Appendix K Parameter improvement for dry and wet compaction of
crushed salt
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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 long-term compaction behav-
iour in lab, a simplified model was developed, and several model variants, following the exe-
cution of the stress-controlled long-term compaction test (see chapter 2.4.2 and Appendix E)
under dry conditions at ambient and elevated temperature, and with brine inflow were simu-
lated.

The objective of these simulations was to test the capabilities of the implemented models,
especially with coupling of mechanical, hydraulic and thermal effects, in a simple system.
The material parameters that were used for back-calculation of the experiment are coming

from different reports:
e GRS-254: initial parameters from Repoperm project phase 1,

e GRS-288: a further developed data set used for the Preliminary Safety Analysis of the
Gorleben site (VSG)

The calculation results were compared to the experimental findings and selective material
parameter were fitted if necessary. The adapted material parameters are shown in the fig-
ures, renamed by GRS (2016).

2 Model description

2.1 Geometrical model

For the simulation of the crushed salt sample an axial-symmetric model of 110 mm height
and 120 mm diameter was used. In addition, the steel piston is ho = 340 mm in height and in
diameter equal to the sample size. The axial load is applied on top of the steel piston. (Fig.
2.1).



The initial temperature of both, the steel cylinder and the crushed salt sample is about 29 °C.
The initial porosity of the steel piston is 0.1 % and the porosity of the crushed salt is 27.536

%. The initial stress 6y is about 1 MPa.
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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 mechanisms:
e elastic deformation

e dislocation creep

e viscoplasticity for granular material representing grain reorganisation and breaking

o fluid assisted diffusional transfer

¢ thermal expansion (for non-isothermal simulations)



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

scription of the formulations is given further down.

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 consid-

ered.

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 contributions:

écs :é‘EL +5'_DC +(C,.'VP +6'_FADT _|_(CI"TH (1)

(EL = linear elasticity, DC = dislocation creep, VP = viscoplasticity for granular materials,
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 chosen be-
cause 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 mod-
ulus E and Poisson’s ratio v. Young's modulus shows a linear dependence on porosity ac-

cording to
dE

E=E +(n-n)—— ()
dn

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

porosity). no and Eo are given constants /COD 10/.



2212 Dislocation creep

This law describes the dislocation creep which is a time dependent deformation mechanism.
CODE_BRIGHT uses a modification which enables a creep compaction for materials with a

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

5 = 0(F) 22 ®
oo’

ij DC
dev

®(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 g is the deviatoric stress and p’ is the mean normal stress. a, is a material parameter

and defined as

e \M(n+)
Hyol

@, = (%} (5)
/udev

Heev iS the deviatoric viscosity, Lo is the volumetric viscosity and both are dependent on the

void ratio e:

L _ .nDC 1 _ . PC
DC — A(T) gdev (e) DC A(T) gvol (e) (6) + (7)
dev vol

The dependence on temperature is described by the structural parameter Aa, the activation
energy Qs, the general gas constant R and the absolute temperature T:
-Q

A(T) = A, -eXP(R—_.I’f) (8)



The functions of the void ratio are described by

Ooy (€)=3-(g-1)"- f )

n-1
ocrey_| [L+9+0° | (2:g+1) . 1
gdev (e)_[ 3 J ( 3 J f+\/§ (10)

where g and f are given by

__1 _ 2e
g_(l_f)Z f _\/3'(1—93’2)~(1+e) (11) + (12)

2213 Viscoplasticity for granular materials

This is a general model for soils to describe the viscoplasticity and the plastic behaviour of

the bond between the grains:

& =r.<cD(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=9°-6°(p,-p—p?) (15)
with the deviatoric stress g, the mean normal stress p’ and a parameter 6.

The temperature-dependent viscosity is given by

=T, -exp(%) (16)



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

perature.

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

ric deformation €y. D and | are parameters.

dp, =D-1-&/*-ds, (17)

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

the description of crushed salt.

