Appendix J THM-coupled simulation of a compacting backfilled drift
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1 Objective and scope

In order to investigate whether the material models for crushed salt implemented in
CODE_BRIGHT are in principle applicable for simulating the in-situ behaviour of a
backfilled drift, a simplified drift model was developed, and several model variants in-
volving the backfill evolution under dry conditions and with brine inflow, at ambient and

elevated temperature, were simulated.

The objective of these simulations was to test the capabilities of the implemented mod-
els, especially with coupling of mechanical, hydraulic and thermal effects, in a system
involving the crushed salt backfill and the surrounding rock salt. To perform a reliable
prediction of the backfill evolution in a realistic repository system was not the aim.
Therefore, several simplifications regarding geometry and boundary conditions intro-

duced and explained further down were considered acceptable.

2 Model description

2.1 Geometrical model

For the simulations an axial-symmetric model of 80 m length and 100 m radius was
used, with the axis in the direction of the drift (Fig. 2.1). Consequently, the drift has a
circular cross section, the drift radius amounts to 2.9 m. The surrounding rock salt is di-
vided into rock mass, near field and excavation-damaged zone (EDZ). These are mod-
elled essentially in the same way, although the EDZ features a somewhat higher poros-
ity (see next section). 65 m of drift length (left hand side in Fig. 2.1) are backfilled with
crushed salt, while a concrete plug is installed drift in the right 15 m of the model. The

EDZ has been removed in the plug region.
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Fig. 2.1 Overview of the model geometry

2.2 Physical model and constitutive laws

The model for mechanical behaviour of the crushed salt includes the following mecha-

nisms:

e elastic deformation

dislocation creep

viscoplasticity for granular material representing grain reorganisation and breaking

fluid assisted diffusional transfer

thermal expansion (for non-isothermal simulations)

The various contributions are combined by adding the individual deformation rates. A

description of the formulations is given further down.



For rock salt, only elasticity, dislocation creep and thermal expansion are considered.
The EDZ is modelled with the same parameters as the undisturbed rock, except for an
increased porosity (3% instead of 1%). The idea is to slightly moderate the sharp po-
rosity contrast to the backfill (initially 29.77%). Dilatancy evolution of the EDZ is not
considered, because the work is focused on backfill performance (although a respec-
tive approach is available in CODE_BRIGHT). Like rock salt, salt concrete is modelled

with elasticity, dislocation creep and thermal expansion, but with different parameters.

The hydraulic behaviour of the materials is described by their intrinsic permeabilities,
van Genuchten type retention curve and relative permeabilities, and diffusive fluxes of
vapour and dissolved salt. The simulations consider partially saturated systems and
run at most until full saturation of the backfill, therefore positive pore pressures do not

Ooccur.

Heat transfer is restricted to conductive flux of heat in the non-isothermal simulation.
For thermal-mechanical coupling linear thermal expansion of solid and liquid phases is

considered.

In the following sections, the constitutive laws applied are described.

2.2.1 Mechanical behaviour

In CODE_BRIGHT the deformation ratio is calculated as the sum of different contribu-

tions:

. “EL , -D .VP , +FADT , -TH
b =& +EPC+ P v +& D

(EL = linear elasticity, DC = dislocation creep, VP = viscoplasticity for granular materi-
als, FADT = fluid assisted diffusional transfer, TH = thermal influence) /COD 10/. The

individual contributions are explained in the following sections.

2211 Linear elasticity

This law describes the elastic behaviour of the material. An isotropic approach is cho-
sen because a statistic orientation of the grains is assumed. Following Hooke’s law, in

CODE_BRIGHT linear elasticity is described using two independent variables, Young’s



modulus E and Poisson’s ratio v. Young’s modulus shows a linear dependence on po-

rosity according to

dE
E=E,+(7-770) @
n

(E = Young’'s modulus, dE/dn = variation of Young's modulus with porosity, no = refer-

ence porosity). no and Ep are given constants /COD 10/.

