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Executive summary

The European Joint Programme on Radioactive Waste Management (EURAD) has been implemented as
part of the EU Research and Innovation Programme Horizon 2020. The overall aim of the work pack-
age EURAD-WP7 HITEC (“Influence of temperature on clay-based material behaviour”) is to improve the
Thermo-Hydro-Mechanical (THM) description of the clay-based materials — host clay rock and bentonite
buffer - at elevated temperatures.

Within this WP, Task 2 focused on the behaviour of the clay host rocks at temperatures of up to 120°C. Lab-
oratory experiments in subtasks 2.1 and 2.2 investigated the near-field and far-field effects of heating on
the properties and behaviour of the host rocks. Subtask 2.3 focused on the development of THM models,
their calibration with laboratory experiments and benchmarking to generic cases and in-situ experiments.
Eight teams took part in the exercise and six numerical codes were tested.

The present report - D7.6 - Modelling report on the effect of temperature on clay host rocks behaviour - is
the final deliverable for subtask 2.3. It summarises the results obtained by the different teams at the end of
the project. The benchmarking exercise was divided in three steps, with firstly the modelling of near-field
and far-field generic cases, then of some subtask 2.1 and 2.2 laboratory experiments, and finally of large
scale in-situ heating experiments. The selection of benchmarking exercises is presented in details in the
MS49 milestone document.

These exercises at three different scales showed that different numerical codes get consistent results when
modelling the behaviour of clay rocks, both in the near-field and in the far-field. This outcome increases
the confidence one can have in this type of model and shows the robustness of the modelling approach
used to design some of the repositories.
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1. Introduction

The WP7 “In uence of Temperature on Clay-based Material Behaviour” of the EURAD Project aimed to de-
velop and document an improved thermo-hydro-mechanical (THM) understanding of clay-based materials
(host rocks and buffers) exposed at high temperatures (>100°C) or having experienced high tempera-
ture transients for extended durations. The WP's raison d'étre was to evaluate whether or not elevated
temperature limits (of 100-150°C) are feasible for a variety of geological disposal concepts for high heat
generating wastes (HHGW). HITEC planned to study clay host rock formations exposed at temperatures
of up to 120°C, document and establish the possible extent of elevated temperature damage in the near-
or far- eld (e.g. from over-pressurisation) and also indicate the likely consequences of any such dam-
age. The WP looked also at bentonite buffers and determined the temperature in uence on buffer swelling
pressure, hydraulic conductivity, erosion or transport properties and saw where the buffer safety functions
started to be unacceptably impaired.

For the disposal of HHGW it is important to understand the consequences of the heat produced on the
properties of the host rock and of the engineered clay barriers and on their long-term performance. Most
safety cases for disposal concepts that involve clay currently consider a temperature limit of 90-100°C.
Being able to tolerate higher temperature, whilst still ensuring an appropriate performance, would have
signi cant advantages (e.g. shorter cooling times at surface, more ef cient packaging, fewer disposal
containers, fewer transport operations, smaller facility footprints, etc.).

Laboratory experiments in subtask 2.1 studied the effects of increased temperature in the near- eld (frac-
turing and self-sealing in the excavated-damaged zone), while those performed in subtask 2.2 looked at
the far- eld effects, where thermal loading and the generation of overpressures may result in formation
failure. Subtask 2.3 focused on the development of THM models, their calibration with laboratory experi-
ments and benchmarking to generic cases and in-situ experiments. Eight teams took part in the exercise
and six numerical codes were tested. Two sets of 2D models were rst created to study the impact of
temperature on the behaviour of the three clay host rocks (Boom Clay, Callovo-Oxfordian (Cox) claystone
and Opalinus Clay) in the near- eld and in the far- eld. Some of the laboratory experiments were also

simulated to improve the understanding of their THM behaviour. Three in-situ heating tests (PRACLAY in
the Boom Clay, FE in the Opalinus Clay and ALC1605 in the Cox) were nally planned to be modelled,
taking into account the results from the rst two steps.

The initial D7.6 deliverable presented the codes used to model the THM behaviour of the three clay host
rocks and the benchmarking exercises that have been selected. A second version presented the results
of the rst benchmarking exercise - 2D near- eld / short-term generic model. This nal report summarises
the results obtained by the modelling teams during the project.



2. Benchmark description

ANDRA, EURIDICE and NAGRA selected the benchmarking exercises. They also provided data from their
in-situ heating experiments.

The main objectives of the modelling exercises are:

 to compare the outputs from the different constitutive models and numerical codes,

* to get a better understanding of the THM behaviour of the host rocks, both in the near- eld and in
the far- eld,

 to improve the existing models based on the new results from the Subtask 2.1 and 2.2 laboratory
experiments,

 to compare the THM behaviour of the three host rocks.

In order to achieve these objectives, the subtask 2.3 is organised in four consecutive steps:

» 1. Creation of two 2D generic models to study the near- eld and far- eld effects of a temperature
increase on the properties and behaviour of the clay host rocks

2. Modelling of Subtask 2.1 and 2.2 laboratory tests (triaxial compression and triaxial creep tests,
thermal pressurisation tests).

3. Modelling of at least one of the in-situ heating experiments (PRACLAY, FE, ALC1605)

4. Models update if necessary, based on the laboratory tests results

This selection of benchmarking exercises is described in more details in the MS49 milestone document.
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2.1. Generic case benchmarks

The objective of this step is to build two generic 2D models that will be used to simulate different host rocks.
The rst model will focus on the near- eld effects of excavation and heating around the gallery, and the

second one will be run over a longer period and will investigate the far- eld effect of the thermal loading.
The different model responses and the THM behaviour of the different host rocks will be compared.

In the NAGRA design, the gallery will be back lled with bentonite, whereas the ANDRA concept leaves
some room to facilitate a possible retrieval of the waste packages. In addition, the highly exothermic
packages are separated by spacing buffers to reduce the thermal load. In order to focus on the host rocks
and to be able to compare the models, the boundary condition around the gallery is set at the interface
between the gallery and the host rock.

2.1.1. Near- eld / short-term

The geometry of this model is a cross-section of a heating gallery and host rock perpendicular to the
gallery axis. By considering the symmetric nature of the problem, only a quarter of the full cross-section is
modelled, and the simulated region measures 100 min both directions (Figure 2.1).

Figure 2.1: Model geometry for the near- eld case

The teams were asked to run their model on at least two of the three host rocks (Boom Clay, OPA or Cox).
Three subcases are proposed:

1. Isotropic stress conditions with isotropic elasticity and thermo-elasticity
2. Anisotropic stress conditions with cross-anisotropic elasticity and thermo-elasticity

3. Anisotropic stress conditions with elasto-plastic/damage model (the choice of the model is left free
for the modelling team)

The goal with these subcases was rst to compare the numerical codes on a xed exercise (case 1 and 2)
by imposing the boundary conditions and the mechanical constitutive laws and properties while the third
case proposed to compare different approaches to reproduce the behaviour of the host rock formation and
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the development of the excavation damaged zone (EDZ). For this last case, the modelling teams could

nd relevant information in the state of the art of the project or could request additional data from ANDRA,
EURIDICE or NAGRA.

2.1.1.1. Elastic isotropic case

As a rst iteration, a simple elastic model was built with isotropic properties. The properties of the three
host rocks are given in Table 2.1.

Table 2.1: Main physical, thermo-hydro-mechanical parameters for the three host rocks

Boom Clay Cox OPA
Solid phase density [kg=m?3] s 2639 2690 2340
Bulk density [kg=mq] 0 2000 2386 2030
Porosity n 0.39 0.18 0.13
Isotropic intrinsic permeability [m?] K 283E 19 23E 20 3.0E 20
Isotropic Young's modulus [MPa] E 300 7000 6000
Poisson's ratio [-] 0.125 0.3 0.3
Biot coef cient 1 0.8 0.6
Isotropic thermal conductivity [W=m=K] 1.47 1.67 1.85
Linear thermal expansion coef cient [K 1] s 1E 5 125 5 1.7E 5
Solid phase speci ¢ heat [J=kg=K] cp 769 790 995

The following parameters were given for the water:

Table 2.2: Water properties

Density 1000 kg=m?®
Speci ¢ heat 4180 J=kg=K
Compressibility at40 C 45 10 *MPa !

Figure 2.2: Evolution of the volumetric thermal expansion coef cient of water as a function of the temper-
ature under atmospheric pressure (Kell, 1975).

The following power law for the volumetric thermal expansion coef cient of water () is proposed:

w[10 41=C]=4 10 °T® 0.001T2+0.1404T 0.3795 (2.1)
with T in C.
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In the range of temperatures expected in the modelling, Vogel's formula gives a good approximation for
the water viscosity ( ) and should be used:

= ehterr 2.2)

with T the temperature in K (0 C=273.15K)and A= 3.719 B=578919 C= 137546

Figure 2.3: Evolution of water viscosity as a function of the temperature under atmospheric pressure
(Rumble, 2019)

Initial and boundary conditions For modelling purpose, the same in-situ stress and pressure condi-
tions are given for the Cox and OPA cases.

Table 2.3: Initial conditions in the three host rocks

Boom Clay Cox/OPA

Total stress (isotropic) [MPa] o ( xx= yy= z2) 4.5 12.5
Pore pressure [MPa] Po 2.25 4.7
Temperature [ C] To 16.5 22

To model the excavation, the following boundary conditions are assumed:

Mechanical boundary conditions:

» A stress release technique is used and the pressure at the wall is decreased in 24 hours to 5%
of the initial in-situ stress for Cox/OPA. For Boom Clay, it is proposed to reduce to 50% of the
initial con ning pressure as the clay is softer compared to Cox/OPA;

» The vertical and the horizontal displacements are respectively xed in boundaries AB and DE;
» On boundaries DC and CB, impose a stress conditions equal to the in-situ stress conditions.

Hydraulic boundary conditions:

« the pore water pressure at the wall is reduced to atmospheric pressure (0.1 MPa) in 24 hours;
* the pore pressure at the boundaries DC and CB is constant (values in Table 2.3);

* the symmetric boundaries AB and DE are impervious (no ow).
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The boundary conditions during the waiting phase do not change, the pressure at the wall is maintained
at 5% of the initial in-situ stress (50% for the Boom case) and the pore water pressure is xed and equal
to the atmospheric pressure at the wall. The waiting phase will last 6 months.

To model the heating phase, the boundary conditions change at the gallery wall; a heat ux of 200W=m is
applied. Heating is modelled over a period of 10 years. Constant stresses and pressure are maintained at

DC and CB.
Table 2.4: Boundary conditions at the gallery wall
Period Mechanical conditions Hydraulic conditions Thermal conditions
To To+24hours Stress reduction to 5%  Pore water pressure No ow at the borehole
excavation of the initial in-situ reduced to P atm wall
stress (Cox/OPA). (0.1 MPa) in 24 hours
Stress reduction to
50% of the initial in-situ
stress for Boom Clay
To+24hours Tg+ As above PP = Pam As above
6 months waiting
To+6months Tg+ As above No ow Thermal ow at the

10years heating

borehole wall based on
constant power
(200 W=m)

Expected output  The following results are requested for comparison between modelling teams:

1. A description of the main characteristics of the THM model: geometrical model, spatial and temporal
discretisation, potential simpli cations, initial and boundary conditions

2. Presentation of the calculations carried out

3. Temperature, pressure, displacement and stress evolution at the points speci ed in Table 2.5 (1
tunnel radius (R), 1.5R, 2R, 5R, 50 m (OC/2) horizontally and vertically, C and E, plus 1R, 1.5R, 2R
at 45 degrees). Horizontal pro les (at y = 0) and vertical pro les (at x = 0) should be given at the
following timesteps: Tg, To + 12 hours Tg + 24 hours To + 3months To+6months Tog+1, 2,4, 6, 8

and 10years

4. Information about the code: version, pre- and post-treatment, CPU time, computer performance. ..
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Table 2.5: Control points for Step 2.1.1

Point (X, y) coordinates Parameter

P1 1.25,0 T[C],PP[MPa], «, y, xy[MPa], DX, DY
P2 1.875,0 T,PP, % vy, xy: DX, DY
P3 25,0 T,PP, x, v, xy

P4 6.25,0 T,PP, x, v, xy

P5 50,0 T,PP, x v, xy

P6 100,0 T,PP, x, v, xy

P7 0,1.25 T,PP, %, yvi xy

P8 0,1.875 T,PP, x, v, xy

P9 0,25 T,PP, %, yvi xy

P10 0,6.25 T,PP, «, v, xy

P11 0,50 T,PP, %, yvi xy

P12 0,100 T,PP, x, yvi xy

P13 0.884,0.884 T,PP, x, v, xy

P14 1.326,1.326 T,PP, x, v, xy

P15 1.768,1.768 T,PP, x, v, xy

2.1.1.2. Elastic anisotropic case

If their code allows it, the teams will include anisotropic stress conditions with cross-anisotropic elasticity
and thermo-elasticity.

Mechanical anisotropy The anisotropic mechanical and thermal properties for the three host rocks are
given in Table 2.6.

Table 2.6: Anisotropic thermo-hydro-mechanical parameters for the three host rocks

Boom Clay  Cox OPA

Intrinsic permeability parallel to bedding [m?] Ky 4E 19 39E 20 5E 20
Intrinsic permeability normal to bedding [m?] ko 2E 19 13E 20 1E 20
Young's modulus parallel to bedding [MPq] E, 400 8000 8000
Young's modulus normal to bedding [MPq] E, 200 5000 4000
Poisson's ratio parallel to bedding -] Kk 0.125 0.21 0.35
Poisson's ratio normal to bedding -] K? 0.25 0.35 0.25
Shear modulus normal to bedding [MPa] G, 80 2500 2300
Thermal conductivity parallel to bedding [W=m=K] K 1.65 1.88 2.4
Thermal conductivity normal to bedding [W=m=K] 2 1.31 1.25 1.3

Stress anisotropy A coef cient of earth pressure at rest of 0.7 is estimated at the HADES laboratory
level in Mol. In the Meuse/Haute-Marne URL, a strike-slip to reverse faulting stress regime is proven in the
Cox formation; however, for galleries drilled in the direction of the maximum horizontal stress, the stress is
almost isotropic.
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Table 2.7: Initial conditions in the three host rocks

Boom Clay Cox OPA
XX 3.825 124 22

Total stress [MPa]  yy 4.5 127 4.0
2z 3.825 16.4 6.5
Pore Pressure [MPa] Pg 2.25 47 2.1

Expected output  Asin 2.1.1.1.
2.1.1.3. Modelling of the EDZ

The objective of this step is to model the development of the excavation damaged zone and its evolution
under heating. The teams are free to choose their mechanical model.

As most results from the Subtask 2.2 laboratory tests were not available before 2021 or 2022 and in order
to minimise the dispersion due to parameters calibration, a set of triaxial compression, extension and
creep tests was provided by ANDRA, EURIDICE and NAGRA to help establish the constitutive models.
Moreover, information on the mechanical behaviour of the clay/claystone could be found in the HITEC SotA
(EURAD, 2020).

Expected output  Asin 2.1.1.1, plus a description of the constitutive model chosen and a representation
of the damaged zone. Particular attention should be given to the extension of the damaged zone during
the heating phase.