2214 Viscoelasticity for Saline Materials (FADT)

The deformation mechanism fluid assisted diffusional transfer (FADT) was introduced to de-
scribe the influence of liquid on deformation behaviour. The deformation rate is linear and

stress dependent:

) 1 , , 1 .
i = 5 mor (04 P 0y) + oy P49 (18)
dev vol

Lleev i the deviatoric viscosity, L. is the volumetric viscosity and Jjis the Kronecker symbol.

The volumetric viscosity and the deviatoric viscosity are described by

1 16B S 1 16B(T)/S
FADT (Ts) \/_I ot (€) FADT 3 \/_I Jier ' (€) (19) + (20)
vol do 2:udev dO

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

tions of temperature and void ratio.

_ A . Qe (21)
B(T) = % exp(-2%)

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

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

8



2 3/2 2
07 () =29 € ang 70T ()= 3 (22) + (23)
l+e 1+e

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
gj™ =3b AT (24)

(bs = Linear thermal expansion coefficient of the material)

2.2.2 Thermal behaviour

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

A = 0 4 ) = QU=4) 24

dry solid gas solid lig (31) + (32)
The thermal conductivity of the solid salt fraction is dependent on temperature. This is ap-

proximated by a polynomial:

Awiis = Aoiia )o + T +a,T*+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 Crushed salt, GRS-254

Elastic deformation behaviour

Eo 1.00 MPa

No 0.30 -

Eo/ No -4.50E+03 MPa

v 0.27 -
Dislocation creep

Aa 2.08E-06 stMPa™
Qa 5.40E+04 J mol?
n 5.00 -
Viscoplastic deformation behaviour

o) 10.00 -

Mo 7.00E-04 st

Q 5.40E+04 J mol?
Po 0.10 MPa

D 1.00E+05 MPa

I 4.00 -

Linear behaviour under temperature

bs 4.20E-05 °Cct
Fluid assisted diffusional transfer

do 1.50E-04 m

As 1.00E-14 st MPa!m?
Qs 24530 J mol?
2.3.2 Crushed salt, GRS-288

Elastic deformation behaviour

Eo 1.00 MPa

No 0.30 -

Eo/ No -4.50E+03 MPa

v 0.27 -
Dislocation creep

Aa 2.08E-06 stMPa™

10



Qa 5.40E+04 J mol?
n 5.00 -

Viscoplastic deformation behaviour

0 10.00 -

Mo 7.00E-04 st

Q 5.40E+04 J mol?
Po 0.10 MPa
D 1.00E+05 MPa

I 4.00 -

Linear behaviour under temperature

bs 4.20E-05 °c?

Fluid assisted diffusional transfer

do 1.50E-04 m

Ag 1.00E-14 st MPalm?
Qs 24530 J mol?

2.4 Simulation variants, schedule, and boundary conditions

First, a model for dry compaction was calibrated. The resulting material parameters were
then used as input for a numerical simulation of a compaction test with wet material. This al-
lowed for the first time to estimate the parameters for the fluid assisted diffusional transfer
(FADT) on the basis of a real test. This is significant as the FADT is believed to describe the

impact of water or brine on compaction.

Though it is a thermal-hydraulic-mechanical (THM) problem, the modelling was graduated in-

to three phases.

e The first phase from interval 1 to interval 8 is the mechanical phase. Here the stress is in-
creased stepwise.

e The second phase from interval 9 to interval 14 is the thermal-mechanical phase. The
temperature first increases up to 55 °C. Then, after some days the temperature decreas-
es again to 34 °C while the stress level is kept constant.

e The last phase is the thermal-hydraulic-mechanical phase. In interval 15, when the exper-

iment is flooded with brine, the fluid assisted diffusional transfer (FADT) model is active.

11



The time interval representing the calculation time of CODE_BRIGHT, starting at 0 days,
though the laboratory experiment is still running since 50 days. Due to the fact, that the mod-
el is not capable to simulate the man made pre-consolidation process, the stress level after
50 days is taken as initial condition for the calculation process. Hence t = 0 days in modelling

is equal to t =50 days in the laboratory experiment.

