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This paper presents modelling of the long-term performance of engineered
barrier systems (EBS) in crystalline host rock in terms of coupled thermo-hydro-
mechanical (THM) processes in a specific case, considering also the impact of
salinity linked with geochemistry. This study has been used as a supporting
document for the safety case in the operating licence application for the
Olkiluoto spent nuclear fuel repository in Finland. The disposal design chosen
is the KBS-3V (Karnbrénslesdkerhet in Swedish, "nuclear fuel safety”; 3, version
number; V, vertical) which consists of placing the canisters in vertical deposition
holes surrounded by the EBS. The buffer components consist of compacted
blocks of Wyoming-type bentonite surrounded by pillow pellets manufactured
with the same material. Bulgarian and/or Italian granular filling (GraFi) materials
are the backfilling material in the deposition tunnels. The Barcelona basic model
(BBM) was considered for modelling the geomechanical behaviour of compacted
buffer blocks and GraFi materials filling the deposition tunnels. The Barcelona
expansive model (BExM), which consists of a double structure (macro—micro
porosity), was considered for the pellets. A laboratory testing campaign (thermal
conductivity, water retention curve, oedometer, and infiltration tests) was carried
out in order to calibrate the THM model parameters of the corresponding
materials. Model-data uncertainties, challenges in 3D THM modelling, and the
methodology followed have been provided in terms of modelling capabilities. We
implemented 3D THM simulation of an individual deposition hole (canister,
notch/chamfer, and buffer materials) drilled into a deposition tunnel (backfill
material) in CODE_BRIGHT as a finite element method (FEM) program. This study
presents results related to THM performance of the EBS, such as peak
temperature, time required to reach full saturation in buffer and backfill, the
evolution of dry densities according to permeabilities, the development of
swelling pressure in buffer and backfill, and, consequently, deformations in
buffer and backfill domains. A sensitivity analysis plan was followed in order to
deal with various factors affecting the long-term THM performance of the EBS. In
the sensitivity analysis, buffer and backfill design options (different filling material
alternatives), geological conditions (saline water, rock permeability, and
heterogeneous rock) and numerical simulation options (different numerical
model options, issues related to geometry and meshing) were investigated.
The performance targets and design specifications set for the buffer and
backfill are also discussed. The paper concludes with a summary how the
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THM design under a certain configuration (geometry, initial conditions, boundary
conditions, and buffer and backfill materials) meets the performance targets set for
the buffer, backfill, and host rock.

KEYWORDS

nuclear waste repository design, engineered barrier system, THM coupled processes, BBM,
double structure model, CODE_BRIGHT

1 Introduction

Finland will be the first country in the world to be ready to
start the final disposal of spent nuclear fuel. The Finnish final
repository for spent nuclear fuel will consist of a series of
deposition  holes the crystalline bedrock of the
Fennoscandian Shield (Posiva, 2012). In order to protect and

in

insulate the disposed materials, compacted blocks and pellets
manufactured with Wyoming-type bentonite (Karnland et al.,
2006; Kiviranta et al., 2016, among others) will be used as buffer
material (Juvankoski et al., 2012; Karvonen, 2018a). Earlier
blocks and pellets design for the backfill (Keto et al., 2013)
have been changed to GraFi (granular filling). The long-term
performance requirements set for GraFi in a disposal tunnel in
the repository were discussed by Karvonen, 2018b.

Figure 1 shows the site location (a), the interim storage
in water pools (b) (a few years after removal from the reactor,
spent fuel is transferred to interim storage where it is stored in

water pools—wet storage) and schematic description of the
project (c). The final disposal is scheduled to start during
the 2020s.

For this Olkiluoto repository, the thermal dimensioning was
made assuming the canisters will be in rectangular panels of
900 canisters of BWR, VVER, or EPR spent fuel (Ikonen et al.,
2018). In these panels, there will be 30 deposition tunnels, each
with 30 deposition holes containing 30 canisters. The assumed
disposal rate is 36 canisters per year. It will take 25 years to
dispose of all the canisters in one panel. Tkonen (2003) proposed
panels containing 30 deposition tunnels with 50 deposition holes
in each tunnel.

There are two alternative disposal methods for storing the
spent fuel in the so-called KBS-3 concept. The first alternative
envisages vertically placing of the canisters in vertical deposition
holes excavated in horizontal deposition tunnels (KBS-3V
disposal method—Juvankoski and Marcos, 2010). The second
alternative envisages that canisters being placed horizontally in
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FIGURE 1

Site location (A), interim storage in water pools (B), and schematic description of project (C). (Figure credit: Posiva, 2012).
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horizontal tunnels (KBS-3H alternative; Posiva and SKB, 2017,
and Damians et al., 2019). For Posiva, the KBS-3H is an
alternative to the KBS-3V in the construction licence. This
paper analyses the KBS-3V concept. Some changes have been
made in the buffer and backfill design from the construction
licence granted—for example, the 10 mm air gap (Toprak et al,,
2018a) between the canister and the ring blocks has been
modified to a 35 mm gap filled with pellets (Karvonen, 2018a;
Posiva 2021).
distribution in backfill have also been changed by filling the

The block and pellet configuration and

tunnel with the granular material GraFi (Karvonen, 2018b;
Posiva 2021). Therefore, a more recent THM modelling and
design of the repository was sought to investigate the long term
THM response of the repository under the updated geometrical
and material configuration.

Previous studies (e.g. Akesson, et al.,, 2010; Pintado and
Rautioaho, 2013; Toprak et al, 2013, 2016, and 2018) of
THM modelling of the repository were carried out
KBS-3V  disposal method wunder 2D
axisymmetric geometries. As the canister and tunnel spacing

considering the

is not same, it is difficult to reproduce the exact volume of the
corresponding materials under 2D axisymmetric geometries.
This paper shows modelling results in a 3D model geometry
configuration,  encompassing laboratory and  in-situ
measurements. In addition to the novelty of 3D model
geometry and the characterization of the Italian and Bulgarian
GraFi materials, BBM (Alonso et al., 1990) and a double
structure model (BExM; Gens and Alonso, 1992) were used
together for the first time under the same 3D model
configuration. These two models have been used extensively
in the analysis of swelling clays in spent nuclear fuel
repositories (Chen and Ledesma, 2009; Gens et al, 2009;
Akesson et al., 2010; Toprak et al., 2013 and Toprak et al.,
2018a; Pintado et al., 2017; Rodriguez-Dono et al., 2020). The
BBM model has also been extensively checked in different studies
related to clays (Gallipoli et al., 2010; D’Onza et al.,, 2015) and
used for construction analysis (Alonso et al., 2005; Sadeghabadi
et al., 2021; Showkat et al., 2022). The BExM has also been used
by Lloret et al. (2003) and Navarro et al. (2014) to investigate the
swelling and water uptake behaviour of double structured clay-
based materials.

There are four major steps necessary to generate a proper and
validated model. The first was to generate a proper geometrical
configuration, taking into account current canister and tunnel
spacing based on thermal dimensioning calculations (Section 2.1).
Following the geometrical configuration being set, thermal
boundary conditions were set according to a proposed initial
canister power. The next step was to fit THM model
parameters of the materials by means of the calibration
(Section 2.1 and 2.2) and simulation (Section 2.3) of laboratory
scale tests. As the last step, a base case was defined, and sensitivity
analysis (Section 3) has been performed in order to deal with
model/data uncertainties.

Performance targets related to swelling pressure limits, buffer
upheave, hydraulic conductivity evolution of the EBS components,
and the maximum temperature were investigated. Moreover,
saturation times were obtained in different geological (fractured
rock and saline groundwater) conditions.
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2 THM processes and material model
calibrations

The early phase thermo-hydro-mechanical (THM) evolution of
buffer and backfill is characterised by transient conditions that
include temperature changes promoted by the decay heat of the
spent fuel contained in the canisters. At the same time, the buffer
and backfill next to the host rock are able to uptake water and start
swelling, depending on the availability of water from the geosphere
and the THM properties of the buffer and backfill (Hjerpe et al.
2021). A laboratory testing campaign (thermal conductivity, water
retention curve, oedometer, and infiltration tests) is required in
order to define and set the THM model parameters of the
corresponding materials that are part of the EBS.

Figure 2 shows the components of the EBS in the KBS-3V design
being considered. The reference material for the backfill considered
in this paper is Italian GraFi. However, Bulgarian GraFi has been
considered as an alternative backfilling material (Karvonen, 2018b).