2.2.1.2 Dislocation creep

This law describes the dislocation creep which is a time dependent deformation mech-
anism. CODE_BRIGHT uses a modification which enables a creep compaction for ma-

terials with a significant porosity /COD 10/. For stationary conditions the equation is

1 oG
£h¢ = -O(F)-— 3
ij d[;(v: ( ) 6 ' ( )

®(F) = F"is a scalar function with n = stress exponent, F = function of stress and G =

flow rule.

The flow rule and the function of stress are defined as

(4)

Here q is the deviatoric stress and p’ is the mean normal stress. o, is a material pa-

rameter and defined as

DC 1/(n+1)
Iuv |
ap = (%J (®)
:udev

WNeev IS the deviatoric viscosity, Lo is the volumetric viscosity and both are dependent

on the void ratio e:
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The dependence on temperature is described by the structural parameter Aa, the acti-

vation energy Qg, the general gas constant R and the absolute temperature T:

AT)= A, -exp( %) ®)

The functions of the void ratio are described by

Oy (€)=3-(g-1)"- f ©)

oo [[rgve’ | (2:g+1) . 1
gdev(e)_[ 3 J ( 3 j f+\/a (10)

where g and f are given by

1 2e
g_(l_f)z f _\/3_(1_e3/2)‘(1+e) (11)+(12)

2.2.1.3 Viscoplasticity for granular materials

This is a general model for soils to describe the viscoplasticity and the plastic behav-

iour of the bond between the grains:

& =T-<®(F) >@ (13)
oo
where ®(F) = F ™ for F > 0 otherwise ®(F) =0 (14)

The flow rule and the yield function for crushed salt are defined by
G=F=0°-5°(p, P—p”) (15)

with the deviatoric stress g, the mean normal stress p’ and a parameter 8.



The temperature-dependent viscosity is given by
-Q
=TI, -exp(——= 16
0 XL ) (16)

Here Iy is a scaling factor, Q is the activation energy, R is the gas constant and T is the

temperature.

Strain hardening of the material is achieved by a change of the pressure po with the

volumetric deformation €y. D and | are parameters.
dp, =D-l-&/*-ds, (17)

The formulation G = F does not permit a volume increase. This restriction is acceptable

for the description of crushed salt.

22.1.4 Viscoelasticity for Saline Materials (FADT)

The deformation mechanism fluid assisted diffusional transfer (FADT) was introduced
to describe the influence of liquid on deformation behaviour. The deformation rate is

linear and stress dependent:

1 1
‘éi'FADT = (0'§=p"0;) + == P"0; (18)
j 24 tlj:QDT j i’ 73 ﬂVFOAI\DT j

HNeev is the deviatoric viscosity, Lo is the volumetric viscosity and Jj is the Kronecker

symbol.

The volumetric viscosity and the deviatoric viscosity are described by

1 16B S 1 16B(T)./S
1RO ey L _IBMS o 19+ 29
vol do 2/udev do

The viscosities are dependent on the degree of saturation (S)), the grain size (do) and

functions of temperature and void ratio.



B(T) = (21)

Ag Qe
rT *PR.T

captures the dependence on the temperature and contains the pre-exponential param-

eter Ag, the activation energy Qs, the general gas constant R and the temperature T.

2 A3/2 2

RUCEE
_l_

FADT (e) — g

and gi° Lie (22) +(23)

capture the dependence on the void ratio e. The functions g and f are defined as in
equation (11) and (12).

2.2.15 Thermal expansion

Thermal expansion is described by
&j™ =3b AT (24)

(bs = Linear thermal expansion coefficient of the material)

2.2.2 Hydraulic behaviour

For the hydraulic behaviour it is assumed that the liquid and gas flows follow Darcy’s
law, with the actual effective permeability to each phase being given by the product of
intrinsic and relative permeability. The dependence of intrinsic permeability k on porosi-

ty ¢ is given by

(-’ (25)
a-9)2 &

k=k0'

with initial values ko and ¢o. The relative permeabilities of the liquid and gaseous phas-

es are dependent on the degree of liquid saturation according to

_ St — Sy
Sls - Slr

Se krl =A- Sé krg =1- krl (26) + (27) + (28)



where Si, Si,, Sis, Se are the actual, residual, maximum and effective saturation of liquid,
respectively, and A and A are parameters. It is necessary to define the retention curve
of the materials relating the degree of saturation to suction. Generally, the formulation

of van Genuchten with material parameters 8, Po and oo is selected.