In the following, the initial and boundary conditions of the simulation cases are discussed in
detail.

Interval 1 and 2 0 — 81 days (calculation) or rather 50 — 131
days (lab testing)

4 4 MPa

The simulation started by rising up the verti-
cal stress to 4 MPa in Interval 1 (0.0 — 0.1
days).

In Interval 2 (0.1 — 81.0 days) the stress is

kept constant.

Interval 1 and 2

12



Interval 3 and 4

81 — 217 days (calculation) or rather 131 —
267 days (lab testing)

41 7 MPa

Interval 3 and 4

In Interval 3 (81 — 81.1 days) the stress in-
creased to 7 MPa. In interval 4 (81.1 — 217.0

days) the stress is kept constant.

Interval 5 and 6

217 — 307 days (calculation) or rather 267 —
357 days (lab testing)

444 10 MPa

Interval 5 and 6

In interval 5 (217.0 — 217.1 days) the stress
increased to 10 MPa. In interval 6 (217.1
days — 307.0 days) it is kept constant.

13




Interval 7 and 8

307 — 460 days (calculation) or rather 357 —
510 days (lab testing)

4134 13 MPa

Interval 7 and 8

In interval 7 (307.0 — 307.1 days) the stress
increased to 13 MPa and kept constant in in-
terval 8 (307.1 — 460.0 days).

After 460 days the pure mechanical phase is
finished.

Interval 9 and 10

460 — 768 days (calculation) or rather 510 —
818 days (lab testing)

4134 13 MPa

T=55°C

?T=55 °C

Interval 9 and 10

In interval 9 (460.0 — 461.0 days) the ther-
mal-mechanical phase begins. The tempera-
ture increased to 55°C in the steel cylinder
and in the crushed salt. Then the tempera-
ture is kept konstant in interval 10 (461.0 —
768.0 days).

14




Interval 11 and 12

768 — 800 days (calculation) or rather 818 —
850 days (lab testing)

34418 MPa

T=55°C

§T=55 °C

Interval 11 and 12

In interval 11 (768.0 — 769.0 days) the last
loading increment increased the stress up to
a value of 18 MPa, while the temperature is

kept constant at 55 °C.

Interval 13 and 14

800 — 1128 days (calculation) or rather 850 —
1178 days (lab testing)

$44 18 MPa

T=34°C

a4

Interval 13 and 14

In interval 13 (800.0 — 801.0 days) the sam-
ple and the steel cylinder are cooled down to

34°C. The stress is kept constant.

15




Interval 15 1128 — 1524 days (calculation) or rather
1178 — 1574 days (lab testing)

$44 18 MPa

In interval 15 the inflow of brine is simu-
lated by activation of the fluid assisted dif-

fusional transfer model.

&

Interval 15
3 Back calculation
3.1 Back calculation using data set from the first RepoPerm project phase

The first calculation results using the data set from the first RepoPerm project phase are
shown in Fig. 3.1 and compared to the experimental findings (lower limit of porosity evolu-
tion). During the mechanical phase and prior to the increase of the temperature the calcula-
tion results follow the trend of the measurements. During the thermal phase the calculation
results highly overestimate the compaction process. When the sample is flooded, the FADT

parameter is not able to simulate the sudden decrease of porosity.

16
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Fig. 3.1 Porosity evolution with time, parameter from GRS-254
3.2 Back calculation using data set from the preliminary Safety Analysis of the

Gorleben site

For the simulation work that was done within the project phase for the preliminary Safety
Analysis of the Gorleben site, few parameters were changed to get an approximated curve,
Fig. 3.2. The measurements during the mechanical phase were only available for parameter
improvement. Therefore the decrease of porosity is very well captured by the modelling re-

sults, although the compaction process at elevated temperatures is still overestimated.

17
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Fig. 3.2 Porosity evolution with time, parameter from GRS-288
3.3 Parameter identification
331 Methodical approach

In order to investigate whether the material models for crushed salt implemented in
CODE_BRIGHT are in principle applicable for simulating the long-term compaction behav-
iour in lab, a simplified model was developed, and several model variants, following the exe-
cution of the stress-controlled long-term compaction test (see chapter 2.4.2 and Appendix E)
under dry conditions at ambient and elevated temperature, and with brine inflow were simu-
lated.