Buffer consists of two main components (Juvankoski et al., 2012;
2018a) produced with Wyoming-type bentonite
(Karnland et al. 2006; Kiviranta and Kumpulainen, 2011; Posiva,

Karvonen,

2021). Pillow pellets are also manufactured from Wyoming-type
bentonite. The characterization of the raw material for pellets is
described in Kiviranta et al., 2016.

The canister consists of a copper shell and a nodular graphite-
cast iron insert which holds the spent fuel elements (Ikonen and
Raiko, 2013; Posiva, 2021). The host rock (Kukkonen, 2023) and
rock fracture network are the other components of the KBS-3V
design. Geometry, meshing, and detailed information about all
components are in Section 3, which describes the base case.

The EBS components (buffer and backfill) are initially
unsaturated. Table 1 lists initial liquid pressure (Pp), initial
degree of saturation (Sr), initial porosity (¢;), and corresponding
initial dry density (pq) for the materials.

The initial liquid pressures in the filling components have been
calculated from the water content and dry density prescribed for the
filling components in the buffer (Juvankoski et al., 2012) and
backfill. Intrinsic permeability (k) is porosity dependent and will
not be constant during the THM processes. Total permeability (kk,;)
and thermal conductivity (A\) are dependent on the degree of
saturation. Therefore, the magnitude of these parameters is
included in Table 1. The variation of these parameters according
to the porosity and degree of saturation will be discussed in
subsequent sections.

2.1 Thermal process and model parameters

Following emplacement of the canisters, the spent nuclear fuel will
undergo radioactive decay and generate heat that affects the EBS and
host rock. The magnitude of applied heating power will govern the
temperature levels in the repository. The decay function for canister
power has been calculated based on the work of Tkonen (2003) and
Hokmark et al. (2009) on the thermal design of the construction licence
application for the repositories in Finland and Sweden, respectively
(Figure 3). In order to calibrate the canister power decay function,
1700 W of initial canister power, waste deposition after 30 years of
interim storage, and a burn-up of 38 M Wd/kgU have been considered.
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Raw Wyoming-type bentonite

Pillow pellets produced with
Wyoming-type bentonite
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Bulgarian GraFi

Host rock

FIGURE 2
Materials and components in the KBS-3V disposal method.

TABLE 1 Initial magnitude of THM parameters prior to emplacement.

Buffer disc (Wyoming-type Pillow pellets (Wyoming-type Bulgarian
bentonite) bentonite) GraFi
P, (MPa) -35.3 -53.3 -63 -63
Sr (%) 65 26 63 60
¢ 0.38 0.67 0.51 0.51
pa (kg/m?) 1723 917 1,372 1,315
k (m?) 5.6 x 107! 5.6 x 107" 2.5 x 107! 3.5 x 107!
kky (m?) 8.65 x 1072 3% 107" 9.3 x 1072 2.85 x 10!
Xo (W/mK) 1.07 02 0.93 0.76

This power corresponds to the canisters with spent nuclear fuel from
the Olkiluoto 1 and 2 reactors (Ikonen et al., 2018). The power as a
function of time (Equation 1) for an individual canister can be expressed
as (Ikonen, 2003; Hokmark et al. 2009):

7
P(t) = P(0)) a; exp (—t/t;). (1)
i=1

In this expression, P (0) is the canister power at the time of
deposition and a; and ¢; are parameters. More details associated with
the calibration process of the heat decay function can be found in
Toprak et al. (2018a).

Frontiers in Built Environment

In the repository, heat will be mainly transported by conduction.
Heat dispersion is considered negligible, as the fluid fluxes are small
due to the low hydraulic conductivity of all the materials. The
advective/convective heat transport is relatively low because the
amount of mass moving through the buffer and rock is small (their
hydraulic conductivities are quite low). For this reason, the thermal
dimensioning of the repository is carried out by solving just the
energy balance equation, assuming only heat flux by conduction
(TIkonen, 2003; Ikonen et al., 2018).

The non-advective heat flux is typically given by Fourier’s law:

h = -AVT, (2)
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FIGURE 3
Canister power decay function.

where the thermal conductivity A is often prescribed as a constant or
dependent on water saturation. Thermal conductivity is calculated
following Villar (2002):

A1) = Yary (1-F () + Y f (S (3)
(Asat'Adry)
1+ exp (%)

Si* and b being parameters, and where Ay, and Ay, are given by
solving Equation 5:

LGl o
)Lsat l'f(l) f(l) sat '

F(S) = Aay + (4)

In repository-like conditions, thermal conductivity will not be
constant. Under initial conditions (Table 1), thermal conductivity
has a lower value than saturated conditions. Figure 4A shows the
initial conditions of the EBS components and the variation of the
thermal conductivity according to the degree of saturation. In Code_
Bright (Olivella et al., 2023), the liquid pressure is an input
parameter, and the degree of saturation is calculated according to
the water retention curve (WRC). As can be seen in Figure 4A, each
material has an initial suction, a corresponding degree of saturation
(calculated following Equation 7 and an initial thermal conductivity
(calculated following Equation 4).

Thermal conductivity increases during saturation. On the other
hand, Figure 4B shows the thermal conductivity degree of saturation
and dry density path for Wyoming-type bentonite. A single calibration
line was depicted for Wyoming-type bentonite based on test data
(Borgesson et al., 1994; Tang and Cui, 2005; Pintado and Rautioaho,
2013). Ciemat data in Figure 4B were discussed in Pintado and
Rautioaho, 2013. The dry density axis was adjusted from porosity-
dependent WRC following Equations 8 and 9. In repository-like
conditions, drying and, therefore, de-saturation will occur close to
the canister. During drying, thermal conductivity will decrease.
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Upon wetting and saturation, some parts of the EBS will undergo
swelling (e.g., upper buffer) and some sections (e.g., central backfill) will
undergo compression. As WRC is porosity-dependent, the saturation
process will be influenced by the mechanical process. As summarized in
Figure 4B, thermal conductivity depends on hydro-mechanical
coupling. Initial dry density, degree of saturation, and thermal
conductivity are given in the figure. In the long term, the buffer will
reach full saturation. However, final dry density in buffer or backfill
depends on the long term THM interactions taking place in the
deposition hole and tunnel. Therefore, the final dry density in this
graph is merely representative and shows a continuous path. The model
response will be discussed in Section 3 in terms of dry density evolution.

One of the other input parameters associated with the thermal
process is the thermal expansion coefficient (Equation 6). The solid
density is given by

Ps(T) = pgo (1 + 30 (T = To)), (6)

where «; is the thermal expansion coefficient for solid and T is a
reference temperature. The specific internal energy for the solid is
given by e; = ¢,T'. The thermal parameters used in these simulations
are listed in Table 2.

The thermal effects on the hydro- (permeability) mechanical
(swelling pressure) behaviour of compacted clays or bentonites
(used as engineered barrier systems in deep geological repository
design) is limited under the temperatures of 100°C, as shown by
studies such as Villar et al. (2010). In this study, the maximum
temperature was calculated as 80°C-85°C depending on the model
configuration (Section 3). Therefore, temperature-dependent
permeability or swelling pressure models (direct relationship
between temperature-permeability or temperature-swelling

pressure) are beyond the scope of this study.

2.2 Hydraulic process

The water moves from the rock or a rock fracture to the canister
and saturates buffer and backfill. Given that the gas pressure is
considered constant, there is no gas transport by advection. The
water retention curve and intrinsic and relative permeability
parameters are main input parameters in the model.

The liquid degree of saturation (shortened to the degree of
saturation in the following) of the porous medium is related to the
liquid pore pressure by use of a water retention curve, here
exemplified by the water retention curve of van Genuchten (1980):

o=+ (2524 o

with P = PO%, where P, is the air entry value at a certain
temperature, 0y is the water surface tension at that temperature,
and o the surface tension as a function of the temperature. The
parameters P and A are determined for different porosities following
the relations

Po(¢) = Poexp (a(¢, ~ ¢)), (8)
A(9) = Aexp(b(4, -~ ¢))- )

A water retention curve test was conducted for each material.
The WRC parameters for compacted Wyoming-type bentonite

frontiersin.org
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and pillow pellets produced with the same bentonite were
previously used in THM calculations under 2D axisymmetric
models (Toprak et al, 2016; Toprak et al, 2018a). WRC
parameters for Italian and Bulgarian GraFi are provided in
Table 3. The calibrated WRC for each reference porosity is
shown in Figure 5A. It must be noted that the reference
porosity (¢p in Equations 8 and 9) is not the initial porosity
but the considered porosity for the calibration. In pillow pellets,
reference porosity corresponds to macro-porosity when a double
structure model is taken into account.