—B

(0
where P; =B =0 and P=P0'O__ (29)
0

P _pl 1/(1-B)

1+ (57)

Po is the pressure measured at a certain temperature, and oo is the related surface

Se =

tension.

The molecular diffusion of vapour is governed by Fick’s law, a constant dispersion co-
efficient corresponding to the molecular diffusion of vapour in air is assumed.

DY =D

<(273.1PS + T)n> (30)

g
where Py is given in MPa. For the tortuosity t a value of 1.0, for n a value of 2.3 and for

D a value of 5.9E-6 m?/s were adopted.

2.2.3 Thermal behaviour

Heat transfer is restricted to conductive flux of heat following Fourier's law. Thermal
conductivity is dependent on conductivities of the dry material and of the pore fluids,
and on porosity. The effective thermal conductivity is calculated as the geometric
weighted mean for the dry or the saturated case:

A =09, ;tzas ﬁsat = &) ¢

dry = Asolid solid * Miig (31) +(32)
The thermal conductivity of the solid salt fraction is dependent on temperature. This is

approximated by a polynomial:

Aoig = Agia)o +,T +a, T2 +a,T? (33)

solid

In the drift simulation, however, thermal conductivity of air or water in the pore space

was neglected, so that only the solid thermal conductivity contributed to heat transfer.



2.3 Material data

2.3.1 Rock salt

Linear elasticity

E 10000 MPa
dE/d® 0 MPa
v 0.18 -

(0T 0.1 -

CDmin 0.1 -

Emin 0 MPa
Thermal expansion

bs 4.20E-05 ect
Dislocation creep

Aa 1.04E-06 sIMPa™
Qa 5.40E+04 J mol?
n 5.00 -
Retention curve

Po 0.01 MPa
6o 0.072 Nm-t

A 0.37 -

Sn 0.01 -

Sis 1 -
Instrinsic permeability

(k11)o 1.00E-11 m?
(k22)o 1.00E-11 m?
(ks3)o 1.00E-11 m?

(0] 0.01 -

q)min 0.01 -
Liquid phase relative permeability

A 1 -

A 3 -

S 0.01 -

Sis 1 -

Gas phase relative permeability

Srg 0.99 -
Diffusive flux of vapour

D 5.9E-6 M2s1K-"Pa
N 2.3 -

To 1 -

m 0 -
Diffusive flux of dissolved salt and air

D 1.1E-4 m?s?t
Q 24530 J mol?
T 1 -

10



Conductive flux of heat

(Asolid)o 6.1 W mK-1t
AGas 1 W mK-1
Niig 1 -

a1 -2.43E-2 -

az -5.8E-5 -

as -5.5E-8 -

Solid phase properties

Cs 855 JkgtK?
Ps 2160 kg m3
Os 4.2E-5 °ct

To 29 °C
Liquid phase properties

Plo 1025 kg m3
B 4.5E-4 MPat
a -4.2E-4 °Cct

Y 0.1 -
2.3.2 Crushed salt backfill

Linear elasticity

E 1.0 MPa
dE/d® -4.00E+3 MPa

v 0.27 -

®o 0.2977 -

q)min 0.1 -

Emin 0 MPa
Thermal expansion

bs 2.90E-04 °c?
Fluid assisted diffusional transfer

do 4.00E-04 m

As 3.00E-13 st MPal md
Qs 24530 J mol*?
Dislocation creep

Aa 2.08E-08 sIMPa™
Qa 5.40E+04 J mol?
n 5.00 -
Viscoplastic deformation behaviour of granular material

o 10.00 -

o 7.00E-05 st

Q 5.40E+04 J mol?
Po 0.10 MPa

D 1.00E+04 MPa

I 4.00 -
Retention curve

Po 0.01 MPa
6o 0.072 Nm-t

A 0.37 -

S 0.01 -

Sis 1 -

11



Instrinsic permeability

(k11)o 1.00E-11 m?
(k22)o 1.00E-11 m?
(ks3)o 1.00E-11 m?

