and SW denote view direction towards the northeast and 
the southwest, respectively.
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Figure B-10. Visualization of breakouts (light bluish) together with sections of oxidation in KQ0051G03 
and -G04. Also visualized is the upper and lower boundary of the shear zone and its internal foliation 
(reddish disks). NE and SW denote view direction towards the northeast and the southwest, respectively.



TR-10-37	 125

Figure B-11. Visualization of broken fractures in the boreholes intersecting heating hole KQ0046G03, 
which were used in the water injection tests.