Frontiers in Built Environment

The advective mass fluxes (Equation 10) include the phase
velocity q,, typically given by Darcy’s law (Brown, 2002), which
reads, for Code_Bright’s formulation,

Kk,
q = _TI (Vo +pigVz), (10)
]

where k (m?) is intrinsic permeability considered as a function of the
porosity following (Akesson et al., 2010; Pintado et al., 2018):

k=koexp{b(¢,—9)}. (11)
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TABLE 2 Thermal parameters of model components.

10.3389/fbuil.2024.1465051

Parameter Unit Symbol Rock Canister Buffer blocks Pellets GraFi
Solid phase density (kg/m?) Ps 2758© 8930 2780 2780 2,860
27407
Solid phase specific heat Jkg' K" | ¢ 769 390© 830© 830 830
Linear thermal expansion coefficient for grains °C™) ag 0.85x10°©@  12x107° 1x10° 1x10° 1x10°
Thermal conductivity of the dry porous medium (W/mK) Nary> A1® 2.63® 390® 0.2 0.169 0.2
Thermal conductivity of the water saturated porous medium = (W/mK) Neapr A 2.63® 390" 1,409 0.63®9 14
Parameter in A(S,) (=) B® - - -0.159 -0.15®9  -0.15
Parameter in A(S,) =) §@ - - 0.5@ 0.6@ 0.5
Porosity =) OGinitial 0.005 0.01 0.37/0.388% 0.669" 0.51

a

: Parameters presented by Villar, 2002, Agry = A} and Ay = As.
: Tkonen et al., 2018.

: Pintado et al., 2018.

4. Kiviranta et al., 2016.

: Pintado et al., 2018.

b,

<.

f: From py of components in Juvankoski et al., 2012. Porosity of ring blocks/porosity of disc block.
& Solid phase density for Bulgarian GraFi in Kumpulainen et al., 2020. The rest of the thermal parameters are identical for Italian and Bulgarian GraFi.

TABLE 3 Hydraulic parameters of model components.

Equation Parameter Unit Symbol Buffer Pellets Italian Bulgarian
blocks GraFi GraFi

Van Genuchten retention Capillary pressure parameter (MPa) P, 15 @ 27 ® 1.8© 50 25©

curve (in P(¢))
Shape parameter in A(¢) =) Ao 03 @ 0.45 ® 0.3© 0.45© 0.33©
Parameter in P (¢) =) avg - 11 ® - 15.5© 20
Parameter in A (¢) (=) byvg - 4® - 2.5© -1©
Reference porosity (-) 'S - 0.4245 ® - 0.416 0.416®

Advective Darcy flux Reference intrinsic permeability (m?) ko 1.52 x 56 x 10721 @ 5x10°®  25x 3.5 x 1072t ®

1071 @ 102 ®

Parameter in k(¢) &) by - 15 @ 10 27@ 17@
Reference porosity (-) '8 - 0.438 @ 0.669 0.44® 0.44®
Relative permeability (-) krl 3@ 3@ 3 3@ 3@

Diffusive Fick flux Tortuosity coefficient =) T 1.0@ 0.4@ 0.4 0.4 0.4

a

: Pintado and Rautioaho, 2013.
: Pintado et al., 2018.

: Kumpulainen et al., 2020.
d,

b,

<.

: Provided in this article.

¢ Fitting parameter by was negative (-1, Kumpulainen et al., 2020).

: Toprak et al., 2018a.

The relative permeability k,, given by Gens et al. (2009),
Akesson et al. (2010), and Chen and Ledesma (2009), is

k= AS. (12)

Total permeability (kky) is a product of intrinsic and relative
permeability. Figure 5B shows the total permeability degree of
saturation and the dry density path for EBS components under
repository-like conditions. Calibrated parameters are listed in
Table 3. Although total permeability will decrease during drying
close to the canister and will increase following saturation, intrinsic

Frontiers in Built Environment 07

permeability will increase or decrease according to changes in
porosity. The total permeability of Wyoming-type bentonite
under saturated conditions for a given density is compared with
test data (Kiviranta and Kumpulainen, 2011). It must be noted that
these are continuous calibration lines based on initial conditions.
The final state of dry density marked for each material is merely
representative in Figure 5B. The long-term response of the materials
in THM modelling will be shown in Section 3.

Diffusive (i.e., non-advective) mass fluxes are usually described
by Fick’s law (z: tortuosity, ¢: porosity, p,: density of gas phase, p,”
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density of the vapour, S;: degree of saturation, and D": diffusion
coefficient):

i = ~(7¢p,S,D% V!
w_ Py

Wy
Pg

(13)

where wy is the mass fraction of vapour in gas. Tortuosity is an input
parameter and influences saturation and drying processes (Toprak
et al 2013). The diffusion coefficient (Equation 14) is given by

Frontiers in Built Environment

D¥(273.15+T)"

D, (T) = (14)

g

where p, is the gas phase pressure.

The parameters used, such as shape parameter and tortuosity,
are determined by the back-calculations of laboratory scale tests.
An alternative way to determine these parameters can be
microscopic techniques such as Al-based SEM (Chow et al.,
2022) and CT scan analysis (Li et al, 2024). More information
about back-analysis for the calculation of thermal and hydraulic
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parameters carried out with CODE_BRIGHT can be found in
Pintado et al. (2002).

2.3 Mechanical process

The mechanical process is coupled with thermo-hydraulic
processes. The heat flow will dry the bentonite, leading to a
reduction in its volume, given that the drying induces shrinkage.
Heat-flow will affect the ring blocks and disc blocks at the top and
bottom of the canister and the pellets filling in the inner
gap. Shrinkage is a local effect and finishes after a few years (if
the host rock supplies enough water). The water will pass first from
the host rock to the pellets and then from the pellets to the blocks.
The clay minerals both in the pellets and the blocks will hydrate and
swell. The hydration and swelling process in compacted bentonite
such as the Wyoming-type is well known (see e.g., Villar, 2005;
Karnland et al., 2006; Kiviranta et al., 2016; Sun, 2016; Kiviranta and
Kumpulainen, 2011). Additional information can be found on the
hydration and swelling of other clays, which could also be used as
buffer materials, such as on FEBEX bentonite, the buffer material
candidate for the Spanish design (Enresa, 2000; Villar, 2002),
Kunigel and FoCa7 clays from Japan and France, respectively
(Delage et al., 2010), or GMZ from China (Zhao et al., 2016).

Oedometer and infiltration tests have been performed on materials
in order to calibrate mechanical model parameters. The simulation of
laboratory scale tests for fitting the mechanical model parameters of
blocks and pillow pellets manufactured with Wyoming-type bentonite
were previously performed by Toprak et al. (2016) and Toprak et al.
(2018a). This paper provides the simulation results of the oedometer
(Figure 6A) and infiltration (Figures 6B, 7A) tests of Italian and
Bulgarian GraFi materials. As shown in Figure 7A, the lower part of
the sample undergoes swelling and the upper part undergoes
compression in a swelling pressure test. As permeability is porosity
dependent, it increases close to the injection point.

As can be seen in Figure 6, the oedometer tests were performed
following different saturation and loading-unloading paths. Italian and
Bulgarian GraFi have different swelling pressures. BBM has been used
to simulate laboratory scale tests in order to fit mechanical model
parameters. The elastic part of this model was extended to be able to
deal with expansive clays. The limitations of this extension have been
discussed in Alcoverro et al., 2023. The model formulation is described
below (from Equations 15-21). The effective stress is defined as o' =
o — max (py, p) (for positive compressions), which is a modification of
the usual effective stress considered for saturated soils (Terzaghi, 1966).
The effective mean stress p’ or pegis defined as p’ = p — max (P, Py).

The mechanical constitutive equation
do' = Dde + hds (15)

is derived from de = de + de? = (D¢)"'do’ + alds + A%, and the
volumetric strain is defined as €, = ex + ¢, + ;.

