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We conduct coupled thermo-hydro-mechanical modeling of a KBS-3V repository design in crystalline rocks, using
data and conditions from the Forsmark in Olkiluoto repository sites in Sweden and Finland. The study focuses on
repository performance related to the impact of thermal and hydraulic evolution on the potential for thermal-
-mechanical damage to underground repository excavations. For the designs and conditions considered at the
Forsmark and Olkiluoto repository sites, the simulations show a peak temperature well under the adopted
performance target of a 100°C maximum temperature, whereas there is still a high potential for thermal-
-mechanical damage to the KBS-3V waste deposition holes. The thermal-mechanical damage is much more likely
if rock permeability is so low that it delays saturation and swelling of bentonite-clay-based backfill beyond the
time for the thermal-mechanical peak, which occurs 50 to 100 years after nuclear waste deposition. We also
found that sidewalls of the KBS-3V emplacement tunnels are vulnerable to tensile fracturing due to the combined
effect of thermal stressing and backfill swelling. The study highlights a strong interaction between bentonite-
based backfill and host rock through capillary suction along with induced rock desaturation. A careful design
and selection of the bentonite-clay-based backfill materials for KBS-3V tunnels and deposition holes can facilitate

a timely saturation and backfill swelling that in turn can minimize thermal-mechanical damage.

1. Introduction

Crystalline rocks, such a granite and gneiss are considered a potential
host rock for disposal of high-level radioactive nuclear waste in a
number of countries, including Sweden, Finland, Korea, Canada and
China (NWTRB, 2022; Faybishenko et al., 2016). Most progress has been
achieved in Sweden and Finland with actual selected disposal sites and
licenses to go ahead with the repository construction (NWTRB, 2022;
Zou and Cvetkovic, 2023). The disposal design in both Sweden and
Finland are based on the KBS-3V concept (Fig. 1b), involving emplace-
ment of the waste in a mined repository at about 500 m depth
(SKBF/KBS, 1983; SKB, 2006; 2022a; Posiva, 2012a; Hedin and Olsson,
2016). In the KBS-3V concept, the waste is encapsulated in copper
canisters that are placed in vertical deposition holes in the floor of waste
emplacement tunnels. The copper canisters are embedded in a
bentonite-clay-based material that should work as a buffer to protect the
canisters against rock movements. The emplacement tunnels are also

* Corresponding author.
E-mail address: jrutqvist@lbl.gov (J. Rutqvist).

https://doi.org/10.1016/j.tust.2024.105924

backfilled with a material that can provide stability of the tunnel walls.
Based on such a design, the KBS-3V repository concept consists of
multiple barriers that together should function to isolate the nuclear
waste from the human accessible environment. These barriers include
the encapsulating waste canisters as well as the tight bentonite buffer
and host rock that should delay and dilute the transport of radionuclides,
if released from a waste canister (Ahn and Apted, 2010; Hedin and
Olsson, 2016; Zou and Cvetkovic, 2023).

In Sweden and Finland, the Forsmark and Olkiluoto sites located in
Precambrian crystalline rocks of the Fennoscandian Shield are under-
going comprehensive site investigations for waste disposal (Fig. 1a). The
Swedish Nuclear Fuel and Waste Management Company (SKB) investi-
gated two candidate sites, Laxemar and Forsmark, until 2009, when
Forsmark on the Swedish east coast was selected as the preferred site
(Hedin and Olsson, 2016). In 2022, after review by the Swedish Radi-
ation Safety Authority (SSM), and by the Swedish Land and Environment
Court, the Swedish Government approved SKB’s final repository system
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the license to start the construction at Forsmark (NWTRB, 2022). Site
investigations by the Finish Radioactive Waste Management Organiza-
tion (Posiva) focuses on the Olkiluoto site on the Finish west coast
(Siren, 2017; Sedeer, 2022). As part of the site investigations at Olki-
luoto, an underground research laboratory (ONKALO) was constructed
from 2004 to 2014 (Vira, 2006; Posiva, 2003; Siren, 2017). In 2015, a
construction license for a deep geological repository at Olkiluoto was
granted by the Finish Government, and in 2021 the construction of the
repository tunnels began. Meanwhile, in December 2021, Posiva sub-
mitted an operation license application that is currently under review by
the Finish Radiation and Nuclear Safety Authority (STUK) with the final
assessment on repository operation expected in 2024.

This paper presents numerical modeling of coupled thermo-hydro-
mechanical (THM) evolution of a KBS-3V repository in crystalline
rocks, using data and conditions from the Forsmark and Olkiluoto re-
pository sites. The objective of the study is to investigate repository
performance issues around thermal and hydraulic evolutions, and their
impact on the potential for thermal-mechanical damage to KBS-3V
underground excavations. Damage to excavations is relevant to re-
pository performance as it can create permeable flow paths that could
impact radionuclide transport properties. In this study, two different
models, the Forsmark model and the Olkiluoto model are developed
considering the range of conditions and properties derived from the site
descriptive models of the two sites. The host rocks at Forsmark and
Olkiluoto are characterized as sparsely fractured with spacing between
water bearing fractures large as 250 m at Forsmark and 50 m at Olki-
luoto (Geier et al., 2012). Nuclear waste emplacement in such sparsely
fractured crystalline rock is considered as one of the most favorable
options, because their high strength and low heat sensitivity, perme-
ability, and dissolution properties, thereby providing a high degree of
structural and environmental stability (Zou and Cvetkovic, 2023). On
the other hand, disposal in sparsely fractured crystalline rocks maybe be
vulnerable to thermal-mechanical damage to underground excavations
as well as fracture shear activation due to high and anisotropic in situ
stress that is further amplified as a results of high thermal stressing of
stiff host rock (Millard et al., 2005; Kwon et al., 2006; Min and Ste-
phansson, 2013; Lee et al., 2020; Seo et al., 2024). Moreover, sparsely
fractured rock with its low permeability may lead to a delayed satura-
tion and swelling of the backfill that can impact the function of the
backfill to stabilize excavation walls (Nguyen et al., 2009). These are all
issues being addresses in this modeling study considering conditions and
data from the Forsmark and Olkiluoto sites.

Sweden Finland

Forsmark o

Laxemar
}96 HRL

Spent nuclear fuel

Copper canister with
ductile iron insert
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Previous research have shown the importance of coupled THM pro-
cesses and thermal-mechanical damage for the repository performance
and design in hard fractured rocks, such as granite and gneiss. This in-
cludes research in the U.S. nuclear waste disposal program that in the
1980s investigated different host rocks, around the Nevada Test Site, in
Nevada, including Yucca Mountain (Tyler et al., 1980; Tsang, 1987). The
site investigations at Yucca Mountain provided an outstanding data set,
one that has significantly advanced our knowledge of coupled THM pro-
cesses in partially saturated fractured rocks (Rutqvist and Tsang, 2012).
Investigations in the Canadian nuclear waste disposal program on rock
mechanics and coupled THM processes resulted in groundbreaking
research on stress-induced damage to excavations at the Underground
Research Laboratory in Manitoba, Canada (Martin et al., 1997; Martino
and Chandler, 2004). This include the discovery of the brittle spalling
phenomenon on excavation walls that would occur at a compressive stress
level much lower than the uniaxial compressive strength on core samples
(Martin, 1997). Similar observations on spalling failure were later made at
the Aspo Hard Rock Laboratory in Sweden (Andersson et al., 2009a;
2009b). The potential for brittle spalling failure along deposition holes
and tunnels is an important part the performance assessment that is being
evaluated in the Swedish nuclear waste program (Martin, 2005; Hokmark
et al., 2010). For example, Hokmark et al. (2010) found that for the
Forsmark site, spalling failure could likely occur due to high thermal
stresses. As a result, it is currently assumed in the safety assessment that a
spalling zone of high permeability will occur along the deposition holes at
Forsmark (Hokmark et al., 2010; SKB, 2022a). Site investigations at
ONKALO for the Olkiluoto site, have indicated quite different behavior in
which excavation walls may be damaged by yield along host rock folia-
tions rather than brittle spalling (Valli et al., 2023). These differences in
the potential and type of thermal-mechanical damage at Forsmark and
Olkiluoto are discussed further in the THM analysis and damage assess-
ment presented in this article. In addition to such site-specific observa-
tions and analyses, generic modeling studies have been performed to
estimate long-term THM repository responses in hard fractured rocks,
including work within the international DECOVALEX projects (Birkholzer
etal., 2019). In those generic modeling studies, the important interaction
between the buffer and the host rock has been investigated related to
potential rock damage for both vertical and horizontal emplacement de-
signs (e.g. Millard et al., 2005; Nguyen et al., 2009; Rutqvist et al., 2009b).
Related to repository designs, recent work in the Korean nuclear waste
disposal program investigates multi-layer disposal concepts for opti-
mizing the storage efficiency in crystalline rock considering limits on the

Surface portion of final repository

Bentonite clay

Crystalline
bedrock

Underground portion of
final repository

(a)

(b)

Fig. 1. (a) Locations of the Forsmark and Olkiluoto repository sites in Sweden and Finland considered in this study with other facilities indicated, and (b) schematic

of a KBS-3V repository (modified from SKB 2022a).
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maximum temperature and rock mechanical stability (Lee et al., 2020;
Kim et al., 2024). Overall, these site-specific and generic repository
studies show that coupled THM modeling is an important tool for evalu-
ating the long-term performance and designs of repositories in any type of
host rock.