2.1.2. Far-eld/long-term

In this model, the heating period is extended to 1000 years. The model should therefore extend vertically
to surface. The lateral extent is given by the symmetry axis through the HLW cell/tunnel and the half-
distance between two adjacent SF/HLW tunnels.

Figure 2.4: Model geometry for the far- eld case (Cox case)

We assume that all the cells are lled at the same time. This hypothesis is valid if one considers the time
needed to Il two adjacent cells (a few years at most) compared to the time required for the most exothermic
waste to reach their thermal peak (several hundred years). Symmetrical loading by two adjacent cells
implies that the zone located at half-distance between two parallel cells is subject to loads from both cells.
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The lateral symmetry conditions prevent any horizontal expansion (no displacement) and any pressure

dissipation (no ow).

Two similar cases were proposed for modelling with Cox and Opalinus clay host rocks. However, only the
Cox case was modelled nally and is described in detail here. The model extends from 0 to 1000 mdepth,

and the half cell-to-cell distance (lateral extent) is set equal to 25m

The following con guration is given:

» Depth: 480 m

» Excavated diameter: 1 m.

Table 2.8: Formation tops

Depth (m)
Barrois Limestone / Kimmeridgian
Oxfordian
Callovo-Oxfordian USC
uT
UA2-UA3
UA1
Dogger
Alvéole

0
132.7
406.8
436.4
451.6
514.9
555.6
490

The thermo-poro-elastic properties are given in Table 2.10. An elasto-visco-plastic model can be applied
to the clay-rich UA2 and UA3 subunits where the cell is located, while the other layers are poro-elastic.

Table 2.9: Over- and underburden parameters — Cox case

Barrois limestone/

Kimmeridgian Oxfordian Dogger
Porosity n [%0] 13 13 10
Bulk density [kg=m?3] 2450 2470 2470
Biot coef cient b 0.6 0.75 0.6
Mechanical properties
Young modulus E [MPa] 3600 30000 30000
Poisson ratio -] 0.3 0.3 0.3
Thermal expansion coef cient [K 1] 22 10 ° 45 10 % 45 10 °©
Hydraulic and thermal properties
Intrinsic Permeability K [m?] 10 19 10 16 10 18
Thermal conductivity W=m=K] -, =11 k=14 - 2.3 2.3
Speci ¢ heat C [J=kg=K] 1024 925 925
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Table 2.10: Cox THM parameters

Parameters Subunit Value
Thermal conductivity normal to bedding - [W=m=K] USC 1.8

uT 14

UA2-UA3 1.25

UA1 1.6
Thermal conductivity parallel to bedding [W=m=K] USC 1.8

UT & UA 15 5
Solid phase speci ¢ heat Cs [ J=kg=K] 790
Bulk density [kg=m®] USC 2480

UT & UA 2386
Young's modulus normal to bedding E, [GPa] usc 12.8

uT 8.5

UA2-UA3 7

UA1 10
Young's modulus parallel to bedding E, [GPH UA & UT 15 E
Poisson's ratio [ 0.3
Poisson's ratio anisotropy UA&UT 15( = »=15
Shear modulus normal to bedding G, [GPq uT 3.8

UA2-UA3 3.1

UA1 4.4
Linear thermal expansion coef cient of skeleton [K 1 1.28 10 °
Intrinsic permeability parallel to bedding ky [m?] 39 10 %
Intrinsic permeability normal to bedding k- [m?] 1.3 10 %
Biot coef cient [ 0.8
Porosity [9%] uUSsSC 15

UT & UA 18

The water properties are the same than in the near- eld model.

2.1.2.1. Initial conditions and boundary conditions

Initial conditions The temperature follows the natural geothermal gradient. For the Cox case, a natural
geothermal gradient of 0.025°C=mis given in the overburden with a surface temperature of 10 C, giving a

temperature of 22 C at 480 m(Figure 2.5).
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Figure 2.5: Temperature pro le in the Cox case

In-situ stress state: At a given depth, the vertical stress corresponds to the weight of the overburden
(for the Cox model, a mean overburden rock mass density of 2472 kg=m® is used). The minimum horizontal
stress ( p) is taken equal to the vertical stress. The maximum horizontal stress ( ) is equal to the vertical
stress in the Kimmeridgian and 1.3 h from top Cox. A linear interpolation is assumed in the Oxfordian
carbonates (see Figure 2.6, left).

For the Cox case, a hydrostatic pore water pressure is assumed in the overburden and underburden, but
an overpressure is observed in the Cox itself (Figure 2.6, right). This initial overpressure should be taken
into account in the model.

Values and formulas for the stress, pressure and temperature pro les were given in a separate spread-
sheet.

The hole is drilled in the direction of the maximum horizontal stress.

Boundary conditions The far- eld boundary conditions are shown in Figure 2.7:

» Upper boundary: constant temperature (10 C) and pressure (1 atm), free displacement

» Lower boundary: constant temperature (based on geothermal gradient) and pressure (based on
hydrostatic gradient), zero normal displacement
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Figure 2.6: Cox stress pro les (left), and pore water pressure measurements and pro le (right)

 Lateral boundaries: no ow, zero normal displacement

The boundary conditions at the excavated wall are given in Table 2.11 from T = cell excavation.

Table 2.11: Boundary conditions at the borehole wall

Period Mechanical conditions Hydraulic conditions Thermal conditions
To To+24hours Stress reduction to 0%  Pore water pressure No ow at the borehole
Excavation of the initial in-situ reduced linearly to wall

stress Patm (0.1 MPa)
To+24hours Tg+ Linear stress increase No ow (undrained) at No ow at the borehole
2 years Waiting from O to 3 MPa over the borehole wall wall

the 2 years waiting

period
To+2 Tp+1000years 3MPa constant No ow (undrained) at Thermal ow based on
Heating pressure applied on the the borehole wall applied power

cell wall during the prediction at the

heating phase borehole wall

(Table 2.12)

The thermal history is based on a COG-800 package. In the ANDRA concept, 42 such packages will be
stored in the 100 mlong cell. From the moment they are installed in the cell, the thermal load will decrease
progressively as shown on Table 2.12. Two cases should be modelled: in the rst one, the packages are
installed after having let them cool down for 85 years (initial load of 139 W=m). In the second one, they are
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Figure 2.7: Far- eld boundary conditions (with Cox stratigraphy)

installed after waiting only 55 years (initial load of 242 \W=m).

Expected output:  stress, strain, temperature, pressure at the following points: at the borehole wall, 1,
2, 5 and 10 diameters and 25 m (far boundary, see Figure 2.8).

The teams are free to set the reference (y = 0) at surface or at the cell level.
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Table 2.12: Applied thermal load

Age Thermal load Age  Thermal load
(year) (W=m) (vear) (W=m)
55 242 200 45
60 219 210 43
65 199 220 41
70 181 230 40
75 165 240 39
80 151 250 38
85 139 260 37
90 128 270 36
95 118 280 35
100 110 290 35
110 95 300 34
120 84 400 29
130 75 500 24
140 67 600 21
150 61 700 18
160 57 800 16
170 53 900 13
180 50 1000 12
190 47 2000 3

Figure 2.8: Example of control points distribution and output
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2.2. Laboratory experiments

In subtask 2.1 and 2.2, ULorraine performed some triaxial compression tests to study the THM behaviour
of COx claystone subjected to different temperature conditions (from 20 to 150°C).

The experimental program involved testing of groups of 20 mm diameter and 40 mm high samples cut
in directions perpendicular ( = 0 ) and parallel ( = 90 ) to bedding planes, as shown in Figure 2.9.
They were extracted from ANDRA's borehole cores. These samples were equipped with strain gauges
and placed in a triaxial cell (Figure 2.10). Six strain gauges are glued for parallel orientation samples
( =90 ), while four strain gauges are installed for perpendicular orientation samples ( =0 ), as indicated
in Figure 2.9.

Figure 2.9: De nition of bedding orientations and locations of the strain gauges

Figure 2.10: Experimental system

Subsequently, all specimens were submitted to increasing cell pressure at a rate of 0.1 MPa=min, and
then, the temperature was increased at a rate of 50°C=hour. After 14 hoursof the end of the temperature
rise, deviatoric loading was applied at a controlled displacement rate of 12pum=min. Two different hydraulic
boundary conditions (B.C.) are considered: surface B.C. and point B.C. that will be described in the next
section.

The applied con ning pressure was 0 and 4 MPa for subtask 2.1 (short-term) tests and 12 MPa for long-
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term tests (subtask 2.2). More details on the test protocols and results may be found in the D7.5 deliver-

able.

The teams were encouraged to model the tests performed at 20 and 80°C, with 4 and 12 MPa con ning
pressures and both orientations (parallel and perpendicular to bedding), giving eight cases in total. The
main test features for these specimens are shown in Table 2.13 (
pendicular to bedding, § is the initial liquid saturation, n; is the calculated total porosity and s is the solid
matrix density). Experimental results in terms of stress-strain curves are also available, as described in
the next section, and will be used to compare with numerical results. No measurement of pore pressure
inside the sample was performed in the tests.

Table 2.13: Main test features.

is the plug orientation, 0° being per-

Thermal Peak
Con ning loading  deviatoric
Sample S N pressure T rate strength s Time*
reference () (%) (%) (MPa) (C (°C=h) (MPa) (g=cm®) (hour)
EST66760-14 0 94.6 16.83 4 20 50 25.00 2.66 14
EST66762-15 0 95.2 16.75 4 80 50 21.62 2.66 14
EST66764-14 0 955 16.43 12 20 50 28.60 2.65 14
EST66723-17 0 91.7 16.90 12 80 50 27.13 2.66 14
EST66420-4 90 90.2 16.62 4 20 50 28.03 2.69 14
EST66421-6 90 93.9 16.07 4 80 50 27.75 2.68 14
EST66723-1 90 91.7 16.90 12 20 50 49.48 2.66 14
EST66723-4 90 91.3 16.96 12 80 50 38.22 2.66 14
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2.3. In-situ heating experiments

The last step consisted of modelling an in-situ heating experiment. Three cases were initially proposed:
the Praclay experiment in the Boom clay, the ALC1605 experiment in the Callovo-Oxfordian claystone,
and the FE experiment in the Opalinus clay. Because of the workload and the necessity to have enough
modelling teams on each case for comparison, only the rst two were modelled. Detailed descriptions of
the Praclay and ALC1605 experiments and of the proposed modelling activities are given in sections 7.1
and 7.2
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3. Process model descriptions

3.1. Code Aster

The THM model implemented in Code_Aster (EDF, 2022) is based on the theory of porous media as
developed by (Coussy, 2004). The constitutive relations are obtained from a thermodynamic point of view
with homogenization arguments taken into consideration.

The considered porous medium is a volume made up of a homogeneous solid matrix with pores. It is
assumed that the pores can be occupied by at most two constituents: water and air. Each of them can
co-exist in two phases: a liquid (Iq) or/and a gaseous phase (gz). In a general way, water can be present
as liquid water (w) or water vapour (vp) and the air can be present as dissolved air (ad) or dry air (dra). In
the context of the current study, the material is considered saturated with a liquid water (w) phase.

The general assumptions made in the THM model correspond to those made usually in a classical porome-
chanical framework as in (Coussy, 2004) and are the following:

small displacements,

reversible thermodynamic processes,

« gases are perfect gases,

ideal mixture of perfect gases (total pressure = sum of partial pressures)

» thermodynamic equilibrium between the phases of the same component

While x and t are respectively the geometrical and time variables, the general thermodynamic variables in
the THM model are the temperature of the environment T (X, t) and the partial pressure of each j constituent
pj(X,t). The latter pressures are not completely independent: for an unsaturated medium, a capillary
pressure could be considered with

Pc=Pgz Pig=Pgz Pw Pad and pg; = Pad + Pdra

For a saturated medium, as in the context of this study, the only pressure considered is that of the liquid
water py.

The balance equations to be resolved in the THM model, for a saturated medium, are:

« the equilibrium equation for mechanics:

Cg+ Fi=0

where jj is the total stress, is the homogenized density of the medium and F; the external mass
force (such as the gravity).

18
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« the liquid water mass balance equation for hydraulics, where in the absence of a volumetric source
term, we can write:
@nw + @Aw,i

@ @,

My is the liquid water mass content and My, ; is the liquid water mass ow vector. The uid velocity
in the medium is described using Darcy's law, relating the liquid water mass ow and the liquid water
pressure as follows:

MW,i _ ﬁ @w

w - w @i
where , is the liquid water density, K is the intrinsic permeability and , is the dynamic viscosity of
liquid water.

=0

wFi

« the conservation of energy for heat:

0 . .

@, @, @M, @i_y

@ o @ @ ’

where hy, is the mass enthalpy of liquid water, QCis the non-convective heat received by the medium
outside enthalpic contributions (equation 3.2.4.3-1 in the Code_aster reference (R7.01.10, 2014)), q
is the heat ow rate described by Fourier's law and is the external source of heat.

hw

The writing of these equations for the general case of an unsaturated medium is given in (R7.01.10, 2014).
The main unknowns in those equations are 2 or 3 (depending on the dimension of space) displacements
Ux(X, t), Uy(X,t), Uz(X,t), the temperature T(x,t), the capillary and the gas pressures for an unsaturated
media and the lling uid pressure for a saturated one ( py in the current context).

Regarding the coupled hydromechanical formulation used to describe the saturated porous medium in this
study, it relies on the classical framework of (Biot, 1973). The total stress jj , the effective stress i? and
the pore uid pressure p,, are related by the equation:

—_ 0
i = i tPw i

where is the Biot's coef cient, de ned as =1 Kp=Ks with Kg is the drained bulk modulus of the
porous medium and Kg the bulk modulus of the solid matrix.

The variation of the medium porosity for the saturated medium is de ned by the following equation:
d = d* 'd", 3 .dT +dp,=M

where " is the total strain, ' is the Eulerian porosity de ned as the porosity occupied by the voids in the
current con guration  and is linked to the Lagrangian porosity (that corresponds to the initial con guration

o)by =(1+"y)"' with"y the volumetric strain. - is the thermal expansion coef cient of the pore volume
and 1/M: is a Biot modulus depending on the Biot coef cient, the Eulerian porosity, the Young modulus
and the Poisson ratio of the solid matrix. The expression of 1/M: as well as additional FE implementation
details are given in the of cial documentation of Code_Aster (R7.01.10, 2014).
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3.2. CODE_BRIGHT

From a modelling perspective, unsaturated geomaterials are assumed as an equivalent porous medium.
The multi-phases and multi-species approach is used to build the THM formulations in CODE_BRIGHT
(Gens et al., 2007; Olivella et al., 1995; Song et al., 2022, 2021b). Three phases are considered: solid
phase (s), liquid phase (I) and gas phase (g). Meanwhile, three species are considered: solid (-): the
mineral is coincident with the solid phase, water (w): as liquid or vapour in the gas phase, and air (a): dry
air, as gas or dissolved in the liquid phase.

The analysis of coupled THM problems involving saturated materials is based on the simultaneous solution
of the following balance equations:

The mass balance of the solid phase in the medium is:

g[ s N+ =0

where s represents the mass of solid per unit volume of solid; is porosity; j? represents the mass ux of
the solid with respect to a xed reference system.