The objective of these simulations was to test the capabilities of the implemented models,
especially with coupling of mechanical, hydraulic and thermal effects, in a simple system.
The material parameters that were used for back-calculation of the experiment are refer-

enced to the individual GRS report numbers:

18



o GRS-254: initial parameters from Repoperm project phase 1,

o GRS-288: a further developed data set used for the Preliminary Safety Analysis of the
Gorleben site (VSG)

The calculation results were compared to the experimental findings and selective material
parameter were fitted if necessary. The adapted material parameters are shown in the fig-
ures, renamed by GRS (2016).

First, a model for dry compaction was calibrated. The resulting material parameters were
then used as input for a numerical simulation of a compaction test with wet material. This al-
lowed for the first time to estimate the parameters for the fluid assisted diffusional transfer
(FADT) on the basis of a real test. This is significant as the FADT is believed to describe the

impact of water or brine on compaction.

Though it is a thermal-hydraulic-mechanical (THM) problem, the modelling was graduated in-

to three phases.

e The first phase from interval 1 to interval 8 is the mechanical phase. Here the stress is in-
creased stepwise.

e The second phase from interval 9 to interval 14 is the thermal-mechanical phase. The
temperature first increases up to 55 °C. Then, after some days the temperature decreas-
es again to 34 °C while the stress level is kept constant.

e The last phase is the thermal-hydraulic-mechanical phase. In interval 15, when the exper-

iment is flooded with brine, the fluid assisted diffusional transfer (FADT) model is active.

The time interval representing the calculation time of CODE_BRIGHT, starting at 0 days,
though the laboratory experiment is still running since 50 days. Due to the fact, that the mod-
el is not capable to simulate the man made pre-consolidation process, the stress level after
50 days is taken as initial condition for the calculation process. Hence t = 0 days in modelling

is equal to t =50 days in the laboratory experiment.

3.3.2 Parameter variation mechanical phase

In the mechanical phase the following laws were used:

19



e Linear Elasticity
e Viscoplasticity for Saline Materials (Dislocation Creep)

o Viscoplasticity for Granular Materials (Viscoplasticity).

It was decided to vary minimum one parameter in every law to get an adequate overview.

Remember the modelled mechanical phase starts at 50 days and ends at 510 days.

3.3.21 Viscoplasticity

The parameter of GRS-254 were the basis for this calculation.

The input parameters are:
e M = stress power
o [ = viscosity
¢ Q = activation energy
o D = constant in hardening law
e po = initial value of po

e | = power of hardening law

The parameter D, | and o were modified. The next figures show the influence on parameter

variation.

Variation of the constant D

The initial value was D = 1.00E+05 MPa. At first the parameter was decreased to D =
1.00E+04 MPa. The calculation results overestimated the compaction process at axial stress
of 13 MPa. When the parameter was increased to D = 1.00E+06 MPa the compaction pro-

cess is highly underestimated. Therefore, constant D should be less than 1.00E+05 MPa.

20
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Fig. 3.3 Porosity evolution with time, variation D=1.00E+04 MPa
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Fig. 3.4 Porosity evolution with time, variation D=1.00E+06 MPa
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Variation of the power of the hardening law |

The initial value was | = 4.00 [-]. To see how the parameter effects the graph the variations to
| = 0.4 and | = 40 were chosen.