) ! !
de - % (s) dli+Ks(P’$) ds
l+e p l1+e s+0.1

+ ((XO + 2062AT)dT (16)

In this paper, k; and k, are constants (k;, and Kky) as in the
original BBM, with M being a critical state line parameter and p,
considered to be dependent on suction:
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o[ Po(D)\ 155
Po=p ( > > > (17)
p:)(T) =p8+2((x1AT+0¢3AT|AT|), (18)
A(s) =A0)[(L=r)exp(=Ps) +7], (19)
Ps = pso + ksexp (—pAT), (20)

where p© is the reference stress, p,* is the initial pre-consolidation
stress for saturated conditions, A(0) is the slope of void ratio in
saturated conditions, r defines maximum soil stiffness,  controls the
rate of increase of soil stiffness with suction, a; and a3 are
parameters for elastic thermal strain, py is the tensile strength in
saturated conditions, k takes into account the increase of tensile
strength due to suction, and p takes into account the decrease of
tensile strength due to temperature.
Hardening depends on plastic volumetric strain according to

4p) = gy P! @1

Figure 7B shows q-peg-suction path for Italian GraFi. The path has
been depicted based on calibrated BBM model parameters by means of
modelling a laboratory scale test. As shown in Figure 7B, at least one
oedometer and one infiltration test is required in order to fit BBM
parameters. The LC curve and parameters associated with swelling are
fitted by means of a swelling pressure test. Parameters associated with
hardening and compressibility were fitted by oedometer test simulations.
The BBM parameters for EBS components are listed in Table 4.

Pillow pellets in base case (Section 3) are modelled with an
elastic model (Equations 22, 23) that considers swelling pressure
development during hydration. Bulk modulus (K) is a function of
void ratio (e), slope in e-In (p') diagram (x), and mean effective
stresses (p' or pes). As e, k, and p’ are known from previous
calibration and modelling work (Toprak et al., 2018a), elastic
modulus can be calculated using

_Ap' AT As  Ap'

Ae, = S K_T + K. " 3arAT + 3a,As, (22)
! 1 ! 1 !
_dp_ _(xeadp (+ep p_apioa. (23)
de, de K

Elastic parameters for the rock, canister, and pellets are listed
in Table 5.

The Barcelona expansive model (BExM) considers double
porosity structure (micro and macro). In one case in sensitivity
analyses (Section 3), BExM (from Equations 24-32) has been used as
a mechanical model for pillow pellets. Model parameters (Table 6)
have been calibrated following the simulation of oedometer and
infiltration tests as discussed in Toprak (2018b).

Elastic volumetric strain of micro voids and macro voids:

kn d(p'+s)

de¢ = a\p *s) 24
T Tven (p'+59) @4)
ky dp' ks d

det, = M 2P e (25)

l+ey p 1+ey s+ Pam

Plastic strain of macro void:

A— dpe
det§ +deSh + ded! = L @ (26)

vol vol Vol (1 + eM) PO

Yield function:
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Oedometer (A) and infiltration test simulation results (B) for Italian and Bulgarian GraFi.

MZ
F¢ = —T(P+Pt)(P0 -p) (27)

where p, is the clay tensile strength, py is the clay matrix isotropic
yield locus, M is the slope of the critical state line in the p-q diagram,
and ] is the second invariant of the stress tensor. The following
dependencies on suction are considered:

ptzkssa (28)
P* L(0)-kM
0\ A(5)-&kM
= p( 2] (29)
b= <p°>
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A(s) =A0)[ (1 -7)exp(-Bs) + 7], (30)
FSD — ySD _p_s’ (31)
F'=p+s—y%. (32)

2.4 Geo-chemical process

In addition to the principal THM processes taking place in the
repository, there are other processes such as gas transportation,
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Swelling pressure—suction—intrinsic permeability path for infiltration tests performed on Italian and Bulgarian GraFi (A). g-pess-s path for Italian GraFi
based on calibrated BBM parameters by means of simulation of oedometer and infiltration tests (B).

chemical reactions due to microbial activity, and changes in the
groundwater composition (salinity changes) that might impact the
long-term response of the repository. These processes might affect
the performance targets of the buffer and backfill during the
operational phase (Posiva, 2021). One of the cases of the
sensitivity analyses (Section 3) —the impact of the salinity of the
groundwater on the THM response of the repository—was
investigated. Dixon (2000) and Vieno (2000) were considered as
a basis for investigating the impact of salinity in the THM response
of the system. When the dry density is higher than 900 kg/m®, no
consistent reduction of the swelling pressure of bentonite-based
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materials tested under highly saline conditions can be observed
relative to those observed under freshwater percolation.

Saline water reduces the swelling pressure (Karnland et al., 2006;
Martikainen and Schatz, 2011). The hydro-mechanical parameters
of materials in this project (clay and pellet-based material
components) were set for different degrees of salinity considering
the correlations given in Dixon (2000). Relationships between
effective clay dry density (ECDD) and swelling pressure at
various groundwater salinities and the expected bentonite pore
water salinities in bentonite-groundwater systems have been
described in Dixon (2000). ECDD is defined as dry mass clay/
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TABLE 4 BBM parameters of blocks produced with Wyoming-type bentonite and Italian and Bulgarian GraFi.

10.3389/fbuil.2024.1465051

Parameter Units Symbol Buffer blocks Italian GraFi Bulgarian GraFi
Parameters for elastic volumetric compressibility against mean net stress change = (-) Kio 0.09 0.07 0.085
Parameters for elastic volumetric compressibility against suction change =) Kso 0.09 0.07 0.09
Minimum bulk module (MPa) Knin 10 0.1 0.1
Poisson ratio (=) v 0.3 0.3 0.3
Slope of the void ratio-mean net stress curve at zero suction (=) A(0) 0.25 0.29 0.32
Parameters for slope void ratio-mean net stress at variable suction (=) R 0.8 0.8 0.85

(MPa') B 0.02 0.01 0.01
Parameter for the decrease of tensile strength due to temperature (°ch p 0.2 0.2 0.2
Parameter for the increase of tensile strength due to suction (=) K 0.1 0.1 0.1
Tensile strength in saturated conditions (MPa) Pso 0.2 0.2 0.2
Reference pressure for PO function (MPa) Pe 0.1 0.1 0.1
Critical state line (=) M 1 1 1
Non-associativity parameter (=) a 1 1 1
Initial void ratio (=) € 0.63 1 1.04
Pre-consolidation mean stress for saturated soil (MPa) Po* 2 1 1.1
Parameter for elastic thermal strain of medium (volumetric) (°ch a 3x10* 3x107° 3x107°

TABLE 5 Mechanical parameters (elastic) for rock, canister, and pellets.

Parameter Unit Symbol Rock Canister Pellet
Elastic modulus (MPa) E 63000 210000® 35
Poisson’s ratio =) v 0.25® 0.3® 0.3
Swelling coefficient for changes in suction (MPa) a - 3x 107
Linear thermal expansion coefficient for the medium °Cch) ar 0.85 x 1075 1.2 x 107°@ 10°°

“: Posiva, 2009.

b Tkonen and Raiko, 2013. Properties of steel components.

< Pintado et al., 2018.

4 Ministerio de transportes, movilidad y agenda urbana, 2011.

(volume occupied by clay + volume of voids). Given that the effect of
salinity is larger at lower dry densities (Karnland et al., 2006), it can
be concluded that salinity is expected to have more impact on pellet-
based material components than in blocks or GraFi.

Under freshwater conditions, a certain proportion of the
water is tightly adsorbed in clay particles and is thus not
available for hydraulic processes. Under saline or “brine”
conditions, the quantity of adsorbed water is lower, and for
this reason the porosity available for water mass transport is
higher, resulting in higher hydraulic conductivity. In order to
deal with data uncertainty under saline conditions and following
the correlations described in Dixon (2000), the intrinsic
permeability of EBS components was increased one order of
magnitude (merely representative) while swelling capacity was
reduced 30% in all materials by means of modifying the x
parameter. For example, the intrinsic permeability of Italian
GraFi was 2.5 x 107! (Table 3) and was increased to 2.5 x
107 in saline water 70 g/L TDS conditions. The magnitude of ko
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for Italian GraFi was 0.07 (Table 4) in freshwater conditions and
was decreased to 0.046 in saline water 70 g/L TDS conditions.

3 Model results and sensitivity analyses

Following the calibration of the THM parameters by means of
back-calculations and simulations of laboratory scale tests, a base
case was prepared in order to predict the long-term THM response
of the repository. In the base case simulation, spent nuclear fuel from
the Olkiluoto 1 and 2 reactors after 30 years in interim storage was
simulated (initial heat power was 1700 W—Figure 3). The canister
was placed at a depth of 436 m (initial temperature 10 °C). The
configuration of the repository had a 25-m deposition tunnel
spacing and 8.9-m deposition hole spacing. Buffer and backfill
components are shown in Figure 2. The buffer had three
components manufactured with Wyoming-type bentonite: buffer
ring blocks, buffer disc blocks, and pillow pellets. The backfill above
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TABLE 6 BExM parameters for pellets.