The coupled THM analysis of the Forsmark and Olkiluoto sites pre-
sented in this article is not part of the regular performance assessment of
these sites by SKB and Posiva, but provides an alternative independent
analysis performed using an independent numerical model. We begin
the description of this analysis in Section 2 by describing the coupled
THM model, including the numerical simulator and model set up, as well
as derivation of input parameters from the Forsmark and Olkiluoto site
descriptions. Some significant differences in conditions and properties
between the Forsmark and Olkiluoto sites considered in this study
include (1) differences in rock stresses and bedrock strength, (2) dif-
ferences in rock permeability and permeable fracture spacing, (3) dif-
ference in thermal properties, and (4) differences in repository design
regarding canister and tunnel spacing (Geier et al., 2012). In Section 3,
we describe our approach and model to evaluate the potential for
thermal-mechanical damage to underground excavations considering
the difference in rock strength between Forsmark and Olkiluoto. Section
4 presents coupled THM modeling results for two simulation cases of
high and low rock permeability to study the impact of the buffer and
backfill saturation process on the potential thermal-mechanical dam-
age. This is followed in Section 5 by a sensitivity study to investigate the
time to saturate the backfill necessary for swelling and support of
excavation walls. In Section 6, our results are summarized and discussed
in terms of KBS-3V repository performance related to (1) thermal evo-
lution and peak temperature, (2) hydrological evolution and buffer/
backfill saturation time, and (3) mechanical evolution, including po-
tential rock damage around underground excavations. We compare
these results to independent analyses administered by SKB and Posiva
related to the Forsmark and Olkiluoto repository sites (e.g. Hokmark
et al., 2009; 2010; Akesson et al., 2010; Ikonen and Raiko, 2012; Valli
etal., 2021; SKB 2022b). We end with concluding remarks regarding our
results related to the Forsmark and Olkiluoto models, along with general
findings and recommendations on prediction of coupled THM evolution
and potential thermal-mechanical damage associated with KBS-3V nu-
clear waste disposal in crystalline rocks.

2. Coupled THM model

This section presents the coupled THM model, including numerical
simulator, model geometry, material properties and simulation steps,
along with initial and boundary conditions. The models developed here
are denoted the Forsmark model and the Olkiluoto model, that are based
on data from the two repository sites.

2.1. Coupled THM numerical simulator

The numerical modeling is conducted with the coupled THM nu-
merical simulator ROCMAS (Noorishad and Tsang, 1996; Rutqvist et al.,
2001a; 2005; 2009a). In ROCMAS, the formulation of coupled thermo-
hydroelasticity in terms of Biot’s theory of consolidation (Biot, 1941) is
extended to partially saturated porous media through Philip and de
Vries’ (1957) theory for heat and moisture flow in soil
(Noorishad and Tsang, 1996; Rutqvist et al., 2001a). In this theory, three
phases (solid, liquid, and gas) are present, but the gas pressure is con-
stant and equal to atmospheric pressure in a static gas phase, equivalent
to Richards’ approach in unsaturated groundwater flow modeling
(Richards, 1931). Vapor transport occurs through molecular diffusion
driven by a gradient in vapor concentration (density) in the static gas
phase, while advection of vapor with bulk gas flow is neglected. The
vapor density in the medium is governed by Kelvin’s relation in the form
of the Ostwald-Freundlich equation (Freundlich, 1909) assuming ther-
modynamic equilibrium for pore liquid in contact with its vapor, and
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phase transitions occur as evaporation-condensation processes. The
mechanical behavior of the porous media consists of the gas, liquid and
solid-matter responses to local pressure and the overall material (skel-
eton) response to effective stresses (Rutqvist et al., 2001a).

With this approach and these assumptions, three balance equation-
s—water mass balance, energy conservation and linear momentum
balance—and a number of constitutive relations are required for a full
description of the THM state. In ROCMAS, the final governing equations
are discretized using a standard Galerkin finite element solution
approach to obtain a set of coupled matrix equations that are integrated
in time using a finite difference scheme and solved fully coupled
(Noorishad and Tsang, 1996; Rutqvist et al., 2001a).

Relevant for the analysis of the potential for thermal-mechanical
damage around excavation are models for the evolution of effective
stress in the host rock and swelling stress in the bentonite-based backfill
materials. In this study, the effective stress for the host rock is calculated
according to a Bishop’s type of effective stress expressed as

0',:0'—151P1 (1)

where ¢ and ¢ are respectively effective and total stress tensors
(compression positive), I is the identity tensor, and S; and P; are satu-
ration and pressure of the liquid phase. Furthermore, the mechanical
constitutive behavior in ROCMAS is expressed as (Rutqvist et al., 2001a)

do =D : (de — der — desw) = D : (de — 15,dT — 15, dS;) (2)

where D is the tangential stiffness matrix, and &, er, &g, are tensors of
total, thermal, and swelling strains, respectively. In Equation (2), fr and
Psw are respectively the coefficient of linear thermal expansion and the
coefficient of linear swelling. That is, swelling strain and swelling stress
is analogous to that of thermal strain and thermal stress, and is a linear
function of the change in liquid saturation. Such a linear swelling model
is a rational approach for modeling the swelling stress evolution in a
clay-basted buffer or backfill using a calibrated maximum confined
swelling stress at full saturation (Rutqvist et al., 2001a; 2001b; Rutqvist
etal., 2011). This swelling model has shown reasonable agreement with
stress evolution observed in laboratory tests on bentonite samples
(Chijimatsu et al., 2009) and field experiments involving a bentonite
buffer (Chijimatsu et al., 2005).

The ROCMAS simulator has been extensively applied for modeling
coupled THM processes associated with nuclear waste disposal and
tested within the international DECOVALEX project, including verifi-
cation against hypothetical benchmark tests, code-to-code verification,
and validation against laboratory and large-scale field experiments
(Rutqvist et al., 2001b; 2005; 2008; 2009b; 2011; Alonso et al., 2005;
Nguyen et al., 2001; 2009). A comparison of ROCMAS simulation results
with those of full multiphase fluid flow simulations have shown that the
Philip and de Vries” (1957) theory as implemented in ROCMAS is
adequate for modeling coupled THM processes in the near field of a
nuclear waste repository (Wang et al., 2011; Rutqvist et al., 2011).

2.2. Model geometry

The periodicity of a KBS-3V repository design with fixed spacing
between deposition holes and between tunnels, allows for reducing the
model domain to a one-quarter symmetric three-dimensional model
(Fig. 2). The quarter symmetric geometry represents a condition that
neighboring deposition holes are simultaneously excavated and heated
and this may best represent the conditions at the center of a repository.
We include relevant components associated with the Engineered Barrier
System (EBS) of the KBS-3V repository, including heat releasing waste,
waste canister, bentonite buffer, tunnel backfill, and surrounding near
field rock. Models developed for each of the Forsmark and Olkiluoto
sites have site-specific depth and model dimensions. The model di-
mensions are defined according to the respective suggested repository
layouts that have been evaluated by thermal management analyses for
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Fig. 2. Three-dimensional model geometry of a KBS-3V deposition hole in the middle of a repository. (a) Tunnel side and front views illustrating the symmetric
temperature evolution with model dimensions for the Forsmark and Olkiluoto models, (b) near-field model geometry with monitoring points in the buffer, backfill
and host rock, and (c) decay heat function for one canister starting at an initial power of 1700 W (heat decay function originates from Hokmark et al., 2009).

the Forsmark and Olkiluoto repositories (Hokmark et al., 2009; Ikonen
and Raiko, 2012; SKB, 2022b; Ikonen et al., 2018; Valli et al., 2021). At
Forsmark, for a tunnel spacing of 40 m, the minimum canister spacing is
set to 6 m (SKB, 2022b), while at Olkiluoto for a tunnel spacing of 25 m,
the spacing between canisters is longer (Ikonen et al., 2018; Valli et al.,
2021) and here taken as 9 m. Such differences in the tunnel spacing and
deposition hole spacing along with differences in the initial stress field,
affect the thermal-mechanical stress evolution and the potential for
damage of the underground excavations.