0,31
I — |aboratory data

—| = 0.4

0,29 +

porosity [-]

I—I

0,17 + . . . . .
0 100 200 300 400 500
time [d]

Fig. 3.5 Porosity evolution with time, variation 1=0.4 MPa

031 ¢

—|aboratory data
—| =40

0,29 +

.

o K
0,17 +

0 100 200 300 400 500
time [d]

porosity [-]

Fig. 3.6 Porosity evolution with time, variation 1=40 MPa
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Variation of the viscosity

The initial value of the viscosity was o = 7.00E-04 s
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Fig. 3.7 Porosity evolution with time, variation Fo=7.00E-03 s™*
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o
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time [d]
Fig. 3.8 Porosity evolution with time, variation N=7.00E-05 s
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Variation of constant D and viscosity o

After vary the parameter separately two parameter should be varied together. Judging by the
pictures the decision was to vary the constant D together with the viscosity . So D =
1.00E+04 MPa and o = 7.00E-05 s were chosen to put in one modelling.

0,31
i —|aboratory data
I =["=7.00E-05, D=1.00E+04
0,29
_&
0,27 1
2
‘0
o
5 0,23 S~
2 \\\
0,21

2 ~

0,17

0 100 200 300 400 500
time [d]

Fig. 3.9 Porosity evolution with time, variation Fo=7.00E-05 sand D=1.00E+04 MPa

The parameters were adopted to use it for the next variations.

3.3.2.2 Dislocation creep

In this change the parameter chosen in the viscoplasticity variation were assumed
(D=1.00E+04 MPa and ,=7.00E-05 s?). The residual parameters are the same out of the
GRS-254 material table.

Possible parameters for variation were:
o A = pre-exponential parameter
o Qa = activation energy

e N = stress power

24



The decision was to vary the pre-exponential parameter. Its initial value was Aa = 2.08E-06
sTMPa™. The first variations of this parameter were Ax = 2.08E-05 s*MPa™ and Aa = 2.08E-

07 s'*MPa™.
0,31
r —|aboratory data
I = AA = 2.08E-05
0,29
_g
0,27
2
D
o
5 0,23 N\
o
0,21 \\\
0,17 + . . . . .
0 100 200 300 400 500
time [d]
Fig. 3.10 Porosity evolution with time, variation Ax=2.08E-05 s*MPa™
0,31
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0 100 200 300 400 500
time [d]
Fig. 3.11 Porosity evolution with time, variation Ax=2.08E-07 s*MPa™
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This graph looks more convenient than the other one, but still not perfect. So the pre-

exponential parameter will be reduced to Aa = 2.08E-08 sMPa™.

0,31
I —|aboratory data
= AA = 2.08E-08
0,29
_‘
0,27

porosity [-]
o
N
w

019 : \
0,17 +

0 100 200 300 400 500
time [d]

Fig. 3.12 Porosity evolution with time, variation Axa=2.08E-08 s*MPa™

Parameter Aa = 2.08E-08 s*MPa™" will be adopted for the next variations.

3.3.2.3 Linear Elasticity

The linear elasticity will be used to eliminate the steps between the modelled graph and the
measured graph. From the prevenient variations this parameters were adopted: D=1.00E+04
MPa, Np=7.00E-05 s and Aa = 2.08E-08 sMPa™.

Possible parameters for variation were:
e E =Young Modulus
o dE/d® = Variation of Young Modulus with porosity
e v = Poisson’s Ratio
e ®q = Reference porosity
e  ®pip = Minimum porosity

e Enin = Minimum elastic modulus

26



The decision was to vary dE/d® and ®y.

Modification of the Variation of Young Modulus with porosity dE/d®

The initial value was - 4.50E+03 MPa. Because of the big steps the first variation was dE/d®
= - 3.50E+03 MPa.

0,31
r = |aboratory data
I e dE/dP = -3.50E+03
0,29
_‘
0,27 +
= SN
- 0,25 ~—_
2
50,23 | N
o L
0,21
019 1 AS——
0,17 + . . : . .
0 100 200 300 400 500
time [d]

Fig. 3.13 Porosity evolution with time, variation dE/d®=- 3.50E+03 MPa

The steps are smaller but the graph is even not satisfying. So the variation of the Young

Modulus with the porosity was set to - 3.00E+03 MPa.
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Fig. 3.14 Porosity evolution with time, variation dE/d®=- 3.00E+03 MPa

The graph underestimates the porosity in the beginning and overestimates it in the end. To
get a better approximation dE/d® = - 3.20E+03 MPa was chosen.
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Fig. 3.15 Porosity evolution with time, variation dE/d®=-3.20E+03 MPa
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At the time of 250 days the curve is pretty good approached to the measured graph. To get
this result also in the beginning the reference porosity should be varied.