The total mass balance of water in the liquid:

g LS +1g ¢S+ jil,’iW"'jingi'W ="

@

where ! Y and ! 5" represent the mass of the component (water) with respect to the total mass of the liquid
phase and gas phase, respectively. § and Sy are the degree of saturation of liquid and gas phases, i.e.,
the fraction of pore volume occupied by each phase. |and g representthe liquid density and gas density,
respectively. j:'W represent the mass ux of liquid in the water, and jig'W represent the mass ux of gas in
the water. V¥ represents an external supply of water.

The balance of internal energy for the medium:

@ ¢ Es . El L E

@ Es s(1 )+E 1S +Eg ¢S¢ + i +JjEs +JjEI +; 9 . =fQ

where i° is energy ux due to conduction through the porous medium; fQ is internal or external energy
supply; jiE represents the advective uxes of energy due to mass motions; E is speci ¢ internal energy.

The equilibrium equation:
ijj +hi=0

where j is the component of stress, b represents body force.

In order to better reproduce the thermal pressurisation process, the thermal expansion coef cient of wa-
ter  and water viscosity | are set dependent on temperature. Water viscosity is assumed to vary
exponentially with temperature as follows:

L= Ae(ﬁ)

with A=2.12 10 ?MPas B =1808.5K, T is temperature [ C].

The water thermal expansion coef cient ( ) in CODE_BRIGHT is expressed as:

1= 10[l+ w(Pr Pp)+A()]
(T +2889414(T 3.986372

A= = 5089202(T + 68.12963)
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where | is liquid density, o = 1000kgm 2, , is the water compressibility. pg is a reference liquid
1@

pressure. The water thermal expansion coef cient is then computed as = 7@'.
Figures 3.1 (a) and (b) show the comparisons of the water thermal expansion coef cient and water viscos-
ity between the speci ed and CODE_BRIGHT expressions, respectively. A good agreement is observed

between both results, verifying that the current approach to represent water properties is correct.

@ (b)

Figure 3.1: (a) Variation of thermal expansion coefcient of water with temperature according to
CODE_BRIGHT and the speci ed law, and (b) variation of water viscosity with temperature according
to CODE_BRIGHT and the speci ed law.

In a micromechanical analysis, the solid and uid contents, and the pores can be explicitly modelled. The
solid grain is assumed to be homogeneous and isotropic at the microscopic (pore) scale. The mean stress
on the solid phase (ps) can be expressed in terms of the total mean stress (p), the porosity ( ) and the
liquid pressure (p;) (Vu et al., 2020):

P+ pi)

ps=17

The coupled THM formulation described above was implemented in the Finite Element Method (FEM)
software CODE_BRIGHT (Olivella et al., 2022). CODE_BRIGHT is a FEM code designed to solve thermo-
hydro-mechanical problems in geological media. Unknowns (state variables) are associated with each of
the nal balance equations. The vector of unknowns is obtained by solving the system of PDEs (Partial
Differential Equations) numerically in a coupled monolithic way.

The numerical approach can be viewed as divided in two parts: spatial and temporal discretization.
Galerkin's nite element method is used for spatial discretization, while nite differences are used for
temporal discretization. The discretization in time is linear and an implicit scheme is used for the solution.
Finally, since the problems tackled are generally non-linear, the Newton-Raphson method is adopted as
the iterative scheme.

A feature of the numerical approach is that it can use a wide library of elements including segments,
triangles, quadrilaterals, tetrahedrons, triangular prisms and quadrilateral prisms. Linear interpolation
functions and, for some elements, quadratic interpolation functions are adopted. Analytical or numerical
integration is used depending on the element type. For the mechanical problem, selective integration is
used for quadrilateral plane elements and quadrilateral prisms where the volumetric part is integrated at a
single point with a reduced integration scheme.

The code has a procedure for the automatic discretization of time. Reduction of time increment may
be caused by excessive variation of unknowns per iteration, by the excessive number of iterations to
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reach convergence or if the correction is larger than in the previous iteration. Convergence criteria are
established in terms of forces or ows and state variables. Regarding the boundary conditions of the
mechanical problem, forces and displacement rate can be enforced in any spatial direction and at any
node. In the hydraulic problem, the mass ow rate of water and dry gas or liquid/gas pressure can be also
prescribed at any node. Finally, regarding the thermal problem, heat ow and temperature can be enforced
at any node of the mesh. More details on the nite element formulations employed in CODE_BRIGHT can
be found in (Olivella et al., 2022, 1995), including the weak forms of the governing equations and the
explicit de nitions of the resulting matrices and vectors.
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3.3. COMSOL Multiphysics

COMSOL Multiphysics is a general-purpose nite element software. In this work, the built-in modules, viz.
heat transfer in solid, Darcy's law and solid mechanics are used to model the near- eld case.

Heat transfer in porous media is described by the following governing equation, where conduction is seen
as the predominant mechanism and convection is not needed for the benchmark exercises:

a

(Cp)eﬁ@-’-r ( §rT)=0Qr

where T: temperature in K, : density of water in kgm 3, Qr: heat source in Wm 3.

The effective thermal conductivity ( ) and equivalent volumetric heat capacity (( Cp)err) are de ned as
follows:

( Cplerr = (1 ) st wCpw

i=@ )it w

where : porosity, s solid density (kgm 3), Cp: heat capacity of solid (Jkg 1k Dy, Cp,w: specic heat
capacity of water (J kg Tk Dy, ﬁ thermal conductivity of solid (Wm 1K 1), : thermal conductivity of
water (Wm 1K).

Soil deformation is described by the standard equation of motion, however, expressed in terms of effective
stress ( i(j’) following Biot poroelasticity:

—0 O0- t
roo§=00 g= gt P

t.

where - total stress, pr: excess pore pressure, jj: components of the Biot coef cient tensor,

Excess pore pressure is de ned via:
Pt = PA  Pref (3.1)

where pa: absolute water pressure (Pa), pres: reference pressure, usually set as equal to atmospheric
pressure (0.1MPa).

The water mass (my, (kg m 2)) balance equation includes additional water source terms to take into ac-
count the different coupling processes (HM, TH and TM) and is expressed as follows:

@
Q@

+r  (wu)=Qum + QrH + QM

where Qpm, Qrn and Qry are water source terms (kgm 3s 1), u is displacement vector.

The groundwater ow in clay medium is described following Darcy's law:

k..
q = ~Lr p
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where ¢i: Darcy's velocity (ms 1), kij: intrinsic permeability tensor (m?), : viscosity of water (Pas p:
porewater pressure (Pa).

The development of the water mass variation as a function of the pressure and temperature leads to the
following equation:

@ _ () @
@ " “Tk e
v Dot WEru@ @ 190G

where C,: water compressibility (Pa 1), : volumetric water thermal expansion coefcient ( C 1), 1p:
volumetric thermal expansion coef cient of porous medium (° C) &: volumetric thermal expansion coef -
cient of solid grains ( C 1).

By rearranging the water mass balance equation, the ow governing equation can be expressed as:

wsg +I (w0)=Qnm + Qrr + QM

where S, the storage coef cient is expressed as:

S= Cu+t

Ks

with K the solid or grain bulk modulus (Pa).

The hydro-mechanical coupling source term (variation of the porosity with the deformation) is de ned by:
dllV

Yoot

where " is the volumetric strain. The thermo-hydraulic coupling source term includes the thermal expan-

sion of the water, which can be written as:

Qnm =

QmH = w wg

And the thermo-mechanical coupling that considers the thermal expansion of the solid phase is de ned
by:

a @
Qm= wl@ ) m (@1 )s]@: w s )6
Temperature-induced elastic strains are de ned as:
"h= 1(T To)

where 1 is the (secant) linear thermal expansion coef cient of clay and Tg is the initial temperature in
clay.
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3.4. FLAC3D

Unlike most codes used in HITEC for benchmark activities that are based on the nite element method,
FLAC3D uses the nite difference method with an explicit Lagrangian solution scheme. Implicit time-
stepping is optionally available for heat and uid ow calculations.

The equations describing the uid-thermal-mechanical response of a porous material to heat transport
through conduction within the material in FLAC3D are described below (ltasca, 2019).

The uid transport is described by Darcy's law:

gi= kik(s) p g
where @ is the speci ¢ discharge vector, p is uid pore pressure, Kk is the tensor of absolute mobility
coef cients (FLAC3D permeability tensor) of the medium, Q(s) is the relative mobility coef cient, which is

a function of uid saturation, s, ; is the uid density, and gj,i = 1, 3 are the three coordinates of the gravity
vector.

Heat ow by conduction is described by Fourier's law of heat transport:
T_ T
9 = T
where qiT is the heat ux vector, T is temperature and ' is the thermal conductivity tensor. In the FLAC3D
formulation, temperature, ux, convective, and adiabatic boundary conditions are all taken into account.

The following equation describes the uid mass balance for small deformations:

Gii +qQv = @

The volumetric uid source intensity, gy in S 1, represents the rate at which uid is added to or removed
from the porous material, while represents the change in uid content due to diffusive mass transport.
This concept was rst introduced by Biot (1956).

The thermal energy balance is expressed as

@T
QiT,i +q\T = @

where T is the heat stored per unit volume of porous material, and ¢ is the volumetric heat source
intensity.

The balance of momentum has the form

_ dVi
ijt 9= at
where = 4+ s isthe bulk density, and 4 and , are the densities of the dry matrix and the uid,

, : : , , . dv; . ,
respectively, is porosity, and s is saturation. jj is the stress tensor, g; and — are respectively the gravity

dt
and acceleration vector at the i-th direction.
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The uid content, or volume of uid within a porous material, may vary due to changes in factors such as
pore pressure p, saturation s, mechanical volumetric strains and temperature T. This variation can be

described using the response equation:

M@ s@ s@
where M is Biot modulus [Nm 2], is Biot coefcient and s the undrained thermal coef cient [ C 1].
The undrained thermal coef cient takes into account the uid and grain thermal expansions.
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3.5. Lagamine

In the previous European projects (BEACON (Gramegna et al., 2022), TIMODAZ (Francgois et al., 2014),
etc), Lagamine has shown good performance in predicting the multiphasic coupled behaviour in geomate-
rials. The modelling activity in HITEC is a good opportunity to test the reliability of the code. The governing
equations for the classical porous medium in the saturated case are recalled here, and a weak form is used
for the nite element formulation. The balance equations are written in the current deformed con guration
denoted .

The momentum balance equation of the solid and liquid mixture is obtained by considering the equality
between internal and external virtual works:

4 Z Z

t@i d t — t t ni t

i = iuud "+ tud

1 @jt . gy L
where ,‘J is the Cauchy stress eld, %r is the virtual macrodeformation gradient, ! is the density of the

]

porous mixture, g; is the gravitational acceleration. t! is the classical external traction force per unit area,
applied on a part of external surface ' of the boundary of t.

The density of the porous mixture is given by:

t:t(l t)+t t

S w

where L and ! are the density of the solid and uid phases respectively, ! is the porosity.

The effective stress is de ned using Biot poroelasticity theory:
a_ t t
i = i T iPw

where jj is Biot coef cient tensor.

The uid mass balance equation is expressed in a weak form for any admissible virtual pore pressure eld
Puw:

z @ 4 Z
MiPw fuige @ = Qupud © Gupud
I qw
where f\Ev,i is the mass ow, Q!, is a uid sink term and Elw is the part of the boundary where the input uid

mass per unit areaq !, is prescribed. The time derivative of uid mass M}, is de ned as:

Mb = Pw THt Py t '
w - w \— w ) + 7(b ) + bi

w KS t
where  is the uid bulk modulus, Ks is the bulk modulus of the solid grains, and , is the thermal
expansion coef cient of uid which is dependent on the temperature evolution. According to (Kell, 1975),
the thermal expansion coef cient of uid is computed by the derivative of water density with respect to

temperature.

EURAD (Deliverable n 7.6) — Modelling report on the effect of temperature on clay host rocks behaviour
Dissemination level: PU

Date of issue of this report: 06/06/2024
P Page 27



EURAD Deliverable 7.6— Modelling report on the effect of temperature on clay host rocks behaviour

The uid ow is de ned by Darcy's law:

ki @'
f.i= t ] w4 t o]
w,i w w @jt w )
where the k; is the intrinsic permeability tensor. , is the water viscosity depending on the temperature
evolution (Rumble, 2019).

The energy balance equation is derived in a weak form for any allowed virtual temperature eld T :
Z a Z Z
SIT fri—=¢ d '= QiTd ! T d !
t ' @i t t
ar
where Sr is the enthalpy evolution of the porous medium, ftT'i is the heat ow, QtT is a heat sink term and
aT is the part of the boundary where the input heat ux per unit area th is prescribed.

The enthalpy of the porous mixture is characterised by the sum of the enthalpy of each phase:
St= 'Wewt(@ ) Gs (T To)

where Cpw and cp s are the speci ¢ heat of the uid and solid phases respectively, Tg is the initial temper-
ature in the reference con guration.

The heat ow is presented by thermal conduction and convection:

@'

i @ "'Cp,wfw,i(Tt To)
]

fri=

where }j is the thermal conductivity tensor for the mixture.

The large strains and large rotation effects are taken into account under the framework of Lagrange actu-
alised formulation (Collin et al., 2002), therefore the solid convection effect is implicitly considered in the
Lagamine code.
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3.6. OpenGeoSys

Two process models in OpenGeoSys have been used in the scope of this benchmarking initiative:

* a non-isothermal Richards ow model coupled with mechanics.

» a TH model with thermo-mechanical storage coef cients Buchwald et al. (2021)

3.6.1. Non-isothermal Richards ow model coupled with mechanics

The rst model assumes a monolithic approach, in which the process couplings between the hydraulic and
mechanical models are derived from the three-dimensional approach of effective stresses. We neglect the
effects of vapour diffusion in the description due to the present benchmark assumptions. The governing
equations for this model are described as follows:

The energy balance equation is given by

()T Tj  + 'gTivi=0Qr

with T the temperature, ( C,O)Bff the effective volumetric heat capacity, I the effective thermal conductivity,

"' the density of liquid, c'p the speci ¢ heat capacity of liquid, viI the Darcy velocity, and Qt the point heat
source. The effective volumetric heat can be considered as a composite of the contributions of the solid
phase and the liquid phase as

()= )oc+s' e

with  the porosity, S the liquid saturation, S the solid density, and Cf, the speci ¢ heat capacity of solid.
Similarly, the effective thermal conductivity is given by

p=@ ) §+s' Ty

T

where ; is the thermal conductivity tensor of solid, [ is the thermal conductivity of liquid.

The mass balance equation is given by

— 'p s @+3'( )$ T

where pis the pore pressure, pc is the capillary pressure, whichis  p under the single phase assumption.

is a composite coef cient of the liquid compressibility and solid compressibility,  is the Biot's constant,

$ is the linear thermal expansivity of solid, Qy is the point source of sink term, u; is the displacement.
The liquid velocity viI is the described by the Darcy's law as

ki k
vi= re ®; g
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with kj the intrinsic permeability, ke the relative permeability, g the gravitational acceleration and  the
liquid viscosity coef cient.

The momentum balance equation takes the form of

(9 bE) py+fi=0

with Othe effective stress tensor, b(S) the Bishop model, f; the body force, and the Kronecker delta. The
primary unknowns of the momentum balance equation are the displacement u;, which is associated with
the stress by the generalized Hook's law as

G=cii®=cm § i ij
Ciik is the fourth-order stiffness tensor, j the total strain rate, _ﬁ the elastic strain rate, _HT the thermal strain

rate, ;" the visco-plastic strain rate, _HS-W the swelling strain rate.

