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ABSTRACT

Bentonite-based engineered barrier system (EBS) is a key component of many repository designs for the
geological disposal of high-level radioactive waste. Given the complexity and interaction of the phenomena
affecting the barrier system, coupled thermo-hydro-mechanical (THM) numerical analyses are a potentially
useful tool for a better understanding of their behaviour. In this context, a Task (the Horonobe EBS experiment)
was undertaken to study, using numerical analyses, the thermo-hydro-mechanical (and thermo-hydro) in-
teractions in bentonite based engineered barriers within the international cooperative project DECOVALEX 2023.
One full-scale in-situ experiment and four laboratory experiments, largely complementary, were selected for
modelling. The Horonobe EBS experiment is a temperature-controlled non-isothermal experiment combined with
artificial groundwater injection. The Horonobe EBS experiment consists of the heating and cooling phases. Six
research teams performed the THM or TH (depended on research team approach) numerical analyses using a
variety of computer codes, formulations and constitutive laws. For each experiment, the basic features of the
analyses are described and the comparison between calculations and laboratory experiments and field obser-

vations are presented and discussed.

1. Introduction

Deep geological repository systems for high-level radioactive waste
(vitrified waste or spent nuclear fuel) are generally based on a multi-
barrier (combination of engineered barrier and natural barrier)
approach. The engineered barrier (e.g. metal overpack, buffer material)
and the natural barrier (host rock) jointly contribute to an appropriate
long-term confinement of the radio nuclides released from the radio-
active waste. The bentonite-based engineered barrier (buffer material) is
usually a key component of the deep geological repository designs for
the radioactive waste. In the most general case, the engineered barrier is
subject to complex interacting phenomena comprising the heat released
from the radioactive waste, the intake of underground water from the
host rock and the subsequent development of swelling pressure as hy-
dration progresses.'*

* Corresponding author.
E-mail address: sugita.yutaka@jaea.go.jp (Y. Sugita).
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Fig. 1(a) shows, in a schematic view, some of the thermo-hydro-
mechanical-chemical (THMC) processes involved in the evolution of
the barrier during this transient saturation period. The radioactive waste
emits heat that is transported through the bentonite to the host rock
producing a temperature rise that reduces as the distance to the radio-
active waste increases. The temperature rise produces water evaporation
in the inner part of the barrier that results in a drying of the bentonite.
Vapour migrates towards the outer regions of the barrier where it con-
denses due to the lower temperature prevailing there. Because the
bentonite is unsaturated and, therefore, under suction, water flows from
the host rock to the barrier. Consequently, the barrier hydrates, starting
in the outer zones close to the host rock and progressively moving in-
wards. Because of the low permeability of bentonite and host rock, hy-
dration proceeds quite slowly but it is expected that the buffer material
will become fully saturated in the long term. Associated with those
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thermo-hydraulic phenomena, there are also mechanical effects: the
buffer material deformation due to changes in temperature, suction and
stresses and development of the bentonite swelling stress as hydration
progresses. In any case, a proper understanding of the processes occur-
ring during the transient period, requires the appropriate simulation of
the evolution of the engineered barrier by means of coupled numerical
analyses. Fig. 1(b) shows diagram of typical interaction among the
coupled THM phenomena considered in the numerical analysis.

In this article we present results from an international modeling
comparison study of controlled in-situ, full scale EBS experiment>!*
that has been conducted at the Horonobe URL, Japan. The study was
part of the international collaborative project DECOVALEX-2023 (from
2020 to 2023) where it was denoted Task D.'® The in-situ, full scale EBS
experiment is the Horonobe EBS experiment which has the engineered
barrier consists of a simulated overpack and the buffer material, and the
experimental gallery is backfilled with the backfill material (Fig. 2). In
the Horonobe EBS experiment, the heats generated by an electrical
heater represents radioactive decay heat, and a water injection system
provides a source of infiltration of groundwater infiltration as shown in
Fig. 1a) (details will be described later). This means that the Horonobe
EBS experiment does not use actual radioactive waste.

Six modeling teams (research teams) participated in DECOVALEX-
2023 Task D, namely: Federal Institute for Geosciences and Natural
Resources (BGR), State Key Laboratory of Geomechanics and Geotech-
nical Engineering, Institute of Rock and Soil Mechanics, Chinese Acad-
emy of Sciences (CAS), Japan Atomic Energy Agency (JAEA), Korea
Atomic Energy Research Institute (KAERI), Sandia National Laboratory
(SNL) and Taiwan Power Company (Taipower) (Sinotech Engineering
Consultants, Inc. represented Taipower research team). Task D consisted
of roughly two steps, Step 1 simulated the results of laboratory tests and
Step 2 simulated the results of the Horonobe EBS experiment. Modeling
team identified the parameters for simulation of the Step 2 through
simulations of the Step 1. One of the Step 1 which simulated displace-
ment of the specimen (swelling behaviour) supported the Step 2 which
simulated interaction between the buffer material and the backfill ma-
terial. While this article aims at synthesizing some of the most important
results and findings related to interpretative modeling of observed
thermal-hydro-mechanical behaviour in the buffer material, a complete
coverage of all results and comparisons are reported in Sugita et al.'”

The paper presents a summary account of the work carried out
within the Task D and assesses the capabilities of numerical analysis
approaches to simulate and interpret the observed TH and THM
behaviour of the bentonite barriers, with a particular focus on the
heating and cooling conditions. It is structured as follows: for each of the
laboratory tests (for the Step 1) and the Horonobe EBS experiment (for
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the Step 2), the contents are briefly described first, the main features of
the comparisons between numerical results and laboratory and field
observations are presented and discussed. A concluding remarks section
closes the paper.

2. Task D description

Task D consisted of the three steps, a preliminary step (Step 0),
simulation of the laboratory tests (Step 1) and simulation of the in-situ
full-scale EBS experiment (Step 2). Step 0 is defined as a preparation
step. Task D research teams were required to improve their analysis
codes to take into account changes in the dry density of the buffer ma-
terial. Step 1 is the numerical simulation of the measurement results of
the laboratory tests. The simulation results of the laboratory test mea-
surement results are evaluated.

Step 1 is divided into 4 sub steps. Schematic illustrations of the ex-
periments are shown in Fig. 3. Step 1-1 is the swelling pressure test.'°
The volume of the specimen is fixed and temperature is constant (room
temperature). This sub-step calculates H-M behaviour. Step 1-2 is the
free swelling test where the volume (and hence density) of the specimen
can change.16 This sub-step considers H-M behaviour. Step 1-3 is the
infiltration test, here the volume of the specimen is fixed. This sub step
considers mainly H-M behaviour (specimen volume change is con-
strained.).!” Inlet waters are distilled water and NaCl (0.2 mol) water,
therefore considering water chemistry (we identified it is “C”) calcula-
tions are possible. Step 1-4 is the temperature gradient moisture diffu-
sion test.'® The volume of the specimen is fixed. This sub step considers
T-H behaviour (specimen volume change is constrained.).

In the Step 1-1 (Swelling pressure test) and the Step 1-2 (free
swelling test), the specimen was a cylindrical shape with a diameter of
6 cm, and height of 2 cm. Test water was distilled water and injected
from the bottom of the specimen, and pressure head of the water was
0 MPa. The test conditions of the Step 1-1 and the Step 1-2 are shown in
Tables 1 and 2, respectively.