2.3. Buffer and backfill properties

The material properties for the bentonite buffer and backfill were
defined considering comprehensive experimental investigations re-
ported over three decades by SKB and Posiva (Borgesson and Hernelind,
1999; Borgesson et al., 2006; 2009; Johanesson and Nilsson, 2006; Autio
et al., 2012; Dueck and Nilsson, 2010; Akesson et al., 2010; SKB, 2022d).
There is a close collaboration between SKB and Posiva regarding the
buffer and backfill and the material selection may change in the future.
The material properties of the buffer and backfill in our base-case
simulation correspond to in-situ compacted MX-80 bentonite for the
buffer and a backfill material consisting of a mixture of bentonite and

crushed rock with a weight ratio of 30/70. Most properties for this type
of buffer and backfill were extracted from Borgesson and Hernelind
(1999) and Borgesson et al. (2006) involving model calibration and
validation against laboratory experiments (Rutqvist and Tsang, 2008;
Chijimatsu et al., 2009). Such backfill and similar buffer material were
also used by SKB at the Aspé Hard Rock Laboratory Prototype Re-
pository (Borgesson et al., 2002; Cleall et al., 2006).

From around 2010, both SKB’s and Posiva’s KBS-3V designs have
involved placement of pre-compacted bentonite blocks in both deposi-
tion holes and tunnels along with granular bentonite in construction
gaps (Akesson et al., 2010; Autio et al., 2012; SKB 2022d). Most
recently, Posiva changed backfill selection to emplacement of granu-
lated bentonite (Posiva, 2021). Thus, the buffer and backfill properties
applied in the base-case of this study may not be the latest or final se-
lection by SKB and Posiva, but is a realistic set of properties represen-
tative for a KBS-3V repository in crystalline rocks. In addition to the 30/
70 backfill applied in the base-case, a number of alternative backfill
options are considered in a sensitivity study focusing on hydraulic
behavior and buffer saturation. These include properties for Friedland
clay extracted from Borgesson et al. (2006), as well as granular MX-80
bentonite and pre-compacted blocks of MX-80 with homogenized
properties taken from Akesson et al. (2010) and SKB (2022d).
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Base-case material properties, i.e. for the in-situ compacted MX-80
buffer and 30/70 backfill are presented in Table 1, while properties
for liquid phase (water) flow are presented in Table 2 for all relevant
materials, including the buffer, the four backfill options, and the host
rock. For the water retention, the original van-Genuchten model (van-
Genuchten, 1980) is used along with the following modified version due
to Gens et al. (2009) for a better representation of the retention prop-
erties at low liquid saturation

- I
5=l ()] (5 @

where s is capillary suction, and Py, 49, P4, and 14 are model parameters.
In this equation, the first part is the original van-Genuchten model,
defined by the capillary scaling parameter Py and the shape parameter
o

Fig. 3 shows the water retention and relative permeability curves for
the buffer and different backfill options along with the curves assumed
for the host rock. The figure illustrates very large variations in capillary
suction and liquid phase permeability between buffer, rock and different
backfill options. Included in Fig. 3 and listed in Table 2 are also the
initial conditions, i.e. the initial saturation, capillary suction and liquid
phase permeability. For example, for the buffer (green curves in Fig. 3),
the initial liquid saturation at emplacement of the buffer is 0.61, which
corresponds to an initial capillary suction of 33 MPa and a liquid phase
permeability of about 9 x 1022 m2.

The calibration of the maximum swelling stress for the bentonite
buffer and backfill requires an estimated average bulk modulus, K, and
the moisture swelling coefficient f,. These two parameters are esti-
mated from experimental data for MX-80, presented in Borgesson and
Hernelind (1999). First, a moisture swelling coefficient of fy, ~ 0.4 is
determined by fitting to data from unconfined drying shrinkage test.
Moreover, experimental data in Borgesson and Hernelind (1999) indi-
cate a swelling stress of 6 to 8 MPa when a sample is wetted to full
saturation from an initial saturation of 61 %. With a target swelling
stress of 8 MPa, a representative average bulk modulus for the linear
swelling model would be 17 MPa. Same approach was used to derive
parameters for the backfill to achieve a target swelling stress of about 3
MPa upon full saturation.

2.4. Rock properties

Table 3 lists rock properties for the Forsmark and Olkiluoto models.
As mentioned in the introduction, there is a difference in the occurrence

Table 1
Base-case material parameters for the MX-80 bentonite buffer and 30/70
backfill.

Parameter

MX-80 Bentonite Buffer

30/70 Backfill

Permeability, k

Relative permeability, k.
[-]

Bulk Modulus, K [MPa]

Porosity, ¢ [-]

Bulk Modulus, K [MPa]

Poisson ratio, v [-]

Biot’s constant, o [-]

Swelling coefficient, S,
[-]

Thermal expansion, fr
[1/°C]

Dry specific heat, Cs [J/
kg-°C]

Thermal conductivity,
[W/m-°C]

6.5 x 102
k- =S®

17

0.435

17

0.3

0.0 (P; < 0.0) 1.0
(P1 > 0.0)

0.4

1.0 x 10

800

A =0.3(S <0.25)

A = 0.3+(5-025) x 0.8

(0.25 < §; < 0.8)
A=1.3(S>0.8)

0.5 x 1077
k, = S1°

17

0.363

17

0.3

0.0 (P, < 0.0) 1.0
(P > 0.0)

0.14

1.0 x 10°

800

A =0.3(S; <0.25)

A = 0.3+(S-025) x 0.8

(0.25 < §; < 0.8)
A=1.3(S>0.8)
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of water conducting fractures and host rock permeability at Forsmark
and Olkiluoto (Geier et al., 2012). The apparent spacing between water
conducting fractures detected by borehole flow logging is about 50 m at
Olkiluoto, while as large as 250 m at Forsmark (Geier et al., 2012).
Block-scale permeability has been estimated to range from 1x10° m? to
1x10"Y” m?, whereas unfractured matrix permeability could be as low as
1x102! m? (Geier et al., 2012; Vaittinen et al., 2020; Akesson et al.,
2010; Vilks, 2007). Acknowledging this variability, we treated rock
permeability as a parameter that locally around each deposition hole
could vary many orders of magnitude. We considered extreme cases of
high and low rock permeability that would result in respectively rela-
tively fast and slow saturation of the EBS. For the case in which satu-
ration would be relatively fast, the host rock permeability was set to 1.0
x 10716 m2, A permeability 1.0 x 1016 m? s close the mean permeability
of the previous candidate site in Sweden, Laxemar, in fractured crys-
talline rocks, while the permeability at the selected Forsmark and
Olkiluoto sites is generally much lower as they are sparsely fractured
with fewer water bearing fractures. For the case in which saturation
would be relatively slow, the host rock permeability was set to 1.0 x 10
20 m2, A permeability 1.0 x 102° m? may correspond to unfractured
matrix permeability. The water retention curve of the host rock is taken
from Finsterle and Pruess (1995), who back-calculated the retention
curve using inverse modeling of two-phase flow processes at a tunnel
ventilation experiment in fractured granite.

Among other host rock properties listed in Table 3, we can observe a
marked lower rock thermal conductivity at Olkiluoto compared to
Forsmark. Moreover, the Young’s modulus is lower at Olkiluoto, while
the thermal expansion coefficient is higher. Such difference in properties
have an impact on temperature and thermal-mechanical responses as
well as on the potential for thermal-mechanical damage to the under-
ground excavations.

2.5. Simulation steps with boundary and initial conditions

The simulations consider relevant repository construction and
operation stages of (1) pre-excavation equilibrium, (2) excavation (3),
waste, buffer and backfill emplacement, and (4) post closure. The initial
conditions defined at the pre-excavation equilibrium stage, including
vertical gradients of temperature, fluid pressure, and in situ stress, are
extracted from the site descriptive models along with recent updates
(SKB, 2008; SKB, 2022c; Figuiredo et al., 2022; Mattila et al., 2022;
Posiva, 2012b; 2021). A pre-excavation simulation is conducted to
achieve an accurate initial equilibrium condition with applied boundary
conditions. In this modeling, all lateral model boundaries are closed for
flow of heat or fluid and with the condition of zero normal displacement.
Such lateral boundaries are justified by the symmetric conditions for the
quarter symmetric model (Fig. 2). The top and bottom boundaries are
held at constant pressure and temperature. Mechanically, the top
boundary representing the ground surface is free to move vertically and
while a zero normal displacement condition is imposed at the bottom
boundary.

The excavation sequence (excavation and operational period) is
simulated for 10 years, assuming tunnels open at atmospheric pressure.
For both the Forsmark and Olkiluoto models, the tunnels were assumed
to be oriented parallel to the maximum stress according to the repository
designs for respective site. The initial temperature, fluid pressure, ver-
tical and horizontal principal stresses at the repository depth are listed in
Table 4.

