
In the geological nuclear waste disposal 
concept, the knowledge of the in situ stress 
state, the excavation damage zone (EDZ), 
rock mass strength, hydraulic conductivity 
and other rock mass properties are 
important for long-term safety. In this 
dissertation the applicability of the 
horizontal and vertical disposal concepts 
were evaluated for nuclear waste disposal 
and the EDZ is distinguished into 
construction-induced and stress-induced 
damage zones. Based on the conducted in 
situ experiments, rock mass failure in 
Olkiluoto rock is governed by fracture 
growth at lithological borders and this 
structurally controlled failure is 
distinguished as a new rock mass failure 
mechanism. Based on the dissertation, rock 
damage in Olkiluoto is modest and the site is 
well-suited for nuclear waste disposal from 
a rock mechanics perspective. 
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Abstract 
In Finland and Sweden, the geological nuclear waste disposal is heading for the 
implementation phase in the next ten years or so. In the disposal concept, the knowledge of the 
in situ stress state, the excavation damage zone (EDZ), rock mass strength, hydraulic 
conductivity and other rock mass properties are important for long-term safety. 
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Previous experience and research of rock strength in ONKALO and executing the POSE in 
situ experiment revealed that rock mass failure in Olkiluoto is governed by fracture growth at 
lithological borders. A two-fold failure criterion is proposed in this dissertation based on the 
onset of rock mass damage strength at 40 MPa and the rock mass strength 90 MPa. By 
comparing the experiment prediction and outcomes, the fracture mechanics prediction can 
capture the fracture growth realistically in the anisotropic rock mass, although the in situ 
experiments revealed a behaviour that was unpredictable. Based on the POSE experiment the 
structurally controlled failure is distinguished as a new rock mass failure mechanism. 

In this dissertation the applicability of the horizontal and vertical disposal concepts were 
evaluated for nuclear waste disposal. Based on the in situ experiments and modelling, the 
vertical disposal concept is not particularly sensitive if the trend of the tunnel is within 30° of 
the direction of the major principal stress. In the thermal period, the vertical disposal concept 
may suffer from the initiation of new fractures sometime after excavation, but neither of the 
disposal concepts is expected to be affected by any significant rock mass failure. 

Based on the dissertation, rock damage in Olkiluoto is modest and the site is well-suited for 
nuclear waste disposal from a rock mechanics perspective. 
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1. Introduction 

In the geological nuclear waste disposal concept, knowledge of in situ stresses, 
excavation damage zone (EDZ), rock mass strength, hydraulic conductivity and 
other rock mass properties are important for long-term safety. The Finnish and 
Swedish nuclear waste disposal projects, managed by Posiva Oy and Swedish 
Nuclear Fuel and Waste Management Co. (SKB), respectively, have initiated 
research, method development and in situ experiments on these subjects for 
waste disposal in Finland and Sweden during the last 20 years. Currently in 
Finland and Sweden, the nuclear waste disposal projects are heading for the 
implementation phase in the next decade or so. The reference concept for the 
nuclear waste disposal is the vertical KBS-3V disposal concept (Saanio et  al.,
2012)  as  illustrated  in  Figure  1  on  the  left.  The  horizontal  KBS-3H  disposal  
concept is being developed simultaneously with the vertical concept (Figure 1 
on the right). In both disposal concepts, the principle with multiple protective 
barriers is followed (Saanio et  al.,  2012).  The  barriers  include  final  disposal  
canister, bentonite buffer, tunnel backfill and bedrock (Saanio et al., 2012). 

The radioactive decay of the fuel spent will continue throughout the entire 
operational time of the repository (Saanio et  al., 2012). For the Olkiluoto 
repository, Hakala et al. (2014b) calculated the thermal and stress increases 
during  the  operational  lifetime  of  the  facility  at  the  -420  m  depth  level.  The  
highest temperature increase is expected to be about 28 °C in the back-filled 
disposal tunnels (Hakala et al., 2014b) and the maximum stress increase from 
25 MPa to 42 MPa (Figure 2). 

Figure 1. KBS-3V and KBS-3H nuclear waste disposal concept. (Siren et al., 2015a)
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Figure 2. Contours presenting the maximum compressive stress ( 1), A) after 60 years from the 
start of deposition and B) after 120 years from the start of deposition. (modified after Hakala et 
al., 2014b)

The deposition holes are filled with compressed blocks made from bentonite 
clay (buffer), and the gaps between blocks and rock surface with bentonite 
pellets  (Juvankoski,  2013).  The  purpose  of  the  bentonite  buffer  is  to  provide  
support  pressure  for  the  deposition  hole  (Juvankoski,  2013).  The  maximum  
temperature of the bentonite buffer is limited to +100 ºC (Ikonen and Raiko, 
2012). The deposition tunnels will be filled with backfill material, which is 
required to have sufficient swelling pressure to contribute to the stability of the 
tunnels (Keto et al., 2013). The rock mass surrounding the deposition tunnel is 
affected by the excavation damage, both stress-induced and construction-
induced, which decreases the rock strength and increases the hydraulic 
conductivity of the rock mass. 

Since 1995, one of the key locations for e.g. in situ testing of EDZ and rock 
mass  strength  has  been  the  Äspö  Hard  Rock  Laboratory  (HRL)  in  Sweden  
(Figure 3). The Äspö HRL was designed as an underground research laboratory 
for future geological nuclear waste disposal concepts. Although the Äspö HRL 
was not designed as a nuclear waste disposal site, the rock conditions are 
suitable for disposal. In terms of EDZ studies, one of the interesting sites has 
been the TASA tunnel, which was mechanically excavated by a Tunnel Boring 
Machine (TBM) in Äspö at -440 m depth.  