®o 0.28 -

@Pmin 0.01 -
Liquid phase relative permeability

A 1 -

A 3 -

S 0.01 -

Sis 1 -

Gas phase relative permeability

Srg 0.99 -
Diffusive flux of vapour

D 5.9E-6 M2s1K-"Pa
N 2.3 -

To 1 -

m 0 -
Diffusive flux of dissolved salt and air

D 1.1E-4 m?s?t
Q 24530 J mol?
T 1 -
Conductive flux of heat

(Asolid)o 6.1 W mK-!
AGas 1 W mK1
Niig 1 -

ai -2.43E-2 -

az -5.8E-5 -

as -5.5E-8 -

Solid phase properties

Cs 855 JkgtK?
Ps 2160 kg m-3
Os 4.2E-5 °ct

To 29 °C
Liquid phase properties

Plo 1025 kg m-3
B 4.5E-4 MPat
a -4.2E-4 °ct

% 0.1 -
2.3.3 Salt concrete plug

Linear Elasticity

E 25000 MPa
dE/d® 0 MPa
v 0.18 -

®o 0.06 -

®Pmin 0.01 -

Emin 0 MPa
Thermal expansion

bs 4.20E-05 °ct

12



Dislocation creep

Aa 1.04E-06 sIMPa™
Qa 5.40E+04 J mol?
n 5.00 -
Retention Curve

Po 0.01 MPa
6o 0.072 Nm-

A 0.37 -

S 0.01 -

Sis 1 -
Instrinsic Permeability

(k11)o 1.00E-18 m?
(k22)o 1.00E-18 m?
(ks3)o 1.00E-18 m?

(0T 0.01 -

®Pmin 0.01 -
Liguid Phase Relative Permeability

A 1 -

A 3 -

S 0.01 -

Sis 1 -

Gas Phase Relative Permeability

Srg 0.99 -
Diffusive Flux of Vapour

D 5.9E-6 M2s1K-"Pa
N 2.3 -

To 1 -

m 0 -
Diffusive Flux of Dissolved Salt and Air

D 1.1E-4 m2s?t
Q 24530 J mol?
T 1 -
Conductive Flux of Heat

(Asolid)o 5.73 W mK-1t
AGas 1 W mK1
Niig 1 -

a1 -1.84E-2 -

az -2.86E-5 -

as -1.51E-8 -

Solid Phase Properties

Cs 855 JkgtK?
Ps 2200 kg m3
Os 4.2E-5 °ct

To 38.67 °C
Liquid Phase Properties

Plo 1002.6 kg m3
B 4.5E-4 MPat
a -3.4E-4 °Cct

% 0.6923

Pio 0.01 MPa

13



2.4 Simulation variants, schedule, and boundary conditions

Three simulation variants were performed and analysed:

e A coupled hydro-mechanical (HM) simulation at ambient temperature (38.67 °C),

relevant for backfilled drifts far from waste disposal areas

e A coupled HM simulation at elevated temperature (60 °C), more relevant for drifts

closer to disposal areas

e A coupled thermal-hydro-mechanical (THM) simulation with an axial temperature

gradient

All variants featured a period of 100 years of drift convergence and backfill compaction
under dry conditions and a subsequent brine inflow from the open drift side (left hand in
Fig. 2.1), resulting in an accelerated backfill compaction. Each simulation was contin-

ued until a residual backfill porosity of 1 % was reached.

In the following, the initial and boundary conditions of the simulation cases are dis-

cussed in detail.

2.4.1 HM simulation at ambient temperature

The initial conditions of the first isothermal calculation are shown in Fig. 2.2 (left). The
drift axis is the rotation axis, at the left and right hand sides of the model horizontal dis-
placement is prevented, and a radial load of 18.67 MPa is applied circumferentially.
Because of the axial symmetry, gravity has to be neglected in the model. Initial me-
chanical stress is 18.67 MPa isotropic, and the temperature is kept constant at
38.67 °C. These conditions are considered representative for the 850-m level of a re-
pository. An initial suction of -10 MPa is applied in the entire model, corresponding to a
saturation of 2.7 % of the rock.