The strain tensor is given as the symmetric part of the displacement gradient, =35 Uuj; +U;; .

NI

More details on THM formulations in OGS can be found in Chaudhry et al. (2019); Grunwald et al. (2022).
3.6.2. TH model with thermo-mechanical storage coef cients

The second model implicitly considers the mechanical behaviour in the mass balance equation of the
thermo-hydraulic process by means of simplifying assumptions using thermo-mechanical storage coef -
cients. The model assumes uniaxial strain conditions ( xx = yy = 0) and constant vertical normal stress

2z- It takes also thermal stresses into account, originating from the constrained thermal expansion in the
transverse directions:

i =Yz,
22=0= 3 P 329 w L 27T p
ES

with the uniaxial aggregate modulus E§ We obtain a simpli ed expression for the mass balance:

vt 1e2 T

2

0= Srim+ B p T 1+ 2@ T+ (Wi
1+ )Ha 2)' a1+ )H)@a 2)’
0= + 2 eff Sl+ T+ .
= Sthm =] b T T (WL)i,i -

and are the Lamé elastic parameters. G is the shear modulus. Sis the THM storage term. (w) is the
uid velocity vector.

One refers to Buchwald et al. (2021) for further elaborations of the balance equations as well as the
extension to orthotropic materials can be found in Buchwald et al. (2021).
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4. Constitutive model development

4.1. ANDRA

As part of an ongoing scienti ¢ collaboration with Andra to develop advanced constitutive models for the
Cox claystone behaviour, Ineris developed a regularized anisotropic elastoplastic and damage model in-
cluding both non-linear short- and long-term responses (Souley et al., 2023b). The in uence of damage
and fracturing on the transport and viscous properties is also considered. The proposed model was imple-
mented with a regularization scheme based on the non-local implicit gradient in COMSOL Multiphysics®.
This model was further developed to take into account the small decrease in strength observed in the
subtask 2.1 and 2.2 short-term compression tests performed by ULorraine (Gbewade et al. (2023) and
D7.5 deliverable)

4.1.1. Main characteristics of the model

The constitutive model is expressed in terms of the three stress invariants (p,q, ), where the stresses
geometry is de ned by the Lode angle . The following features are considered:

* Elasticity: linear anisotropic
* Plasticity: anisotropic strain hardening/softening ( , plastic distorsion) with tensile cut-off

* Plastic yield and potential functions: based on Hoek and Brown criterion and a non-associated ow
rule (Drucker-Prager)

» Residual strength and stage (perfectly plastic): bilinear Mohr-Coulomb criterion

 Transition from brittle to ductile behaviour as the con ning pressure increases

In addition, several laboratory tests performed on Cox samples show a slight strength anisotropy, the low-
est compressive strength is measured on samples oriented at about 30-45° to the bedding plane while
the maximum strengths are reached in the directions parallel and perpendicular to bedding. The strength
anisotropy is introduced using the microstructure tensor (Pietruszczak et al., 2002) for the strength param-
eters p (initiation, peak and residual):

3
Pani = Po 1+ Ajlil; + ar(Ajlil)? + ax(Ajlil) 4.1)

with a; and a, : anisotropic parameters related to the material microstructure, the anisotropy parameter
Ajlil; represents the projection of the microstructure tensor on the loading direction.

The damage occurring in post-peak before the residual stage is assumed to be isotropic and based on
the continuum damage mechanics. The damage criterion fy (Mazars 1986) is de ned by the conjugate
thermodynamic force Yg:

fa(Yg,d) =dresfl exp[ Bg(Yq Yo)lg d O 4.2)
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with Y4 the extensional strain: Yq4 = P hi:hi

An associated ow rule is assumed

. G
= ag. (4.3)

The transition from brittle behaviour under low con ning pressure ( 3) to ductile failure with the increase
of 3 is given through By

bd i . - .
_<Bd0( . Jgd SJ)’ if] 3] < ?t:d

- 0, ifj 3 bd

(4.4)

(4.5)

The other key characteristic of the Cox claystone is its long-term behaviour (creep deformations, Armand
et al. (2017)). The time-dependent strains are based on laboratory tests and observations in the under-
ground laboratory:

« VP increases non linearly with the deviatoric stress q
« YPvaries non linearly with P

» Temperature T impacts “P

Finally, the Lemaitre creep model correctly reproduces the deferred behavior of the Cox claystone

Q" d do; 3s

—— = Ad, T)h—=i"( """ = 4.6
@ - AT (4.6)

with A the viscosity, qo the creep threshold, ¢ the reference stress, n the deviatoric stress exponent

and m the exponent of hardening work

The variations of permeability and creep strain induced by damage and shear failure are based on lab-
oratory and in-situ observations around the MHM URL drifts. The damage rate d,;; (d=dres, With dres the
maximum damage, reached at the beginning of the residual phase) and the fracturing rate ; related to
shear failure are introduced:

» permeability:
k =khg(d )hs( o) (4.7)

* creep strain (viscosity and hardening exponent change) based on Souley et al. (2017):

A =1(Ao, A1); m = f(mg, my) (4.8)

where (Ag, Mp) refer to the intact material, (A1, m1) to the damaged material.

The model was implemented with a regularization scheme based on the non-local implicit gradient in
Comsol for both damage and equivalent shear plastic strain.
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4.1.2. Validation and applications

The model was validated by simulating several triaxial compression tests at 3 = 2MPa with different
loading direction compared to bedding and some creep tests at different deviatoric stresses. As shown on
Figure 4.1 and Figure 4.2, the simulation compared successfully to theoretical curves.

(@) (b)

Figure 4.1: Triaxial tests: effect of load direction with respect to bedding

Figure 4.2: Triaxial creep test at Pc=12 MPa: theoretical (cont.) vs. numerical (star)

This model was then tested successfully by modelling the convergence around a drift drilled in the direction
of the maximum horizontal stress in the MHM URL (Souley et al., 2023a). The second application on the
last case of the near- eld benchmark is developed in 5.1.4.1.
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4.2. BGE

BGE initiated a collaborative research project alongside EURAD, aimed at supporting its efforts within the
HITEC project. The project consisted of developing and implementing a new material model for claystone
which incorporates its mechanical, thermal, and hydraulic behaviour. Together with the Institute of Engi-
neering UNAM (IINGEN), the implementation of the constitutive model developed by Manica (2018) within
the open-source computer code OpenGeoSys (OGS) has been carried out. The model incorporates a
number of characteristic features of indurated clayey materials including mechanical anisotropy and time-
dependent deformations. The model also accounts for the objective simulation of localised deformations
through a nonlocal regularisation. The nal objective is the simulation of the thermo-hydro-mechanical
behaviour of stiff argillaceous formations in the context of deep geological disposal of nuclear waste within
the OGS modelling platform.

The implementation of the model into OGS is performed through MFront, which is an open-source code
generator that simpli es the development of material models, particularly by handling the algorithm for the
integration of the constitutive equations and allowing to write those equations in a form very close to the
actual mathematical description of the model.

The implementation of the model was divided into three tasks to be executed by IINGEN; a brief summary
of each task is given below:

» Task 1. This task involves the implementation of the local version of the model, i.e. without the
nonlocal regularisation.

» Task 2. The model originally assumes isothermal conditions and does not include any dependence
of the stiffness and strength with temperature. Therefore, this task involves the incorporation of
thermal effects in the local version of the model according to recent approaches in the literature.

» Task 3. Finally, this task involves the incorporation of the nonlocal regularisation for the objective
simulation of localised deformations.

The material model to be implemented to characterise the mechanical, thermal, and hydraulic behaviour
of claystone was developed by Manica (2018). It falls within the frameworks of the elasto-viscoplasticity
theory (Perzyna, 1966) and the plasticity-creep partition approach (Chaboche, 2008), and it incorporates
a number of features that are considered relevant for the satisfactory description of indurated clays such
as:

» a nonlinear yield criterion,

« strength and stiffness anisotropy,

* a non-associated ow rule,

* rate-dependency,

« strain hardening/softening,

 nonlocal regularisation,

 creep deformations, and

» permeability increase with damage (plastic strains).

The model has been described in detail in a number of publications (Manica, 2018; Manica et al., 2018,
2020, 2022a,b). Manica et al. (2022a) showed its ability to reproduce the hydromechanical response
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of underground excavations in the Meuse/Haute-Marne Underground Research Laboratory, in France,
excavated in the Callovo-Oxfordian argillite (Cox). A description of the complete mechanism underlying
the observed overpressures around the excavation was provided by including the relevant behavioural
features of the Cox claystone.

A summary of the constitutive equations is given in Table 4.1. As already mentioned above, this version
of the model assumes isothermal conditions and does not include any dependence of the stiffness and
strength with temperature. The summary in Table 4.1 also includes the adopted nonlocal regularisation
technique and the evolution law of permeability with the accumulation of plastic strains.
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Table 4.1: Material model for the behaviour of claystone (Manica, 2018).

Description Equation Parameters

Strain decomposition d =d®+d"™+d° -
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4.2.1. Task 1: Implementation and validation of the local version of the model in MFront

The implementation of the model was carried out using the numerical tool MFront. MFront is a code gen-
erator that translates a set of closely related domain-speci ¢ languages into plain C ++ Those languages
cover three kinds of material knowledge: (1) material properties, (2) mechanical behaviours and (3) sim-
ple point-wise models. For the implementation of the model summarised in Table 4.1, we refer here to the
mechanical behaviour kind. The latter supplies the infrastructure for the integration of the constitutive equa-
tions of the model. Particularly, it provides several general-purpose domain-speci ¢ languages for the im-
plementation. Here, we used the Implicit domain-speci c language, which allows the user to perform the
integration using an implicit scheme (Helfer et al., 2020). The communication between the generated C++
code by MFront and the nite element code OGS is provided by the MFrontGenericlnterfaceSupport
project (Helfer et al., 2020), which facilitates cross-software integration. OGS is already capable of recog-
nising the interface as an available material model (Nagel et al., 2019).

An important part of the work is the validation of the implementation. Special attention was paid to this
aspect and a number of simulations were performed for testing. Due to the modular character of the
material model, many of its features were assessed independently. These features were veri ed through
numerical simulations, using the implemented model, and compared to theoretical values or to the original
implementation in the nite element code Plaxis.

Simulations were performed with the MTest tool, which allows the description of a single material point for
a model implemented in MFront. This is particularly useful since the MTest tool can be manipulated with
python code. Therefore, performed simulations were organised into jupyter notebooks . Since Plaxis
has a similar tool to MTest (SoilTest) (Bentley Systems, 2020), which can also be manipulated with python
code, a direct comparison between the legacy and the new implementation was possible for different
simulation cases. A description of the simulations performed, contained in the jupyter notebooks , is
given below. Many of the parameters adopted in the validation examples correspond to those in Manica
et al. (2022a).

For the sake of brevity only three veri cation examples will be illustrated in this report. The rst example
consists of verifying the non-linear hardening/softening law. A strain-controlled triaxial test was performed
with parameters selected to obtain a non-linear pre-peak hardening and post-peak softening behaviour.
Results were compared with the original implementation in Plaxis. They are shown in Figure 4.3, where
an excellent agreement between both implementations can be noticed.
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Figure 4.3: Veri cation of the non-linear hardening/softening law.

The second veri cation example involves simulations aiming at verifying the non-associated ow rule.
The same strain-controlled triaxial test in Figure 4.3 was repeated, but with different values of the non-
associativity constant ! . Results were compared with the original implementation in Plaxis. They are
shown in Figure 4.4, where an excellent agreement between both implementations can be noticed.

Figure 4.4: Veri cation of the non-associated ow rule.

The last veri cation example aims at verifying viscous effects incorporated through the overstress theory
of Perzyna (1966). The same strain-controlled triaxial tests of Figure 4.3 was repeated, but considering
the viscous parameters N and (see Table 4.1) and three different strain rates. Results were compared
with the original implementation in Plaxis. They are shown in Figure 4.5, where it can be noticed how the

apparent peak strength increases by increasing the applied strain rate. An excellent agreement between
both implementations can be noticed.
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Figure 4.5: Veri cation of viscous effects.

4.2.2. Task 2: Incorporation of thermal effects in the local version of the model
4.2.2.1. Volumetric yield function

The two main features for the incorporation of thermal effects into the constitutive model being imple-
mented are the thermal expansion of the solid and liquid phases and the dependence of the yield surface
with temperature. However, the former is already integrated into the balance equations of the adopted
coupled THM formulation, i.e. in the nite element code OGS. Therefore, thermal effects are accounted
for only by a dependence of the yield function with temperature. However, so far the implemented model
only considers a deviatoric yielding mechanism, characterised by a hyperbolic approximation of the Mohr-
Coulomb criterion (see Ovando and Manica, 2021). Dependence of temperature into this yield function
would allow us to reproduce the observed decrease of strength with temperature. Although the latter might
be the most relevant characteristic in the context of the behaviour of underground excavations subjected
to thermal loading (Tourchi et al., 2023), it would not allow us to reproduce thermal phenomena associ-
ated with the volumetric yielding mechanism, such as the elastic expansion-plastic compression transition.
Therefore, an additional volumetric yield function was incorporated into the constitutive model within the
framework of multi-surface plasticity. The latter is achieved through the generalisation of its components,
such as the elastic domain, the yield function, the de nition of plastic strains and the loading/unloading
conditions in the following way:

E=f jF(, )<0,i=1,..ng (4.9)
Fi ( ) i) =0 (4.10)
X @i
p= L
~ @ (4.11)
Fi 0, i 0, Fi i = 0 (4-12)

where E is the elastic domain, is the effective stress tensor, F is the yield surface, is the vector of state
variables, P is the plastic strain tensor, is the plastic multiplier, g is the plastic potential function, i refers
to a given yield surface, and n is the total number of surfaces adopted (see further details in de Souza
Neto et al., 2008; Simo et al., 1988).

Of course, integration only has to be performed on the actual active yield mechanisms. The latter results in
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different systems of equations being solved for different situations. With the incorporation of the volumetric
cap, the following ve different situations can occur in the model:

 a purely elastic behaviour,

activation of the deviatoric yield surface,
* activation of the volumetric yield surface,
 simultaneous activation of the deviatoric and volumetric yield surfaces, and

« only activation of the creep deformation mechanism.

The speci ¢ function to characterise the volumetric yield function corresponds to that proposed in Resende
and Martin (1985), de ned by the following expression:

F, =R2J%2+p. p (4.13)

where J is the square root of the second invariant of the deviatoric stress tensor s = pl, p is the mean
effective stress, p. is the isotropic yield pressure, i.e. the state variable controlling the position of the yield
surface, and R is a parameter controlling the curvature of the function. The yield function was selected
mainly due to its simplicity and due to the fact that, for realistic values of R, the function unambiguously
de nes its activation in combination with the adopted deviatoric yield mechanism.

Figure 4.6 shows the volumetric yield surface in the J-p space, for different values of R, along with the
deviatoric yield surface. For very low values of R, the function results in a vertical line in the J-p space.
Nevertheless, as R is increased, it is possible to approximate the shape of volumetric yielding observed
in these indurated clayey materials. However, it is important to notice that R has units of stress %5, The
latter is inconvenient and unnecessary since R is a material constant. Therefore, the actual yield function
implemented reads ,

J

Fa = E+ Pc P (4.14)

so that R has units of stress.