Since 2004, Posiva Oy has built an ONKALO rock characterization facility 
(Figure 4) in the Olkiluoto Island, located in Western Finland. Located at the 
future nuclear waste disposal site, the confirming site investigations are 
conducted in the facility. The Olkiluoto site has been under thorough research 
for  many  years,  and  at  the  end  of  2012,  Posiva  Oy  left  an  application  for  
construction licence for a nuclear waste repository. Confirmatory rock 
mechanics studies are still underway, related especially to the in situ stress, 
excavation damage zone and rock strength, which constitute the most important 
parameters describing the potential for rock failure and the extent of failure. For 
long-term safety assessment, the long-term stability (100 000 years) of rock and 
continuous spalling formations in highly stressed parts of the tunnel are crucial. 
Continuous spalling formations can create radionuclide transport routes in 
situations in which nuclear waste canisters are damaged. 
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Figure 3. Äspö Hard rock laboratory from SE direction with TBM tunnel (TASA tunnel) marked. 
(Siren et al., 2015b)

Figure 4. ONKALO underground facility from SW direction.
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During the last six years, the author has contributed to Posiva’s rock 
mechanics research in Finland and also to collaboration projects extending to 
Sweden. This study presents the following novel research initiated by the needs 
of the nuclear waste disposal industry: 

Chapter 2: The definition and distinction of construction-induced and stress-
induced excavation damage zones based on the research conducted 
in Äspö HRL and ONKALO (article 1) 

Chapter 3: Design, execution and outcome of an in situ spalling experiment in 
ONKALO (article 2 and partly 4) 

Chapter 4: The predictive capabilities of fracture mechanics for in situ experi-
ments in ONKALO (articles 2–3) 

Chapter 5: In situ strength of migmatitic gneiss and pegmatitic granite at the 
nuclear waste disposal site (article 4) 

Chapter 6: Rock damage mechanisms and assessment of the damage potential 
for the vertical and horizontal disposal concepts 

Chapter 7: Conclusions 

The work describes the rock strength and failure mechanisms in the future 
nuclear waste disposal site. Articles 1 and 4 describe research conducted in the 
tunnel, and Articles 2 and 3 present fracture mechanics predictions of rock 
failure in in situ experiments. 
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2. Excavation damage zones 

Considering deep mines or a TBM tunnel at great depth in hard crystalline rock, 
the stress-induced damage causes the majority of the relevant geohazards. In 
nuclear waste disposal, the stress-induced damage is unable to neither cause 
significant physical damage nor increase the hydraulic conductivity significantly 
at reasonably shallow depths (400 - 500 m), whereas the blast (construction-
induced) damage can cause significant hydraulic flow paths. In the hard rocks 
of Fennoscandia and the Canadian Shield, these two processes are 
distinguishable from thorough investigations, but in softer rock masses, the 
distinction between the processes may be more difficult.  

Although the research related to EDZ in the nuclear waste disposal concept 
has been thorough, the blast-induced and stress-induced excavation damage are 
often clumped without clear terminological definition. Scientifically and 
practically, however, these different processes can be distinguished and Article 
1 describes and discusses EDZ in more detail than the nuclear waste 
management industry, not to mention the mining industry, need.  

Posiva and SKB collaboratively conducted a project between 2010 and 2012 
implementing an in situ stress measurement campaign (Hakala et al., 2014a), 
and in 2013 (Siren et al., 2015b) ground penetrating radar (GPR) investigations 
in  the  Äspö  TBM  tunnel  (Figure  3).  Also  recent  data  from  ONKALO  were  
adopted. The investigations revealed information about the stress-induced and 
construction-induced damage zones. 

For the tunnel stability and reinforcement analysis, the stress-induced EDZSI

and construction-induced EDZCI constitute the most significant damage zones, 
since they remarkably and irreversibly change the rock properties in a 
significant depth. The stress-induced EDZSI contains inevitable excavation
consequences (Harrison and Hudson 1997): 

1. Displacements due to unloading, where the excavated rock mass is 
unable  to  provide  support  pressure  to  the  remaining  rock  mass.  This  
leads to block falls and deformations (almost always meaning shrinking 
of the excavation area). 

2. Redistribution of stresses, leading to a number of locations with 
significant stress peaks and lows. 

3. Water inflow due to fluid pressure being lowered to atmospheric 
pressure near opening, causing water flow towards the excavation. 
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The rock and fracture properties change more significantly near the 
excavation (Davies and Bernier, 2003; Lanyon, 2011). The construction-
induced excavation damage EDZCI extends in a drill-and-blast tunnel from 0.1 
m to as much as 1.5 m into the rock, increasing permeability by two or three 
orders of magnitude (Tsang et  al.,  2005).  However,  in  the  TBM  tunnel,  the  
EDZCI extends  from  1  to  3  cm  with  increasing  permeability  by  one  order  of  
magnitude (Emsley et  al.,  1997;  Davies  and  Bernier,  2003).  Because  of  its  
significance, the damage caused by explosions are often simplified to be the only 
source of excavation damage in the D&B method context. 

In Article 1, several existing data and new GPR EDZ and biaxial testing results 
from the TBM tunnel at -440 metre level in Äspö HRL are published that help 
understand the nature of excavation damage and to distinguish the EDZSI and 
EDZCI. Also fracture mechanics modelling was applied to distinguish different 
excavation damage zones by examining the different crack initiation patterns 
and crack initiation depths behind the excavation surface. 

The  GPR  EDZ  method  employed  is  based  on  frequency  analysis  of  the  
reflected GPR signal that carries property information related to the medium. 
Detection  of  the  EDZ  is  based  on  computing  the  EDZ  index  from  the  signal  
amplitude  spectrum.  An  example  of  the  GPR  EDZ  response  is  presented  in  
Figure 5. The threshold value for the EDZ index is based on statistical analysis 
and varies between sites, measurement conditions, used equipment and signal 
processing.  

The GPR data quality from the TBM tunnel is good and data collection was 
easy due to the even tunnel surface. The boundary between damaged and intact 
rock is naturally sharp, and damage exhibits a higher GPR EDZ response, as the 
statistical threshold value is exceeded. Figure 6 presents measurement results 
from  the  right  wall.  In  the  figure,  the  shift  from  red  to  green  represents  the  
transition between the damaged rock (in black) and the background EDZ data. 
The GPR EDZ response in  the TBM tunnel  is  generally  shallow compared to  
surfaces excavated with the D&B method (Silvast et al.,  2010). The GPR EDZ 
response, which is the estimated depth extent of the EDZ, in varies between 6 
and 18 cm (∼1–3 ns) in the TBM tunnel. Responses penetrating deeper than 24 
cm (∼ 4 ns) are due to reflections caused by lithological contacts and natural 
fractures. 