At simulation start-up, the drift is excavated and the stress inside is set to -0.1 MPa (air
pressure). Additionally, the EDZ is created and the salt concrete plug is emplaced. The
drift is kept open for one year, afterwards it is backfilled instantly with crushed salt,
again with a saturation of 2.7 % (-10 MPa suction). The initial porosities of the materials
are 0.01 (rock salt), 0.03 (EDZ), 0.06 (plug), and 0.2977 (backfill). In Tab. 2.1, these

data are summarised.

14
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Fig. 2.2 Boundary conditions for the simulation at ambient temperature — left: ini-

tial conditions, right: change of boundary condition after 101 years simu-

lation time
Tab. 2.1 Conditions of the simulation at ambient temperature after backfilling of
the drift
Drift EDZ Near field and rock | Salt concrete
Porosity 0.2977 0.03 0.01 0.06
Stress -0.1 MPa -18.67 MPa
Liquid Pressure -10.0 MPa
Temperature 38.67°C

After 100 years of convergence at dry conditions, the suction condition at the open drift

side (Fig. 2.2, right hand) is changed to -0.01 MPa, which corresponds to a backfill sat-

uration of 25 %. This is done in order to simulate a re-saturation of the crushed salt

from the left side. At the same time, the mechanism of fluid-assisted diffusional transfer

is activated in the backfill, and a seepage condition is applied to the right end of the salt

concrete plug.

In the following simulation, the backfill is saturated from the left side of the model.

Moreover, saturation additionally increases by the accelerated re-compaction of the

backfill. The simulation runs until a residual porosity of 1% in the backfill is reached.

15



2.4.2 HM simulation at 60 °C

The isothermal calculation at 60 °C is run under exactly the same conditions as the one
at ambient temperature, except for the elevated temperature. All other conditions dis-

cussed in the previous section and shown in Fig. 2.2 and Tab. 2.1 apply.

243 THM simulation with temperature gradient

In the third step, a fully coupled THM simulation was performed. Initial conditions and
the first steps of drift excavation and backfilling after one year are again the same as
for the simulation at ambient temperature (Tab. 2.1), but since temperature and heat
flux are introduced as additional degrees of freedom, temperature boundary conditions

of 38.67 °C are already applied at the left and right boundaries (Fig. 2.3, left).

18,67 MPa .18,6? MPa
-10 MPa

>

I>> s

-10 MPa

Olm 20|m 40m 60'm 80'm

Fig. 2.3 Initial conditions for the THM coupled simulation (left), temperature con-

ditions after two years simulation time (right)

After emplacement of the backfill (one year simulation time), another interval of one
year is inserted during which the temperature condition at the right hand model side is
raised to 60 °C. The temperature conditions after two years of simulation time are
shown on the right side of Fig. 2.3. After another 100 years of simulation at dry condi-
tions the hydraulic boundary conditions are changed in the same way as for the iso-
thermal simulations (Fig. 2.4). Saturation is increased to 25 % at the left side of the
backfill, and a seepage condition is applied at the right end of the salt concrete plug.

16



'18,6? MPa
PI=-10 MPa

-001 ¢ =-1eb

MPa

Fig. 2.4 Boundary conditions for the THM simulation after 102 years simulation
time
3 Results

In this section, results of the different simulation variants are given in terms of porosity
and saturation evolution at three locations in the backfill on the drift axis: 20 m, 40 m,
and 60 m from the left hand model boundary (Fig. 2.2 and 2.3). Additionally, longitudi-

nal sections are shown for certain time points.

3.1 Simulation at ambient temperature

Figure 3.1 shows the porosity evolution at three points in the backfill. All curves show
the same trend: From year 1 until year 101 the porosity decreases as a consequence
of the mechanical compaction process due to drift convergence. After year 101, a po-
rosity of 17 % — 18 % is reached. Subsequently, the curve slope increases significantly
because of the softening effect of the brine, enabling fluid assisted deformation. The

minimum porosity of 1 % is reached after 180 years.