In the Step 1-2, three loading pressures were selected to restrain the
deformation of the specimen, taking into account the swelling pressure
of the specimen.

In the Step 1-3 (infiltration test), the specimen was a cylindrical
shape with a diameter of 5 cm, and height of 5 cm. Test water was
distilled water and injected from the bottom of the specimen, and
pressure head of the water was 0 MPa. The test conditions of the Step
1-3 are shown in Table 3. The specimen was divided (cut) into ten pieces
after the test, and water content (and hence saturation) was calculated.

In the Step 1-4 (temperature gradient moisture diffusion test), the
specimen was a cylindrical shape with a diameter of 5 cm, and height of
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Fig. 1. Coupled THM phenomena: a) schematic view of the coupled THMC phenomena in the near-field (around the EBS), b) diagram of interaction among coupled

THM phenomena considered in the numerical analysis.
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Fig. 3. Schematic view of laboratory tests for the Step 1.
Table 1 Table 3
Test conditions of the swelling pressure test (Step 1-1). Test conditions of the infiltration test (Step 1-3).
Case Dry density Initial water content Case Dry density Initial water content Test water
3
(Mg/m®) Set value (Wt%) (Mg/m’) (wt%)
IN-18-DW 1.8 8.88 Distilled water
SP—16-NWC 1.6 Natural water content 7.2
SP_16.SR50 Sr— 50 % 129 IN-18-GW 1.8 7.36 NaCl 0.2 mol
SP—16-SR80 Sr=80 % 20.7
:gj::gg::; 18 Horenobe EBS Experiment 105 Step 2 focused on simulation of the coupled THM phenomena as
SP_18-EBS—3 shown in Fig. 1 using in-situ full scale EBS installed in the underground

10 cm. The test specimen was installed into the heat insulation cell. The
temperature of both upper and lower sides was controlled by a hot water
circulation system. The temperature of the lower side was 70 °C. The
upper side was 30 °C. The test conditions of the Step 1-4 are shown in
Table 4. The specimen was divided (cut) into ten pieces after the test,
and water content (and hence saturation) of each piece calculated.

Table 2
Test conditions of the free swelling test (Step 1-2).

Case Dry density Initial water content Loading pressure
(Mg/m®) (Wt%) (kPa)
SD—16-460-SR50 1.6 12.9 460
SD—16-340-SR50 340
SD—16-250-SR50 250
SD—18-1350-SR50 1.8 10.5 1350
SD—18-900-SR50 900
SD—18-450-SR50 450

research laboratory (URL) (shown in Fig. 4). The measured data using
installed sensors at the selected comparison points of the Horonobe EBS
experiment were calculated. Since the Horonobe EBS experiment dem-
onstrates the vertical emplacement option of the EBS, the gallery is also
backfilled with the backfill material as shown in Fig. 2. The expecting
coupled THM phenomena is complex including interaction between the
buffer and backfill materials. Such phenomena include deformation of
the buffer and backfill material. This means that the numerical simu-
lations of the Horonobe EBS experiment need to consider interaction

Table 4
Test conditions of the temperature gradient moisture diffusion test (Step 1-4).

Material Kunigel VI®: 70 wt%

Silica sand: 30 wt%

1.8 Mg/m®
10.5 wt%

Dry density
Initial water content

Temperature Upper part: 30 °C, 20-25 °C (TG—7-1 and 7-2)
Lower part: 70 °C
Test period 7, 11 and 18 days
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Fig. 4. Schematic view of in situ EBS experiment for the Step 2.

between the buffer material and the backfill material, too. For example,
when the saturated and swelling buffer material expand, the density
(volume) of the buffer material may change. In Step 2, considering
mechanical behaviour in the simulation is important.

On the other hand, concrete support of the gallery (shotcrete and
roadbed concrete are described in Fig. 8 in Section 3) is very solid and
the displacement of the support is almost limited. This situation may
simplify the model for simulation, such as only the simulated EBS and
backfill material regions are modeled.

In Step 1, laboratory experiments were modelled numerically in
order to understand the processes within the buffer and backfill mate-
rials. This Step includes swelling tests (Step 1-1 and 1-2), hydraulic flow
tests (Step 1-3) and the temperature gradient moisture diffusion test
(Step 1-4). With these simulations, the main parameters of the THM
analysis were identified for Step 2 - the simulation of the Horonobe EBS
experiment. The research teams validate their own numerical models by
comparing calculated results to the measurement data provided by
JAEA.

We now discuss some aspects of this task, particularly Step 2. Details
of the Horonobe EBS experiment are described in Section 3.

The Horonobe EBS experiment is currently undergoing testing, and
verification of whether the values measured by the measurement sensors
are correct will be left to the dismantling investigation of the Horonobe
EBS experiment that will be carried out in the future. Therefore, the
analysis in Step 2 in particular will be a comparative verification under
the provisional condition that the values measured by the measurement
sensors are correct.

Since the Horonobe EBS experiment is being conducted at the Hor-
onobe URL, where saline groundwater is present, it is expected that the
geochemical impact on the physical and hydraulic properties of the
buffer material and the backfill material will be verified. However, no
sensors have been installed to measure geochemical data. Therefore,
consideration of the geochemical impact will depend on the results of
the dismantling investigation that will be conducted in the future.

For this reason, Step 2 focused on the temperature, water pressure,
saturation, swelling pressure, and displacement, values of which were
obtained using the measurement sensors installed in the Horonobe EBS
experiment. However, sufficient measurement data has not necessarily
been obtained for some of these items.

During the course of Task D, it became clear that the Horonobe EBS
Experiment, which was the core of Task D, did not provide enough
measurement data to verify the numerical analysis that was initially
planned. Threfore, in Step 2, instead of each participating team con-
ducting an analysis under common conditions and comparing the re-
sults, the focus was on each participating team taking their own
approach and summarizing how that affected the analysis results.

Specifically, this concerns the concept of setting boundary conditions
and the concept of the modeling domain for numerical analysis. The
Horonobe EBS experiment is conducted at the Horonobe URL, where
various tests are conducted simultaneously. Therefore, the underground
galleries are open, and groundwater recovery in the surrounding rock
cannot be expected, as is the case with geological disposal of radioactive
waste. In such a deep URL environment, measures are taken to saturate
the rock mass around the EBS by supplying groundwater to the
boundary area around the Horonobe EBS experiment. The research team
was provided with both the injection pressure and the amount of
groundwater to be injected, allowing them to determine how to set the
boundary conditions.

In the Horonobe EBS experiment, the heat generation phenomenon
from radioactive waste was simulated by an electrical heater system
built into the simulated ovepack. The temperature conditions of the
Horonobe EBS experiment are controlled by the surface temperature of
the simulated overpack. Here, both the heat power of the electric heater
and the surface temperature of the simulated overpack were monitored.
The research team was provided with both the heat power of the elec-
trical heater and the surface temperature of the simulated ovepack,
allowing them to determine how to set the boundary conditions.

The mechanical stability of the galleries at the Horonobe URL is
basically maintained by concrete supports, which are considered to
prevent earth pressure from the host rock from acting directly on the EBS
during experiment period. No concrete supports are installed in the test
pit where the EBS is installed, but it is considered that the stress state
around the gallery is redistributed during the gallery excavation,
reducing the stress acting on the test pit. The research team had chance
to decide the modeling domain, such as considering just EBS region
(host rock is not considered), consideling the EBS and host rock around
the EBS.

The domain that the research team modeled for their analysis and the
boundary conditions they selected are described later in Section 5.