Figure 5. Integration of the EDZ index to represent excavation damage in the selected rock 
mass. (Siren et al., 2015b) 
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Figure 6. GPR EDZ response profiles from the longitudinal lines on the right side of the TASA 
tunnel. The palette visualizes the values from the threshold value to the lower limit value. (Siren
et al., 2015b) 

To study the damage mechanism, fracture mechanics modelling was 
conducted with parameters presented in Article 1. The modelling suggests a 
stress-induced EDZSI with  micro  crack  initiation  of  40  degrees  to  minor  
principal  stress  direction with the maximum depth of  80 mm (Figure 7).  No 
crack propagation could be observed visually in the investigated Äspö tunnels 
as the stress state does not exceed the rock mass spalling strength 0.59σc

(Andersson, 2007). The EDZCI can be modelled assuming a fracture cloud 
around the opening. Due to a large number of cracks, it is numerically 
challenging to calculate EDZSI and EDZCI at the same time, inviting calculation 
of separate models. In the model, a crack is initiated in 80 percent of gridpoints 
in a 100 mm zone around the opening (Figure 8). 
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Figure 7. Fracture mechanics simulation of hydraulic conductivity in horizontal direction around 
the TBM tunnel within the stress-induced excavation damage zone EDZSI. (Siren et al., 2015b) 

Figure 8. Fracture mechanics simulation of hydraulic conductivity in horizontal direction around 
the TBM tunnel within the construction-induced excavation damage zone EDZCI and with GPR 
EDZ response at the background. (Siren et al., 2015b) 
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The zone suggested by fracture mechanics modelling and also loosely 
indicated by the lowered Young's modulus (see Article 1 for details) is not 
continuous around the tunnel and therefore distinguished as an observable part 
of the stress-induced excavation damage zone (EDZSI).  The  EDZSI was also 
discovered in ONKALO in the D&B tunnel in the form of fracture propagation 
in the tunnel floor in tensile conditions. The construction-induced excavation 
damage zone (EDZCI) indicated by various geophysical and laboratory methods 
is distinguished and continuous around the circular tunnel perimeter. 

The EDZCI and EDZSI are of opposite nature. Based on experience, the EDZCI

decreases and EDZSI increases with depth (vertical distance from ground 
surface). This is because the deep tunnels experience higher stresses, thus more 
energy  is  required  for  propagating  new  fractures  in  blasting  and  thereby  the  
depth extent of the EDZCI damage is decreased. Also the rock mass quality 
improves  with  depth  and,  for  example  in  ONKALO,  the  first  100  metres  are  
more  fractured  due  to  erosion  and  similar  processes  (Posiva,  2012).  
Contrastively, the EDZSI increases with depth due to increasing stresses and 
increasing rock quality. In deep mines, the depth of EDZSI can exceed the depth 
of EDZCI.

The excavation-influenced zone (EIZ) is typically used to distinguish the outer 
zone around the opening, where reversible changes caused by stress 
redistribution have occurred (Lanyon, 2011; Hudson et al., 2008; Davies and 
Bernier,  2003).  Often the acronym EdZ (Excavation disturbed zone)  is  used;  
however, it can easily be confused with the acronym EDZ. Also the reversibility 
of the change conflicts with the term disturbed and it can be considered to have 
wrong implications. Therefore EIZ is suggested to be used, instead. The extent 
of EIZ is hard to define as stress redistributions can stretch far from the opening.  

With the EDZSI, EDZCI and EIZ being the main damage zones, literature 
distinquishes sections within these zones that are of particular interest. The 
highly  damaged  zone  (HDZ)  is  the  part  of  the  excavation  that  has  suffered  
considerably from stress-induced damage such as spalling or construction-
induced damage such as crushed rock near blast holes. The macro-scale 
fracturing is also sometimes referred to as the blast-induced damage zone 
(BIDZ or BID in literature). 

A compilation of damage zones with their definitions is illustrated in Figure 9 
in a generic stress field. If the two excavation damage zones (EDZCI and EDZSI)

cannot be distinguished, it is recommended to use the term EDZ to combine 
zone properties. 
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Figure 9. Overview of the different damage zones. 



11

3. Posiva's Olkiluoto Spalling Experi-
ment

Besides the excavation damage, the understanding of the prevailing in situ rock
strength is required at relevant depth. To study this, large-scale in situ 
experiments are needed. Two large-scale in situ spalling experiments in hard 
crystalline granitic rock have been previously conducted in the nuclear waste 
disposal research.  

The Atomic Energy Canada Limited (AECL) and SKB conducted extensive in
situ experiments to establish the rock mass strength in isotropic granitic 
crystalline rocks for nuclear waste disposal. AECL executed several in situ
experiments at their Underground Research Laboratory (URL) (Read, 2004; 
Read et al., 1998; Martin and Read, 1996; Martino and Read, 1996; Read and 
Martino, 1996; Martin, 1989). The in situ rock mass strength was studied in the 
Mine-By Experiment (MBE) and subsequent Heated Failure Tests (HTF) at -
420 m depth in highly stressed Lac du Bonnet granite (Read, 2004). The MBE 
test tunnel was orientated perpendicularly to the maximum principal stress (σ1

= 60±3 MPa 145°/11°), while the other principal stress components were σ2 = 
45 MPa (54°/08°) and σ3 = 11 MPa (290°/77°) (Read et  al., 1998). Notch 
formation was initiated when the tangential stress reached 120 MPa, which is 
ca. 56% of the mean peak laboratory uniaxial compressive strength (UCSm)
(Martin and Christiansson, 2009). The HTF tests were executed in the MBE test 
tunnel  floor  in  four  phases  (Martino  and  Read,  1996).  In  the  tests,  0.6  m  
diameter holes, and in one stage a pillar between the holes, were heated up to 
85 °C to simulate the thermal boundary conditions during disposal. Breakouts 
observed in the experiments exhibited a radial extent of 70 mm (Read and 
Martino, 1996). The experiments were monitored with acoustic emission (AE) 
equipment, which indicated that with additional confinement (100 kPa), the AE 
activity decreased (Read and Martino, 1996).  