10.3389/fbuil.2024.1465051

Parameter Units Parameter Pellet
Matrix elastic stiffness parameter at the macro level for changes in mean stress (=) Macro 0.06
Matrix elastic stiffness parameter at the micro level for changes in mean effective stress (=) yMiere 0.09
Elastic macro stiffness parameter for changes in macro suction (=) K Macre 0.01
Poisson’s ratio (=) M 0.3
Parameter micro-macro coupling functions when SD is activated. (SD or sd : suction decrease). -) fsdo -0.1
) fsn L1
(=) Ned 2
Parameter micro-macro coupling functions when SI is active. (SI or si: suction increase). (=) fsio -0.1
-) Ssan L1
-) Ngi 0.5
Critical state line =) M 1
Parameters for slope void ratio-mean net stress at variable suction -) r 0.8
(MPa™) B 0.0001
Reference pressure for PO function (MPa) Pe 0.1
Tensile strength in saturated conditions (MPa) Py 0.01
Slope of the void ratio-mean net stress curve at zero suction =) A(0) 0.19
Pre-consolidation mean stress for saturated soil (MPa) Py* 1

the deposition hole was filled with Italian GraFi. The rock’s intrinsic
permeability was considered to be 1.53 10" m* (Pintado and
Rautioaho, 2013), and the groundwater was assumed to be fresh
water. The thickness of the inner gap filled with pellets was 35 mm.
The materials and geometrical details are shown in Figure 8A. A
more deformable and permeable EDZ (engineered damage
zone—both one order of magnitude) for rock has been
considered in order to reproduce the HM processes prior to
emplacement of the EBS components. Initial stress was set
as —10.57 MPa. The locations (P: point) considered to represent
EBS components according to distance from the canister centre are
shown in Figure 8B.

The excavation sequence was simulated up to reaching the
steady-state (I year). The canister and EBS
components were installed following excavation. Degree of

conditions

saturation, dry density, and other initial conditions of the
materials during emplacement are listed in Table 1.

THM boundary conditions are shown in Figure 8C. Hydrostatic
water pressure was set to upper and lower boundaries. The liquid
pressure in the upper and lower boundaries corresponds to the
distance to the surface. Temperature was variable in the upper and
lower boundaries and calculated (Toprak et al., 2018a) according to
distance from the canister considering canister initial power
(Figure 3). As the upper and lower boundaries had different
distances to the canister centre, the temperature evolution on
these boundaries were different. Figure 8C shows how the
temperature evolved under different but constant hydrostatic
water pressure on the upper and lower boundaries according to
heat flow from the canister. The canister was considered to be a
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separate material and the heat flow from the canister was modelled
following a decay function of volumetric heat flow (Figure 3).

A sensitivity analysis plan was followed that took into account
buffer and backfill design options, geological conditions, and
numerical simulation options (Table 7).

Sensitivity analysis represents alternative models, parameters,
and/or initial and boundary conditions. Analysis of the sensitivity
cases illustrates the effect of model and data (parameters, initial
conditions, and boundary conditions) uncertainties. The sensitivity
analysis was performed by changing different parameters of the
components, such as the hydraulic conductivity of the rock, and
changes in the design, such as changing the material in the
deposition tunnel. The reference properties belong to a case
defined as (geometry, and
boundary conditions). A summary and the differences between

“base case” initial conditions,
the models are given in Figure 9. A 3D full geometry was
prepared in Model N3, while sensitivity analyses have been
performed considering a quarter geometry.

The main purposes for performing sensitivity analyses are
as follows:

o To assess the consequences of future climate changes which
might have an impact on groundwater properties due to the
intrusion of fresh water into the repository after a glaciation
(water from melted ice). The current groundwater at
repository depth has a salinity of 10 g/L with variations
from minimum values of 5 g/L in some parts of the
deposition tunnel to a maximum calculated value for the
operational phase between 12 and 25 g/L. However, the
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groundwater salinities may reach up to 50 g/L at the deepest
part of the repository (Pastina and Helld, 2010).

« To demonstrate the feasibility of the designed barriers under
certain conditions, such as the initial conditions of the
selected materials.

o To handle bedrock inflow conditions (presence of fractures
and fracture locations).

To evaluate alternative backfill materials in terms of the long-
term safety of the repository after closure.

To evaluate the buffer-backfill interaction in order to check
the evolution of the buffer density. This interaction process
was evaluated experimentally by Sandén et al, 2016 and
numerically by Leoni et al. (2018).

Frontiers in Built Environment

o To develop a better understanding of the modelled system and
test robustness.

Temperature distribution at earlier times (15 years) in buffer and
backfill components are shown in Figure 10 for Case N3. The
maximum temperature calculated was 78°C in the pillow
pellet—canister interface. The temperature evolution in different
locations (at different distances from the canister) is shown in
Figure 11A. The temperature decreases according to the distance
from the canister. The maximum temperature calculated in the
backfill was 50°C-60°C. As shown in Figure 11A, a retardation in
saturation due to low hydraulic conductivity resulted in a higher
temperature in Case G3 (intact rock). The peak temperature was
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TABLE 7 Sensitivity analysis plan.
Concept

Buffer and backfill design option

10.3389/fbuil.2024.1465051

Geological conditions

Numerical simulations options

achieved at the canister mid-height and mostly affected the inner
pellet gap (buffer pellets adjacent to the canister). Among the
models, the maximum temperature was achieved in Case G3,
peaking at 85°C. As the thermal conductivity increased according
to the degree of saturation following Equation 3, a slower hydration
resulted in lower thermal conductivity. Consequently, the heat
dissipation following Equation 2 became slower and resulted in a
higher a temperature.

affect the maximum
temperature evolution of the repository. Previous modelling

Several factors temperature and
(Toprak et al, 2018a) has shown that the repository design
(tunnel and canister spacing), EBS design (air gap between
canister and buffer disc), initial state of the components (initial
degree of saturation), and the canister itself (initial canister power)
play a role in the long-term evolution of temperature in the
repository. In addition, rock intrinsic permeability is an
important parameter that controls the saturation of the EBS
components and accordingly has an impact on the achieved
maximum temperature.

On the global scale, the temperature in a certain deposition hole
will be controlled by its location within the repository. The local
scale processes are associated with the temperature differences at
various locations within the buffer or backfill. At the local scale, the
state of the inner gap (filled with pillow pellets) and the buffer
adjacent to the canister (ie., dry or fully saturated, shrunken or
swollen) is expected to be an important factor that controls the
maximum temperature of the buffer and canister.

Temperature in the EBS is mainly controlled by the heat input
and thermal conductivity of the buffer and bedrock (Toprak et al.,
2018a). The thermal conductivity of the buffer is, in turn, a function
of its saturation. In the long term, the saturation of the EBS will be
controlled by the slow water-uptake from the host rock and/or a
possible fracture.

Backfill temperature variations are moderate compared with
those taking place in the buffer. The maximum temperature in
backfill was calculated in the range of 50°C (Figure 11A). The mass of

backfill is small compared with the surrounding rock mass, so the
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Description Case name
Briefly described in Figure 9 Base Case
Filling material in chamfers: Italian GraFi Bl

Initial liquid pressure of backfill: —135 MPa B2
Backfill material: Bulgarian GraFi B3

Saline water: 70 g/L TDS Gl

Krock: 3.53 X 1072° m* (dry case) G2

Keoai: 107" m? (intact rock) G3

Keoa: 3 X 107" m? in the central buffer zone G4

Kroak: 3 X 107" m? in the upper and lower buffer zone G5
Pillow pellets modelled with the BExM N1
Lagrangian method N2

Full 3D geometry N3

heat capacity and thermal conductivity of the rock will be more
important in heat dissipation than the backfill thermal properties.

To ensure that the buffer’s maximum temperature is less than
100°C, the distance between deposition tunnels and individual
deposition holes was chosen using a thermal dimensioning and
optimization technique (Ikonen et al. 2018). THM sensitivity
analysis was performed to determine the appropriate tunnel
distance, canister distance, and canister decay heat power
relations. The influence of the canister and tunnel spacing, the
calibration of canister power function, and the numerical solution
for thermal boundary conditions in THM modelling was given by
Toprak et al. (2013 and 2016).