The stress field for the Forsmark model is adopted from the recent
Forsmark site data report SKB, 2022¢c, in turn based on the Forsmark
rock mechanics site descriptive model (Glamheden et al., 2007). At 475
m depths, the vertical stress is 14 MPa, maximum compressive hori-
zontal stress parallel to the tunnel axis is 41 MPa and minimum
compressive horizontal stress normal to the tunnel axis stress is 23 MPa.
For the Olkiluoto model, we adopted the regional stress field defined as
the most likely stress in Figuiredo et al. (2022). This is a vertical stress of
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Table 2

Saturated and unsaturated liquid phase fluid flow properties including water retention and relative permeability along with initial conditions.
Parameter Buffer Backfill Options Rock

MX-80 30/70 Friedland Granular Blocks High Perm Low Perm

Permeability, k [m?] 6.5 x 102 5.0 x 10718 7.0 x 107° 5.2 x 101° 4.8 x 102 1.0 x 10°1® 1.0 x 102
Rel. permeability ky [-] kg =St kn = S° kn=S; kg =S¢ kn=S¢ vG-M* vG-M*
Equation (3), Py [MPa] 18 0.109 0.162 11.6 5.5 5.5
Equation (3), 4¢ [-] 0.333 0.194 0.187 0.231 0.667 0.667
Equation (3), P4 [MPa] 400 500 NA NA NA NA
Equation (3), 44 [-] 1.0 0.09 0.0 0.0 NA NA
Initial saturation [-] 0.606 0.592 0.267 0.639 1.0 1.0
Initial Suction 33.0 0.9 46.0 46.0 0 0
Initial liquid phase permeability [m?] 8.77 x 102 2.64 x 1020 1.82 x 1020 1.33 x 102 1.25 x 102! 1.0 x 10°1® 1.0 x 102
Initial porosity [-] 0.435 0.363 0.630 0.425 0.01 0.01

“ Relative permeability defined by van Genuchten-Mualem (vG-M) model (Mualem, 1976; van Genuchten, 1980).
“ With 44 = 0.0, the original van Genuchten water retention model is retained (van Genuchten, 1980).
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Fig. 3. (a) Water retention and (b) liquid phase permeability curves for the
buffer, host rock, and different backfill options. The symbols on each curve
marks initial conditions of saturation, capillary suction and liquid phase
permeability.

Table 3

Base-case rock properties for the Forsmark and Olkiluoto models.
Parameter Forsmark Model Olkiluoto Model
Density, ps [kg/m®] 2701 2764
Porosity, ¢ [-] 0.01 0.01
Young’s Modulus, E [GPa] 68 GPa 55 GPa
Poisson’s Ratio, v [-] 0.22 0.26
Biot’s coefficient, a [-] 1.0 1.0
Specific heat, C, [J/kg-°C] 800 800
Thermal conductivity, K;;, [W/m-°C] 3.46 2.57
Thermal expansion, $ [1/°C] 7.7 x 10° 9.24 x 10°

1.0 x 1076 (high)
1.0 x 10 (low)

1.0 x 1076 (high)
1.0 x 10 (low)

Hydraulic permeability, k {m?]

11 MPa consistent with the weight of the overburden, while the
maximum compressive horizontal stress parallel to the tunnel axis is 20
MPa and the minimum compressive horizontal stress normal to the
tunnel axis is 15 MPa. This is somewhat different from the analyses
made by Valli et al., (2021) in which the all three stresses are slightly
higher based on stress estimates at ONKALA. Overall, the stress field at

Table 4
Initial host rock conditions for the Forsmark and Olkiluoto models before
excavation.

Parameter Forsmark Model Olkiluoto Model
Depth [m] 475 420

Pressure [MPa] 4.75 4.20
Temperature [°C] 11.7 11.0

Vertical stress 14 11

Maximum horizontal stress [MPa] 41 20

Minimum horizontal stress [MPa] 23 15

repository depth applied in the Forsmark model is much higher and
much more anisotropic compared to the stress field applied in the
Olkiluoto model.

After 10 years, the waste canister, bentonite buffer, and backfill are
installed instantaneously and the post-closure simulation begins with a
heat source applied within the waste canister. The adopted power of
heat release from each canister is shown in Fig. 2c and originates from
Hokmark et al. (2009). This function has previously been applied in
various thermal design analyses and THM modeling related to both the
Swedish and Finish nuclear waste disposal programs (e.g. Hokmark
et al., 2010; Toprak et al., 2012; Suikkanen et al., 2016; Valli et al.,
2021), The Swedish repository system is designed for an average power
of 1700 W at disposal, that can be achieved for both BWR and PWR
assemblies by considering different burn-up and interim storage times
(e.g. 35 or 40 years). The heat decay function with 1700 W initial power
has also been applied for the Finish repository system for disposed BWR
fuel (Ikonen and Raiko, 2012; Toprak et al., 2012). The repository post-
closure is simulated for 100,000 years until the temperature and fluid
pressure and stress have been restored to ambient conditions.

3. Rock damage potential

In this study, we analyze the potential for rock damage rather than a
full analysis of the rock failure processes. The approach is to calculate
the evolution of the stress field caused by thermally-driven coupled THM
processes and then apply a failure criterion to investigate the potential
for damage. Since this study focuses on potential damage on the exca-
vation walls, an in situ strength is considered that could be much lower
than conventional uniaxial compressive strength determined on core
samples. For example, a simple failure criterion under compressive
stress expressed by Martin (2005) stipulates that brittle failure, so-called
spalling failure, of an unsupported excavation wall would be initiated
when the maximum principal compressive stress exceeds about 50% of
the short-term uniaxial compressive strength determined on core sam-
ples. The 50% reduction originally observed in crystalline rock at the
Underground Research Laboratory in Manitoba, Canada, may be a result
of the difference in stress loading paths (Martin, 1997). Similarly, in situ
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spalling experiments conducted at the Asp6 Hard Rock Laboratory in
Sweden indicated an in situ spalling yield strength of about 125 MPa
(Andersson et al., 2009a; 2009b), which was about 59% of laboratory
uniaxial compressive strength. These experiments also indicated that a
small confining pressure of about 0.150 MPa could suppress the spalling
(Andersson et al., 2009b). The observed impact of confining pressure
indicates that the swelling stress from the buffer and backfill could have
an important function to prevent spalling failure of the excavation walls.

A similar in situ experiment conducted at ONKALO, the Posiva
Spalling Experiment (POSE), indicated quite different behavior (Valli
et al., 2023). Despite several attempts of heating of the rock to induced
thermal compressive stress much above the perceived spalling strength,
no brittle spalling failure took place. Instead of spalling, the dominant
failure mode at POSE was shear along pronounced foliations surfaces
and lithological contacts (Valli et al., 2023). Because of the dominant
foliation shear, and the very heterogeneous and foliated nature of the
rock at ONKALO and the Olkiluoto site, failure is not expected to be
continuous along deposition holes or tunnels. Back analysis from the
POSE along with laboratory experiments indicate that such failure along
foliations would occur when principal stresses are optimally oriented
relative to the foliation plane (Mattila et al., 2022; Valli et al., 2023).
Moreover, static loading tests of Olkiluoto samples indicate that the
measured crack damage stress can be regarded as a suitable estimate of
the long-term strength over which a tunnel remains open (Mattila et al.,
2022; Valli et al., 2023).

To consider aforementioned findings from pillar-scale experiments at
both Aspé and ONKALO, we will use a more general term of damage
rather than spalling. The potential for damage is estimated using a
Mohr-Coulomb failure criterion that can account for the impact of
confining effective stress, ¢'3, on the rock compressive strength, ¢';.,
according to

U;C =Co+ q613 4)
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200 -
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where Cp is the uniaxial compressive strength and g is the slope, which
both can be calculated from the cohesion and coefficient of friction
(Jaeger et al., 2007). Moreover, the evolution of the maximum
compressive principal effective stress, ¢';, and compressive strength,
6’1, are used to calculate a safety factor as (6'1./6'1). This is interpreted
such that if the calculated maximum compressive principal effective
stress is higher than the estimated in-situ compressive strength (i.e. if 63
> ¢'1c and o'1./6'1 < 1) there is a high potential for damage to the
excavation walls.