Figure 4.6: Deviatoric yield function and volumetric yield function for different values of R.
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The other important aspect of the volumetric yield function is how it evolves with the accumulation of
plastic deformation, i.e. its hardening law. Originally, a similar hardening law to the Modi ed Cam Clay
was explored, i.e. a constant elastoplastic slope in a semi-logarithmic plot. However, since a stress-
independent linear cross-anisotropic elasticity is being employed in the model, this can very easily lead to
inconsistencies when the elastoplastic stiffness becomes higher than the elastic one. Therefore, a linear
hardening law was adopted instead, which reads:

@c_ KePK®

where ! is the volumetric plastic strain and K& and K®P are the elastic and elastoplastic bulk modulus
respectively. Therefore, K& is an additional parameter controlling the mobilisation of the cap during plastic
straining. Figure 4.7 shows the de nition of K€ and K® under isotropic loading. It is important to notice
that Figure 4.7 implies that the de nition is only approximate, due to the fact that there is not an exact
de nition for the elastic bulk modulus for the case of cross-anisotropic elasticity. Here, we adopted the
Voigt average bulk modulus to characterise K€ , which reads

1
K® = §[D11 + Doy + D3z + 2 (D12 + D23 + D13)] (4.16)

where Dj; are the components of the cross-anisotropic stiffness tensor D.

Figure 4.7: Elastic and elastoplastic response under isotropic loading.

4.2.2.2. Temperature dependence of the deviatoric yield surface

Temperature increases cause a monotonic reduction of the shear strength in indurated clayey materials.
Therefore, this behaviour can be incorporated by assuming that the deviatoric yield function depends on
temperature. Following Tourchi et al. (2023), this dependence can be incorporated by assuming that the
strength parameters, i.e. the friction angle , the cohesion ¢, and the tensile strength p;, depend on
temperature. The same logarithmic function as in Tourchi et al. (2023) was adopted here, so that input
strength parameters are de ned as:

ini(T) = ini(To) 1 In T=To (4.17)
peak(T) = peak(TO) 1 In T=To (4.18)
res(T) = res(TO) 1 In T=To (4.19)
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Copeak(T) = Copeax(To) 1 cIn T=To (4.20)

Ptopeak(T) = Propeak(To) 1 cIn T=To (4.21)

where T is the temperature, Tg is a reference temperature, and  and . are parameters controlling the
reduction of the friction angle and the cohesion (and tensile strength) as a function of temperature. The
speci ¢ de nition of the strength parameters appearing in Equations (4.17) to (4.21) are explained more
in detail in Manica et al. (2022a). It is important to notice that parameters in Equations (4.17) to (4.21) are
not directly used in the yield function, and actual mobilised values are computed from them and from the
state variable accounting for the amount of accumulated plastic strain (i.e. strain hardening/softening). In
this way, strength degradation can occur due to both mechanical loading and heating.

Although the constitutive model is implemented following an implicit integration scheme, the dependence of
strength parameters on temperature was incorporated in an explicit manner, where temperature-dependent
strength parameters are computed at the beginning of the step. The latter is a reasonable approach since
temperature changes are generally much slower compared to mechanical loading.

4.2.2.3. Temperature dependence of the volumetric yield surface

The volumetric yielding mechanism also depends on temperature. Similar to the deviatoric mechanism
(Section 4.2.2.2), this effect can be incorporated by assuming that the position of the yield function depends
on temperature. In this case, to preserve the de nition of p; as a state variable that depends only on
volumetric plastic deformations, temperature effects were directly incorporated into the yield function as

follows:
JZ

Fo = E+ Pc  Pco(To) 1 peIn T=Tpo p (4.22)

where peo(To) is the yield pressure at the reference temperature Tg, which is a material parameter and
pc IS @ parameter controlling the effect of temperature on the position of the volumetric yield function. The
yield pressure p is initialised at the beginning of the simulation as pc = pco(T o).

As shown in Section 4.2.2.4, this modi cation results in constant elastoplastic compressibility, independent
of temperature; only the yield pressure is affected by temperature changes. The latter is consistent with
experimental results (Campanella and Mitchell, 1968; Tidfors and Sallfors, 1989).

4.2.2.4. Verication examples

A number of simulations were performed to demonstrate the new features implemented in the constitutive
model. They were performed from a constitutive standpoint, using the MTest tool, which allows the de-
scription of a single material point for a model implemented in MFront (CEA and EDF, 2023). In addition,
MTest can be manipulated through a Python API and, therefore, performed simulations were organised
into Jupyter Notebooks . In the following, validation examples are brie y described.

e Verication 1 . These simulations are intended to demonstrate the dependence of the deviatoric
yield function with temperature, to reproduce the reduction of the strength observed in these in-
durated clayey materials when heated. They correspond to a triaxial test, where only the deviatoric
mechanism is mobilised. However, simulations are performed assuming different temperatures, and
with = (=0.2. Obtained results are shown in Figure 4.8 in terms of the (a) deviatoric stress vs.
axial strain and (b) in terms of the peak deviatoric stress vs. temperature. The formulation results
in a monotonic reduction of the strength with temperature, as observed for these materials in the
laboratory.
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Figure 4.8: Simulation of strain-controlled triaxial tests under different temperatures.

» Verication 2 . These simulations are intended to demonstrate the dependence of the volumetric
yield function on temperature. They correspond to a oedometric test, where only the volumetric
mechanism was mobilised. However, simulations were performed here assuming different temper-
atures and p, = 0.3. Obtained results are shown in Figure 4.9 in terms of (a) volumetric strain vs.
mean effective stress and in terms of (b) the yield pressure vs. temperature. As for the deviatoric
function, the yield pressure decreases monotonically with temperature, reaching yielding earlier as
the temperature is increased. However, compressibility is constant, independent of temperature,
characterised by K®P.

Figure 4.9: Simulation of strain-controlled oedometric tests under different temperatures.

4.2.3. Task 3: Incorporation of the nonlocal regularisation

The last task related to the constitutive model development involves the incorporation of a nonlocal regu-
larisation for the objective simulation of localised deformations. In a general sense, a nonlocal constitutive
model is one where the behaviour at a Gauss point depends not only on its state but also on the state of
neighbouring points. This is accomplished by replacing a given state variable with its nonlocal counterpart,
the latter computed as a weighted average of the local state variables of neighbouring points. Particularly,
the approach followed by Manica et al. (2018), implemented in the nite element code PLAXIS, is con-
sidered here, where the assumed nonlocal variable is the one controlling the softening process. This ap-
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proach is based on the alternative weighting function proposed by Galavi and Schweiger (2010), which has
shown very good results in terms of consistency and mesh independence (see e.g. Galavi and Schweiger,
2010; Summersgill et al., 2017; Méanica et al., 2018, 2022b).

Although a rigorous implementation of the nonlocal approach involves the simultaneous solution of all
Gauss points in the domain, due to the interdependence between them, it has been shown that an explicit
approach, where the nonlocal variable at each Gauss point is assumed constant during a given global
iteration, provides objective and mesh independent results (see Manica, 2018, for further details). Conse-
guently, stress integration can be performed in a standard way, independently in each Gauss point.

For the implementation of the mentioned approach, the constitutive model requires access to the location
of all Gauss points for the identi cation of neighbouring points and the computation of the corresponding
weights. Presently, OpenGeoSys lacks this capability in the THM process class. Therefore, further devel-
opment of OpenGeoSys is required to enable the use of this nonlocal regularisation. Ongoing efforts are
already underway to address this issue.
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4.3. CNRS[UGrenoble]

4.3.1. Introduction

The model is developed by CNRS[UGrenoble] within the framework of double-scale models by homogeni-
sation of the FE? type. The constitutive law at the macroscopic scale, required to solve a boundary
values problem, results itself from the homogeneised computational response of a mesoscale boundary
value problem. Whenever necessary, at each Gauss point, the macroscopic-scale problem calls on the
mesoscopic-scale problem, which is associated with a mesosctructure. After solving the latter, the incre-
mental response of the mesostructure is returned to the macro problem, which can then iterate. In our
case, the two problems at both scales are addressed using the nite element method (Fig. 4.10). The
multiphysics couplings are considered at the mesocopic scale, at the level of a representative elementary
volume (REV). Such an approach has been developed previously for clayey rocks for hydro-mechanical
couplings, making it possible to take into account the effect of deformation and damage on the ow prop-
erties of the pore uid (Frey et al., 2013; Van den Eijnden et al., 2016; Van den Eijnden et al., 2017). The
model developed in this work has been extended to incorporate thermo-hydro-mechanical coupling and
has been implemented in the nite element code LAGAMINE.

With respect of thermo-mechanical coupled FE? models, important work has been developed by Ozdemir
et al. (2008), nevertheless thermally induced damage was not introduced. This work proposes a micro-
mechanical description of the clayrock microstructure as well as its interstitial uid ow and heat transfer

mechanisms, as an extension of the model proposed by Van den Eijnden et al. (2016) with the incorpora-
tion of the thermal components and its respective couplings. The resulting interactions at the microscale
will control the macroscopic behavior, e.g. the effect of the uid in the propagation of micro-cracks leads,
at a macroscopic level, to a description of the evolution of the water and heat transfer processes under
mechanical solicitations.

Figure 4.10: Scheme of the computational FE? double scale model.

4.3.2. Macroscale eld equations

Field equation needs to satisfy the moment, mass and energy balance equations and can be expressed
in a weak form:
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Z z z

ij@ gy d tiuyd =0, (4.23)
z @ z

Mp mig()_ d + g'npd =0, (4.24)
Z @ ! Z

H h— d + o'n d =0, (4.25)

|
where u, pand are, respectively, the displacement, pressure and temperature elds, the super index
denotes virtual quantities. is the Cauchy stress tensor, M the uid storage, H the internal energy
(H=c, )ofthe system, mthe water ow and hthe heat ow, where , are the domain and the domain
boundary respectively; t, " and q" are the traction force at the boundary (t = n), the water ux at the
boundary (m = qyn) and the heat ux at the boundary ( h = g,n); where n is the external unit vector normal
to the boundary.

In order to regularise the problem in the presence of strain localisation, by adding internal length, the
formalism of second gradient developed by Chambon et al. (1998) is adopted. The equaltion 4.23 in then
replaced by:

@i @u
i ok
@ @@«

where and T are, respectively, the double stress and the double traction force on the boundary.

d giui d tiui d = O, (426)

The nite element for second gradient with hydro-mechanical coupling, developped by Collin et al. (2006),
has been extended for this work to take into account thermo-hydro-mechanical couplings. The degree of
freedom for temperature has been added and the stiffness matrix has been reworked.

4.3.3. Macro-meso scale bridging
Local periodicity of the mesostructure is assumed, providing a straightforward formulation of the REV

boundary conditions for mesoscale degrees of freedom u™ (displacement), pm (uid pressure) and ™
(temperature) in relation with the local macroscale kinematics uM, pM and

M

u"(x")  uM(x )= %‘(j 0 %) (4.27)
M

500) 0= G of ) (4.29)
M

M) M(x )= %(j(x,-* x), (4.29)

with x* and x the homologous couples of coordinates on the periodic REV boundary. The average
pressure and temperature over the REV is prescribed by the local macroscale quantities:

== p"d , (4.30)

Mol omg (4.31)

After solving the REV boundary value problem by means of the nite element method, the homogenised

macroscale response of total stress [, uid mass ux mM, heat ow h\, the uid mass storage M"
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and the internal energy HM is derived from the equilibrated REV based on Hills condition for macro homo-
geneity. This condition prescribes equal (virtual) work at both scales. From this relation, the homogenized
response of the REV to prescribe macroscale kinematics is derived:

Z
1
== f05 x)d, (4.32)
L Z
mM == qa"0e¢ x)d, (4.33)
1 Z
h'==o"e¢ x)d, (4.34)
Z
Mt Mt ot 1
MM=4———F———n M= = wd (4.35)
z" z
Ht Ht t 1
Wi=—"— H== ¢ *d+ g""" , (4.36)

with t” the REV boundary traction force and g, the boundary uxes on REV boundary *. These terms
are antiperiodic with respecttot, and ¢, onboundary , the homologous counterpart of *.

The macroscale consistent tangent stiffness matrix is derived by static condensation from the mesoscale
consistent tangent stiffness matrix, in the spirit of Van den Eijnden et al. (2016), extended here for thermal
coupling.

4.3.4. Mesoscale model

The numerical model at the mesoscale is constructed on a Representative Elementary Volume (REV)
and solved with the Finite Elements Method with periodic boundaries. The mechanical description of the
REV in the model is constituted by polygonal grains with a distribution representative of the mineralogy
observed in Cox samples. The interfaces between the grains constitute a uid ow network. By doing so
the heterogeneity and mesoscopic structure of the material is taken into account.

The formulation of the balance equations at the mesoscale are formulated considering steady state using
the weak formulation:

yA yA

@ g utd =0, (4.37)
z - z

@ _

m;d p qwd =0, (4.38)

7z & z

@

——h;d d =0. 4.39

@i i Gh ( )

At the mesoscale, constitutive equations need to be formulated to describe the behaviour of each con-
stituent.

4.3.4.1. Solid materials

The solid constituents are constituted by the clay matrix particles and the mineral inclusions and a de-
scription of their thermo-hydro-mechanical behaviour is expressed through the constitutive equations as
follow.
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Mechanics. The solid grains are considered to have thermo-elastic behaviour as follows:
i =Ciw (" W ), (4.40)

where Cjy is the forth order stiffness tensor,  is the thermal expansion tensor.

Hydraulics.  The diffusive water ux through clay grains has been considered in Van den Eijnden et al.
(2017), but due to the very low permeability of the intact clay matrix it can be neglected and is not consid-
ered in the current model.

Thermal. Heat conduction in a solid is a diffusive process that is described by Fourier's law:

@

hi = i@
j

(4.41)

where the thermal conductivity is de ned as ;.
4.3.4.2. Interfaces

The interfaces are considered as uni-dimensional elements going along the contacts of the grains forming
a uid ow network across the REV.

Mechanics. The interfaces are considered to have normal and tangential cohesion with a damage
threshold and linear degradation of the cohesion.

T =C Uy, (4.42)
Ta=C, un, (4.43)

where u { and u | are the tangential and normal relative displacement. Additionally, strength thresholds
are de ned and a degradation of the stiffness of the interfaces (Frey et al., 2013; Van den Eijnden et al.,
2017), see Figure 4.11.

Figure 4.11: Scheme of the mechanical behaviour of the interfaces (from Van den Eijnden et al., 2017),
(left) for the normal aperture and (right) for the tangential shearing.
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Hydraulics.  The interfaces constitute a connected ow network where the hydraulic conductivity of an
interface is obtained considering laminar water ow in parallel plates leading to the so-called Cubic law:

3
un” dp
L 4.44

Y12 ds (4.44)
where is the dynamic viscosity of the uid,  is the density of the uid, % is the pressure gradient along
the direction of the interface () and uy, is the effective hydraulic aperture, that depends on the mechanical
aperture (Eqg. 4.45) but takes into account the roughness of the interface as well as a minimum value that
reproduces the permeability of the intact material.