SKB conducted the in situ Äspö Pillar Spalling Experiment (APSE) in SKB's 
Äspö  HRL,  in  Sweden,  at  the  -450  m  level  (Andersson,  2007).  The  in situ 
spalling strength (also in situ rock mass strength) of Äspö diorite was found to 
be 122 MPa, which is ca. 58 ± 4 % of the UCSm (211 MPa) (Andersson, 2007). 
Andersson back-calculated the maximum principal in situ stress at the 
experimental site and concluded that it is 30 MPa (Andersson, 2007). Based on 
the  experiments,  both  from  Canada  and  Sweden,  the  methodology  for  
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estimating the spalling potential in crystalline rock was further developed by 
Martin and Christiansson (Martin and Christiansson, 2009). 

The rock mass at the Olkiluoto facility consists of migmatitic gneiss with 
pegmatitic granite inclusions. As the gneissic rocks can behave differently from 
the  granitic  rock  in  the  AECL’s  URL  (Martin  and  Read,  1996)  and  APSE  
experiment in Sweden (Andersson, 2007), a local in situ experiment was 
considered crucial in Olkiluoto.  

3.1 The POSE in situ experiment 

Based on the experiences from Mine-by and APSE experiments in crystalline 
rock, Posiva designed the in situ Posiva’s Olkiluoto Spalling Experiment (POSE) 
in 2009 in the ONKALO at the depth of -345. Based on previous knowledge, the 
experiment was designed with the laboratory testing data indicating brittle 
behaviour,  and  the  spalling  was  assumed  to  occur  at  around  115  MPa  (0.56  
UCSm) (Posiva, 2009). 

The POSE in situ experiment was conducted between 2011 and 2013, and the 
related back-calculations for the POSE experiment are currently being made. 
Thermomechanical 3D predictions were created for all of the experimental 
phases (Hakala and Valli, 2013) and fracture mechanics predictions for the first 
and third Phases (Shen et  al.,  2015;  Siren,  2015;  Siren,  2011).  Thus,  the  
experiment consisted of three phases (Figure 10), each of which was executed 
separately.  

In the first Phase (Pillar damage test), an emerging pillar between two 
experimental holes (1.524 m) was monitored during the boring of the second 
experimental hole (ONK-EH2). Before executing the test, the first experimental 
hole (ONK-EH1) was instrumented. 

In the second Phase (Pillar heating damage test), the pillar between the two 
holes was heated for two months with four heaters installed in boreholes at two 
sides of the pillar and the damage in the pillar was monitored. In addition to the 
instrumentation installed in the first Phase, the second experiment hole was 
instrumented with a pressure meter and filled with sand to create a minor 
support pressure.  
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Figure 10. Schematic representation of the experimental area in the ONKALO underground fa-
cility with the most important monitoring holes marked. (Siren et al., 2015a) 
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In the third Phase (Single hole heating damage test), the third experimental 
hole (ONK-EH3) was instrumented, filled and heated for three months from the 
inside. The rock mass around the experimental hole was instrumented by means 
of five small boreholes with temperature sensors and four boreholes with a 24 
channel acoustic emission (AE) system.  

The rock in Olkiluoto is mostly anisotropic migmatitic gneiss with pegmatitic 
granite sections (Figure 12). For the long-term safety assessments, the fracture 
growth, creating potential flow paths for the radionuclides, is significant. This 
methodology has been developed by taking the fracture mechanics modelling 
approach to predictive studies and in future to back-calculation purposes, as 
well. The fracture mechanics code FRACOD has strength anisotropy 
implemented, thus making it the state-of-the-art tool for modelling Olkiluoto 
gneisses. 

3.2 Prediction of the first Phase of POSE experiment 

A fracture mechanics prediction was created from the 1st Phase  of  the  POSE  
experiment (see Article 2 for details). The fracture mechanics code FRACOD 
was applied to predict the strength anisotropy of the rock. 

In the fracture mechanics prediction, the migmatitic gneissic rock with 
interpreted anisotropy in the direction of 99° results in fracture propagation at 
both sides of the pillar, as shown in Figure 11, at the depth of both 1 metre and 
3 metres. The results indicate only minor differences between the depths and 
that spalling occurs in both simulated depths. Notches are deeper in anisotropic 
models than in isotropic models. 

Figure 11. The anisotropic model showing the spalling and crevice at the depth of 3 metres in the 
model with anisotropy direction 99°. The direction of anisotropy is shown with thick black line and 
variation of the direction with thin lines in the bottom right corner. (Shen et al., 2015)
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The results show that with the parameters applied, new fractures initiate and 
grow in all models. This is possibly due to the fact that, compared to the isotropic 
model, the rock mass strength properties are stronger (excluding Young’s 
modulus) perpendicular to the anisotropy direction, which in this case is the 
major principal stress direction. In the model with anisotropy direction 114° at 
depth of 1 m, a medium-sized crevice forms at the opposite side of the pillar in 
the 1st hole. 

The observations from the in situ experiment showed that shear fractures 
rather than tensile fractures occur in the holes. The shear fractures proceeded 
in mica-rich contacts in both holes. The outcome of the first Phase of the 
experiment is reported in detail in Johansson et al. (2014). 

 The prediction calculations showed that the maximum tensile stress is well 
below the tensile strength, but the maximum shear stress is probably enough to 
displace the mica contact. The predictions indicated the development of the 
single fracture propagation (see the left side of the pillar in Figure 11); however, 
crevices did not propagate during the experiment.  