Fig. 4 presents Mohr-Coulomb envelops and parameters derived
from site descriptive and rock mechanics models for the Forsmark and
Olkiluoto sites (SKB, 2008; SKB, 2022c; Figuiredo et al., 2022; Mattila
et al., 2022; Posiva, 2012b; Valli et al., 2021). The Mohr-Coulomb pa-
rameters considered for the Forsmark model is an estimate of rock mass
strength from the rock mechanics site descriptive model (Glamheden
et al., 2007). The uniaxial compressive strength (Cp = 127 MPa) is close
to the observed spalling strength at the Aspo pillar-scale experiment,
while the assumed slope (g = 6.26) leads to significant impact of the
minimum compressive stress. For the Olkiluoto model, the basic Mohr-
Coulomb envelope is based on a crack damage stress envelope that has
been recommended as suitable estimate of the long-term strength of
excavations (Mattila et al., 2022). In addition, Mohr-Coulomb envelops
for foliation shear back-calculated by Hakala et al., (2018) from the
POSE are considered. However, foliation shear would require that the
foliation plane is optimally oriented relative to the maximum
compressive stress, which depends on the local foliation orientation.
Therefore, the crack damage envelope is our primary damage criterion
for the Olkiluoto model, while the potential for foliation shear is also
considered. The foliation shear criterion defined for POSE by Hakala
etal., (2018) includes the initial strength, followed by cohesion drop and
fiction mobilization to a residual strength. Fig. 4 also includes the target
swelling pressures for the backfill (3 MPa) and buffer (8 MPa) to indicate
the impact that the confining pressure from buffer and backfill swelling
could have on the compressive strength of the excavation walls. For

Buffer Swelling
Stress 8 MPa

5 10 15

MIN COMPRESSIVE STRESS, ', (MPa)

Fig. 4. Mohr-Coulomb failure envelops derived from Forsmark and Olkiluoto site descriptive and rock mechanics models considered in this study for calculating the

potential for rock damage to excavations.
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example, in the case of Forsmark, the compressive strength, 61, could
increase from the uniaxial strength of 127 MPa at zero confining stress to
about 180 MPa at 8 MPa confining stress.

4. THM modeling results

In this section, we present the results for the two simulation cases of
high and low rock permeability for both the Forsmark and Olkiluoto
models. In the case of high rock permeability, the saturation of the buffer
and backfill is timely and occurs before the time of the thermal-
-mechanical peak stress. In the case of low rock permeability, the
saturation of the buffer and backfill is slow and does not occur before the
time of the thermal-mechanical peak stress. This allow us to study the
impact of the buffer and backfill saturation process on the potential for
damage to the excavation walls.

4.1. Temperature evolution

Fig. 5 presents the temperature evolution at two points in the EBS
(B1 and R1) and one point located away from the emplacement tunnels
(R5). The figure illustrates how the peak temperature in the buffer is
impacted by the host rock permeability and it also illustrates a difference
in the thermal evolution between the Forsmark and Olkiluoto models. In
the case of high rock permeability, the maximum temperatures of 72°C
(for the Forsmark model), and 76°C (for the Olkiluoto model) are
attained at the canister surface (point B1) about 20 years after waste
emplacement. In the case of low rock permeability, the maximum
temperature increases to 84 °C for the Forsmark model and 94°C for the
Olkiluoto model. At the buffer/rock interface (point R1 and green lines
in Fig. 5), a maximum temperature of 52°C is attained after 40 years for
the Forsmark model, while a maximum temperature of 54 °C is attained
for the Olkiluoto model after 60 years. In the host rock, away from the
tunnel (point R5 and blue lines in Fig. 5), the peak temperature is 41°C
for the Forsmark model and 50°C for the Olkiluoto model. For both site
models, the peak temperature in the host rock away from the tunnel
occurs after about 100 years with a high-temperature plateau lasting for
about 1000 years. Thus, somewhat higher peak temperatures are ach-
ieved for the Olkiluoto model, in particular for the host rock tempera-
ture, which is a result of the lower rock thermal conductivity of the
Olkiluoto host rock. At 30,000 years, when heat power is down to a few
percent of its initial value (Fig. 2c) the temperature has declined close its
initial value (Fig. 5).
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4.2. Evolution of liquid saturation

Fig. 6 presents the evolution of liquid saturation in the buffer,
backfill and near-field rock. The evolution of saturation is very similar
for the Forsmark and Olkiluoto models, because the hydraulic properties
are assumed the same. However, there is a significant difference in the
saturation behavior for the high and low rock permeability cases. In the
case of high rock permeability, full EBS saturation is reached within 10
years. In the case of low rock permeability, the host rock is desaturated
and it takes more than 40,000 years to full saturation of the EBS. The
rock desaturates because water is absorbed into the bentonite buffer by a
strong capillary suction (much stronger inherent suction than that of the
rock) at a rate that cannot be sustained by fluid flow from the sur-
rounding rock. At the same time, a significant drying occurs near the hot
waste canister because of evaporation of liquid water to water vapor and
its transport along the thermal gradient towards cooler regions of the
buffer. The delayed buffer saturation in the case of a low rock perme-
ability implies that the buffer stays relatively dry with a lower thermal
conductivity and this is the reason for the higher peak temperature seen
in Fig. 5 for the low rock permeability case. When rock permeability is
low, the buffer first saturates by water supply from the initial water
content in the overlying backfill. After about 2000 years, the buffer has
drawn sufficient water from the backfill to be about 90% saturated
(Fig. 6). At the same time, the saturation in the backfill has decreased
from an initial 59% to 48%. The buffer becomes fully saturated (100%)
once the backfill becomes fully saturated by slow water supply from the
surrounding low permeability rock.

4.3. Evolution of liquid pressure

Fig. 7 shows the evolution of liquid pressure, which involves capil-
lary suction for unsaturated conditions and restoration of hydrostatic
pressure after full saturation. For the backfill design applied in this case,
i.e. the 30/70 backfill at 60% initial saturation, the initial suction is
relatively low and much lower than that in the buffer. The suction would
tend to equilibrate between the backfill, buffer and near field rock, but
this takes time because of low permeability in the buffer and host rock.
In the case of low rock permeability, the suction is equilibrated between
buffer, backfill and near field rock after about 7000 to 10,000 years,
while the backfill saturation is still less than 50% and buffer saturation is
98%. Because of the capillary suction interaction with the relatively dry
backfill, the buffer cannot be 100% saturated until the backfill is 100%
saturated, which takes more than 40,000 years. This indicates that the
time to full saturation in both the backfill and buffer is very much

100 = oLkiLuoTo
r ys .

e RN s
~ 80 [ (high rock Permeability) (low rock Permeability)
g.) = ., P4 \
w 70F
|
: 60 ;—
oY 50F
w
% 40 RS Tpey = 50°C
E 30 (away from tunnel)

20

10 -

10° 10" 10° 10’ 10° 10° 10 10°

TIME (Years)

(b)

Fig. 5. Temperature evolution with peak temperatures indicated for (a) the Forsmark model and (b) the Olkiluoto model assuming high rock permeability (solid

lines) and low rock permeability (dashed lines).
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Fig. 6. Saturation evolution with indication of time to full saturation for (a) the Forsmark model and (b) the Olkiluoto model assuming high rock permeability (solid

lines) and low rock permeability (dashed lines).
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Fig. 7. Pressure evolution with times for restored hydrostatic pressure for (a) the Forsmark model and (b) the Olkiluoto model assuming high rock permeability

(solid lines) and low rock permeability (dashed lines).

dependent on the water filling and suction development within the
backfill. Fig. 7 also indicates some differences between the Forsmark and
Olkiluoto models as the curves of liquid pressure are somewhat
different. In the buffer, near the waste canister, the capillary suction
decreases more for the Olkiluoto model because of higher temperature
and evaporation. In addition, it takes longer for the capillary suction to
go to zero (i.e. to full saturation) in the case of the Olkiluoto model
compared to that of the Forsmark model.

4.4. Evolution of stress in the buffer and backfill

Fig. 8 presents the evolution of total stress in the buffer and backfill.
The final total stress within the buffer and backfill depends on several
components. First, the bentonite and backfill swells because of increased
liquid saturation. The confinement of the buffer and backfill within
excavations results in a swelling stress of about 8 MPa in the buffer and
3 MPa in the backfill. Full saturation and full swelling occur within 10
years in the case of high rock permeability, whereas it takes over 40,000
years in the case of low rock permeability. After fully saturated, the fluid
pressure increases from 0 to 4.80 MPa (for the Forsmark model) and
from 0 to 4.25 MPa (for the Olkiluoto model), which is consisted with

the hydrostatic fluid pressures at mid-canister depth for respective
model. Assuming Biot’s a = 1.0 for the bentonite and backfill, the
pressure increase could give rise to an increase in total stress of about 4.8
and 4.25 MPa, respectively. The total stress developed is then the sum of
the swelling stress and the fluid pressure increase, along with a small
component of a thermal stress, leading to about 12 to 13 MPa total stress
in the buffer and 7 to 8 MPa in the backfill (Fig. 8). The swelling stress of
8 MPa in the buffer and 3 MPa the backfill is an effective stress that
provides the mechanical confining effective stress on the excavation
walls.