In previous modelling under a 2D axisymmetric model with a
different backfill material (Toprak et al. 2018a), the following aspects
were studied: the radiation term in thermal calculations, effect of air-
gap thickness between buffer and canister, impact of the magnitude
of thermal conductivity, magnitude of the thermal expansion
coefficient of buffer and rock, initial water content of the buffer,
and impact of the permeability of the rock. It was shown that
maximum temperature might vary 80°C-105°C in different cases
under different model configurations and material options.

Thermal dimensioning calculations (Ikonen et al. 2018) (not
coupled) indicate that the canister surfaces reach their maximum
temperature depending on the canister location approximately
10-30 years after emplacement. According to Ikonen et al. 2018,
the surface temperature of the hottest canisters was estimated to be
90°C after a year of canister emplacement. In this paper, the coupled
THM modelling leads to the highest buffer temperature of 80°C in
base case. In THM-coupled modelling, the calculated maximum
temperature is lower than the uncoupled thermal calculations.
During hydration, the thermal conductivity increases in coupled
THM modelling, resulting in a lower maximum temperature.

Wetting-drying-saturation and cooling paths for the selected
points in the base case are shown in Figure 12A, where buffer and
backfill wetting began immediately upon installation. As the
outer pellet (P2) is adjacent to the rock wall, it is the first
location that encounters groundwater and starts saturation. In
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Models considered in the sensitivity analyses.

contrast, inner pellets (P1) are far from the rock wall and adjacent
to the canister. Therefore, saturation did not take place
immediately in P1. In the inner pellets, drying occurs at the
beginning of the simulation due to the heat supply from the
canister. According to the graph in Figure 12A, the strongest

Frontiers in Built Environment

drying lasts 2 years, and maximum temperature is reached at the
end of 21 years. Following the severe drying process, a retardation
in saturation was observed in the inner pellets. The graph shows
that the inner (P1) and outer pellets (P2) started from the same
initial conditions (degree of saturation and temperature).
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FIGURE 10

However, these two points followed a completely different
saturation-temperature path. The time to reach the maximum
temperature, the magnitude of the maximum temperature, and
the time required to reach full saturation were significantly
different in the inner and outer pellets.

In the locations of the upper buffer (P5), buffer-backfill
interface (P6), and central backfill (P7),
important drying process. As shown in Figure 12A, these

there was no
locations were initially unsaturated. They followed a different
temperature-saturation path. The maximum temperature peak in
each location was different and depended on the distance from
the canister. The time to reach full saturation in each location
under the same model configuration depends on the material
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properties (THM model parameters) and distance from the rock
and the canister.

Wetting of the granular backfill material (P7) was similar to the
hydration process of the outer pellets (P2). The location closest to
the rock walls encountered groundwater early, such as the
backfill-host rock interface. The path depicted for backfill in
Figure 12A considers the central part of the backfill. As the
backfill material has a large volume, there will be important
discrepancies in the time to reach full saturation within the
backfill domain depending on the distance from the rock
wall interface.

Due to vapour flow from the canister to the buffer (P3 and P4), a
strong drying of the buffer below and above the canister was
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FIGURE 11

Evolution of temperature on the considered locations in Base Case (A). Evolution of temperature on canister wall-inner pellets contact in all models
(B). Note: Case G3 was calculated up to 100,000 years and the rest of the models up to 10,000 years.

observed at early times (Figure 14A). During the drying process, the
thermal conductivity (Equation 3) and total permeability (Equation
12) of the buffer decreased because of desaturation. Similar
responses were observed in both laboratory (Pintado et al., 2002)
and in-situ tests such as FEBEX (Gens et al., 2009) in the prototype
cepository test (Chen and Ledesma, 2009) and the canister retrieval
test (Kristensson and Borgesson, 2015). After 2-4 years, depending
on the location, the dried bentonite started to rehydrate due to the
dominant water flow from the rock, despite the continuous heat
supply from the canister. The model response accords with previous
studies (Johannesson 2007; Kristensson and Borgesson, 2015;
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Hakola et al. 2015), showing that the blocks around the canister
(inner pellets) saturate faster than those above it due to slower water
uptake (pellets are more permeable than clay blocks).

The liquid pressure evolution in the inner pellets (P1) in all
sensitivity analysis cases is shown in Figure 12B. Heat supply from
the canister generates a dryer area around the canister. The
magnitude of the drying and the time to reach full saturation is
different in the considered cases. Maximum drying was achieved in
Model G3 (intact rock), whereas no important drying was observed
in Model G1 (saline groundwater). The responses of the rest of the
models were in the same range as the base case, showing some
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discrepancies according to rock permeability and initial conditions.
As the micropores invaded macropores in Model N1 (pillow pellets
modelled with BExM), intrinsic permeability decreased during
saturation. Therefore, a higher retardation in saturation results in
higher temperatures at early times in Model N1 than in base case. As
summarized in Figures 12A and B, EBS components followed a
different saturation-temperature path according to the distance
from the canister and rock wall. The intrinsic permeability of the
rock is an important parameter controlling not only the saturation-
drying path but also the thermal process. Full saturation of the EBS
components was achieved during the cooling period (after reaching
the maximum temperature). The canister increases the temperature
in the EBS (50°C-80°C depending on the location) and later
temperatures gradually decreased towards the temperature of the
host rock (10.5°C).

Figure 13A presents the path of effective stress-liquid pressure
and temperature in the locations considered within the buffer and
backfill. Effective stress corresponds to the swelling pressure once
the material was fully saturated. The evolution of mean total and
mean effective stresses have three components: swelling pressure
developed during saturation (1), changes in hydrostatic pore
pressure under saturated conditions (2), and thermal strains
during the cooling period (3). The stress evolution was uniform
within the buffer. The stress path in the inner pellets adjacent to the
canister (P1) and in the outer pellets (P2) near the rock wall were
completely different. Although the inner (P1) and outer pellets (P2)
reached the same magnitude of mean effective stresses following
saturation, the path that they followed was entirely distinct. The
inner pellets (P1) first underwent drying, peaking at 80°C of
maximum temperature and later saturated gradually. In contrast,
the hydration started quickly in the outer pellets (P2), reaching a
maximum temperature of 65°C. In both locations, the mean effective
stresses were approximately 5 MPa in saturated conditions. The
mean effective stresses gradually decreased during the cooling
period because of thermal strains.

The mean effective stresses at the upper part of the buffer (P5)
increased and peaked at approximately 8 MPa, but then decreased to
approximately 5.6 MPa towards the end of the simulation. The
earlier increase in mean effective stresses was a result of swelling as
saturation took place. The magnitude of the swelling was controlled
by the mechanical model (BBM). Swelling pressure was built up in
response to saturation and differed as a result of initial variability in
the emplacement dry-density values (buffer ring and disc have
different initial porosities) in the buffer. In central backfill (P7),
the developed mean effective stresses were lower than at the upper
buffer (P5). The swelling pressure of bentonite depends on the
composition of the material, so pellets, buffer blocks, and backfill
peaked at different values of mean effective stresses. As shown in
Figure 13A, the considered locations within the EBS followed
different paths. They peaked at different temperatures under
different
different values of mean effective stresses. The decrease in mean

wetting-saturation conditions and finally reached
effective stresses during cooling due to thermal gradient (thermal
strains) was controlled by thermal expansion; the magnitude of the
decrease is different in EBS components (Figure 13A).

As the swelling capacity of the buffer blocks was larger than the
pellets, the buffer blocks swelled towards the inner pellet fill and

compressed the outer pellet fill. Similarly, the buffer blocks
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compressed the backfill because of their larger swelling capacity.
The difference in the initial dry densities between the pellets and
blocks was large (Table 1). Therefore, pellets and blocks underwent
not only different swelling pressures but also different stiffnesses
once they were saturated. Buffer blocks expanded and compressed
the swollen pellets, resulting in a more uniform distribution
of densities.

The evolution of mean effective stresses in the upper buffer (P5)
in all models considered in the sensitivity analyses is shown in
Figure 13B. Under saline water conditions (Model G1), the
magnitude of mean effective stresses was the lowest. As discussed
in Section 2.4, swelling capacity decreased in higher groundwater
salinity rates. The magnitude of developed mean effective stresses
was similar in the rest of the models. However, the evolution (the
time to reach maximum stress level) was different and mainly
controlled by rock permeability. In intact rock conditions (Model
G3), the retardation in saturation was significantly high, so the mean
effective stresses were not built up at earlier times. Another
interesting observation is that the decrease in mean effective
stresses in Model G3 was lower than in other models. In Model
G3, there was almost a nonthermal gradient remaining once full
saturation was reached. Therefore, thermal strains during the
cooling period were limited compared to other models.