The higher porosity values of the green line at 60 m — when compared to the other two
curves — are due to the support of the concrete plug which slows the compaction pro-
cess in its vicinity. This effect becomes even more visible when plotting porosity along
the drift axis (Fig. 3.2). The plug is located between 65 m and 80 m on the axis.

17
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Fig. 3.1 Porosity evolution in the backfill — simulation at ambient temperature
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Fig. 3.2 Porosity distribution along the drift — simulation at ambient temperature

The liquid saturation evolution is shown in Fig. 3.3. Over the first 101 years there is no
change in saturation because of the boundary condition. When brine enters the drift as
a consequence of the increased saturation condition there is a rapid increase of satura-
tion degree in all points, due to the high hydraulic conductivity. Then, the saturation de-

18



gree increases with time to a maximum of 100 % which is reached with the residual po-
rosity of 1 % for the red and green curve. The blue curve at 20 m drift length remains at
lower saturation. This is a result of the boundary condition: Since a saturation (and not
a flux) boundary condition was applied, saturation close to the boundary cannot exceed
the boundary value which 25 %. The longitudinal section (Fig. 3.4) shows that at mini-
mum porosity — after 182 years — half the backfilled drift length is influenced by the
boundary condition. The saturation in the salt concrete plug remains low because of its

higher porosity and the seepage condition.

The saturation boundary condition with the open drift side was chosen for simplicity of
the model. A more realistic model would include a plug with a seepage condition on the

inflow side, or a flux boundary condition.

1.2
- | ==P(0,20) =—P(0,40) ——P(0,60) S=1.0at
I t=182a [ T~y
1
g /;
’5)0.8 I
[
©
C »
206
E L
]
s [
- 0.4
k= [
g
0.2 |
O F T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
time [a]
Fig. 3.3 Saturation evolution in the backfill — simulation at ambient temperature
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Fig. 3.4 Saturation distribution along the drift — simulation at ambient tempera-
ture
3.2 Simulation at constant elevated temperature

The porosity evolution at the three locations and the porosity distribution along the drift
for various time points for the simulation at 60 °C are shown in Fig. 3.5 and Fig. 3.6, re-
spectively. In comparison to the simulation at ambient temperature, compaction is con-
siderably accelerated both for the dry and the wet period. During 100 years of dry com-
paction, already porosities of 6 % — 11 % are reached. After brine entry, only 19 years

are required to reach the minimum porosity of 1 %.

20
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Fig. 3.5 Porosity evolution in the backfill — simulation at 60 °C temperature

The corresponding saturation evolution and saturation distributions along the drift are
shown in Fig. 3.7 and Fig. 3.8, respectively. They are comparable to those of the simu-
lation at ambient temperature with a time lapse effect, although Fig. 3.8 also shows that
the porosity and related permeability after one year of brine inflow (102 years simula-
tion time) have decreased far enough that the saturation boundary condition of 25 % is
not immediately propagated through the backfill (green curve). Moreover, it shows that
the influence of the saturation boundary condition on the saturation distribution reaches
less far after reaching the minimum porosity, and the saturation at 20 m drift length ac-

tually reaches 100 % (blue curve).
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Fig. 3.6 Porosity distribution along the drift — simulation at 60 °C temperature
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Fig. 3.7 Saturation evolution in the backfill — simulation at 60 °C temperature
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Fig. 3.8 Saturation distribution along the drift — simulation at 60 °C temperature
3.3 Fully coupled THM simulation with temperature gradient

For the fully coupled THM simulation, a temperature condition of 38.67 °C on the left
model side and 60 °C on the right model side was applied. The temperature evolution
at the three observation points in the drift is shown in Fig. 3.9. A steady-state tempera-
ture is reached at all points already during the dry compaction phase, after about 40
years. The temperature distribution in the model after reaching the steady state is

shown in Fig. 3.10.