U min ifa un< U mn

Un =

Figure 4.12: Heat transfer mechanisms at the interface level

Thermal. For heat transfers in the interfaces, they are modelled as parallel plates. Under such conditions,
three main heat transfer phenomenons take place: conduction, advection and convection (see Fig. 4.12).
In the case of conduction along the uid phase, the heat is transferred as a diffusive phenomenon. On
the other hand, for the advective and convective heat transfers, relative motion of particles is required.
To study those heat transfer mechanism, the boundary layer theory is applied (Bergman et al., 2011).
The temperature pro le is considered to be completely developed and the systems (both hydraulic and
thermal) are already in steady state equilibrium. For the advection, the displacement of particles with
different internal kinetic energy leads to macroscopic heat ow at the interface scale expressed as follows:

adv = mcp%, (4.46)

where ¢, is the water heat capacity and ' is the average temperature of the cross section of interface
de ned as: Z

R vsCp dA, (4.47)
mcp A
where A is the cross-section area and vs is the uid velocity.
Finally, the conduction at the solid- uid contact induces convective heat exchange between solid and uid.
The ow can be obtained as follows: .
Qeonv = h( ® ), (4.48)

where g is the temperature of the surface of the grains and h is the convection coef cient. This coef cient
is de ned as the temperature gradient perpendicular to the ow at the point of contact, usually is associated
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with the Nusselt number. This adimensional number is de ned as the ratio between the convective and
conductive ow (see Bergman et al., 2011).

4.3.4.3. Multiscale porosity

Studying the pore size distribution in the Callovo-Oxfordian claystone (Menaceur et al., 2016), it can be
observed that there is a double porosity: a mesoporosity with a 12 m average size accounting for roughly
10% of the total porosity and a microporosity < 1 m. The proposal is to take into consideration the effect
of mesoporosity in the microstructure, as shown in Fig. 4.13 and to be able to re ect the pore compression.
The behavior of the pores is implemented as follows:

Figure 4.13: Schematic of the microstructure and the different components of the pore spaces: porosity in
the interfaces, in the mesoporosity (equant pores) and microporosity in the clay phase (yellow).

Mesoporosity.  From the mechanical point of view, a mesopore applies the macroscopic pressure normal
to the surrounding grains. Pressure gradients as well as water velocities inside a mesopore are considered
negligible. The pore volume of the pores is computed in the nal con guration enabling the computation
of the uid storage variation due to pore deformation. The thermal behaviour of pores is considered purely
conductive inside the pore and as water velocity inside the pore can be neglected, convective ux between
solid grains and mesopore is replaced with conductive heat at the contact. Heat capacity of the pore is
already taken into account with the heat capacity of the uid phase.

Microporosity.  An additional implementation for the microscale is to account for the 90% of remaining
porosity that is in the clay matrix. With this intent porous material constitutive laws are implemented for the
microscale clay phase components.

For the mechanical constitutive behaviour of the clay phase, the Terzaghi effective stress de nition is used.

i =Cik("k Kl o)+ Po) (4.49)

where the pressure p and are the uniform pressure and temperature eld equal to the macroscopic
pressure and temperature, respectively. g is the reference temperature and Cjq and  are the stiffness
tensor and the thermal dilation tensor and are material parameters.

Fluxes inside the clay matrix are suf ciently small that diffusive ow remains neglected in the current
formulation and water uxes are considered only in the interfaces.
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In relation of the water storage variation, the volumetric variation of the pore space needs to be computed.
One of the hypothesis is that the stiffness of the solid constituents is great enough that the volumetric
deformation of the material can be considered to be pore space reduction (i.e. V = V). Staying under
the nite strain framework, the deformation of the pore space can be computed as follows:

="i i 0)- (4.50)

The thermal behaviour of pores is considered purely conductive as water ux is neglected. For the sake
of simplicity in calibrating, the parameter taken is the conductivity of the clay matrix (i.e., its independent
of the porosity).

4.3.4.4. Mesoscale solution scheme

Figure 4.14: Solution scheme of the REV. a) REV at initial con guration, b) REV after mechanical calcula-
tion, ¢) REV after hydraulic solution, d) REV after thermal solution.

The mechanic, hydraulic and thermal systems are solved separately and the solution procedure is shown
in Fig. 4.14. First, the mechanical system is solved under uniform pressure and temperature elds equal to
the macroscopic pressure and temperature, respectively. Its boundary conditions are speci ed by applying
displacement to the REV boundaries that corresponds to the macroscopic strain. Solving the mechanical
system leads to a new con guration of the microstructure, the state of the interfaces and the homogenized
stress. Then, a pressure gradient is applied and the hydraulic system is solved by formulating the mass
balance at the interface nodes, the hydraulic conductivity is calculated from the current con guration with
the temperature eld is still considered uniform and equal to the macroscopic temperature. The pressure
uctuations eld with respect to the macroscopic pressure are considered to be suf ciently small that
its effect on the con guration and the homogenized stress is negligible. For the solution of the thermal
system, an equivalent thermal resistance model is formulated. The thermal resistance matrix is obtained
from the current con guration and the advection resulting from the calculated water ux. The temperature
uctuation eld is considered to be small with respect of the macroscopic temperature and its effect very
limited on the mechanical and hydraulic systems. The resulting solution scheme proves ef cient as the
only iterative procedure is the solution of the mechanical system and it has to be solved only once per
macroscale iteration.

4.3.5. Validation numerical versus analytical solutions

A set of validation case is run in order to verify the code, selecting a very simple mesostructure for which
analytical solutions can be derived. The mesosctucture is one grain with one horizontal interface, the
height and width of the REV are 1 mm each and its made of homogeneous clay. Material properties and
water properties used in this validation are listed in Table 4.2.
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Property Magnitude Units
Water
0 10 3 g=mmq
10 ° MPa=s
K 2.2107 MPa
v 2110 4 1=K
0.59810°2 J=mm.sK
Cp 419 JFg.K
Clay Matrix
0 27103 g=mmd
K 2.010% Mpa
3410 ° 1=K
1.210 %  J=mmsK
Cp 0.878 Jg.K

Table 4.2: Material properties for the simulations, for pressure = 0 MPa and temperature = 20°C

4.3.5.1. Thermal conduction - without water ow

Heat ow Parallel to interface. A horizontal temperature gradient is applied to the REV at constant and
uniform pressure. Analytical solutions of the thermal system can be found as only conduction in the solid
grain is considered (conduction along the interface is neglected). Comparison of the numerical simulation
versus the analytical solution is shown in Fig. 4.15 (case 1).

Heat ow Perpendicular to interface. A vertical temperature gradient is applied to the REV at constant
and uniform pressure. In this case, the conduction is perpendicular to the interface, therefore the con-
vective heat ow throught the interface has to be considered. The system can be described as a 1D in
series heat conduction where there is a conduction through half of the height then convection and nally
conduction through the remaining half of the solid grain.

4.3.5.2. Thermal conduction - with water ow

Here, pressure gradients are going to be added, adding the advective heat transfer component to the
model. The horizontal pressure and temperature gradients are applied, so that they ow parallel to the
interface. Analytically, the solution is given by adding the heat transfers of the conduction on the solid and
the advective heat ow of the interfaces (case 3 in Fig. 4.15).
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Figure 4.15: Validation analytical vs. numerical of the thermal conduction of the REV for different cases,
ux parallel to the interface and perpendicular to the interface and nally parallel to the interface with a
pressure gradient of 0.01MPa/m

4.3.5.3. Water ux
The water ux of one interface is obtained with the cubic law,

m=_—ulrp (4.51)

C12

where and are the density and the dynamic viscosity respectively. These properties depend on the
temperature and pressure, described by the following relation:

= ek el(0) (4.52)
(4.53)

where K and are the volumetric modulus and the volumetric thermal expansion coef cient of the uid.

The expression for the dynamic viscosity is obtained from the Vogel-Fulcher-Tammann equations:
B
=Aexp — (4.54)

where A, B and C are material dependent parameters, in the case of water:

Parameter | Value Units
A 0.02939 MPas MPa s
B 507.88 K
C 149.3 K

The comparison with the numerical simulation is shown in Fig. 4.16.
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Figure 4.16: Validation of the hydraulic conduction of the REV for a pressure gradient of 0.01 MPa/m at
different temperatures

4.3.5.4. Model calibration

Experimental observations and characterisations of the rock microstructure (Yven et al., 2007; Robinet
etal., 2012; Cosenza et al., 2015a,b, 2019; Desbois et al., 2017) are considered to de ne the material in a
realistic manner. In order to not obiterate the computation time, the mesostructure should be limited in term
of complexity and is generated in an arti cial way, to remain both simple (easy to mesh with few elements)
and respect a certain realism. The focus is mainly on the description of mineralogical constituents, grain
morphology (i.e., geometrical characteristics), and microstructural patterns. The analysis methods on
micro- to meso-structures include SEM, X-ray micro-CT, and image analysis with segmentation techniques.
Measurements lead to the determination of mineral groups, spatial distributions, mineral area fractions, as
well as size, shape, and orientation of mineral inclusions.

A speci ¢ Voronoi tessellation has been developed to mimic the morphology of the mesostructure, in term
of mineralogy distribution, grain size distribution, speci ¢ elongation and orientation distribution (Pardoen
et al., 2020).

The mesostructure selected here contains about 50 grains (Fig. 4.17) with a clay content of 48%, which
corresponds to the clay unit of the median depth of the Cox layer (-490m) at URL Meuse-Haute Marne.

Figure 4.17: Mesostructure of the model, each colours of grains correspond to a mineralogical phase;
yellow for clay (48%), red for carbonates (33%), grey for quartz (16%) and blue for pyrite (3%).

The model calibration consist to determine the constitutive parameters of the mesoscale. Some of the
parameters (e.g., bulk moduli of the mineral phases, thermal conduction, etc...), have been determined
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from the litterature (Table 4.3). Other parameters, like the interface constitutive moduli or strength have
been determined to t the response of the mesostructure on the experimental results (Table 4.4).

Property Units cox 1! Clay Calcite Quartz Pyrite Pore
Composition? [-] 100% 50% 30% 18% 2% -
Bulk density [kg=mq] 2450 - - - -
Porosity [] 18% 16% 0 0 0 2%
Intrinsic permeability [m?] 23102 0 0 0 0 -
Young's Modulus 2 [MPa] 7000 2300 84000 95000 305000 -
Poisson's Ratio 2 [-] 0.3 011 0317 Q074 Q154 -
Thermal conductivity 3 [WImK] 1.67 12 34 6.0 4.0 -
Thermal expansion coef. 4 [1/K] 1.2510° 8310°% 5010% 11105 40106 -
Speci ¢ heat * [J/kgK] 978 878 710 1100 748 -

Table 4.3: Cox properties and mineral properties.

1 values taken from Robinet et al. (2012), 2 From Pardoen et al. (2020), 2 From Horai (1971), * From Braun

(2019a)
Property  Units value
Dt,crit ['] 0.05
Dn,crit ['] 0.05
Dio [ 0.001
Dno [ 0.001
Tt,max [MPa] 55
Tn,max [MPa] 2
u min ['] 1.4 10 5
U trans [ 1.4 10 °
Table 4.4: Interface constitutive parameters.
4.3.6. Doublescale modelling

Several double-scale modelling runs were carried out. Some were carried out to validate the method, in or-
der to model simple cases. They are not presented here. The most advanced boundary condition problem
that we perform with in this study was the modelling of a parallelepiped of the laboratory sample type, to
which we applied boundary conditions close to those of the near- eld case. The boundary conditions were
slightly modi ed in order to show that, in addition to the multi-physical coupling aspects, the numerical
model could be used to model the strain localisation thanks to the second gradient regularisation.

Several steps were therefore carried out, rstly an anisotropic mechanical loading with a horizontal stress
of 12.5 MPa and a vertical stress of 50 MPa on the parallelepipedic sample of dimension 0.5 x 1 m?. Next,
thermal loading was applied to the base of the sample, imposing a heat ux of 25Wm 1, with perfectly
insulated surfaces on the lateral sides, and a convective control condition at the top (temperature set at
24°C a few metres from the surface, with a modulus of 0.0167 Wm 2K 1).
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Figure 4.18: Mechanical and thermal boundary conditions applied on the specimen which is undrained.

The increase in temperature caused by the heating resulted in an increase in pore pressure due to the ther-
mal expansion of the water. This increase led to damage at the interfaces of the mesostructure (Fig. 4.19b).
This damage was then localised in bands across the macrosotructure (Fig. 4.19a). This in turn induced
a localised dilation of the material and, in the same time, an increase in the ow properties (which can
be interpreted as permeability) of the mesostructure within the bands. As a result, there is a temporary
difference in pressure between the top and bottom of the sample (Fig. 4.19c).

This example shows that the model can describe the strain localisation triggered by thermal loading that
induce interface damage at the level of the mesostructure.

4.3.7. Conclusions

The model developed allows the material's mesostructure to be explicitly taken into account within the
framework of computational homogenisation. The thermal aspect has been added to an existing model.
This coupling takes into account various components of heat transport by advection, convection and con-
duction at the interfaces of the interstitial uid ows and the solid grains. The model naturally describes
the thermal overpressurisation induced by the expansion of the water when the temperature rises. It can
also describe the mechanical damage potentially induced by overpresurisation when this reaches levels
comparable to the total stresses applied to the medium, as well as the increase in permeability that may
result.

The calibration of the model is based both on known properties of the different mineralogical phases of the
rock, and on a calibration of the interface parameters so that the homogenised response of the microstruc-
ture can be identi ed with the laboratory experimental results. The morphology of the mesostructure is
chosen so as to match the accessible experimental data, such as the size of inclusions per mineral family
and their preferred shape and orientation. The choice of mesostructure also allows the anisotropy of the
material to be taken into account. Finally, thanks to the regularisation introduced in the second-gradient
medium framework, the model allows objective modelling of the strain localisation, whether it is initiated by
mechanical or thermal stresses.

As part of this work, the model was validated by a series of tests. We have also demonstrated its ability
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Figure 4.19: (a) equivalent strain eld, temperature and pressure elds at 4.10% s, respectively ; (b)
illustration of the interfaces' damage in the normal and tangeantial directions in a mesoscruture inside the
shear band ; (c) evolution of the bottom and top temperatures and pore pressures with time.

to model a problem with boundary conditions close to those that may exist in the near eld of a gallery.
This development work has been substantial, both conceptually and in terms of its implementation in the
Lagamine nite element code. It represents an innovative modelling approach, but it took longer than
initially expected and did not allow us to tackle the benchmark exercises in more detail.
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4.4. EDF

For the modelling of the EDZ in the near- eld case, EDF refered to a visco-elasto-plastic model (LKR
model) based on the works of ((Laigle, 2004), (Kleine, 2007), (Raude, 2015)) and used previously by
EDF for the modeling of non linear behavior of soils/rocks (ex: Cox galleries). This model describes two
physical mechanisms : the rst mechanism, describes the instantaneous deviatoric behavior of geomate-
rials, the second one, the viscoplastic mechanism, re ects the effect of time on the deviatoric behavior of
geomaterials.

The instantaneous deviatoric behavior is characterized by extension and uncon ned compression triaxial
tests. The conceptual framework retained for the development of the elasto-plastic mechanism is mainly
based on the analysis of behaviour in triaxial compression. The response of geomaterials to this kind of
request breaks up into two phases: for relatively weak deformations, the resistance of a sample increases
with its axial deformation. This phase, quali ed as pre-peak, ends when the material reaches its maximum
resistance. Beyond this peak, resistance decreases until reaching a residual value. The evolution of a
material between its resistances of peak and residual is described as post-peak. The effect of time on the
deviatoric behavior is characterized by triaxial compression or creep tests at various loading rates.