The buffer-backfill interface did not remain static during
hydration because the buffer and backfill had different THM
characteristics. As discussed in Section 2.3, the buffer has a
higher swelling capacity than the backfill (Table 4). Therefore,
the buffer expanded into the backfill (Figure 14). A BBI mock-up
test (Rinta-Hiiro et al., 2017; Peura et al. 2016; Penttila et al. 2018;
Pylkkanen 2019) confirmed that buffer upheaves under repository-
like conditions.

Liquid-pressure mean effective stresses and the vertical
displacement path for three points (below and upper canister and
buffer-backfill interface) in the base case are shown in Figure 14A.
In the locations of below (P3) and upper (P4) canister, liquid
pressure first decreased as a result of drying (lasts 3 years). A
small amount of shrinkage (compression) was observed below
the canister because of the heating and emplacement of the
canister. However, liquid pressure increased in the long term as
hydration occurred. Following hydration, swelling of the buffer was
observed in both locations (P3 and P4). After reaching full
saturation (80 years for P3 and P4), there was a reduction in
displacements because of thermal strains. Two points (P3 and
P4) followed similar drying paths and reached the same swelling
pressure (approx. 8 MPa), resulting in approximately 2 cm of
vertical displacement at the end of the simulation.

In contrast to P3 and P4, there was no significant drying on the
buffer-backfill interface (P6). Buffer upheaval mostly occurred years
after the buffer and backfill were installed (65 years, Figure 14A). A
maximum 13 cm of vertical displacements were achieved in the
buffer-backfill interface at the end of the 65 years. Vertical
displacements reduced during the cooling period due to thermal
strains. Previous modelling studies (Toprak et al., 2018a) showed
that filling the gap between the buffer and rock with water instead of
pillow pellets (18 cm of vertical displacements) or a fracture passing
from the upper part of the buffer (16 cm of vertical displacements)
might result in higher vertical displacements in the buffer-backfill
interface. A faster saturation of the buffer will lead to a higher buffer
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FIGURE 12

Sr—liquid pressure—temperature path for the locations considered in base case (A). Evolution of liquid pressure on upper buffer blocks (P5) in all

models (B).

upheaval. Figure 14A summarizes the following steps: drying
processes due to heat supply from the canister (1); saturation
process because of water uptake from the rock (2); swelling
process because of saturation (3); consequent development of
displacements mainly on the buffer-backfill (4);
reduction in displacements because of cooling shrinkage (5).

As the density of the buffer should remain 1950-2050 kg/m® in
saturated conditions (Juvankoski et al., 2012), the potential
expansion of the buffer into the backfill should be limited. The
volume change of the backfill caused by the buffer upheaval above

interface
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the deposition hole should be less than 0.7 m* (Posiva 2021). The
evolution of the upheaved volume of backfill in all models
considered in the sensitivity analysis is shown in Figure 14B. The
magnitude of the upheaved volume of backfill depends on the model
configuration. In slow saturation cases (Models G2 and G3) as well
as under the saline groundwater configuration (Model G1), a lower
displacement of the buffer and backfill interface was achieved. In
Model B3 (backfill material: Bulgarian GraFi), the time to reach
maximum displacements was shorter and the magnitude of the
displacements was lower than the base case. As the Bulgarian GraFi
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Swelling pressure—liquid pressure—temperature path for considered locations in base case (A). Evolution of mean effective stresses on upper buffer

blocks (P5) in all models (B).

is more permeable (Table 3) and has a larger swelling capacity than
Italian GraFi (Figure 7B), the long-term THM response was
different in Model B3. In all models, the upheaved backfill
volume calculated was lower than 0.7 m® and was approximately
0.23 m’ in the base case. It can be concluded that the main parameter
affecting the amount of buffer upheaval was associated with the
buffer saturation speed. Since saturation was slower in the backfill
due to its higher volume, the faster the saturation, the more buffer
upheaval there is. Increasing groundwater salinity also affects buffer
upheaval. In higher salinities (Model Gl), bentonite swelling

Frontiers in Built Environment

pressure decreased. In Models G4 and G5 (more permeable rock
around the canister), the vertical displacements were slightly higher
in the buffer-backfill interface. As the host rock was initially
saturated while buffer and backfill was ~60% saturated at high
suction (Table 1), there was a strong liquid pressure gradient
from the host rock to the EBS components, resulting in
desaturation of the host rock—albeit a slight desaturation caused
by the pressure gradient. Therefore, the relative permeability as well
as the water retention curve parameters of the host rock have a
minor impact on the time required to full saturation.
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Figure 15A  shows the porosity-temperature-total
permeability path for below canister (P3) and the
buffer-backfill interface (P5) in the base case. The porosity
decreased near the canister (P3) as a result of drying and
suction, contracting the buffer earlier. Meanwhile, the porosity
increased near the pellet-rock interface because of the hydration
from the rock. Expansion of the buffer occurred in the locations
close to the rock. The porosity change (P3) that occurred during
the first few years because of drying recovered once the saturation
took place due to the high swelling capacity of the buffer. During

Frontiers in Built Environment

the drying of the buffer, the intrinsic permeability (Equation 11)
decreased due to the reduction in porosity (P3) and total
permeability decreased following Equation 12 because of de-
saturation. Following saturation, the intrinsic permeability in
the location considered (below canister P3) increased because of
swelling, and total permeability increased due to saturation. Total
permeability changed due to THM-coupled processes: drying due
to heat supply (1), wetting due to hydration from rock (2), and
swelling and compression (3) according to the distance from the
canister and rock.
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There was no drying process at the buffer-backfill interface (P5).
Intrinsic permeability increased in this location because of swelling,
while total permeability increased during the saturation process. The
maximum temperature was approximately 53°C, and the time to
reach full saturation is approximately 60 years (Table 8). As is
apparent from Figure 15A, the temperature—porosity—total
permeability path depends on the location considered. The
distribution of the porosity was nonuniform, corresponding to a
nonuniform buffer density. The nonuniformity in porosity occurred
due to THM processes in the buffer governed by the mechanical
model (BBM).

Long-term results show that a full homogenization did not
succeed in the buffer domain (Table 8). Laboratory tests
performed to investigate the homogenization process indicate
that the density differences were not completely homogenized
among the samples (Dueck et al., 2016; Martikainen and Schatz
2018). In the base case, the model results showed a nonuniform
porosity distribution in the buffer domain because of long-term
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THM processes. The time to reach full saturation and the final
mean effective stresses in the given locations (upper buffer-P5
and central backfill-P7) in all models considered in the
sensitivity analyses is shown in Figure 15B. The time required
to reach full saturation and the magnitude of the swelling
pressure depend on a number of parameters, the most
important being the hydraulic properties of the rock and the
bentonite. One of the main controlling parameters of the EBS
saturation process is the rock’s intrinsic permeability according
to the sensitivity analyses. Saturation time did not change
significantly under the same rock permeability model
configurations.

The saturation time was approximately 10,000 years when the
rock was considered fully impervious (Model G3). In this intact
rock case, the groundwater inflow was assumed to come from a few
fractures distributed in deposition holes through the backfill.
Although this case is unrealistic, it serves to address the

saturation process under the lowest value of rock permeability.
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TABLE 8 Maximum temperature, time to reach full saturation, final mean effective stress, vertical displacements, and saturated density (p,,, +p, ¢) for
considered locations in the base case.

Location tsae (y) Perr (MPa) Disp. (cm) psat (kg/md)
Pellet-canister side (P1) 78 44 4.7 1.6 1,610
Pellet-rock side (P2) 78 37 4.7 0.16 1,610
Blocks under canister (P3) 78 80 6.6 1.6 2070
Blocks-upper canister (P4) 78 80 6.6 1.6 2072
Upper buffer disc (P5) 55 61 8.2 8.2 2070
Buffer-backfill interface (P6) 53 61 32 12.8 2017
Central backfill (P7) 49 65 2.5 0.8 1954

TABLE 9 Results in sensitivity analyses.