Variation of the reference porosity ®g

The initial value of the reference porosity was 30 %. First the reference porosity was reduced
to 28 %.
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Fig. 3.16 Porosity evolution with time, variation of ®0=0.28

The graph looks very good. Now the expectation was that a combination of dE/d® =

3.20E+03 MPa and ®, = 28 % will make the good approximated graph.
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Variation of the reference porosity ®o and the variation of the Young Modulus with the porosi-

ty dE/d®
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Porosity evolution with time, variation dE/d®= - 3.20E+03 MPa and ®,=0.28

Here you can see that the expectation was wrong. The curve is not approximated that good.

The two parameters together are overestimated. Next dE/d® should be varied one more time
to 4.00E+03 MPa.
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Fig. 3.18 Porosity evolution with time, variation dE/d®= - 4.00E+03 and ®,=0.28

This graph approximates the measured data very good. The parameter will be approached

for the next phases.

In summary this parameter were varied:
e D from 1.00E+05 to 1.00E+04 [MPa]
e [ from 7.00E-04 to 7.00E-05 [s7]
e A, from 2.08E-06 to 2.08E-08 [sMPa™]
o dE/d® from -4.50E+03 to -4.00E+03 [MPa]
o &y from 0.30t0 0.28 [-]
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3.3.3 Parameter variation thermal phase

In the mechanical phase the following laws were used:

e Linear Elasticity

In the thermal phase the following law was used:

e Linear Elasticity — Temperature and Suction

with the following parameters:

e as = Swelling coefficient for changes in suction

e bs = Linear thermal expansion coefficient for the medium

The parameter that is varied is the linear thermal expansion coefficient for the medium.

The given value was bs = 4.20E-05 °C. To see how the parameter influences the graph the
first two variations were bs = 4.20E-06 °C* and bs = 4.20E-04 °C™.

In the following you can see that both graphs are not pretty good.
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Fig. 3.19 Porosity evolution with time, variation bs=4.20E-06 °C*
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Fig. 3.20 Porosity evolution with time, variation bs=4.20E-04 °C*

The decision was to take the second graph as a base and to reduce the parameter. The best

approximation was with a parameter at about 2.90E-04.
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Fig. 3.21 Porosity evolution with time, variation bs=2.90E-06 °C*
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The parameter bs = 2.90E-04 °C* was adopted for the next steps.

3.34 Parameter variation hydraulic phase —Initial dry sample

The sample in the laboratory experiment was initially dry. Then brine was added to the sam-

ple in this phase.

To get a hydraulic component in CODE_BRIGHT the program uses the law:

o Viscoelasticity for saline materials.
The following parameter could be varied:

e do=grain size

o Ag = pre-exponential parameter

o Qg = activation energy

The decision was to vary the pre-exponential parameter at first and then vary the grain size.

Variation of the pre-exponential parameter As

The initial value was Ag = 1.00E-14 s*MPa*m? which was varied to Ag = 6.00E-13 s*MPa
!m3in the report GRS-288. Because of the convergence the parameter was reduced to Ag =
6.00E-12 sMPam3.
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Fig. 3.22 Porosity evolution with time, variation Ag = 6.00E-12 s"*MPa'm?

The curve looks nearly perfect. But the claim is to get a better approximated curve in the time
between 1200 days and 1600 days. To get an overview how the grain size effects the curve

next this parameter will be varied.