3.3 Outcome of the first POSE Phase 

In the first Phase, only minor local damage was detected during the boring of 
the two holes. The damage materialized mainly as the formation of three new 
fractures that initiated subcritically; however, there was no spalling or surface 
type damage. The second hole was not bored at the time the two first fractures 
were observed. The fractures were localized in mica-rich layers and rock type 
contacts, which were known to be relatively weak. The third, sub-vertical 
fracture was observed in the wall of the second experiment hole after boring had 
been completed. The maximum tangential stress at the damage locations is 
estimated to be between 40 MPa and 45 MPa. In the pegmatitic granite, a region 
with significant deformation can be observed (Figure 12), thus indicating partial 
stress relaxation due to the shearing of the second fracture. In the region, the 
whitish lines in Figure 12 are located parallel to the shear plane. 
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Figure 12. Geologically dominated crack growth (red dashed line) in the ONK-EH1 experiment 
hole that occurred sometime after boring of the hole and before boring of the second experiment 
hole, observed on the date the picture was taken on the 2nd of July 2010. The zone of visually 
observable relaxed pegmatitic granite is surrounded with green dashdot line. The spalling was 
observed after the second phase of the POSE experiment. (Siren et al., 2015a)

3.4 Outcome of the second POSE Phase 

The  heating  in  the  second  Phase  lasted  for  2  months.  The  damage  was  well  
localized around the holes and controlled by the foliation, mica-rich layers and 
rock type contacts. Surface type failures were not observed in the gneiss but was 
instead detected in limited areas in the pegmatitic granite where a 20 cm x 20 
cm area spalled. This was the only spalling observation in the entire POSE 
experiment. The spalling was probably caused by the load carrying granite 
bridge with stress concentration; spalling occurred at the narrowest point (see 
details in Figure 12). The depths of the damaged areas in gneiss due to heating 
were less than 100 mm. The second hole was filled with sand to create support 
pressure and to prevent damage. More damage was observed in the second hole, 
indicating that low (4 – 60 kPa) support pressure cannot prevent damage. 

3.5 Outcome of the third POSE Phase 

In the third Phase, a failure located at the contact between mica-rich gneiss and 
pegmatitic granite was observed 18 months after boring, prior to the heating 
experiment. Ultrasonic surveys were adopted to monitor the change in P-wave 
and S-wave velocities of the rock mass during the experiment. The P-wave and 
S-wave velocities drop (Figure 13) in the region between 1.5 meters to 3.7 meters 
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c.a. 60 m/s. The Acoustic Emission (AE) events were also monitored during the 
experiment and the activity peaked at the end of the heating period. The AE 
events (Figure 14) were slightly concentrated to the north and south-west 
direction. (Reyes-Montes et al., 2014) 

In the experiment, the temperature reached ca. 85 °; however, no clear 
damage and no spalling occurred. The fractures that were observed after boring 
of the hole propagated further during the experiment and minor new fractures 
initiated. 

Ground penetrating radar (GPR) was employed to monitor the damage by 
conducting several radar measurements prior to and after the heating. In 
addition to the traditional data processing techniques, a novel GPR EDZ method 
was adopted to study the depth of excavation damage. GPR EDZ indicated 
increased damage from c.a. 100 mm (Figure 15) to even 300 mm (Figure 16). 
The most significant EDZ responses before heating can be seen in the north and 
south. These locations have already been damaged during the boring process 
and may be related to stress-induced fracturing and rock texture. 

Figure 13. The P-wave velocity change with vertical lines showing when heaters were switched 
on and off. (Reyes-Montes et al., 2014) 
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Figure 14. The location of acoustic emission events recorded during the experiment. (Modified 
after Reyes-Montes et al., 2014). 



Posiva's Olkiluoto Spalling Experiment 

19

Figure 15. GPR EDZ and GPR responses in vertical lines in directions to north and south prior 
to heating. The image of the bottom is distorted. (Siren et al., 2015b)

Figure 16. GPR EDZ and GPR responses in vertical lines in directions to north and south after 
heating. (Siren et al., 2015b) 
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4. The predictive modelling potential of 
fracture mechanics 

The in situ experiments conducted in ONKALO are executed as Prediction–
Outcome (P–O) exercises (Siren et al.,  2015c), in which the rock behaviour is 
always thoroughly modelled before executing the experiments, and the 
experiment outcome is later compared to the prediction. This enabled the 
testing of predictive modelling capabilities.  

This chapter describes a planned in situ experiment in which a fracture 
mechanics prediction was created and the assessment of the P-O exercise of the 
POSE experiment. 

4.1 Prediction of an concrete spalling in situ experiment   

During the operation of the nuclear waste disposal facility (approximately 100 
years), the local stress regime is altered by the radioactive decay heat. Changes 
in stress state impose high demands on sprayed concrete reinforcement 
structures, as they may suffer from stress damage, or lose their adhesion to the 
rock surface. It is also unclear what kind of support pressure the sprayed 
concrete layer applies to the rock. To investigate this, an in situ experiment was 
planned, in which a vertical experimental hole is concreted, and the 
surrounding rock mass instrumented with heat sources to simulate an increase 
in the surrounding stress field. 

A thermomechanical fracture mechanics predicition with FRACOD was made 
between 2013 and 2014 for a prediction/outcome study due to the special nature 
of the in situ experiment. The 2D fracture mechanics model was also compared 
to a Comsol Multiphysics 3D model to study the geometrical effects along the 
hole axis. The models concentrated on creating a prediction of the expected 
concrete support pressure and the acoustic emission event pattern, later to be 
compared to the failures and actual observed acoustic emissions. The difference 
between supported and unsupported sections was comparedto investigate the 
support effect. The unsupported section also provides further information about 
the rock strength as higher stresses are induced than in the POSE experiment. 

The concrete liner in the experiment is expected to be fully in compression 
when the rock mass thermally expands, and the relevant Failure mode is 
compression-induced shear failure. For better numerical stability when 
modelling the thin concrete layer, a low friction angle (1º) was used. This 
assumption is valid only for the thin concrete layer near open surface. 
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The simulated temperature at the experimental hole wall is 58ºC, 95ºC and 
134ºC after three, six and nine weeks of heating, respectively (Figure 17). The 
six-week value roughly corresponds to the designed maximum temperature of 
100 ºC for the bentonite buffer, which is also the maximum temperature of the 
disposal hole (Ikonen and Raiko, 2012). 

The prediction calculations produce fracture patterns, with respect to the 
principal stress directions. The principal stresses grow significantly between six 
and nine weeks of heating. In the predictions from -3 m depth without concrete 
support, the fracturing initiates at the rock surface (upper row in Figure 18) in 
the first three weeks of heating, and expands later behind the rock surface—first 
in the direction of the minor principal stress, then all-around the experimental 
hole, finally forming a butterfly-shaped failure zone previously reported, by 
Shen and Barton (1997).  