The conceptual framework retained for the development of the visco-plastic mechanism is mainly based
on the analysis of the behaviour during a creep test.

Further detailed descriptions of this model are given in the code_aster reference (EDF, 2017).

The LKR model depends on a large number of parameters that are usually determined from triaxial com-
pression tests and creep tests at different temperatures and con ning pressures. As a rst approach,
the near- eld modelling of the Cox is done while using parameters determined in previous THM works of
EDF on the Cox host rock. Those parameters should be further updated with the calibration works on
the experimental results of HITEC-Subtask 2.2. However, due to the delayed delivery of the latter results,
those updates will not be presented in this report. Table 4.5 presents the LKR parameters used as a rst
approach in this exercise :
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Parameter Name Value Unit
Shape parameters of the plasticity
, L L 1.5,0.85 -
criterion in the deviatoric plane
" Mean compressive strength 125 MPa
Ai11,b Strength anisotropy parameters 0.17,4.2 -
mf’O] Slope of the initial elasticity threshold 0.1 -
m&] Slope of the maximal strength threshold 8 -
V1 Parameter for the pre-peak strain-hardening kinetic 1.89 -
0 Value of the strain-hardening variable 6310 2 i
(1 on the maximal strength threshold ’
Mg 1S 1™ Temperature dependance parameters 0,0,0 -
Vo Parameter for the post-peak strain-hardening kinetic 1.85 -
0 Value of the strain-hardening variable 5 10 2 i
2 on the intermediate threshold '
ap Curvature of the intermediate threshold 0.7 -
o Intersection of maximal strength, 595 i
: intermediate and residual thresholds '
rd Temperature evolution of the residual threshold 0 -
X Axial strain-stress relation at different 0 i
2 temperatures and con ning pressures
Ay, v Parameters for the creep kinetic 93410 ¥,186 | s 1,-
fo Creep parameter 0.1 -
4 Parameter for the amplitude of delayed strains 27110 3 -
1, 2, 3 Parameters for the amplitude of volumetric strains 1,0.14,1.1 -
4 Parameter for creep in temperature 0 -

Table 4.5: The LKR model parameters
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4.5. LEI

During HITEC project LEI revised and developed their constitutive model based on thermo-poroelasticity
and thermo-elastoplasticity. Subsequently models were implemented in COMSOL Multiphysics for the
modelling of near eld effects in generic 2D system under isotropic and anisotropic stress conditions and
material properties.

4.5.1. Thermo-poroelastic model

For modelling of THM response of clay-rock in the near- eld, water mass balance in porous media was
revised and related key thermo-hydro-mechanical couplings were identi ed. Missing thermo-mechanical
coupling was implemented in COMSOL Multiphysics.

Water properties such as water viscosity, volumetric thermal expansion coef cient were set as a function
of temperature according to benchmark speci cation in [EURAD (Milestone n° 49), 2020]. Anisotropic
mechanical properties of the rock were described as transverse anisotropy with isotropic properties in the
plane parallel to bedding.

4.5.2. Thermo-elastoplastic model

Development of the elastoplastic model was based on Drucker-Prager soil plasticity model with non-local
regularisation (Zreid, 2016). Following (Zreid, 2016) the Drucker-Prager yield function was modi ed re-
placing model parameter k with (1~ W("pm)) y( p):

P —
Fy="J2o+ ppli (1 W(pm)) y(p) O (4.55)

Here |1, Jo - stress tensor invariants, pp, k - Drucker-Prager model parameters related to friction angle
and cohesion, y( p) — yield stress, w("pm) — damage variable.

In this model formulation hardening is described by a hardening law and controlled via the hardening
parameter h, which is always positive:

y(p)=(Cyo+thyp),h>0 (4.56)

The damage variable (which can have a value between 0 and 1) is used to represent material softening by
multiplying the yield stress with it:

W(pm = pll exp( “pm)l (4.57)

Here pm is the equivalent plastic strain, ,, - material parameters. The material parameter  controls
the shape of the softening curve, and | controls the maximum degradation of the yield stress. The value
of p typically ranges from 0.96 to 1.0.

Within softening (due to various microcracks, defects etc.) material a strain localisation could occur. This
could lead to mesh dependent model results obtained from the nite element code. To avoid model results’
dependency on mesh the regularisation methods are usually applied. In the work of (Zreid, 2016) a

EURAD (Deliverable n 7.6) — Modelling report on the effect of temperature on clay host rocks behaviour
Dissemination level: PU

Date of issue of this report: 06/06/2024
P Page 60



EURAD Deliverable 7.6— Modelling report on the effect of temperature on clay host rocks behaviour

non-local regularisation method (implicit gradient enhanced method) was introduced. Variable ("pm) is a
maximum equivalent plastic strain “pm, over simulation time.

“pm(t) = maxfp( )jo tg (4.58)

The non-local variable 7 is derived simultaneously solving Helmholtz type equation and takes into account
the plastic strains in the neighbour points within certain distance called internal length:

r +f=0
A T (4.59)
P lint p=p

Drucker-Prager model parameter pp is a function of friction angle:

pp =tan = (p (9 + 12.(tan )2) (4.60)

In current model formulation coef cient  pp is function of friction angle, which varies according to (Manica
et al., 2018):

p
2 tan ini + quq ) = a ( gq )
tan = a+= oy B (4.61)
tan peak (tan peak tan res) 1 e bleg ) ( gq > )

Where ini, peak: res - initial, peak and residual friction angle, - strain threshold when friction angle
decrease starts, a , b — hardening and softening parameters, gq is de ned as scalar:

Bq=(P: P)¥2) Pis the plastic strain tensor.

Developed plastic strains will affect clay-rock permeability (Nguyen T.S., 2015):

k = ki exp(a v). exp(b &) (4.62)

where a and b are material parameters,  is volumetric strain,  is equivalent plastic strain.

The model formulation was enhanced with linear temperature dependence of model parameters (initial
yielding stress, hardening parameter) derived from laboratory experiment modelling. This modi cation
allows the representation of a decrease of strength with increasing temperature for saturated Cox clayrock.
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4.6. ULg

ULg participated to the different benchmark activities of the subtask 2.3: Near eld and far eld Benchmark,
Laboratory test modelling, PRACLAY and ALC1605 in situ heater tests. The classical mechanical law and
the second gradient constitutive model are presented in this section.

4.6.1. First gradient mechanical law

An elastoplastic model with cross-anisotropy and horizontal isotropic bedding planes is considered for the
host rock. The elastoplastic relation for the stress-strain relationship is expressed in rate (incremental)
form as follows:

ei(j) = Cij"u (4.63)

where "y is the strain rate, Cjy is the stiffness tensor, and eﬁ’ is the Jaumann objective effective stress
rate. Due to the unsaturated condition of the samples in the laboratory test, the pore uid pressure effect
on the Cauchy total stress eld j herein is characterized by taking into account the anisotropy of Biot's
coef cients and the partial saturation effect. Apart from the modelling of laboratory tests, the saturation
degree of the material should be equal to 1 for other benchmark modellings. The Biot's stress de nition
for unsaturated and anisotropic materials yields:

i = ﬁ)+ bij Sr wPw (4.64)

where jj is the effective stress eld, Sy is the degree of water saturation, py is the pore water pressure,
and by is the Biot's anisotropic tensor. Therefore the total strain rate "j comprises an elastic component

"% and a plastic component "-5:

"ij :uﬁ_'_uier (465)

The elastic and plastic behaviours are de ned in the following for anisotropic materials, which means
that the elastoplastic properties depend on the coordinate axes to which the properties are referred and
therefore depend on the orientation.

Elastic component

The linear elastic behaviour of the rock is based on the classical Hooke's law linking the stress rate _§ to
the reversible strain rate component "¢;:

i = Ci'jakl "u 0 ﬁ = Di?kl K (4.66)
Where Cj, is the elastic stiffness tensor and Dj, is the elastic compliance tensor corresponding to the
inverse of the matrix Cg,.

For an isotropic material, the elastic compliance tensor is expressed as a function of only two parameters
which can be the Poisson's ratio and the Young modulus E, or the shear modulus G and the bulk modulus
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K. Switching to a material with anisotropic elasticity increases the total number of required independent
parameters. However, anisotropic geomaterials often exhibit limited forms of anisotropy such as orthotropy
or cross-anisotropy Lekhnitskii et al. (1964). In such materials with axes of symmetry, the number of pa-
rameters is reduced. In orthotropic materials where the anisotropy is induced by three mutually orthogonal
symmetry planes, the elastic matrix is de ned with 9 parameters:

2 1 21 31 0 0 0 3
= 1ET Es
1= =~ 15%2 0 0 0
= 2 = 0 0 0
e _ =} E> [=5)
i 0 0 0 5 0 0 (4.67)
0O 0 0 0 = 0
13 1
0 0 0 0 0 5
The symmetry of the stiffness matrix imposes that:
21 _ 12 s _ 13 B _ 3 (4.68)

E, Ep Es Ep’ E, Es

In cross-anisotropic materials, such as the Boom Clay and Callovo-Oxfordian formation, the behaviour
remains isotropic in the parallel bedding planes which requires only 5 independent parameters Amadei

(2012):
8
E, = E3=E
% E,=E,
13= 31~ «kk

12= 32= k? (4.69)
215 237 2%
GlZ = G32 =G

2(1+ k) = G

Where the subscripts k and ? refer respectively to the direction parallel to the isotropic bedding plane
(directions 1 and 3 here) and perpendicular to the bedding (direction 2).

The compliance tensor is then de ned as:

2 1 2k kk 0 0 O 3
Ec = Eo
? k ?
Ek? = ,;k 0 0 0
Kk 2%k k
DS B B E ? 0 0 (4.70)
0 0 0 - O 0
0 0 0 0 - 0O
0 0 0 0 0 55

Another important aspect of the anisotropic elasticity is the compressibility of the solid grains. It is ex-
pressed through Biot's symmetric tensor which is de ned for anisotropic material as follows ((Cheng,
1997)):
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Di(jekk
3Ks

bij = ij (4.71)

where jj is the Kronecker symbol and Ks is the bulk modulus of the solid phase. This expression adopts
the micro-homogeneity and micro-isotropy assumptions ((Cheng, 1997)) for which Ks is homogeneous and
isotropic at grain scale. The generalised Biot's coef cient reads:

b= =1 (4.72)
Where K is the generalised drained bulk modulus of the poroelastic material:

DE.
K = # (4.73)

Following the Biot's tensor de nition of Eq. 4.71, the Biot's coef cients for cross-anisotropic materials with
isotropic planes oriented parallel to (e1,e3) can be expressed as:

b, =1 2D + Diderr =1 I+ e+ w2k t o2k (4.74)
k 3Ks 35E, Ks '
2Dgokk + Dgooo 1 I%k +2 k? t 2 k? Kk
b, =1 — —— =1 ' ' 4.75
? 3Ks 3EE, Ks (4.79)
1 2 22 kwe@d+ W)
= E&E? (4.76)
For isotropic materials, the Biot's coef cients reduce to:
K
b=1 Ko (4.77)
S
E
“3q 2) (4.78)

Plastic component

The classical mechanical law ORTHOPLA in LAGAMINE is used in the HITEC project, which is a non-
associated elastoplastic model with linear elasticity and a Van Eekelen criterion (VE). It consists of a
smoothing of the Mohr Coulomb plasticity surface (Figure 4.20). The yield formulation (Van Eekelen,

1980) reads:

3c
H~+m | =0 (4.79)
tan ¢

where | is the rst stress invariant, |l is the second deviatoric stress invariant, ¢ is the cohesion, ¢ is
the friction angle in compression, m is a parameter of the yield surface de ned as follow:

m = a(1 + bsin3 ) (4.80)
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Figure 4.20: Van Eekelen yield surface: (a) in the principal effective stress space, (b) in the deviatoric
plane.

where is the Lode angle given by: p_
3 31~
sin )= —— 481
@) 2 18 ( )
where 1l is the third deviatoric stress invariant, a and b are the internal parameters related to the friction
angles in compression and in extension, and the default value = 0.229is generally chosen to control
the yield surface convexity. The isotropic hardening and/or softening of friction angle and cohesion are
considered as a function of Von Mises' equivalent plastic strain gq which is de ned as follow:
r

2
J ~p ~p
ea = i (4.82)

where "fj’ is the deviatoric strain tensor determined by the plastic strain tensor fj):

p
0o e i, (4.83)

The functions of hardening/softening are introduced by an hyperbolic variation of the internal variables
(Barnichon, 1998):

p
i ( cf c,O) eq

c= ¢0 B + gq (4-84)
(Ef  EO) &g
= po+-of EO e 4.85
E= EO B + B (4.85)
(c  co) &g
c= 4 4.86
Co Bo+ L (4.86)

where ¢y and ¢; are the initial and nal cohesions, o and s are the initial and nal compression
friction angles, go and g are the initial and nal extension friction angles, and the coef cients B

and B; are the values of the equivalent plastic strain where half of the hardening/softening of friction
angles and cohesion are reached (Figure 4.21). In this benchmark, the selected host rock exhibits
strong cross-anisotropic material behaviour. Figure 4.22 describes the material (orthotropic) axes ey, €y,
and es, which may be not consistent with the global axes X, y, and z. The cross-anisotropic material
displays a certain type of symmetry with a symmetry axis (€2) and an isotropic plane called bedding plane
(e1e3) normal to the axis (Abelev and Lade, 2004; Lade, 2007). As a result, ve independent parameters

EURAD (Deliverable n 7.6) — Modelling report on the effect of temperature on clay host rocks behaviour
Dissemination level: PU

Date of issue of this report: 06/06/2024
P Page 65



EURAD Deliverable 7.6— Modelling report on the effect of temperature on clay host rocks behaviour

Figure 4.21: Van Eekelen yield surface with hardening/softening: (a) in the stress invariant plane, (b)
hyperbolic relation for two values of coef cient B .