Variation of the grain size

How mentioned an overview should be help to understand the behaviour of the modelling.
The initial value was 1.50E-04 m which was raised up by GRS-288 to 4.00E-04 m. In de-

pendence the first two variations were do = 4.00E-03 m and do = 4.00E-05 m.
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Fig. 3.23 Porosity evolution with time, variation d0 = 4.00E-03 m
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Fig. 3.24 Porosity evolution with time, variation dO = 4.00E-05 m

It is to be seen that both of them are not good. Conspicuous are the radical fluctuations in the

variation.
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One last variation of the grain size was to set do to 9.00E-04 m. Here the falling gradient in

the time of 1200 days to 1600 days approaches to the measured graph.
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Fig. 3.25 Porosity evolution with time, variation dO = 9.00E-04 m

Variation of the pre-exponential parameter and the grain size

Because of the extreme fluctuations in the variation, we wanted to have a look how the two
parameters influence themselves. The first parameters which were chosen are Ag = 6.00E-
12 sTMPa*m®and do = 9.00E-04 m.
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It is to be seen that the grain size has a big influence on the pre-exponential parameter. In
the best approximation As = 4.00E-11 s'*MPa*m?and do = 9.00E-04 m were used.
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3.35 Parameter variation hydraulic phase - Sample with initial moisture of 1.0 %

To prove the implemented FADT model the behaviour of a sample with initial moisture of 1.0

% should be modelled.

The boundary conditions of the numerical simulation are the same as mentioned in the be-

ginning. The difference is that the FADT law affects the modelling in all intervals.

In the first modelling the parameter of GRS (2016) are used. GRS (2016) are the parameter
found out in the prevenient variation. In result the modelled behaviour is much too soft. This

is to be seen in the next Fig. 3.28.

The used parameters are adequate for the modelling of an initially dry curve, but not for the

modelling of an initially moisture.

In the next simulations the parameters of GRS-254 and GRS-288 were used.
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Fig. 3.28 Porosity evolution with time, variation GRS 2016
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It is conspicuous that the GRS-254 graph is above the laboratory data and the GRS-288
graph is below it. The presumption is that the final parameter must be in the range between

the both parameters sets.

The parameters which could be varied are the activation energy Ag and the grain size do. Be-
cause of the closer position to the laboratory data, the GRS-288 graph was chosen to be the

basis for this simulation.

So the parameters do = 4.00E-04 and Ag = 6.00E-13 were firstly adopted. Now the activation
energy Ag was set to 3.00E-13 because it's the middle between the both GRS parameters.
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Fig. 3.31 Porosity evolution with time, variation GRS (2016) after variation of parame-

ter

It was to be found that this is a good approximation to the laboratory data. As = 3.00E-13

would be permitted in the parameter data set.
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3.4 THM-coupled modelling

In the previous chapter only a thermal-mechanical-coupled modelling was done. In the hy-
draulic phase the complete sample were flooded so that the saturation was 100%. But this is
not the aim of a THM-coupling. In this chapter the real THM-modelling with a raising satura-

tion will be done.

Therefore the sample with 1 % initial moisture will be used. The boundary conditions will be
declared in the following table 3.1:To prove the implemented FADT model the behaviour of a

sample with initial moisture.
Table 3.1: Initial conditions for the THM-coupled modelling

Surface conditions:

Initial unknowns Pi=-1.0 MPa
T=29°C

Initial stress 6x= 6y = 6; = - 0.1 MPa (atmospheric pres-
sure)

Initial porosity @ = 0.2977
Pstee = 0.1

Line conditions:

Flux B.C. Prescribed liquid pressure =-1.0
Gamma for liquid = 1e6

Furthermore there were only 8 intervals and 4 loading increments about the high of 1 MPa, 2
MPa, 4 MPa and 7 MPa. Another difference is that the temperature will be holding on 29 °C.

This could be seen in the figure 37 in the previous chapter.

For a correct description of the hydraulic behaviour there were needed some more material
parameters, e.g. to define the retention curve. The additional used material laws could be

found in the appendix.