Figure 17. Temperature distribution during the experiment modelled with FRACOD. (Siren et 
al., 2015c)

Figure 18. Fracture propagation for the EDZ & VT1 stress state at -3 m depth. (Siren et al.,
2015c)
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Figure 19. Predicted cumulative distribution of acoustic emission patterns and effective tangen-
tial stresses behind the rock surface for the ONK-EH3 case at -3 m depth. (Siren et al., 2015c) 

The concrete layer suffers from a shear failure (lower row in Figure 18) in the 
first three weeks of heating. The concrete fails slightly, only to the minor 
principal stress direction with the EDZ & VT1 stress interpretation, and the 
concrete structure remains coherent, whereas the failure covers all directions in 
the ONK-EH3 stress interpretation with lost structural integrity. 

From the results, it can be observed that the concrete clearly suppresses the 
rock damage. The predicted support pressure of concrete between the third and 
ninth weeks when using FRACOD is from 1.3 MPa to thef maximum of 3.0 MPa, 
in regions where the concrete is intact (see Article 3 for further details). The 
support pressure can also be seen in the AE events, as the total number of AE 
events for the supported case is only 30 % those for the unsupported case. The 
concrete failure after six weeks of heating almost triples the tangential stress 
(Figure 19). In the supported case, the events are of slightly higher magnitude, 
and the number of accumulated AE events shows increased damage progression 
after nine weeks of heating. The number of AE events increases 28 % during the 
last three weeks of heating in the unsupported case.

4.2 Prediction-Outcome of the first POSE Phase 

Although the damage behaviour in the POSE experiment was complicated, the 
fracture mechanics prediction proved the potential for predicting the fracture 
growth. However, the geological complexity must be taken into account either 
by modelling the geology explicitly or by modelling as a set of concervative and 
probable cases. The modelling process is developed during the back-calculation. 
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5. In situ rock strength in Olkiluoto 

Based on the POSE experiment, the geological nuclear waste repository in 
Olkiluoto encounters structurally controlled rock failure in the disposal holes 
after they are excavated. The failure is governed by the lithology and the weaker 
mica-layer planes. Results from the POSE experiment and the observations 
from tunnel and other experiment holes indicate that the rock is close to the 
failure state and failures occur sometime after excavation.  

5.1 Intact rock strength 

After the POSE experiment, it was relevant to reanalyse the uniaxial 
compressive strength test results from Olkiluoto (see Article 4). Based on the 
weighting of the rock strength laboratory samples, the mean uniaxial 
compressive strength of Olkiluoto rock is around 104 MPa (see Figure 20).  

Figure 20. Weighted strength distribution of Olkiluoto rocks at the disposal depth. (Siren et al.,
2015a)
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5.2 Spalling potential 

To study the rock failure behaviour, the rock spalling potential can be presented 
with  the  relationship  of  the  UCS,  and  the  ratio  of  the  UCS  and  the  tensile  
strength (Diederichs, 2007). In the 2011 spalling assessment (Siren et al., 2011), 
the Olkiluoto spalling potential was described as low for migmatitic gneiss and 
medium  for  pegmatitic  granite,  which  is  not  fully  in  line  with  the  POSE  
experiment. If the fact that T results have not been obtained from UCS result 
locations is disregarded, it can be investigated if it is possible to have samples 
with UCS and T values that could host spalling in the first place. The result 
shows that when  applying mean values and plus and minus a standard 
deviation, the spalling potential of the Olkiluoto rocks can be characterised for 
gneissic rocks as negligible, and for pegmatitic granite as negligible or low 
(Figure 21). However, the deviation is large, indicating that some locations could 
be more vulnerable to spalling than others. Many other well-established 
relations (Martin, 1989; Hoek and Brown, 1980) are based on rock stress (either 
as in situ or tangential) and rock strength, and they provide a more pessimistic 
picture (applied for Olkiluoto in Johansson and Rautakorpi, 2000).  

Figure 21. The mean spalling potential (points) and the deviation of the spalling potential (areas) 
of the ONKALO rocks for the migmatitic gneiss (VGN, DGN, MGN, TGG) and the pegmatitic 
granite (PGR). (Siren <i>et al.<Diederichs, 2007) 
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5.3 Rock damage mechanism 

When assessing the failure observed in the POSE experiment, the Failure modes 
by Detourney and St. John (1988) and Martin et al. (1999) need to be expanded 
to include structural failure while considering new Failure modes included in 
recent literature. Diederichs (2010) states that the brittle failure behaviour is 
governed by the ratio between the uniaxial compressive strength and tensile 
strength (T) of rock masses and that jointed rock masses may be less prone to 
spalling, but may suffer a shear block failure. The fairly intact rock masses with 
a high UCS/T ratio are prone to spall (Failure mode Ia) and the rocks with low 
UCS/T ratio tend to fail in shear (Failure mode Ib) (Diederichs, 2010). Based on 
the experiences from ONKALO, the foliated, and fairly unfractured, anisotropic 
rock masses are prone to structurally controlled failure at the lithological 
borders  (Failure  mode  Ic).  In  Failure  mode  Ic,  the  weakest  plane  fails,  thus  
relaxing the stresses and restricting the progressive failure.  

In high stresses and with the rock mass strength being weak compared to the 
mean stresses, or if the vertical stress component is high, the excavation can be 
surrounded by a failure zone (Failure mode IIa) (Detournay and St. John, 1988). 
However, in similar conditions, if the rock mass is relatively strong, a zonal 
disintegration failure (Failure mode IIb) may occur (Adams and Jager, 1980; 
Shemyakin et al., 1986; Shemyakin et al., 1987; Tan et al., 2012; Zhou and Shou, 
2013; Cloete and Jager 1972-1973). The failure mechanism of zonal 
disintegration has not been properly established although several attemps have 
been reported involving e.g. theories based on varying deformations around the 
tunnel (e.g. Wang et al., 2006), microcracking and elastic moduli deviation (e.g. 
Metlov et al., 2002), dynamical effects of excavation (e.g. Li et al., 2009), and 
the macrocracking under non-Euclidean conditions (e.g. Guzev and Paroshin, 
2001). 