4.5. Evolution of stress in the rock and possible damage

Figs. 9 to 11 show the tangential effective stress evolution in the
excavation walls at four key locations around the underground exca-
vations. Included in these figures is also the evolution of compressive
strength calculated using parameters for the Mohr-Coulomb envelops
shown in Fig. 4. An early peak stress at about 50 years occurs at R1,
located at the mid-canister height of the deposition hole (green lines in
Fig. 9). This point has a relatively high initial tangential compressive
stress because of the initial anisotropic horizontal stress field and this
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Fig. 8. Stress evolution in the buffer and backfill with time for (a) the Forsmark model and (b) the Olkiluoto model. Results are presented for high rock permeability

(solid lines) and low rock permeability (dashed lines).
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Fig. 9. Stress and strength evolution in point R1 at the deposition hole for (a) the Forsmark model and (b) the Olkiluoto model. Results are presented for high rock

permeability (solid lines) and low rock permeability (dashed lines).

tangential compressive stress further amplifies by thermal stressing
during rock heating. At about 50 years, the compressive tangential stress
in R1 peaks at about 145 MPa for the Forsmark model and at about 109
MPa for the Olkiluoto model. This tangential stress is monitored 1.5 cm
from the rock wall of the deposition hole and its location at mid-canister
height implies that the local temperature evolution has a significant
impact on thermal stress. While the calculated thermal stress increase is
about 60 MPa for both the Forsmark and Olkiluoto models, the absolute
peak stress is much higher for the Forsmark model, because of the much
higher initial maximum compressive horizontal stress.

At R2 and R4, below and above the tunnel, the compressive stresses
peak from about 100 years and remain high until more than 1000 years
(Figs. 10 and 11). Above the tunnel, in R4, for a monitoring point located
10 cm from the excavation wall, the stress peaks at 75 MPa for the
Forsmark model and 70 MPa for Olkiluoto model (orange lines in
Fig. 11). Below the tunnel, at point R2, stress peaks as high as 110 to 120
MPa, because of high stress concentration at the intersection with the
deposition hole (cyan lines in Fig. 10).

The compressive stress magnitudes at R1, R2 and R4 are important

10

for the potential compressive failure at these locations. Included in the
figures are also the evolution of compressive strength based on the
Mohr-Coulomb parameters assigned to the Forsmark and Olkiluoto
models (black lines in Figs. 9 to 11). The evolution of compressive
strength increases along with buffer and backfill saturation and swelling
stress. In the case of high rock permeability, the buffer and backfill
achieve full saturation and swelling within 10 years and the compressive
strength increase to higher values within 10 years (solid black lines in
Figs. 9 to 11). As a result, for high rock permeability, the compressive
stresses do never exceed the strength, except at point R2 in the case of
the Olkiluoto model. In the case of low rock permeability, the results
show that compressive tangential stress exceeds the compressive
strength at the deposition hole, point R1, for both the Forsmark and
Olkiluoto models (dashed green and black lines in Fig. 9). The tangential
stress can exceed the strength because the buffer remains dry with no
development of confining swelling stress. Below the tunnel, at point R2,
no damage is estimated for the Forsmark model, while for the Olkiluoto
model there is high potential for damage (Fig. 10). As seen in Fig. 10, the
peak compressive stress is similar for the Forsmark and Olkiluoto models
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Fig. 10. Stress and strength evolution in point R2 below the tunnel at its intersection with the deposition hole for (a) the Forsmark model and (b) the Olkiluoto
model. Results are presented for high rock permeability (solid lines) and low rock permeability (dashed lines).
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Fig. 11. Stress and strength evolution at the top and side of the emplacement tunnel for (a) the Forsmark model and (b) the Olkiluoto model. Results are presented
for high rock permeability (solid lines) and low rock permeability (dashed lines).

(cyan lines in Fig. 10), but the rock strength is much lower for the
Olkiluoto model (black lines in Fig. 10). At R4, above the tunnel, no
thermal-mechanical damage is anticipated as the strength far exceeds
the compressive stresses for both the Forsmark and Olkiluoto models
(black lines are much above orange lines in Fig. 11).

For Point R3, on the side of the tunnel, tensile effective stress de-
velops in both the Forsmark and Olkiluoto model simulations for the
case of high rock permeability (Fig. 11, solid purple lines). The direction
of the tensile stress is vertical and parallel to the tunnel wall, and hence
if the rock fails in tension, horizontal fractures could develop along the
tunnel axis. This zone of tension develops due to a combination of
horizontal repository thermal stress and swelling stress within the
backfill, along with the restoration of a hydrostatic fluid pressure. The
impact of the repository thermal stress is seen as the tensile stress in-
creases up to about 10 MPa only during the period of high repository
temperature and only in the case of high rock permeability when full
backfill swelling stress has developed and the fluid pressure has restored
to the hydrostatic value of 5 MPa.

Figs. 12 and 13 present contours of minimum and maximum
compressive stresses while Fig. 14 shows the resulting contours of the
safety factor (6’1./0°1) at the time of excavation and 100 years after
waste emplacement. The figures present results at 100 years for the high
rock permeability case when buffer is fully saturated with a fully
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developed swelling stress and for the low permeability case when the
buffer remains dry without any significant swelling stress.

Fig. 12 shows that the highest compressive stress develops around
the deposition hole at 100 years, which is due to thermally induced
stresses. The maximum compressive stresses are much higher and more
concentrated for the Forsmark model, while lower and more uniformly
distributed around the deposition hole for the Olkiluoto model. The
main reason for this difference in stress concentration is that the in situ
stress field is higher and more anisotropic at the Forsmark site. The
slight difference in maximum compressive total stress observed in
Fig. 12 between low and high permeability cases can be explained by
differences in near-field fluid pressure.

Fig. 13 shows the minimum compressive principal stress distribu-
tions, which are quite similar for the Forsmark and Olkiluoto models.
The minimum compressive principal stress at excavation is impacted by
the open tunnel and deposition hole and is therefore close zero around
these openings. In the case of high rock permeability and fully developed
swelling, the minimum compressive stress increases around the exca-
vations as seen in Fig. 13 by a shift from green to blue contours around
the deposition hole. At the same time, a red area contour expands in the
tunnel sidewall indicating tensile stress. In the case of low permeability,
the stress decreases further near the deposition hole as the buffer re-
mains dry without swelling stress.
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Fig. 12. Maximum compressive principal stress distribution at excavation and at 100 years for high and low permeability cases for (a) the Forsmark model and (b)

the Olkiluoto model.
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Fig. 13. Minimum compressive principal stress distribution at excavation and at 100 years for high and low permeability cases for (a) the Forsmark model and (b)

the Olkiluoto model.

The maximum and minimum compressive stresses shown in Figs. 12
and 13 impact the compressive effective stress and strength and there-
fore have a significant impact on the contours of the safety factor against
damage (6’1./0°1) in Fig. 14. A safety factor of less than one, i.e. 6’1./6"1
< 1.0, shown as red areas in Fig. 14 indicates areas of high potential for
damage. In both the Forsmark and Olkiluoto models there is an increase
in red areas of high potential for damage around the deposition hole for
the case of low rock permeability. That illustrates the fact that if suffi-
cient saturation and swelling of the buffer does not take place before the
thermal-mechanical peak, there will be a much higher potential for
thermal-mechanical damage around the deposition holes. On the other
hand, for the case of high rock permeability when full saturation is
achieved before the thermal-mechanical peak, no widespread damage is
indicated around the deposition hole. Only in the Olkiluoto model there
is a red area of high damage potential below the tunnel floor at the
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intersection with the deposition hole.

In Fig. 13b, the white mesh indicates the spatial extent of potential
foliation shear (6°1./6”1 < 1.0) considering the Mohr-Coulomb envelop
for foliation shear shown in Fig. 4. The zone of high potential of foliation
shear extends approximately 0.4 m up from the crown of the tunnel,
about 1 m below the floor of the tunnel, and down to 2.5 m below the
floor at the intersection with the deposition hole. The shear stresses in
these areas are sufficiently high to induce foliation shear under the
condition that the local foliation plane is optimally oriented for shear, i.
e. at about 30° relative to the local maximum compressive stress
direction.

Finally, the red zone in the sidewall of the emplacement tunnel is the
zone of tensile stress and high potential of tensile failure. This is a
tangential (vertical) stress that is induced by the combined effect of a
thermal-stress relief due to rock heating and a backfill swelling stress of
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Fig. 14. Safety factor against damage (¢’1./0"1) at excavation and at 100 years for high and low permeability cases for (a) the Forsmark model and (b) the Olkiluoto
model. The white mesh in (b) indicates areas of high potential for foliation shear if foliation is optimally oriented for shear.

about 3 MPa within the tunnel, under a hydrostatic fluid pressure of
about 5 MPa. Because this tangential (vertical) stress increases up to
about 10 MPa tension, it will exceed the tensile strength assumed for the
Forsmark and Olkiluoto models according to tension cut-off of the Mohr-
Coulomb envelops in Fig. 4. The zone of high potential for tensile failure
does not occur in the case of low permeability rock, because the backfill
is dry with a lack of swelling stress and local fluid pressure is negative.