Model
name

Concept Description

Temp. (°C)

Buffer
Peff.
(MPa)

Backfill
Peff.
(MPa)

Buffer S,  Backfill
(years) S,
(years)

Disp. (cm)

Buffer and backfill Described in Figure 9 Base Case 779 61 63 6.3 2.6 12.8
design options
Filling material in notch/ B1 77.9 61 63 6.2 2.6 12.7
chamfer: Italian GraFi
Initial liquid pressure of B2 77.9 69 71 6.5 3.0 113
backfill: -135 MPa
Backfill material: Bulgarian B3 77.8 60 62 6.2 3.6 10.8
GraFi
Geological conditions | Saline water: 70 g/L TDS Gl 78.1 53 53 31 1.5 6.0
Koat 3.53 x 107 m? (dry G2 78.7 211 211 6.4 2.7 93
case)
Keoa: 10721 m? (intact rock) G3 84.0 9,600 9,600 6.8 27 8.0
Keoar: 3 X 107" m? in central G4 77.9 56 60 6.2 2.6 13.4
buffer zone
Kroak: 3 X 107" m? in upper G5 78.1 56 60 6.3 2.6 13.1
and lower buffer zones
Numerical simulation | Pillow pellets modelled with N1 78.0 61 64 5.4 2.6 12.3
options BExM
Lagrangian method N2 77.5 61 63 6.4 25 12.9

With the expected rock intrinsic permeability of 1.52:107"° m* in
the base case (Ahokas and Pentti 2016), the order of magnitude for
the EBS component saturation time was tens of years. Table 9 lists
the maximum temperature in the inner pellets (P1), the time to
reach full saturation in the upper buffer (P5) and central backfill
(P7), the final mean effective stresses in upper buffer (P5) and
central backfill (P7), and the final vertical displacements in buffer-
backfill (P6), considered in the
sensitivity analyses.

The maximum saturation time depends on the local conditions
of the rock. A parameter study in rock permeability (Models G2, G4,
and G5) was performed. If the permeability was approximately one
order of magnitude lower (i.e., k = 3.53 x 107*°), the saturation time
in the buffer location (P5) increased to 211 years in Model G2.
Increasing rock permeability by one order of magnitude in
particular locations (Models G4 and G5—Figure 9) resulted in a

interface in all cases
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decrease in saturation time to 56 years. When the groundwater was
under saline conditions (Model G1), the time length required to full
saturation decreased to 53 years.

In previous modelling under 2D axisymmetric calculations
(Toprak et al,, 2016 and Toprak et al., 2018a), the impact of the
initial water content of the buffer, artificial wetting of pellets, fracture
presence and positions, and the magnitude of tortuosity (Equation
13) were investigated in terms of saturation time.

There were important differences between the models in terms
of long term THM response. In dry case (Model G2) and intact rock
conditions (Model G3), where the rock was considered less
permeable, saturation was slower than the base case. In the
unrealistic case (Model G3; ko 107" m?), temperature was the
highest between the other models as thermal conductivity remained
low for the long-term as a consequence of retardation in saturation.
On the other hand, saturation was faster in Models B3 (backfill:
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TABLE 10 Design criteria and performance targets for buffer and backfill.

10.3389/fbuil.2024.1465051

Performance target code Rationale Performance target ( Base Case response
L3-BUF-35 Limiting mineral transformation TP*r<100°C 78°C

L3-BUF- 34 Maintain canister integrity Thufter < —2.5°C 10.5
L3-BUF-29 Retardation of radionuclide transportation | Kpyger < 1077 m? 5.6 x 107! m?
L3-BAC-22 Kpack < 1077 m? 25 % 102 m?
L3-BUF-32 Maintain canister integrity Pgwen around canister <10 MPa 5 MPa
L3-BUF-17 Avoid canister sinking Pgwen around canister> 0.2 MPa 5 MPa

L3- BAC-29 Mechanical stability of deposition tunnels Pgwen in backfill <3 MPa 2.5 MPa
L3-BAC-24 Ensure tight contact with rock Pgwen in backfill >0.1 MPa 2.5 MPa
L4-BUF-16 Ensure tightness and self-sealing Pgyen in buffer >1 MPa 7 MPa
L5-BUF-9 Ensure mechanical protection of canister Psac Of buffer <2050 kg/m® 2040 kg/m®
L5-BUF-14 Prevent colloid transport Psat Of buffer >1,650 kg/m’ 2040 kg/m®
L3-BAC-25 Mechanical stability of EBS Upheaved backfill volume <0.7 m® 02m’

Bulgarian GraFi), G1 (saline water 70 g/L TDS), G4 (Kjpa: 3 X
107" m? in central buffer zone), and G5 (Ko 3 X 107" m* in upper
and lower buffer zone) than the base case. Bulgarian GraFi was more
permeable than Italian GraFi; therefore, hydration was faster in
Model B3 (backfill: Bulgarian GraFi) than the base case. Saline
groundwater results in a higher hydraulic conductivity (Section 2.4);
hence, in Model G1 (saline water 70 g/L TDS), the saturation process
of EBS components is quicker than in the base case. There was no
significant drying of inner pellets adjacent to the canister in Model
G1 (Figure 12B). Both in Models G4 (ko 3 X 107"’ m” in central
buffer zone) and G5 (Kyoq: 3 X 107" m? in upper and lower buffer
zones), saturation of the upper part of the buffer was faster than in
the base case. Based on the results obtained, full saturation of the
buffer (upper buffer-P5) is expected in 60-210 years. This was also
the expected time frame where the buffer fulfils the saturation-
dependent performance targets.

The Lagrangian method (Model N2), where the nodal coordinates
are modified after each time increment, was also solved. If the
deformations are too large, some elements may distort to become
ill-conditioned, and the calculation stops. The impact of using the
Lagrangian method was obvious when the filling material between
canister and buffer was an air gap. Closure of the air gap was well
reproduced in previous studies (Toprak et al., 2018a) using the updated
Lagrangian method. However, there were no large displacements
between the canister and buffer blocks when the filling material was
pillow pellets. Therefore, there were no important differences observed
between the base case and Model N2.

Table 10 summarizes the comparison of the some of the
performance targets set for the buffer and backfill in the Finnish
spent fuel repository design and the response of the base case
presented in this article.

One of the main aims of this study is to show the fulfilment of
the performance targets (Posiva 2021), design criteria, and safety
requirements set for the buffer and backfill under the recent model
configuration. The current model (base case) under a certain
geometrical configuration (tunnel and canister spacing, volume
and dimensions of EBS components) with specific TH boundary
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conditions (hydrostatic water pressure and variable temperature in
the upper and lower boundaries considering 1700 W of initial
canister power) and selected materials under given initial
conditions (buffer: blocks and pellets manufactured with
Wyoming-type bentonite; backfill: Italian GraFi) fulfils the long
term performance targets of the EBS components. As shown in the
sensitivity analyses, the long-term THM response of the repository
varies under different conditions.

4 Conclusion

An integrated numerical and experimental investigation was
carried out to demonstrate the feasibility of 3D THM modelling of
Finnish nuclear waste repository under a proper (geometrical
configuration and thermal boundary conditions) and validated
(canister heat flow function and material model parameters)
model configuration. The results of this study have been used for
the operating licence application for the world’s first final repository
for spent nuclear fuel which is under commission.

Complex thermal models (saturation-dependent thermal
conductivity), hydraulic models (porosity-dependent WRC and
intrinsic permeability), and geo-mechanical models such as BBM
and BExM (double structure model) were adapted in order to
simulate the long term THM response of EBS components under
a proper and validated 3D model configuration.

A base case was prepared considering certain initial
conditions and a specific material data set. A sensitivity
analysis plan based on the buffer and backfill design options
(design with a different backfill material), geological conditions
(fractures, groundwater salinity, and dry rock conditions) and
numerical simulation options (including the Lagrangian method
and different mechanical models suggested for pellets) was
followed in order to deal not only with the uncertainties of
also with the model/data
uncertainties. The evolution of temperature, liquid pressure,
permeability,

the geological medium but

degree of saturation, porosity, and mean
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effective stresses and displacements were investigated in terms of
performance targets and safety requirements under different
scenarios. It was shown that the simulations meet the
performance target (Table 10) set for buffer and backfill. The
long term THM response of the EBS components was illustrated
in 3D graphs in order show strong THM-driven interactions
between the EBS components and the host rock.

Gas transport processes, microbial activity, and geochemical
coupling within the DGR design were beyond the scope of this
study. Within the context of future experiments (e.g, Full Scale In
Situ System Test—Posiva 2021), monitoring the evolution of
temperature, pressures (gas and liquid), displacements, gases, and
other safety-relevant invariants would contribute to the overall
understanding of the THMC-G (thermo-hydro-mechanical-chemical
and gas transport) processes occurring under repository-like conditions.
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