When the major principal stress is over 2.5 times the minor principal stress, 
the failure zone develops into a butterfly-shaped shear failure zone (Failure 
mode  III),  as  more  closely  studied  by  Shen  and  Barton  (1997).  In  the  MBE  
experiment, the stress ratio was 6:1 and a butterfly-shaped zone of tension 
occurred in the tunnel sidewall (Read, 2004). Thus the butterfly-shaped failure 
can be caused in a joint rock mass or with sufficiently high stress ratio compared 
to the tensile strength of the rock. The rock Failure modes are (Figure 22) as 
follows: 

Ia.  V-shaped notch (spalling) is formed in the direction of minor principal 
stress

Ib.  block shear failure of the rock mass (added based on recent literature) 

Ic.  failure is structurally controlled (added based on this work) 

IIa.  the tunnel is surrounded by a failure zone 

IIb.  the tunnel is surrounded by a zonal disintegration zone (added based 
on recent literature) 

III.  the tunnel is surrounded by a butterfly-shaped failure zone 
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Figure 22. The rock mass failure mechanisms. Adapted from Detournay and St. John (1988) 
and Diederichs (2010). 

5.4 The onset of the in situ damage - the serviceability limit 

The POSE damage observations after boring the holes and other experiences 
from the ONKALO facility indicate that the first damage occurs at 40 MPa stress 
(0.38 UCS) with some time dependency. This can be considered the onset of the 
in situ damage, roughly corresponding to the lowest tested CD values of the 
Olkiluoto rock, mostly being samples from mica-rich rock types (MGN and 
VGN). Also the crack damage strength is the onset of crack coalescence (Cai et 
al., 2004), and therefore be regarded as the long-term rock mass strength, i.e. 
the rock eventually fails if loads reach the crack damage stress and loads are 
kept constant. Therefore the mean factor of safety in Olkiluoto is 2.2. It can also 
be concluded that the observed stress level is close to the CDk and CIm values 
(respectively 51 MPa and 50 MPa, see Article 4 for details). The extent of these 
failures is limited and therefore is not regarded as the rock mass strength. As a 
failure occurs, it relaxes the stresses in the vicinity of the fracture, which causes 
the rock mass to stay intact and stable: thus, this is regarded as the serviceability 
limit.  

Then, according to the thermoelastic modelling, the further damage in the 
second Phase of the POSE experiment (with heating) started at around 55 MPa. 
After the fracture initiation in mica-rich layers, the failure propagated also 
through other rock types in a rock mass failure. This also corresponds 
approximately to the CDk (51 MPa).
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5.5 The rock mass strength 

Based on the in situ experiment – not observed naturally as yet – the major 
damage was observed as a strain drop at 90 MPa (0.86 UCS) level, which can be 
regarded as the characteristic rock mass strength. This corresponds roughly to 
the CDm (88 MPa). This failure is strongly dominated by the lithology and may 
occur in unexpected modes and directions. However, the failure depth is still 
shallow and not continuous, a phenomenon which could be interpreted to be 
the case also in the future disposal holes. In pegmatitic granite, limited spalling 
or damage may occur; however, the failure in gneiss may release the stresses, 
meaning that the state of spalling is rarely reached. 
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6. Assessment of damage potential for 
the KBS-3V and KBS-3H disposal 
concepts

Comparison of the laboratory strength data and the in situ stresses (presented 
in Article 4) constitutes an established method of assessing the stability of 
excavations. A Monte Carlo simulation is employed to calculate the factor of 
safety for Olkiluoto using the weighted rock strength distribution at Olkiluoto 
and a triangular stress distribution of the stress domain—that are independent 
of each other. The simulation approach is presented in the flowchart in Figure 
23 with details in Article 4.  

To calculate the factor of safety, the differential stresses at the disposal hole 
surface in a random direction and at a random hole depth were compared to the 
randomly picked rock CD strengths, also and for comparison to randomly 
picked rock CI and UCS strengths. Comparing the in situ experiment results to 
the 5 % fractile and mean values of the CD strength distribution in ONKALO, 
the CD is considered the relevant material property to study the rock mass 
strength. If the failure probability is considered at the time of disposal hole 
boring, the CD strength of Olkiluoto rocks is exceeded in 3.1 % of the cases for 
the vertical KBS-3V disposal concept and 0.25 % of the cases for the horizontal 
KBS-3H disposal concept at -430 m depth. The failure in the KBS-3BV concept 
is not preventable with minimum support pressure (60 kPa) according to the 
results from the second Phase of POSE; however, for higher support pressures 
this might not be true. The KSB-3H concept is expected to be almost completely 
free of damage. 

Figure 23. The flowchart for calculating the rock strength distribution, the mean factor of safety 
and the failure probability for disposal holes at Olkiluoto. (Siren et al., 2015a)
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The results are supported by observations from seven relevant-scale vertical 
experimental holes ONK-EH1...3 and ONK-EH6...9 in demonstration tunnels at 
the  depth  of  -420  m  (accessible  in  November  2014)  that  have  been  bored  in  
ONKALO. There are limited damage observations from five out of the seven 
holes, sometimes after the excavation. This indicates that the rock is close to the 
failure state. 

6.1 The deterministic mean factor of safety 

To study at what depth the onset of in situ damage strength is reached without 
the simulated thermal heating by the spent nuclear fuel, the Examine3D 
boundary element method program was adopted to model the disposal tunnel 
and hole to accurately determine the mean stresses at the disposal hole surface 
in  both the KBS-3V and KBS-3H concepts  (see  Figure 24 and 25).  If  the  two 
stress interpretations of the rock mechanics niche are compared against the 
observed damage strengths, it can be noted that the niche is at the verge of the 
fracture initiation (Figure 24). 

The disposal tunnel was oriented in the favourable direction, i.e. the trend of 
the  major  principal  stress  direction  0°  and  30°  degrees  from  it,  and  the  
calculated mean stress at the hole surface compared to the onset of in situ 
damage strength. The factor of safety for two stress interpretations (see Hakala 
and Valli, 2013) from the niche at -345 m depth was calculated similarly with 
the 3D model and the onset of in situ damage strength.  

If the simulated thermal stress increase (see Figure 2) due to radioactive decay 
is considered, the mean factor of safety dramatically changes during the 
disposal time. The thermal stress maximums from Hakala et al. (2014b) are 
applied as the evolution of the stress field (see Article 4). See Figure 26 for the 
factor  of  safety  as  a  function  of  time  and  Figure  27  as  a  function  of  tunnel  
orientation after 80 years upon disposal start.  