3. Horonobe EBS experiment

The Horonobe EBS experiment has been performed at the 350 m
depth gallery in the Horonobe URL as show in Fig. 5. The full-scale EBS
performance experiment performed in the 350 m gallery of the Hor-
onobe Underground Research Laboratory in Japan is a mock-up of the
EBS described in the second progress report on research and develop-
ment for the geological disposal of high-level radioactive waste (HLW)
in Japan.” Since the galleries of the URL are still open to perform various
R&D programs there, groundwater pressure in the rock mass around the
galleries is low. Therefore, water injection systems were installed in the
test pit (where the EBS is installed) and the gallery to create hydraulic
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Fig. 5. The Horonobe URL.

boundary conditions as shown in Fig. 6. These developed experimental
conditions were important information to simulate the coupled THM
behaviour in the EBS, especially the buffer material and the backfill
material, in Step 2.

In the Japanese EBS concept, the HLW consists of vitrified waste
encapsulated in carbon steel overpacks (i.e. canisters). In the Horonobe
EBS experiment, the buffer material, a mixture of the Japanese bentonite
(Kunigel® V1) and sand compacted to high density, was installed into
the test pit. The simulated overpack was enclosed by the buffer material.
Since the Horonobe EBS experiment demonstrates the vertical
emplacement option of the EBS, the experimental gallery just above the
EBS is backfilled. The backfill material is a mixture of the Kunigel® V1
bentonite and crushed rock (siliceous clay).

In the Horonobe EBS experiment, the scale, dimensions and shape of
the EBS and experimental gallery were defined according to the H12
concept.” Heat generation of the waste was simulated by using a heater
system installed in the simulated overpack. The temperature at the
surface of the simulated overpack was controlled to be below 100 °C to
avoid chemical alteration of the buffer material. The backfilled experi-
mental gallery for the Horonobe EBS experiment was isolated by a
concrete plug from the opened gallery.'>!*

3.1. Test conditions of Horonobe EBS experiment

Fig. 7 shows EBS condition in the test pit. The diameter of the test pit
is 2400 mm. The diameter of the buffer material (eight block pieces
forming an annulus shape around the canister) is 2260 mm. Height of
the buffer material is 4200 mm. There are 12 layers of the buffer ma-
terial blocks. The buffer material is mixture of bentonite (Kunigel® V1)
and silica sand. Silica sand is the mixture of two kinds of silica sand
(No.3 and No.5). The dry density of the buffer material (block) is 1.8
Mg/m®. The dry density of the buffer material (powder), which filles the
gap between the buffer material and the simulated overpack, is 1.2 Mg/
m®. Silica sand fills the gap between the buffer material blocks and rock
mass.

Fig. 8 shows backfilling condition in the test gallery. Two backfilling
techniques were applied. The lower part was backfilled using direct
compaction method. The upper part was backfilled using block

installation method. The backfill material is the mixture of bentonite
and excavated soil. Bentonite is Kunigel® V1. Dry density of the backfill
material are 1.2 Mg/m3 (compaction) and 1.4 Mg/m3 (block).

In the Horonobe EBS experiment, thermal and hydraulic conditions
are developed using an electrical heater system and water injection
system respectively. The electrical heater system is installed in the
simulated overpack (820 mm in diameter and 1730 mm in height). The
electrical heater system was designed considering the size (height) of the
simulated overpack and required power. This heater system has two
heaters (heater ch. 1 and ch. 2) as shown in Fig. 9. Capacities of the
heater are 4330 W (heater ch.1) and 8670 W (heater ch.2). Running
heater power (W) is monitored. In the simulated overpack, the weights
are installed to demonstrate weight of the reference overpack in Japan.
The space in the simulated overpack is filled with oil. Fig. 10 shows
layout of the thermocouple sensors in sand layer in the test pit and on
surface of the simulated overpack.

Fig. 11 shows relationship between elapsed time and temperature as
monitored by thermocouple sensors bolted to the surface of the simu-
lated overpack. The heating phase lasted around 2000 days, and cooling
phase lasted around 700 days. The cooling phase is divided into two sub-
phases. The target temperature for cooling phase 1 is about 50 °C, and
for cooling phase 2 about 23 °C (the heaters were turned off before
entering cooling phase 2). Monitored temperature has some noise.

Fig. 12 shows relationship between elapsed time and heater power.
Heater ch.2 did not work well. It stopped working only 10 days after the
start of heating phase. Only heater ch.1 has worked to keep temperature
for heating phase and cooling phase 1. After 1200 days, the variation in
heater power had increased, and this influence can also be seen from the
temperature measurements as shown in Fig. 11.

The control equipment of the groundwater injection system as shown
in Fig. 6 are located outside of the concrete plug and includes a flow
meter and pressure gauge. Therefore, both injection water volume and
injection water pressure are monitored.

One new borehole was drilled to obtain groundwater for injection.
This borehole is isolated by a packer system. This borehole and the water
injection system are directly connected by a tube, therefore, ground-
water is injected into the test pit and experiment gallery by the water
injection system without any exposure to air. The water injection
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pressure was controlled by a pump built into the water injection system.
Depending on the amount of groundwater supplied, water injection was
not continuous but intermittent, which resulted in spikes in the moni-
tored water injection pressure data (Fig. 13). This is also due to the large
fluctuations in the monitored injection water volume (flow rate)
(Fig. 14).

4. Parameters

In this section, parameters of the materials required for the simula-
tion of Task D presented by JAEA are summarized. Tables 5-8 summa-
rize the parameters of the Horonobe EBS experiment. The materials
listed are silica sand (gap filling material), concrete (plug), backfill
material (compaction and block), buffer material, simulated overpack

and oil (inside simulated overpack).
Young’s modulus (elastic modulus E50) of the buffer material is
defined by Eg-1 based on laboratory test results shown in Fig. 15.'°

A = 0.00006¢55%

B =7.576p, — 6.8387

Here, Es is Elastic modulus E50. S, is saturation. p, is dry density.
Thermal conductivity is defined by Eq-2 using parameters in
Table 9.1°

1 =A+Bw+ Cw®+Dp, (2)
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Here, A is thermal conductivity. w is water content. pq is dry density.
Especially, thermal conductivity of the buffer material (dry density is 1.8
Mg/mS) is shown in Table 10.

Specific heat is defined by Eq-3 using parameters in Table 1
c_P + D30

1.16

3

p1to

Here, C is specific heat (kJ/kg K). w is water content (wt%).
Intrinsic permeability x is defined by Eq-4 using parameters in
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Table 5

Parameters of the Horonobe EBS experiment (buffer material).
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Table 6
Parameters of the Horonobe EBS experiment (backfill material).

Parameter Unit Backfill material

Compaction Block
Soil particle density Mg/m> 2.593 2.593
Dry density Mg/m> 1.2 1.4
Porosity - 0.538 0.46
Young’s modulus MPa 3.92 17.95
Poisson’s ratio - 0.4 0.4
Thermal linear expansion coefficient 1/K 1.00 x 10°° 1.00 x 10°°
Initial saturation - 0.91 0.91
Thermal conductivity W/m K Eq—2 Eq—2
Specific heat kJ/kg K Eq-3 Eq-3
Intrinsic permeability m? 3.00 x 107 1.76 x 107*°
Water retention curve - Eq—-8 Eq-8
Specific permeability - Eq-9 Eq-9
Maximum swelling pressure MPa 0.1 1.0

Table 7

Parameters of the Horonobe EBS experiment (host rock, sand layer and
concrete).