Figure 4.22: Principal axes for cross-anisotropy material: (a) rotation of the bedding plane, (b) stress state
in the material axes con guration and loading vectors.
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(Ex, E», w: Kk» and Gy, ) are requested to describe the cross-anisotropic elastic behaviour, and the
compressibility of solid grains skeleton is introduced by anisotropic Biot coef cients ( b, and b, ), where
the subscripts k and ? indicate the directions parallel and normal to the bedding planes respectively.
Additionally, plastic behaviour can be also anisotropic and be subjected to loading and material structure
orientations. Numerous studies on yield surface variation for anisotropic materials have already been
carried out (Lade, 2007; Jaeger, 1960; Hoek and Brown, 1980). Here cohesion anisotropy expressed by
the fabric tensor concept is considered. A second order microstructure fabric tensor g; draws the spatial
distribution of cohesion, where the subscripts i, j are corresponding to the principal material microstructure
axes (e1, &, and e3). The cohesion is de ned as the projection of the tensor on a unit loading vector |;
which denotes the loading direction relative to the principal material axes (Pietruszczak and Mroz, 2000,
2001; Chen et al., 2010). The component of |; is determined by the stress resultant imposed on facets of
normal axis g and reads: S

1241 @41 @
Ii — Il] O]IZO i3 (487)
k™ jk

where | j?< is given within the reference of material axes. The cohesion hence describes the effect of

loading direction relative to material axes (Pietruszczak et al., 2002; Pietruszczak, 2010)):
Co = ajlil; (4.88)

By adopting the deviatoric part of microstructure tensor (Ken-Ichi, 1984):

Co = (1 + Ajlily) (4.89)
= % - % ; (4.90)
c= % (4.91)

where Cis a microstructure parameter, Aj is a traceless symmetric tensor, Aj = 0, and & = a;j % ij Is
the deviatoric part of the microstructure tensor. The higher order tensors are taken into account within Eq.
4.89:

Co=C 1+Ayll +ba(Ajll)? +ba(Ailil)* + (4.92)

where by, by,... are constants. Within the material axes, Aj = O fori 6 j with Aj = Aj1 + Axx + A3z =0is
denoted, and the projection of A on the loading vector reads:

Al = Apglf + Agol3 + Agsld (4.93)
Assuming that an isotropic stress state is applied, where I; = I, = I3 = P 1=3 by Eq. 4.87 leads to
Ajlil; = A;ij=3 = 0 by Eq. 4.90 and 4.93, and to ¢p = T by Eq. 4.89, hereafter T is the cohesion under
isotropic loading. For cross-anisotropy, Ai11 = Azz = Ag and Ay =  2A11 = 2A¢ are implied if the

bedding planes are parallel to (e;, €3), where Ay is the component of microstructure tensor Ajj in the
bedding planes. Accordingly:
Al = AL 312) (4.94)

where |, is the component of |; acting on the facet parallel to the bedding planes. The Eq. 4.92 can be
rewritten as:

Co=C 1+A 1 312)+biAZ(1 315)? +b1A3(1  315)° + (4.95)

The constants T, Ay, by, by, ... can be acquired from experimental data. It is worth mentioning that
the evolution of cohesion is both dependent on the material fabric and to the loading, hence it is more
convenient to de ne a nal cohesion ¢; using ¢ = Cp, where s the ratio of cohesion softening.
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4.6.2. Second gradient mechanical law

The second gradient model is introduced to de ne the constitutive relation between double stress and
microkinematics. Assuming the microkinematic gradient is only relevant to mechanical part, the second
gradient law can be decoupled with classical mechanic law appropriately. A linear isotropic relationship is
derived for simplicity from Mindlin (1965):

2_ 3 2 @y, 3
m. ‘10 0o o o : 1 o [
112 o I 1 9o 1o o 1 1
- ? 3 2 27888

121 0 3 > 0 5 O 0 3 &1
~ O 0 0 1 o I 1 op/p®L
1224 _ 11 2 2 & (4.96)
211 o 2 1 0o 1 o0 o :
~12 10 0 10 1 1 offG4
_ ? i o 1 1 Jbe
221 2 0 0 2 0 2 2 0 2
- 1 1 &
992 o £ 1 o o o0 0 O %%;

where D is the constitutive elastic modulus, representing the physical microstructure and characterising
the internal length scale for the width of shear band (Chambon et al., 1998), ¥ is the time derivative of v,
and Tjj is the Jaumann double stress rate (Collin et al., 2006):

@Im |

iik = Dijklmn@n = gkt okt ik mit ! pk (4.97)

where _jj is the time derivative of i, and ! jj is the spin tensor.
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4.7. UPC

In this section, the Thermo-Hydro-Mechanical (THM) constitutive model for argillaceous rocks is described.
Fourier's law and generalized Darcy's law have been utilized to represent heat conduction and advective
water ow, respectively. In adition, an advanced advanced Hyperbolic Mohr-Coulomb (HMC) model has
been used to represent the mechanical behaviour of argillaceous rocks.

47.1. Thermal ow

Heat conduction is governed by Fourier's law:

2 3
1 0 0
ic= rT7=40 , 05 rT (4.98)
0 0 3

where i¢ is the conductive ux, and j is the thermal conductivity in the i-th principal direction. Generally,
for cross-anisotropic geomaterials, 1 = 2 and 3 respectively represent the thermal conductivity parallel
and perpendicular to the bedding plane.

4.7.2. Hydraulic model

Advective water ow is controlled by the generalized Darcy's law expressed by:

q = kklrl(r pr 10) (4.99)
3 2
k = ko MO (4.100)
T ) 0 4
(ko)y O 0
k=4 0 (ko), O ° (4.101)
0 0 (ko)

k is the intrinsic permeability tensor, depending on porosity and direction. ki is the relative permeability.
ko is the intrinsic permeability at the reference porosity ( o), and (Ko); represents the value of Kg in the i-th
principal direction. g is the gravity forces vector.

Note that, in this study, Eq. (4.99) works only for the elastic case. Instead, when involving the elastoplastic
constitutive model, to account for the observed permeability increase due to damage evolution, the intrinsic
permeability varies as the accumulated plastic deformation ("gq) increases:

h N
k=ko 1+ “("Eq)

K'is the hydro-mechanical coupling parameter. The well-known Van-Genuchten model is adopted for the
relative permeability law:

ki= S1 1 S (4.102)
n 1 #
_ S S ST
S=g a1t 5 (4.103)

Se is the effective liquid saturation. § is the degree of saturation; S; is the residual degree of saturation;
S is the degree of saturation in saturated conditions; P and are model parameters.
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4.7.3. Mechanical constitutive model

In this study, the advanced Hyperbolic Mohr-Coulomb (HMC) constitutive model with hardening-softening
and nonlocal formulation is employed. The mechanical constitutive model is formulated within the frame-
work of elastic-viscoplasticity, which considers non-linearity and hardening-softening properties, anisotropy
of stiffness and strength, as well as permeability variation due to damage. In addition, the mechanical prop-
erties are coupled with thermal loading and accumulated plastic strains. In addition, the adopted nonlocal
and viscoplastic approaches enhance numerical ef ciency, providing the possibility to simulate localization
phenomena.

The effective stress can be calculated by:

0
= B 4.104
5 pi 3 ( )
b 0 O
B=40 b, 05 (4.105)
0 0 bs
with 0= effective stress tensor, = total stress tensor, p; = pore water pressure, B = Biot's coef cient

tensor. The cross-anisotropic Biot's coef cients can be expressed as (Pardoen et al., 2015b; Tan and
Konietzky, 2014; Vu et al., 2020): 8

D11 +D12+D
by = 1 11+ D12+ D13
3Ks
D21 + D22 + D23
b, =1 4.106
g 2 3Ks ( )
D31+ D3>+ D
2 hs=1 31+ D32 + D33

3Ksg
Dj is the ij-th competent in the drained stiffness matrix De. b; (i = 1, 2, 3) represents the coef cients in the
i-th principal direction. Speci cally, for cross-anisotropic material, b; = by represent the Biot's coef cients
in the bedding plane, while b3 represents the Biot's coef cient in the direction perpendicular to the isotropic
plane.

The total strain rate, ?Tt can be decomposed into instantaneous elastic strain rate (%), time-dependent

viscoplastic strain rate (d;tv”) and thermal-induced strain rate (%):

ﬁ _ & + dll Vp + dll T
dt dt dt dt
The elastic strain can be expressed by:
dn e d 0
dt ° dt
where Cg is the compliance matrix and is characterised by a cross-anisotropic form of Hooke's law. In the
local coordinate system, the compliance matrix can be expressed by:

2 l:El 1:E1 2:E2 0 0 0 8
1 =E1 1=E1 2 =E2 0 0 0
C 2 :EZ 2 :Ez 1:E2 0 0 0
8 0 0 0 21+ )=F; O 0
0 0 0 0 ¥G, O
0 0 0 0 0 FG&

In addition, the anisotropic stiffness matrix (Dg) is the inverse of the compliance matrix (Cg), i.e., De =
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[Ce] 1, which can be expressed in:

2 3
1 n?2 1+ﬁ2 2
E 2 2 E,—= 0 0O O
T+ gm T@x pm Tm
1+0N 3 1 n?2 2
E,-2 0 0 0
T@+gm @ gmo m
1
E,-2 E,-2 E,— 1 0 0 0
D m m m
e
E1
0 0 e s )
21+ 1)
0 0 0 0 G 0
0 0 0 0 0 G

wheren=E;=Fbandm= 1 wv; 2ﬁv§ . Table 4.6 shows the de nition of elastic constants for cross-
anisotropic materials.

The transformation matrix, T, is needed to express the relationship of stiffness matrices between the
global and the local coordinate systems. In CODE_BRIGHT, the global coordinate system (X,y, z) rst
rotates around the z-axis for , and then around the x-axis for , to obtain the local coordinate system
(1, 2, 3) (see Figure 4.23). Thus, the cross-anisotropic stiffness in the global coordinate system (De) can
be expressed in terms of the stiffness matrix in the local coordinate system (D¢) and the transformation
matrix (T):

D =[T]"D¢[T] (4.107)
3
|% mf nf I1m1 myng |1n1
|% m% n% I2m2 maono |2n2
2 2 2
T= |3 ms3 n3 I3m3 mszn3 I3n3 (4.108)

2lil, 2mimy 2mne limo+lbomg mina + meng  lono + long
2|2|3 2mpms  2png I2m3 + I3m2 mpnz + mMzny I2n3 + I3n2
2311 2mgm; 2mns Ismg+1ims mzng + ming Isng +11n3

wherel; =cos ,lo = sin cos ,lz3=sin sin ,m =sin ,my=cos cos ,mz= cos sin ,
Ny =0,np=sin , N3 =cos

Regarding the plastic part, Perzyna's viscoplastic model is used and, therefore, the strain rates can be
expressed as:

du v _ 1 @

S _(Vph (F)i@ (4.109)
. (), if F) O

h (F)i = 0 f(E) < 0 (4.110)

A=F  @m 1 (4.111)

vp is the viscosity of Perzyna's viscoplastic model; F and G represent the overstress function and the
viscoplastic potential, respectively, of Perzyna's viscoplastic model, ‘'m' is the stress power.
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Table 4.6: De nitions of elastic constants for cross-anisotropic materials.

E]_ = "l E2 -_Z
X z
- -y
G = =+ (dependent) G =
Xy yz
n " n n E
1= 2 2= == 3= ,,—Z=—1 2 (dependent)
X z z y B
The yield surface and ow rule of the utilized HMC model can be expressed as shown in:
S
2 ] 2 O '
m +(c +ptan’ ) C +p-tan (4.112)
d

& _Ga Fa FO
@°  @@° @@° @@°
p° represents Biot's mean effective stress; Js is the second invariant of the deviatoric stress tensor; and
is the Lode's angle. The term fy( ) de nes the shape of the yield surface in the deviatoric plane by

fa( ) = q(1+Bgsin3 )", In this study, 4 =0.972 By = 0.838and ng = 0.229 Representations of the
yield surface in the p° J, and in the octahedral plane are shown in Figure 4.24.

(4.113)

c T,"gq, is the asymptotic cohesion, p; ,"gq, is the tensile strength, and ' "gq is the asymp-

totic friction angle. Note that the cohesion and tensile strength depend on temperature (T), accumulated
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(a) (b)

Figure 4.23: (a) Global coordinate system (X, Y, z), and (b) local coordinate system (1, 2, 3).

(@) (b)

Figure 4.24: Representation of the yield surface in (&) p  J plane, and (b) octahedral plane.

equivalent plastic strains ("gq), and loading direction ( ). In contrast, the friction angle only depends on the
accumulated plastic strains ("Sq). The evolutions of cohesion and tensile strength with temperature can be
expressed as:

Copeak(T) = Copeak(T0) *+ Copear(To)Eef1l exp[E(T  To)lg (4.114)
Propeak(T) = Propeak(T o) + Propeak(T0)Egf1  exp[En(T  To)lg (4.115)

where T is the current temperature, To is the reference temperature, and Ee, Ef, Eg, E, are coef cients
that need to be calibrated based on experimental data.

Furthermore, a hardening-softening model is adopted and an isotropic non-linear hardening-softening law
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is considered to reproduce the strength evolution:
8

up
1 eq — np
Etan ni t ——p. 4 = ,eq
tan' = 8hard * 4 tan’ pea tan’ iy Gnard (4.116)
3 tan' tan' tan' 1 e Yes(B ) wp s
: peak peak res v €q
( 1]
COpeak' eq
CO = bpost("gq ) + bres("gq ) up > (4117)
COpeak COpost € COposte v €q
ptOpeak1 ! gq
Pro = (4.118)

wp np "
ptOpeak ptOpost € prSt( e )+ ptOposte b'es( ed ), gq >

where "&q is a scalar state variable de ned by "‘e’q = ("P:"P)1*2 where "P is the plastic strain tensor.

The initial position of the yield surface is de ned by ' i, Cyeax @Nd Prpeak- It is assumed that plastic de-
formations before peak strength can occur, so after reaching the yield-limit hardening takes place. During
the hardening phase, the cohesion and tensile strength are assumed to remain constant, while, the friction
angle evolves from' i t0 ' peak. Peak strength is achieved at "gq = ,i.e., isthe value of the state variable
separating the hardening and softening regimens.

After that, softening occurs, characterised by an exponential decay function; byest and byes are the softening
rates related to the post-rupture and residual strengths, respectively. The post-rupture parameters are a
function of the peak parameters, as shown in:

_ Copost _ Ptopost

post =

COpeak Ptopeak

Strength anisotropy is characterised by assuming that ¢ and p; depend on the loading direction. The
asymptotic cohesion and tensile strength are de ned as:

c = ()o (4.119)
Pt = ()P (4.120)
( ) is a function de ning the variation of strength with , which is expressed in as:
Aglm n B
- + +C 4.121
O 1+em M2 L1+elm In ( )
n
=cos LV (4.122)
Iny Jvj
where:
Az 2etDE+D)E e+ goter+e o0 € %0 26 mt2@ m @& o 1)
e e)a IE 1
Ae Ae
B % @r? ey
- 11
e+l e+l
A B
c=1 &

(&+1)? e+l

g = &(m %) o = & m nijs the vector normal to the bedding plane, and Vv is the direction of the
major principle effective stress. g9, m, m and n are material parameters characterizing the strength
anisotropy.
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Nonetheless, instability may occur because softening concentrates on isolated elements, while other ele-
ments in their vicinity experience stress relaxation. To solve this problem, the nonlocal approach is used in
the presented constitutive model, which means that the behaviour at a Gauss point depends not only on
its state but also on the state of neighbouring points, as shown in Figure 4.25(a). The nonlocal approach
can eliminate mesh dependency and improve numerical ef ciency.

In addition, the viscoplastic approach has been used in this constitutive model (see Figure 4.25(b)), which
can be able of homogenizing the spatial distribution of softening strain. Therefore, both the nonlocal
approach and viscoplastic approach can benet the control of the size of the localized zone and, thus,
avoid pathological mesh dependency (Gunther et al., 2015; Manica, 2018; Song, 2021).

(@) (b)

Figure 4.25: Conceptual models of (a) nonlocal approach, and (b) overstress theory of the viscoplastic
model.

Finally, the volumetric thermally-induced strain is expressed by:
d'r = sdT

where " 1 is the thermal-induced strain. The anisotropy of thermal expansion coef cients has been imple-
mented in CODE_BRIGHT.
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