After disposal, the disposal tunnels are backfilled with bentonite backfill, 
which expands and provides support pressure when saturated with 
groundwater. The tunnel backfill pressure is conservatively not taken into 
account in the calculations as a force supressing the damage, because no 
significant swelling pressure is expected during the first decade. 
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Figure 24. The mean factor of safety for the onset of in situ damage (40 MPa) for the two stress 
interpretations from the rock mechanics investigation niche and the horizontal KBS-3H and verti-
cal KBS-3V disposal systems oriented with the maximum principal stress favourable directions, 
0° and 30° degrees from the horizontal tunnel trend. (Siren et al., 2015a) 

Figure 25. The mean factor of safety for the rock mass damage (90 MPa) for the two stress 
interpretations from the rock mechanics investigation niche and the horizontal KBS-3H and verti-
cal KBS-3V disposal systems oriented with the maximum principal stress favourable directions, 
0° and 30° degrees from the horizontal tunnel trend. (Siren et al., 2015a) 



34

Figure 26. The mean factor of safety for the onset of in situ damage and the rock mass damage 
with thermally induced evolution of the in situ stress for the horizontal KBS-3H and vertical KBS-
3V disposal systems oriented in the favourable principal stress direction. (Siren et al., 2015a) 

Figure 27. The mean factor of safety after 80 years upon the disposal start with the orientation 
being the favourable direction in degrees. (Siren et al., 2015a)
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7. Conclusions 

The main conclusions from this research address the excavation damage zone, 
rock strength and failure mechanism in Olkiluoto. The complementary part 
consists of fracture mechanics predictions of in situ experiments and the 
assessment of the modelling capabilities of fracture mechanics in anisotropic 
rock. 

(i) The main argument based on the measurements obtained with the GPR 
EDZ method and observations is that the excavation damage can be 
distinguished into the construction-induced excavation damage zone 
(EDZCI) caused by explosion or by mechanical excavation, and into stress-
induced excavation damage (EDZSI) caused by the inevitable excavation 
consequences. The EDZCI exists all-around the tunnel perimeter, whereas 
the effects of EDZSI are typically noticeable upon stress peaks or tensile 
conditions (observation from ONKALO). 

(ii) In all of the POSE experiment phases, sub-critical fracture growth was 
observed after boring of the holes. The fractures in the first two holes were 
observed  after  two  weeks  and  in  the  third  experiment  hole  after  18  
months, although the fracture might have propagated in much less time. 
The major principal stress at the experiment hole surface was between 40 
to 45 MPa at the point of fracture initiation. The fractures observed all 
located at contacts between mica-rich gneiss and pegmatitic granite. The 
failure was mostly caused by shearing; however, due to complex lithology, 
the major cause is not yet confirmed. The depth of the fractures was 
observed to be rather shallow, in the order of 10 cm at maximum. 

(iii) Based on six years of experience from the rock strength in ONKALO and 
executing the POSE experiment, this work proposes a two-fold failure 
criterion based on the onset of rock mass damage strength 40 MPa and 
the rock mass strength 90 MPa.  

(iv) In one location, the pegmatitic granite was observed to reveal visual 
evidence of displacement (Figure 12) after failure on the lithological 
border. This indicates that the stresses are redistributed after the fracture 
growth, thus preventing major and progressive failures. 

(v) The  rock  mass  failure  in  ONKALO  is  governed  by  fracture  growth  on  
lithological borders due to shearing. Limited spalling was observed in 
pegmatitic granite in one location only under special conditions and thus 
the spalling is not the governing failure type in ONKALO. Based on the 
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results, the rock mass Failure mode Ic structurally controlled failure is 
distiquished as a new rock mass failure mechanism. Also based on 
literature, the zonal disintegration zone is distiquished as Failure mode 
IIb and Failure mode I is divided into modes Ia and Ib. 

(vi) Based on the P-O exercise, this research argues that the fracture 
mechanics prediction can capture the fracture growth realistically in 
anisotropic rock mass. In general, the fracture mechanics predictions are 
able to produce reasonable heating temperature estimates, concrete 
support pressure estimates, and a number of cumulated AE event 
estimates. The fracture mechanics model can simulate more detailed 
processes compared to continuum modelling techniques; however, the 
theory and parameters may need to be reconsidered when the predictions 
of the POSE experiment are later compared in detail to the experiment 
outcome. The complexity of the geology reduces the usability of the 
fracture mechanics modelling when back-calculating the POSE 
experiment. 

(vii) Based on the experimental results, the vertical disposal concept (KBS-3V) 
suffers from initiation of new fractures sometime after excavation. 
However, according to the calculations, the horizontal disposal concept 
suffers from no fracture initiation when the tunnels are excavated; 
however, approximately 60 years after commencement of the disposal, 
both concepts will be prone to fracture initiation. Neither of the disposal 
concepts is expected to suffer from any major rock mass failure. This 
stems from the secondary stresses being well below the rock mass 
strength. 

(viii) Based on the modelling, the vertical disposal concept is not particularly 
sensitive if  the trend of the tunnels is within 30° of the major principal 
stress direction. 

The in situ experiments that were conducted reveal that the rock mass 
behaviour was not as predicted; however, the results increase understanding of 
the in situ rock strength in Olkiluoto and of the new failure mechanism. Despite 
the surprises, the rock damage in Olkiluoto is modest and rock is well-suited for 
nuclear waste disposal. 
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In the geological nuclear waste disposal 
concept, the knowledge of the in situ stress 
state, the excavation damage zone (EDZ), 
rock mass strength, hydraulic conductivity 
and other rock mass properties are 
important for long-term safety. In this 
dissertation the applicability of the 
horizontal and vertical disposal concepts 
were evaluated for nuclear waste disposal 
and the EDZ is distinguished into 
construction-induced and stress-induced 
damage zones. Based on the conducted in 
situ experiments, rock mass failure in 
Olkiluoto rock is governed by fracture 
growth at lithological borders and this 
structurally controlled failure is 
distinguished as a new rock mass failure 
mechanism. Based on the dissertation, rock 
damage in Olkiluoto is modest and the site is 
well-suited for nuclear waste disposal from 
a rock mechanics perspective. 
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