5. Sensitivity study of resaturation time

This section presents a sensitivity study on the buffer and backfill
saturation time, considering the impact of rock permeability, backfill
options, and distance to water feeding boundaries. The sensitivity study
is performed using the Forsmark model with the understanding that the
results would be similar for the Olkiluoto model. Fig. 15 presents the
results in terms of rock permeability versus saturation time for various
conditions. Saturation time to either 99% or 90% liquid saturation are
considered. Marked in these figures are the approximate time of the
thermal-mechanical peak, i.e. 50-100 years from waste emplacement.

Fig. 15a and 15b present the saturation times for different backfill
options considering the various retention and relative permeability
functions shown in Fig. 3. The results in Fig. 15a shows that 99 %
saturation would not be achieved in the buffer before the thermal-
~mechanical peak, unless rock permeability is 1x10"Y” m? or higher. The
only exception is for the 30/70 backfill option when a permeability of
1x107'® m? would be sufficient to achieve 99 % as the buffer draws water
from the backfill by capillary suction. Fig. 15b shows that a 90 %
saturation can be achieved within the buffer before the thermal-
—mechanical peak if the rock permeability exceeds 3x10'° m?, while a
90 % backfill saturation would require a permeability of about 1x1017
m?2. The 90 % saturation time for a backfill consisting of pre-compacted
blocks is quite different from other backfill options (Fig. 15b, green
lines). As shown in Fig. 3 the pre-compacted blocks option has a low
initial permeability, but at the same time a high initial suction.

Fig. 15c and d show the impact of the distance to a water-feeding
boundary for the case of 30/70 backfill. In addition to the base-case of
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the water feeding from the ground about 400 to 500 m away, two other
cases assume water-feeding boundaries at 20 and 100 m distances. These
are realistic cases considering that the spacing of water bearing fractures
at Forsmark can be 250 m and 50 m at Olkiluoto (Geier et al., 2012). The
simulations assume that the pressure is constant at the water-feeding
boundaries and therefore can provide unlimited water supply. From
Fig. 15c and d it appears that the distance to the water-feeding boundary
has most significant impact on the backfill saturation times. For
example, reducing the distance from 500 to 100 m, reduces the satu-
ration time by an order of magnitude. The impact of the distance to the
water-feeding boundary is less prominent for the buffer saturation time
and the results generally show that a rock permeability of 1x107!° m?
would be required to achieve 90 % saturation before the thermal-
—mechanical peak.

6. Summary and discussion

The modeling results are summarized and discussed in terms of (1)
thermal evolution and peak temperature, (2) hydrological evolution and
saturation time, and (3) mechanical evolution and thermal-mechanical
damage to excavations. The results are discussed in the light of results of
other studies in the literature, including studies of the Forsmark and
Olkiluoto repository sites.

6.1. Thermal evolution and peak temperature

The thermal evolution and peak temperature need to be accurately
evaluated as part of the thermal management of any repository
(Hokmark et al., 2009; Ikonen and Raiko, 2012; Rutqvist, 2020). The
performance target for the KBS-3 repository concept in the Swedish and
Finnish nuclear waste repository programs is a maximum temperature of
100°C to assure chemical stability of the buffer (Posiva-SKB, 2017). Our
analysis shows that the peak temperature would not exceed 80°C, if
buffer saturation is timely, and would not exceed 95°C even if saturation
delays beyond the time of the thermal-mechanical peak. The tempera-
ture evolutions calculated here are consistent with temperature
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Fig. 15. Results of sensitivity study on buffer and backfill saturation time as function of rock permeability presented as (a) time to 99% saturation for various backfill
options, (b) time to 90% saturation for various backfill options, (c) time to 99% saturation for various lengths to a water-feeding boundary, and (d) time to 90%

saturation for various lengths to a water-feeding boundary.

evolutions calculated in SKB’s and Posiva’s thermal management ana-
lyses for the Forsmark (Hokmark et al., 2009) and Olkiluoto sites (Pin-
tado Rautioaho, 2012; Ikonen and Raiko, 2012; Toprak et al., 2012), at
least until 1000 years. The calculated longer term temperature, i.e. after
10,000 years, in this kind of vertical column model tends to be some-
what overestimated compared to the full 3D repository scale analyses in
Hokmark et al., (2009) and Ikonen and Raiko (2012). In terms of ther-
mal evolution, the confidence in temperature prediction until 1000
years is relatively high as well as the prediction of a peak temperature
well below 100°C at about 50 years. The peak temperature within the
canisters might be slightly higher in case there is gap between the buffer
and canister that remains open at the time of the peak temperature
(Hokmark et al., 2009; Toprak et al., 2012: Tkonen and Raiko, 2012). If
necessary, the waste canister and buffer peak temperature can be low-
ered by engineering the buffer for high thermal conductivity (Rutqvist,
2020; Lee et al., 2023; Feng et al., 2024). In this study, the main concern
is rather the peak temperature in the host rock, which is the driving force
for the thermal-mechanical stress and potential rock damage.

6.2. Hydrological evolution and saturation time

In general, the large range of saturation times obtained in this
analysis is consistent with results obtained by SKB and Posiva for the
Forsmark and Olkiluoto repositories (Posiva, 2021; SKB 2022b). The
rock permeability of 1x10™1° m? we estimated as required to achieve
90% saturation before the thermal-mechanical peak, should be
compared with estimated of permeability of the two sites. A mean
permeability of 1x10'° m? has been estimated for the Olkiluoto site,
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though matrix permeability cold be as low as 1x10"2! m? (Vaittinen
et al., 2020; Posiva, 2021). At Forsmark, rock permeability outside
water bearing fractures may range on the order of 1x10! m? to 1x10°%°
m? (SKB 2022b; Akesson et al., 2010; Vilks, 2007). Thus, it appears that
the buffer and backfill may in many cases not be 90 % saturated before
the thermal-mechanical peak (i.e. before 50 to 100 years).

Our analysis with different backfill options highlights a strong
interaction between buffer, backfill and host rock through capillary
suction. The analysis shows that the time to full saturation of the buffer
and backfill is to a large extent dependent on the saturation evolution of
the backfilled tunnel. The backfilled tunnel may take the longest to
saturate as a results of a large and dominant total pore volume that needs
to be filled up by inflowing water. This also means that all the compo-
nents, of buffer, backfill and host rock should be included when esti-
mating the time to full saturation. Fig. 16 illustrates the difference in the
near field saturation behavior around the time of thermal peak (100
years) for different backfill options. We note that desaturation of the
host rock has occurred in all the cases when the buffer or backfill ma-
terial has higher initial suction than that of the host rock. The red con-
tours in the host rock indicate a saturation less than 10%, which
according to Fig. 3b would correspond to a liquid phase flow perme-
ability of k < 1.0 x 102* m?, i.e. practically impermeable to liquid flow.
A high capillary suction in the buffer or backfill can offset such low
permeability effect by a strong capillary suction gradient for liquid flow.
Nevertheless, the results in Fig. 16 and our sensitivity study show that
the type of backfill material selection have an impact on the saturation
time. A backfill conditioned at relatively low capillary suction can
supply water to partially saturate the buffer, while a backfill conditioned



J. Rutqvist and C.-F. Tsang

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 152 (2024) 105924

Blocks

00 01 0.2 03 04 05 06 0.7 08 09 10

Liquid Saturation (-)

Fig. 16. Contours of the degree of liquid saturation at the thermal-mechanical peak, 100 years after disposal, considering different tunnel backfill options with the

hydraulic properties listed in Table 2.

at relatively high suction can help to draw water from the surrounding
host rock at a higher rate and thereby accelerate saturation and swelling
stress development.

6.3. Mechanical evolution and thermal-mechanical damage to
excavations

Our analysis shows that if the saturation is timely, i.e. sufficient
saturation occurring before the thermal-mechanical stress peak, wide-
spread damage may not occur around the deposition holes. A tunnel
orientation sub-parallel to the maximum horizontal stress, as planned
for both the Forsmark and Olkiluoto repositories, is important for
minimizing the potential for excavation damage. Our analysis shows
that if deposition holes stay dry due to delayed saturation, there is an
increased potential for damage around deposition holes, for both the
Forsmark and Olkiluoto models. This is for a calculated stress evolution
that is essentially consistent with SKB’s and Posiva’s analyses (Hokmark
et al., 2010; Valli et al., 2021). For example Hokmark et al. (2010)
calculates a compressive tangential stress of up around 140-150 MPa at
the mid-depth of the deposition hole in the Forsmark case, which is
consistent with our results. As pointed out by Hokmark et al. (2010), this
would exceed the estimated 130 MPa in situ uniaxial compressive
strength. Due to the uncertainly whether or not a support pressure will
develop, currently the SKB assume conservatively that a spalling zone of
high permeability will occur along the deposition holes (Hokmark et al.,
2010; SKB, 2022a). In such a case, the extent and permeability of the
spalling zone have to be estimated (Martin, 2005; Andersson et al.,
2009Db).