Parameter Unit Host rock Silica sand Concrete
Soil particle density Mg/ 2.45 2.51 2.62
m3
Dry density Mg/ 1.42 1.4 2.28
m3
Porosity - 0.416 0.442 0.13
Young’s modulus MPa 1820 1820- 2.94 x 10*
Poisson’s ratio - 0.17 0.3 0.2
Thermal linear 1/K 1.33x10°° 1.33x10°°  1.00 x 10°°
expansion coefficient
Initial saturation - - 1 1
Thermal conductivity W/m Eq-2 2.04 2.56
K
Specific heat kJ/kg  Eq-3 1.28 1.05
K
Intrinsic permeability m? 75x107%  1.00x107® 9.10x107'®
Water retention curve - Eq-8 - -
Specific permeability - Eq-9 - -
Table 8

Parameters of the Horonobe EBS experiment (simulated overpack).

Parameter Unit Buffer material (block)  Buffer material (gap) Parameter Unit Simulated overpack
1.8 1.2 Density Mg/m> 7.8
Young’s modul MP. 2.00 x 10°
Soil particle density Mg/ 2.68 2.68 o'ung s mo .u us a x
3 Poisson’s ratio - 0.2
Dry densi I& ’ 18 1.2 Thermal linear expansion coefficient 1/K 1.64 x 107
ry density m§ : : Initial saturation - 0.5
. Thermal conductivity W/m K 53
Porosity - 0.328 0.552 Specific heat kJ/kg K 0.46
Young’s modulus MPa Eq-1 Eq-1
Poisson’s ratio - 0.3 0.3
Thermal linear 1/K 1.00 x 107 1.00 x 10°°
expansion 180 I
coefficient — ]
Initial saturation - 0.58 0.228 = 160 yordiithes I o Dry density 1.6 mg/m?
Thermal conductivity =~ W/m  Eq—2 Eq—-2 % 140 . = * Dry density 1.5 mg/m?
. K § 120 » Dry density 1.4 mg/m®
Specific heat kJ/ Eq—-3 Eq-3 i y =-1.2736x +129.89 | o Dry density 1.3 mg/m?
kg K » 100
Intrinsic permeability ~ m? DI Horonobe DI Horonobe % 80 ® .
water GW water GW 'g -
Eq—4 Eq—4 Eq—4 Eq—4 = 60 y =-0.6208x + 66.307 ;i
Water retention - Eq-8 Eq-8 © 40 ®
B~
cuve . & 2 . ] x
Specific permeability - Eq-5 Eq-5 o y=-0.2931x + 32679 .
Maximum swelling MPa DI Horonobe DI Horonobe 0 —_—— : 3
pressure water GW water GW
Eq6  Eq7 Eq6  Eq7 0 20 40 60 80 100

Saturaion [%]

Fig. 15. Relationship between elastic modulus E50 and saturation

(buffer material).'®
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Table 9
Thermal conductivity parameters.
A B C D Dry (W/m K) Saturated
(W/m K)
Buffer material -2.01 7.56E—02 —7.00E—-14 1.56 0.58 1.23
Rock mass 5.79E-01 1.97E-02 0 0 0.80 1.94
Backfill material (Compaction) 2.24E-01 2.13E-02 0 0 0.22 1.17
Backfill material (Block) 3.39E-01 2.97E-02 0 0 0.34 1.31
Table 10 Table 13
Thermal conductivity (buffer material). Intrinsic permeability parameters (2/2).
Dry density Thermal conductivity (dry) Thermal conductivity a b c
3
(Mg/m>) (W/mK) (saturated) (W/m K) DW 41 1.1447 21232
1.8 7.98E-01 1.94 Groundwater (Horonobe) —41.466 4.316 —4.069
Salt water —47.155 15.138 —7.878
Table 11
Specific heat parameters. Table 14
Maximum swelling pressure
L pz Ps parameters.
Buffer material 100 67.3 4.18 2.68
Rock mass 100 62.6 3.20 Ps i
Backfill material 100 40.0 418 R, 30
Table 12 100 ¢
Intrinsic permeability parameters (1/ E
2) — L ~ Swelling pressure
. & 10 L D)) waterf
Ps 2.68 E E —— Swelling pressure
R 30 = (Horonobe groundwater)
s o -
5 1 E
A E
19-21 48 E
Tables 12 and 13. el 3
o =
, S 01 ¢
K = exp(a+bp, +cp}) C)) £ F
= o
0.01 ¢
p 7pd(1007Rs) U;) E
® 100 — (2R) i
Ps 0001 s pod By S e B G s S oge I o e O GEC) GRS G
Here, py is effective clay density. pq is dry density. R, is mixing ratio of 0.0 05 1.0 15 20 25

sand. p; is soil particle density of sand.
Specific permeability k; is defined by Eq-5.'°

k. =S? (5)

Here, S, is saturation.
Maximum swelling pressure is defined by Eq-6 (DI water), Eq-7
(Horonobe groundwater) using parameters in Table 14 and Fig. 16.%!

o = exp(3.94p; — 13.71p7 + 18.06p, — 9.60) (6)
: [0.50<p,<2.00]
o = exp(4.24p; —20.04p7 + 37.63p, — 26.07) )

: [1.17p,<1.80]

_ p4(100 —Ry)
= 100 — (o)
Ps
Here, pp is effective clay density. pq is dry density. R; is mixing ratio of
sand. p; is soil particle density of sand.
Van Genuchten model®” parameters are defined by Eq-8 and Eq-9
using parameters in Table 15.

670’7 ni—m
Se=g—g=1+la?l] 8)
m:l—1
n

10

Effective clay density [Mg/m?]

Fig. 16. Relationship between swelling pressure and effective clay density."’

2

k, = /S, [1 — (1 —sVm" )

Here, S, is effective saturation. ¢ is volumetric water content, 0, is

saturated volumetric water content, 6, is residual volumetric water

content, ¥ is suction (mH30), a and n are the fitting parameters. k; is
Specific permeability and S, is saturation.

5. Approaches of research teams

Table 16 shows the approaches of the research teams. BGR team uses
OpenGeoSys,23 CAS team uses CASRock,”?> JAEA team uses
THAMES” and MACBECE,”” KAERI team uses COMSOL,*® SNL team
uses PFLOTRAN?’ and the Taipower team uses COMSOL, > respectively.

Table 15
van Genuchten model parameters.
n a s 6,
Buffer material (1.2) 1.41 5.10E-02 0.403 0
Buffer material (1.8) 1.38 5.00E-03 0.328 0
Backfill material (1.2) 1.78 5.00E—-03 0.538 0
Backfill material (1.4) 1.41 1.70E-03 0.459 0
Host rock 2.01 9.93E-03 0.386 0
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The codes used were either directly developed or improved by the
research teams. All groups chose a continuum theory approach for
modelling the THM processes. The mechanical behaviour of the solid
phase was modelled either elastically or elasto-plastically. The fluid
phases were calculated either simplified via the Richards equation®' or
as true two-phase flow. All research teams selected continuous media.

Details of the analysis codes used by the research teams can be found
in the references cited here, but the key points relevant to this task were
highlighted.

Tables 17-22 presents the characteristics of the analytical codes of
the reaearsh teams, respectively.

And, the setting of parameters and boundary conditions for Step 2 of
the research teams is presented in Tables 23-28, respectively.