Since the first two simulations at constant temperature have shown a significant influ-
ence of the temperature level, it can be expected that the porosity evolution in this
model with a spatially varying temperature will be different at the individual observation
points. This is verified by Fig. 3.11. Especially in the dry compaction phase the three
curves deviate more significantly from each other than in the isothermal simulations.
Moreover, the porosity close to the plug shows the fastest decrease in porosity and the
one close to the open drift side the slowest — as opposed to the other simulations, but
in line with the temperature distribution. After brine inflow, the deviation diminishes, and

all porosity curves quickly decrease to the minimum porosity.
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Porosity distribution along the drift for several time points is shown in Fig. 3.12. the

curves are bent much stronger than in the other simulations, as a result of the compet-

ing influences of temperature and support.
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Fig. 3.12 Porosity distribution along the drift — THM coupled simulation

25



The saturation evolution and saturation distributions along the drift of the THM coupled
simulation are shown in Fig. 3.13 and Fig. 3.14, respectively. In this simulation, the in-

fluence of the saturation boundary condition reaches again further into the drift.
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3.4 Comparison of different simulations

In this section, the evolution of porosity, saturation, and stress in the drift centre as ob-

tained in the different simulations are plotted together for easier comparison.

Figure 3.15 shows the evolution of porosity. The increase of compaction rate with brine
entry after 101 years (or 102 years in case of the THM coupled simulation) is clearly
visible in all simulations. An increased temperature accelerates compaction both in the
dry and wet phase, as can be seen when comparing the curves for ambient tempera-
ture and 60 °C. The THM simulation with temperature gradient results in a porosity
curve running between the other two. This can be expected, because the temperature

in the drift centre amounts to 49 °C in this simulation.

0.35 |

e HM simulation, ambient temperature
- eeeenn HM simulation, 60 °C
0.3

\ = = THM simulation, temperature gradient
0.25 ~%N

Lot N

[N
0.2 + B

> <
% - ®e = ~ -
o L el -~ =
Soas e S ~- o t=120a
o : T, ‘
[ :\ V t=136a
0.1 T - \
0.05 + N\
S, \\Z\ /\
[ - t=182a
0 T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
time [a]
Fig. 3.15 Porosity evolution in the drift centre — comparison of different simulations

Saturation evolution is compared in Fig. 3.16. In the very early re-saturation phase,
saturation in the ambient temperature simulation increases faster than for those with
increased temperature. This can be explained by the higher porosity and related higher
permeability of the backfill at the time of brine entry. Shortly afterwards, however, satu-
ration in the warmer backfill rises much faster because of the accelerated porosity de-

crease.
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Fig. 3.16 Saturation evolution in the drift centre — comparison of different simula-
tions

Both higher temperature and presence of brine result in a softening of the affected ma-
terials. While temperature affects both the backfill and the surrounding rock salt, mainly
because of increased creep rates, the moisture effect is restricted to the crushed salt.
Accelerated compaction is a result of a different stress-strain behaviour. This is illus-
trated by Fig. 3.17 which shows the evolution of minimum principal stress in the three

simulations.

In the dry phase, minimum stress rises with time to nearly 6 MPa at ambient tempera-
ture, but to 11 MPa for the 60 °C case. This is explained by the fact that in the 60 °C
case a significantly lower porosity is reached in the dry phase. The dry-phase end po-
rosity of the ambient temperature case of 17.4 % is reached already after 31 years at
60 °C. This is a result of higher creep rates of the surrounding rock, so that a lower po-
rosity is reached after 100 years.

Brine entry results in an instant softening of the backfill, visible by the sudden drop in
all stress curves. With further compaction, stress in the backfill increases again with
time. This happens faster again at higher temperature because of higher creep rates
and faster compaction.
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different simulations
4 Conclusions

The simulations have shown that the application of the available material models on a
system of a backfilled drift leads to plausible and coherent results. Compaction of
crushed backfill in a repository drift can in principle be modelled, both for the dry case
and for a brine inflow, at constant or variable temperature. If it is possible to validate
and calibrate the material models for crushed salt implemented in CODE_BRIGHT, it

has a high potential for the prediction of the THM behaviour of a repository in rock salt.
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