There would also be an increased potential for stress-induced dam-
age on the top and bottom of the tunnels, but our analysis indicates that
this may not occur even if backfill swelling stress does not develop. This
is also consistent with the results of Hokmark et al. (2010) for the
Forsmark repository case. For the Olkiluoto modeling case, we found
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that damage in the form of foliation shear could occur at the top and
bottom of the tunnels. This is in agreement with 3DEC modeling by Valli
et al. (2021) that indicated similar damage zone for the case of no
swelling stress. In our analysis, the foliation shear would occur even if
backfill swelling occurs with a swelling stress of 3 MPa before the
thermal-mechanical peak. It should be clarified, as pointed out in Valli
et al., (2021; 2023), that the foliation shear would not be expected to
create a continuous zone of enhanced permeability because any damage
occurrence would be heterogeneous depending on the local foliation
orientation and shear strength. In fact, the foliation shear may help to
relieve high compressive stress and thereby prevent brittle spalling
failure that could be more detrimental in causing a continuous spalling
zone along the deposition holes. Investigations reported in Follin et al.
(2021), on excavation induced changes (no thermal stress), also in-
dicates discontinuous fracturing below the tunnel that appears to not
form a continuous flow path along the tunnel.

As mentioned, our analysis shows that tensile stress can develop in
the sidewalls of the emplacement tunnels. Such tensile stress would
develop after emplacement and closure, during the thermal period. The
tension in the sidewalls of the emplacement tunnels would tend to open
up pre-existing sub-horizontal fractures, or extend such fracture by
propagation. This could potentially induce a continuous zone of
increased permeability along the tunnels. While current studies have
been focused on EDZ due at the excavation stage and changes in the high
compressive stress zones such a below and above tunnels (Kwon et al.,
2006; Ericsson et al., 2015; Cho et al., 2017; Follin et al., 2021; Valli
et al., 2021) the potential for thermal-mechanically-induced tensile
fracturing in the tunnel sidewalls does not seem to have been investi-
gated, although indicated in theoretic studies (Nguyen et al., 2009;
Hudson et al., 2009; Rutqvist et al., 2009c).
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tunnels parallel to the maximum compressive in situ stress.

6.4. Model limitations and uncertainties

The main limitations and uncertainties in this study in terms of the
estimation of the damage potential for the Forsmark and Olkiluoto
models would be the uncertainties in (1) the initial stress field, (2) the
estimated swelling stress evolution in buffer and backfill, (3) the esti-
mated in situ rock strength. In terms of the initial stress field, the
maximum compressive stress might be the most uncertain and could
have an impact on the potential for damage on the deposition hole.
Estimates at both sites show considerable variation in the measured
values (Figuiredo et al., 2022; Mattila et al., 2022). Related to the buffer
swelling stress evolution, it should be acknowledged that the linear
swelling model applied in this analysis would likely tend to overestimate
the swelling stress at partial saturation, i.e. before full saturation
(Rutqvist et al., 2011). For bentonite, most of the swelling and swelling
stress development occurs at high saturation. Such non-linear swelling
can be considered for a more accurate stress path using more advance
unsaturated soil mechanics models (e.g. Rutqvist et al., 2011; Rutqvist,
2015), though these models will require more input parameters that
may not be readily available for all buffer and backfill options.

Connected to this are also model limitations and uncertainties
related to the hydraulic saturation of the buffer. There are significant
uncertainties in the water retention and relative permeability curves for
the host rock. We applied water retention and relative permeability
curves back-calculated from a crystalline rock site having a rock
permeability of 1 x 1018 m?, which correspond to an average of the low-
and high-permeability values considered in this study. Thus, these
curves are realistic for crystalline rock, but more investigations are
needed to understand their variations, such as in fractures and rock
matrix. Moreover, delayed saturation due to micro-macro-structural
bentonite interactions may also play a role (Thomas et al., 2003; San-
chez et al., 2012; Vilarrasa et al., 2016). On the other hand, such
micro-macro-scale interactions would also occur in the laboratory
infiltration experiments used to calibrate the current relative perme-
ability model and would therefore be intrinsically accounted for in the
current analysis.

Finally, the in situ rock strength is still uncertain, perhaps more so for
the Forsmark site as no in situ spalling experiments has been conducted
there yet. In particular, the impact of confining stress from a buffer and
backfill would need further investigations and field tests at both Fors-
mark and Olkiluoto. Previous experiments at the Aspd Hard Rock Lab-
oratory investigating the impact of applied confinement to prevent
spalling were inconclusive (Glamheden et al., 2010). Such in situ tests

16

including confining stress effects could provide inputs for more detailed
models regarding the in situ strength, considering cohesion loss and
friction mobilization. This would also allow for elasto-plastic modeling
of the rock damage, such a continuum damage models (Souley et al.,
2001; Nguyen, 2021) compared to the simplified stress analysis per-
formed in this study. Still, such analysis would be limited to continuum
mechanics, while more complex discontinuous models (Lisjak and
Grasselli, 2014; Farahmand and Diederichs, 2021; Hu and Rutqvist,
2022; Saceanu et al., 2022; Shen et al., 2024) may be applied to
explicitly represents grains and fractures, and resulting permeability
change to the damage zone. However, any complex numerical methods
and model conceptualization will be associated with additional model
and data uncertainties. Due to the heterogeneous nature of the rock and
detailed information required for such analysis, predicting damage at
the repository-scale may require a statistical approach (e.g. Martin and
Christiansson, 2009; Siren et al., 2015), which is out of the scope of this
study.

7. Concluding remarks

We conducted coupled thermo-hydro-mechanical (THM) modeling
associated with KBS-3V nuclear waste disposal in crystalline rocks, using
data and conditions from the Forsmark and Olkiluoto repository sites in
Sweden and Finland. The study addresses repository performance
around thermal and hydraulic evolutions, and their impact on the po-
tential for thermal-mechanical damage to the underground repository
excavations. Damage to excavation walls can impact the repository
safety by creating permeable zones along deposition holes and along
tunnels that could impact radionuclide transport properties.

The analyses using the Forsmark and Olkiluoto models show that
local hydraulic rock properties, including permeability and water
retention of the buffer, backfill and the host rock has a strong impact on
THM evolution and the potential for inducing thermal-mechanical
damage to the repository excavations. The analysis shows that
depending on the distance to a water-feeding boundary, a 90 % satu-
ration of the buffer can be achieved before the thermal-mechanical peak
at 50-100 years if the permeability is on the order of 1x101° m? or
higher. Because permeability at Forsmark and Olkiluoto is estimated to
locally be lower than 1x107'° m? there is a high potential for developing
thermal-mechanical damage around deposition holes. At the Forsmark
site, this could result in a brittle spalling zone of enhanced permeability
along the deposition holes. At the Olkiluoto site, this would more likely
be thermal-mechanically induced foliation shear that due to its
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heterogeneous nature may not create a continuous permeable damage
zone.

Our analysis indicates much less potential for compressive damage
on top and bottom of the tunnels, except for foliation shear that could
occur at the Olkiluoto site. On the other hand, the analysis using both the
Forsmark and Olkiluoto models, show a high potential for tensile stress
and failure in the sidewalls of the tunnels. This may be significant
because such tensile stress could open up existing fractures, that could
propagate, forming a continuous damaged zone along the tunnels, i.e.
providing a flow path for radionuclide transport.

Based on our results for the two repository site models, we make a
few general remarks regarding prediction of thermal-mechanical dam-
age of a KBS-3V nuclear waste repository in crystalline host rocks with
reference to Fig. 17:

The deposition holes are most vulnerable to compressive thermal-
—mechanical damage, in particular if buffer saturation and swelling
is not sufficient before the thermal-mechanical peak.

The sidewalls of emplacement tunnels may be vulnerable to tensile
failure and creation of an axial flow path due to combined thermal
stressing and backfill swelling.

If, where and when thermal-mechanical damage can be induced very
much depends on the local stress field which should be evaluated as
precisely as possible, including maximum and minimum horizontal
stress magnitudes.

Site specific in situ experiments are instrumental for identifying
failure modes and constraining in situ rock wall strength, that could
vary significantly from site to site.

A careful analysis and design of the repository layout and the back-
fill/buffer material selection can help to minimize the potential for
thermal-mechanical damage of repository excavations.

In general, this analysis highlights the strong interactions between
the relevant components of backfill, buffer and host rock, meaning that
all these components have to be included when predicting the long-term
coupled THM processes and when evaluating the potential for ther-
mal-mechanical damage that may occur hundreds of years after waste
deposition and closure of the repository.
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