6. Results of Step 1

Fig. 17 shows the presented images of the benchmark from Step 1-1
to Step 1-4. Based on these images, Research team considered devel-
oping their own model for simulation.

As an example of the simulation results, Fig. 18 shows comparisons
of teams’ modelling results of Step 1-1. Fig. 18 (a) and (b) show natural
water content and Sr= 80 %, respectively.

Regarding the analysis of the laboratory test conditions with the
natural water content, the BGR, CAS, JAEA, KAERI and Taipower teams
performed the analysis. The process of increasing swelling pressure
varied among research teams, but the final swelling pressure was in
good agreement with the laboratory test result for all research teams.
JAEA (MACBECE) team simulated increasing then decreasing of
swelling pressure early in the test well.

Regarding the analysis of the laboratory test condition of Sr= 80 %,
BGR, CAS, JAEA and Taipower teams performed the analysis. The form
of increasing swelling pressure varied among research teams, but the
final swelling pressure was in good agreement with the laboratory test
result for JAEA (THAMES) and Taipower teams. The simulated final
swelling pressure of BGR, CAS and JAEA (MACBECE) teams were
smaller than the laboratory test results.

As an example of the simulation results, Fig. 19 shows comparisons
of teams’ modelling results of Step 1-2.

Fig. 19 shows displacement evolution with a dry density of 1.6 Mg/
m3. Fig. 19 (a), and (b) show 460 kPa and 250 kPa of loading pressure,
respectively. The BGR, CAS, JAEA, KAERI and Taipower teams per-
formed the analysis.

Regarding the analysis of the loading pressure at 460 kPa: this
pressure is the largest pressure in the laboratory test conditions. Both the
process of increasing displacement and the final displacement were in
good agreement with the laboratory test result for BGR, CAS, JAEA
(THAMES), KAERI and Taipower teams. JAEA (MACBECE) showed
small displacement.

Regarding the analysis of the loading pressure is 250 kPa that this
pressure is the smallest pressure in the laboratory test conditions, the
KAERI team result is in good agreement with the laboratory test result.
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Table 17
Characteristics of analytical code (BGR team).

Team  Characteristics of analytical code

BGR The finite element method (FEM).

All experiments of Step 1 and Step 2 were simulated in a 2D axisymmetric
framework with Taylor-Hood-Elements.

For bentonite material, a modified Cam-Clay model according to>* was
employed. Here only a small-strain version with constant elastic constants
was implemented in OpenGeoSys.

The strain was splitted into elastic and plastic components.

The inelastic deformations are described by a Modified Cam Clay model,**
which currently does not consider saturation.

The water retention behavior is specified to follow the van Genuchten
model®” driven by the capillary pressure.

The porosity permeability relationship in OpenGeoSys is defined as the
permeability is assumed to be isotropic. The transport porosity accounts for
the mechanical part of the porosity evolution excluding swelling strains.
The expression for swelling strain is derived from a simple
saturation-dependent power law. The current model for swelling is purely
dependent on saturation and lacks an association with porosity evolution,
which significantly limits its ability to simulate the swelling of nearly fully
saturated materials.

Table 18
Characteristics of analytical code (CAS team).

Team  Characteristics of analytical code

CAS A combination of the cellular automaton (CA) and the finite element method
(FEM).

The CA updating rule for solution of physical variables, such as
displacement, temperature and fluid flow, on the spatial scale is developed
using local equilibrium conditions, in which the local stiffness is from the
element stiffness of FEM.”*?°

In Step 1, 2D model was created. In Step2, the dimension of the 3D model
was created. The model is discretized into a system composed of hexahedral
elements.

Non-isothermal, unsaturated fluid flow and mechanical processes are
sequentially coupled.””

The buffer material is viewed as a partially saturated medium considering
Richards’ equation®’ with vapor added.

The water retention curve is described by the van Genuchten model.”*

The water vapor flow is assumed to be driven solely by the thermal gradient.
The thermal vapor diffusion coefficient is an empirical function of
saturation.

The material is assumed to be elastic.

The displacement of the buffer material was simulated using a linear elastic
mechanical model.

The swelling stress path is controlled by a function dependent on the initial
saturation.

Other research team results are smaller than the laboratory test result.

This case presented the following tendency. When loading pressure is
large, this mean displacement is constrained, the simulation results
performed by research teams closely reproduced the laboratory test
results. However, as the loading pressure becomes smaller (displace-
ment becomes larger), the simulation results performed by research
teams began to vary and do not reproduce the laboratory test results

Table 16
Analytical code and modelling approach.
Research Team BGR CAS JAEA KAERI SNL Taipower
Geometry Step 1 2-D axisymmetric/ 3-D 3-D 3-D 2-D/3-D 1-D/2-D 2-D/3-D
Step 2 2-D axisymmetric /3-D 3-D 2-D/3D 2-D/3-D 1-D/2-D 2-D/3-D
Code OpenGeoSys CASRock THAMES COMSOL PFLOTRAN COMSOL
MACBECE
Coupling Step 1 THM THM THM THM TH THM
Step 2 THM THM THM TH TH THM
Mechanical (Buffer) Step 1 Elasto-plastic Elastic Elastic Elasto-plastic - Elastic
Elasto-plastic
Step 2 Elasto-plastic Elastic Elastic - - Elastic
Elasto-plastic
Hydraulic (phase) Single phase Single phase Single phases Two phases Two phases Single phase

11
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Table 19

Characteristics of analytical code (JAEA team).

Table 21
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Characteristics of analytical code (SNL team).

Team  Characteristics of analytical code Team  Characteristics of analytical code
JAEA The finite element method (FEM). SNL The finite volume method (FVM)

Simulation using THAMES>® was 3D model and MACBECE”” was 2D 1-D simulation in Step 1. 2-D multiphase thermos-hydrological (TH)

axisymmetric model. simulations in Step 2.

THAMES?® In Step 1-3 and 1-4, the bentonite block was divided into two regions and

THAMES is a finite element code for the analysis of coupled thermal, five having different isotropic permeabilities, respectively. Because it is

hydraulic and mechanical behaviour of a saturated-unsaturated medium, reasonable to implement heterogeneous permeability regions in the

and has been extended to take into account of the behaviours in the buffer bentonite column and treat this as an input variable constrained by fits of the

materials such as the water movement due to thermal gradients and swelling experimental data.’*** For example, many simulations were conducted

phenomena. using the DAKOTA optimization code*” to evaluate permeabilities of the five

Regarding governing equations, the constitutive equations differ for each zones, initial saturation, and porosities (top and bottom zone only) in Step

material and saturated and unsaturated conditions.**** 1-4.

The equilibrium equation has to take the swelling behaviour into account. The 2-D model uses PFLOTRAN’s GENERAL mode for thermal and

The material is assumed to be elastic. hydrologic calculations of two-phase (liquid/gas) flow in porous media.

THAMES has problem in simulating deformation behavior. For small Reducing the dimensionality of the problem also reduces the computational

deformations, the measured values can be reproduced to some extent, burden of this highly complex system, particularly when considering

however for larger deformations, the measured values cannot be simulated two-phase flow. This imposes limitations on the representation of some

well. effects and predicted behaviors of coupled processes in porous flow relative

The water retention curve is described by van Genuchten model.*” to a full 3-D model.

The temperature-gradient moisture-diffusion coefficient conformed to the Thermal and hydraulic calculations of two-phase (liquid/gas) flow but no

model of Borgesson and Hernelind (1999).°%%¢ reactive transport (i.e., no chemical interactions) or mechanical changes

The parameters of the thermal vapor flow diffusivity assumed two cases. (clay swelling) were considered in these simulations.

Case 1 is a fitted parameter based on the predicted simulation results of Reactive transport and chemical interactions were not considered in this

TOUGH2 from another test,>® while Case 2 is a calibrated parameter based model.

on the test results of Step 1-4. The simulation results of Case 2 show good

agreement between the test and simulation results in Step 1-4.

MACBECE”

The unsaturated elasto-plastic constitutive model***” in which the effective Table 22

degree of saturation is used as a hardening/softening parameter’’-** was Characteristics of analytical code (Taipower team).

applied to the bentonite material. . i

This model is a simple extension of the Modified Cam-clay model®” to Team Characteristics of analytical code

unsaturated conditions with the addition of relatively few parameters. Taipower  The finite element method (FEM)

The yield function of the unsaturated elasto-plastic constitutive model***” is 2D models were created for Step 1. In Step 2, a full 3D simulation was

the same as that of the Modified Cam-clay model.*” performed.

The changes over time in the saturation distribution in the buffer material Richards’ equation®’ models flow in variably saturated porous media.

required for the mechanical simulation of MACBECE are obtained from The form that COMSOL Multiphysics solves is very general and allows

coupled TH simulation results by THAMES. for time-dependent changes in both saturated and unsaturated

Deformation of the buffer material induces changes in dry density, which conditions.>>*¢

also affects thermal and hydraulic properties, but this simulation using For a linear elastic material, Hooke’s law relates the stress tensor to the

MACBECE does not consider changes in thermal and hydraulic properties elastic strain tensor. Hygroscopic swelling is an internal strain caused by

due to changes in dry density. changes in moisture content.*”

The simulation of Step 1-1 captured the process of increasing swelling The heat transfer equation for porous media is derived from the mixture

pressure over time, reproducing the tendency for swelling pressure to rule on energies appearing in solid and fluid heat transfer equations.*®

increase with dry density. They used thermal and transport model to solve the TH coupling

The simulation of Step 1-2 captured the behavior of buffer material swelling problem.

over time, reproducing the tendency for greater swelling displacement with COMSOL cannot be calculated when the boundaries are all no-flux and

greater loading pressure and greater drying density. saturation cannot change with temperature in the current formulation.
Taipower team used Antoine’s equation”” to model water vapour
migration. To simulate the behavior of water movement due to heat, it is
necessary to calculate the relationship between temperature and vapor

Table 20 diffusion.

Characteristics of analytical code (KAERI team).

Team

Characteristics of analytical code

KAERI

The finite element method (FEM)

For modeling of Step 2 (a representative engineered barrier system situated
underground), a 3D model consisting of 711,041 mesh elements was
developed. However, due to the extensive computational time ranging from
15 to 24 hours, a 2D axis-symmetric finite element model with 14,186 mesh
elements was also utilized, requiring only 30 minutes of computational
time.

For the THM-coupled analysis, a heat balance equation, two mass balance
equations, and a momentum balance equation were used.

The water retention curve is described by van Genuchten mode!
A two-phase flow model, which considers the mass conservation of liquid
and gas, was used in the governing equations.””

Suction was added as an independent variable to consider the influence of
saturation, and the plastic yield surface was written in a three-dimensional
(3D) stress space.

The mechanical performance of the partially saturated buffer material was
interpreted using the Barcelona basic model (BBM). 04!

BBM, which is an extension of the modified Cam clay model (MCCM),*? is
widely used as an elastoplastic model for partially saturated soils.***’

1'22

12

The water retention curve is described by the van Genuchten model.*”
A transport model was used to simulate the diffusion behavior of water
vapor. The relationship between water vapor and temperature was
calculated in conjunction with the Antoine equation, and the affected
part iterated fed back to the Richard equation®' in source term.

A maximum swelling pressure is required to calculate the coefficient of
hygroscopic swelling f8,. Hygroscopic swelling is an internal strain
caused by changes in moisture content.”” The experimental data is
applied to estimate the f, parameter.

well. The mechanical parameter (Young’s modulus) identified by
fundamental laboratory tests predicted a small displacement when using
an elastic-only approach. Although the elastic model approach was

selected,

adding equations for considering swelling displacement can

improve the simulation results.

As an
of teams’

example of the simulation results, Fig. 20 shows comparisons
modelling results of Step 1-3.

Fig. 20 shows saturation distributions of ground water (GW). Fig. 20
(a) and (b) show 1 day and 30 days, respectively. The CAS, JAEA,
KAERI, SNL and Taipower teams performed the analysis. The SNL team
performed two simulations using homogenous media and heterogenous
media to model the specimens. In the heterogeneous medium model, the
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Table 23
Parameters and boundary conditions for Step 2 (BGR team).
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Table 25
Parameters and boundary conditions for Step 2 (JAEA team).

Team  Parameters and boundary conditions for Step 2 Team  Parameters and boundary conditions for Step 2
BGR [Parameters for Step 2] JAEA  [Parameters for Step 2]
In Step 2 the simulations modeled host rock, simulated overpack, buffer In Step2 the simulations modeled buffer material, sand layer in the test pit,
material, sand layer in the test pit, backfill block, backfill compact, concrete and backfill material.
support, and gallery. The parameters of the thermal vapor flow diffusivity was a calibrated
For the buffer the material parameters founded in Step 1 were used. parameter based on the test results of Step 1-4.
With two experiments (Step 1-1 and 1-2), the slope of the critical state line, For all parameters the given values were used in the simulation.
the difference of the slopes, the initial pre-consolidation pressure and the [Boundary conditions for Step 2]
swelling stress parameter of the buffer material were identified. Temperature boundary conditions were set based on measurements of the
In Step1-3 the permeability related parameters of the buffer material are surface of the simulated overpack and sand layer.
identified, namely the intrinsic permeability and the exponent of the Hydraulic boundary conditions were set based on measurements of water
porosity dependent permeability function.”’ injection pressure.
In Step 1-4, by a parameter variation, the tortuosity factor and the diffusion These input data were simplified.
enhancement factor are determined. Displacement outside the sand layer and the backfill material was fixed.
The backfill materials were only slightly modified from this parameter
setting.
For all other parameters the given values were used in the simulation.
[Boundary conditions for Step 2] Table 26
Originally, there were two heater channels active, but one of them had a Parameters and boundary conditions for Step 2 (KAERI team).
defect within the first days of the experiment. Since the signal is quite noisy, .
. - L Team Parameters and boundary conditions for Step 2
a piecewise linear (PL) approximation was computed as heat source. It was
constructed in a way, such that the generated heat (integral of the power) KAERI [Parameters for Step 2]
has only a minor error. This energy can be incorporated as a volumetric heat In Step2 the simulations modeled host rock, buffer material, sand layer in
source within the computational model. Regrettably, this approach results in the test pit, backfill block, backfill compacted, concrete, simulated
excessively elevated temperatures at the sensor locations. overpack and oil in the simulated overpack.
The average value of two measured temperature (the highest and the lowest Currently, there are no laboratory data related to the BBM and relative
on the surface of the simulated overpack) were applied to thermal boundary permeability of Kunigel®V1. In the case of the BBM properties, a back
condition. analysis method was used for parameter identification.
The resulting pore pressure at the sensor points is far too high by applying The process of the back analysis method consisted of 1) swelling tests, 2)
the flow directly. Therefore, the measured pore pressure of the sensor points numerical modeling, 3) data acquisition, 4) an artificial neural network
was prescribed in the simulation as the hydraulic boundary condition. (ANN), and 5) multi-objective optimization.
Boundary conditions for the heating element and water injection were For all other parameters the given values were used in the simulation.
defined using measured data as Dirichlet boundaries. [Boundary conditions for Step 2]
Assuming saturation of the silica sand with groundwater (attributed to its
high permeability), the measured pore pressure data from the sand layer
were employed as boundary conditions for the surrounding buffer material.
Table 24 The measured temperature sensor data from the sand layer were employed
Parameters and boundary conditions for Step 2 (CAS team). as thermal boundary conditions.
Team  Parameters and boundary conditions for Step 2 The Power inputs for each heater were incorporated into the model using
provided data.
CAS [Parameters for Step 2] The input data were not simplified.
In Step 2 the simulations modeled rock mass, simulated overpack, buffer
material, sand layer in the test pit, backfill block, backfill compact, concrete
(plug and support) and gallery.
The buffer material is viewed as a partially saturated medium. By Table 27

considering Richards’ equation® with vapour added.

In Step1-4, some of the parameters are from Stepl-3. Regarding vapor
diffusion coefficient, different tortuosity in vapor diffusion coefficient is
considered to study its influence on the results. The initial water content is
10.5 wt%. When tortuosity is 0.5, the modeling data is more consistent with
experimental data.

For all other parameters the given values were used in the simulation.
[Boundary conditions for Step 2]

Applied boundary conditions were the temperature of the surface of the
simulated overpack (thermal) and measured groundwater pressure in the
sand layer in the test pit and the backfill material (hydraulic).

These input data were simplified.

specimen is divided longitudinally into 10 sections, with each section
having a different permeability. All research teams results are in good
agreement at 1 day and 30 days. The analysis results of the SNL team
show inflections that other analysis teams do not have regarding the
change in permeability of the specimen, but these inflections are effec-
tively caused by introduced heterogeneity into the modelled samples.
However, differences among all research teams are not significant.

As an example of the simulation results, Fig. 21 shows comparisons
of teams’ modelling results of Step 1-4.

Fig. 21 shows water content distributions. Fig. 21 (a) and (b) show 7
days and 18 days, respectively. The BGR, CAS, JAEA, KAERI, SNL and
Taipower teams performed the analysis. All research teams results show
good agreement with the laboratory test results. JAEA performed two
simulations using different parameters. JAEA-1 uses the parameter set

13

Parameters and boundary conditions for Step 2 (SNL team).

Team  Parameters and boundary conditions for Step 2

SNL [Parameters for Step 2]

In Step2 the simulations represented the host rock, the EDZ, buffer material,
sand layer in the test pit, backfill block, compacted backfill, and concrete
(plug, roadbed and shotcrete).

The buffer material was divided into 3 zones. Full saturation of the buffer
was assumed. A thermal conductivity gradient was imposed across the buffer
region to fit experimental temperature data.

For all other parameters, the values given in the task were used in the
simulation.

[Boundary conditions for Step 2]

Scaling of the provided values and timings of the fluid injection and heating
histories was done to account for simplification of the 2-D domain to obtain
predictions consistent with temperature and pressure measurements.

The scaling mainly applied heating power inputs, fluid injection rates, and
thermal conductivities of host-rock and backfilling buffer materials.

The water inflow rates used in the model are much lower than those
provided by the experimental data. The provided injection flow rates
resulted in code run stability issues and unrealistically high pressures.
Heating rates as a function of time were also adjusted to match
thermocouple temperature measurements.

based on another predictive analysis using TOUGH2, and JAEA-2 uses
the calibrated parameter set based on the calibration analysis to these
(Step 1-4) laboratory test results. The analytical results of JAEA-2 are in
good agreement with the laboratory tests. On the other hand, the
analytical results of JAEA-1 show the same trend as the experimental
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Table 28
Parameters and boundary conditions for Step 2 (Taipower team).

Team Parameters and boundary conditions for Step 2

Taipower  [Parameters for Step 2]

In Step2 the simulations modeled host rock, buffer material, sand layer
in the test pit, backfill block, backfill compacted and concrete (plug,
roadbed and shotcrete), simulated overpack and oil in the simulated
overpack.

For all other parameters the given values were used in the simulation.
[Boundary conditions for Step 2]

Regarding hydraulic boundary, the original data flow interval was one
hour, but an average of one day was used as input data. Assuming that
the silica sand was filled with water, the pressure boundary around the
buffer material is established.

Regarding thermal boundary conditions, the Heat Transfer Module
model was used. The full-scale experiment involves two heating devices,
referred to as Heater 1 and Heater 2. Heater 2 only operated for five days
before stopping, while Heater 1 continued to operate for 2000 days
before entering the cooling phase. The source term uses the heater
wattage provided by JAEA for the calculation of the thermal model.

results, but overall the simulation results are higher and the difference is
greater at the top and bottom ends of the specimen.

This laboratory tests were performed under condition that test cell is
nonpermeable. Therefore, simulations were performed considering this
condition. However, water content after laboratory tests showed that
the saturation of specimen decreased. It is considered that this different
of total water content of the specimen between start and end of the
laboratory tests is also errors in laboratory tests.
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7. Results of step 2

In Step 2, heater system installed in the simulated overpack defines
the temperature conditions. The test water injection systems installed in
the sand layer around the EBS and in the gallery between the backfill
material and concrete support define the hydraulic condition. The
research teams set the thermal and hydraulic boundary conditions for
simulation of Step 2.

Regarding thermal conditions, some research teams selected tem-
perature and others selected the heater power. When the temperature
conditions were selected, each research team developed original con-
ditions because measured data has substantial noise that can cause
problems for numerical solvers without improving the representations
of the system. Research teams simplified the measured temperature.
When the heater power conditions were selected, research teams simi-
larly simplified the measured data.

Fig. 22 shows the thermal (temperature) boundary conditions
developed by the research teams. The BGR and CAS team set the tem-
perature on the surface of the simulated overpack. The BGR team set a
representative temperature as boundary condition. The CAS team set 10
points as a temperature boundary condition. The JAEA team set 3 points
as a prescribed temperature on the surface of the simulated overpack
and 2 points in the sand layer.

Fig. 23 shows the thermal (heater power) boundary conditions
developed by the research teams. The SNL team set the heater power of
both heater 1 and heater 2 as boundary conditions. The Taipower team
set a representative heater power as the boundary condition. The KAERI
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Fig. 17. Images of the benchmark from Step 1-1 to Step 1-4.
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team set heater power provided by JAEA as the boundary condition.
They did not simplify data. Since the heater power data provided by
JAEA was very complex, the simulation required a significant amount of
calculation time. This is one of the factors why the KAERI team did not
perform THM coupling but only TH coupling.

Regarding hydraulic conditions, some research teams selected the
injection pressure and others selected the inflow rate. When the injec-
tion pressure conditions were selected, each research team developed
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their own conditions because measured data has considerable noise.
Research teams simplified the measured injection pressure. When the
inflow rate conditions were selected, research teams similarly simplified
the measured data.

Fig. 24 shows the hydraulic (injection pressure) boundary conditions
developed by the research teams. The BGR, CAS and JAEA team set both
injection pressures of the pit injection system and the gallery injection
system as boundary conditions. The Taipower team set the injection
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pressure of the pit injection system and also set an inflow rate, too (see
Fig. 25). The KAERI team set the injection pressure in the gallery in-
jection system provided by JAEA as boundary condition. They did not
simplify the data. Since the injection pressure data provided by JAEA
was very complex, the simulation required a significant amount of
calculation time. This is one of the factors why the KAERI team did not
perform THM coupling but only TH coupling.

Fig. 25 shows the hydraulic (inflow rate) boundary conditions
developed by the research teams. The SNL team set the inflow rate of
both the pit and the gallery as a boundary condition.

Fig. 26 shows the analytical meshes for the Step 2 developed by all
research teams. The obvious differences are 2D / 3D, EBS with the
gallery / EBS with the gallery and rock mass.

Figure 27 shows comparison points between simulation results and
measured data in Step 2. This is the cross section of the centre of the EBS
(on the longitudinal centre of the simulated overpack). These compari-
son points compare temperature, saturation (water content) and total
pressure. The displacement comparison point is located under the
simulated overpack.

In the Horonobe EBS experiment, the hydraulic behaviour of the
buffer material was measured using a psychrometer and a hygrometer. A
psychrometer is suitable for measuring humid conditions, where water
content is high, and a hygrometer is suitable for measuring dry condi-
tions, where water content is low. Unfortunately, the hygrometer did not
work properly. For this reason, it was almost impossible to measure the
water content in the dryer state.

Therefore, comparisons of the numerical modelling results on tem-
perature, saturation, total pressure in the outer part of the buffer ma-
terial are discussed.

Comparisons of teams’ modelling results of Step 2 (temperature) are
shown in Fig. 28 (temperature evolution with the elapsed time). All
research teams performed the analysis, especially tendency of evolu-
tions. There are some variations among research teams. It is considered
that boundary conditions research teams developed/simplified caused
such variation of the temperature distributions in the buffer material.

Fig. 29 shows suction evolution with the elapsed time. Outside of the
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buffer material, all research teams performed the analysis. Although the
analysis results showed different paths of increase of the suction from
the start of the heating phase, the increasing trend of all research teams
was broadly consistent with the measurement data.

Comparisons of teams’ modelling results of Step 2 (total pressure)
are shown in Fig. 30.

Fig. 30 shows total pressure evolution with the elapsed time. Outside
of the buffer material, all research teams that performed coupled THM
analysis presented the analysis results. Although the analysis results
showed difference paths of increase of the pressure from the start of the
heating phase, the value of the total pressure after increasing for all
research teams were consistent with the measurement data.

8. Conclusion

In this contribution we will show a synthesis of the team results for
the laboratory test as well as for the Horonobe EBS experiment. In Step
1, the approach was slightly different for each research team, the major
difference was whether to apply the elastic model or the elasto-plastic
model to the mechanical model. In Step 2, there were differences in
the coupled THM model, and there were also differences in how to
consider the boundary conditions.

Task D validated various approaches thorough the simulation of the
in-situ full scale EBS system including backfill of the gallery: variations
in the coupling processes (THM or THC), analysis codes, and boundary
conditions.

Six research teams (BGR, CAS, JAEA, KAERI, SNL and Taipower)
participated the Task D. BGR, CAS, JAEA, KAERI and Taipower research
teams selected a THM approach, while the SNL research team selected a
TH approach.

8.1. Parameter identification

The stepwise approach of Step 1 (laboratory tests) preceding Step 2
(In-situ test) was an ideal structure for Task D.
The simulation of the coupled THM behaviour analysis requires
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Fig. 24. Hydraulic boundary conditions developed by the research teams (Injection pressure).
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various parameters. Some preliminary simulations using results from
simple coupled laboratory tests are useful to check and validate candi-
date parameters.

Special parameters required by a particular analysis numerical code
can usually be identified by back analysis of the laboratory tests results.
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For example, unknown properties (BBM parameters and relative
permeability of liquid and gas) were characterized using the back
analysis method and parametric studies.

In the case of parameters which are difficult to derive through direct
experiments, the choice of these parameters can significantly impact the
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results. (e.g. relative gas permeability). Therefore, it is necessary to
obtain all parameters through indirect methods, (i.e. experiments +
parameter identification techniques), before the simulation work of the
in-situ experiments.

8.2. Boundary conditions

In simulation of the EBS system, boundary conditions for the heating
element and water injection were defined using measured data as
Dirichlet boundaries using temperature and water pressure. Ideally,
power or flow rate data would align simulations more closely with more
realistic conditions in future studies as these are the true boundary
conditions for the system. The waste package is a heating element that
generates heat from decay heat during radioactive decay, hence the true
boundary is a heat flux. On the other hand, there are two possibilities for
hydraulic boundary conditions: injection pressure and flow rate. At the
repository, it is conceivable to monitor the injection pressure with a
pressure gauge installed in the borehole, and measure the flow rate
(volume) with a flowmeter set in the gallery. While it is possible to
construct a boundary that reflects the complexity of the hydraulic
boundary condition for the in-situ test, not all codes have the capability
to represent such boundaries.

In all cases where the boundaries applied are somewhat artificial or
prescribed, it is important that a wider search of the model behaviour is
conducted to check whether the global model behaviour is plausible. For
example, when specifying temperature on the heater surface it is
important to compare the calculated heat flux with the known heat input
to the system. If the fluxes diverge while the temperatures are consistent
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it reveals a more general issue with the model.
8.3. Swelling of the material (buffer material and backfill material)

The application of an elasto-plastic constitutive model to the me-
chanical model of the buffer material has improved the reproducibility
of the swelling behaviour of the buffer material. When an elastic
constitutive model is applied, adding an equation for considering
swelling displacement can also simulate deformation well, for example
JAEA team applied.

8.4. 2D and 3D

Realization of the 3D simulation for the EBS experiment was
impeded due to the computational demand imposed by the constitutive
equations, which increases simulation times drastically. As a result, the
simulation of the EBS experiment of some research teams was instead
performed using a 2D axisymmetric model or a 2D plane strain model.

Experience from this task and other tasks shows that even a minor
difference in input data can lead to very different results for these
complex coupled problems. Therefore, when performing interpolation
or making assumptions, it is important to check whether such simplifi-
cations have an impact or not. Simplified 2D representations of the
system can be adequate but requires careful assumptions to produce
output that is directly comparable to the data.

8.5. Other points

Temperature distribution in the buffer material was simulated well
by all research teams. In this task (both Step 1 n and Step 2) all materials
considered are in contact with each other. There is no need to model
gaps in the model. In such a case, the thermal behaviour is considered to
be insensitive to the simulation approaches.

The water content distribution on the outside of the buffer material
was well simulated by all research teams. In the Horonobe EBS experi-
ment, measured values suitable for validating the simulation results
were not obtained near the simulated overpack.

When simulating the pressure of the buffer material, the measure-
ment data is easily affected by the installation conditions of the mea-
surement sensors, so verifying the measurement data itself remains an
issue. Mechanical simulation results differ depending on whether they
are considered as elastic or elastoplastic phenomena.

The accuracy of measured in-situ data can be assessed by detailed
analysis comparing sampling specimen analysis and measured data. The
Horonobe EBS experiment is scheduled to be dismantled in the future
(FY2026 and 2027). This detailed dismantling investigation will finally
confirm the measured data.
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