In the prevenient chapter the parameter set of GRS-288 fits the best for the coupled simula-
tion. That is why these parameters are adopted for the next simulations. Furthermore the pa-

rameter for the activation energy Ag is set to 3.00E-13 s MPa* m3,
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Fig. 3.32 Porosity evolution with time, variation GRS-288 and Ag = 3.00E-13 s'MPa

1m3
It is to be seen that the approximation is not good. Through the variation of the viscoelastic

parameters the graph should be converges the laboratory data. The next graph shows the
variation of the parameter Ag.
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Fig. 3.33 Porosity evolution with time, variation Ag

Another variation was made with the reference porosity from the linear elasticity and the pa-

rameter Ag from the viscoelasticity law.
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Fig. 3.34 Porosity evolution with time, variation Ag
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4 Results

4.1 Back calculation using final data set

In this section, the evolution of porosity in the sample centre as obtained in the calculations
using different data sets is compared to experimental findings, Fig. 3.11. The sample-specific
features that have been observed in lab (see chapter 2.4.2.5 and Appendix E) are met by the

calculation results using parameter data set GRS (2016):

— The temperature increase to 60 °C causes a similar reaction in sample 1 as each stress
increase, Fig. 3.13.

— The creep accelerating effect of the load increase to 18 MPa is cancelled at 850 days by
reducing the temperature from 60 °C to 34 °C, Fig. 3.13.

— Flooding accelerated compaction in terms of the initial drop of porosity more than any

other load change, Fig. 3.14.

45



0,35

0,30

0,25

0,20

porosity [-]

0,15

0,10

0,05

0,00

Fig. 4.1

MPa

7 MPa

10

18 MPa

MPa

13 MPa

—|aboratory data

—(GRS-254

= GRS-288

——GRS (2016)

55 °C

34 °C

Influence of liquid

200

400

600

800 1000

time [d]
Porosity evolution in the sample centre — comparison of different data sets

46

1200

1400 1600



0,35

0,30

0,25

0,20

porosity [-]

0,15

0,10

0,05

0,00

Fig. 4.2

—|aboratory data

—(GRS-254

= GRS-288

——GRS (2016)

/

200 400 600 800
time [d]

Porosity evolution in the sample centre — comparison of different data sets

47

1000

1200

1400

1600



0,31

0,29

0,27

0,25

0,23

porosity [-]

0,21

0,19

0,17

0,15

Fig. 4.3

—|aboratory data

— GRS-254
— GRS-288
=GRS (2016)
\
50 100 150 200 250 300 350 400 450
time [d]

Porosity evolution during the mechanical compaction phase — comparison of different data sets

48




0,35

—|aboratory data
= GRS-254
0,30
— GRS-288
=GRS (2016)
0,25
>
‘»
° o020
(@]
o
0,15
0,10
0,05 T T T T T T
460 560 660 760 860 960 1060
time [d]
Fig. 4.4 Porosity evolution during the thermal phase — comparison of different data sets
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4.2 Material parameter, GRS (2016)

Linear elasticity

E 1.0 MPa
dE/d® -4.00E+3 MPa
v 0.27 -

®o 0.2977 -

(Dmin 0.1 -

Emin 0 MPa
Thermal expansion

bs 2.90E-04 °ct
Fluid assisted diffusional transfer

do 4.00E-04 m

As 3.00E-13 st MPalm?
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 -

Instrinsic permeability

(k11)o 1.00E-11 m?
(k22)o 1.00E-11 m?
(ks3)o 1.00E-11 m?
Do 0.28 -
®rmin 0.01 -

Liquid phase relative permeability

A 1 -
A 3 -
Sn 0.01 -
Sis 1 -

Gas phase relative permeability

Srg 0.99 -

Diffusive flux of vapour

rR\A\GRS-Berichte ab 450\GRS-450\Anhange\Appendix.K_Parameter improvement

dry and wet compaction of crushed salt.docx

for



D 5.9 E-6 M2s1K-"Pa
N 2.3 -
To 1 -
m 0 -

Diffusive flux of dissolved salt and air

D 1.1E-4 m2st
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 °Cct

To 29 °C
Liquid phase properties

Plo 1025 kg m-3
B 4.5E-4 MPa
a -4.2E-4 °Cct

% 0.1 -
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5 Conclusions

Different tests concerning dry compaction formed the basis for checking on the validity
of the presently available material models. The idea behind this exercise was that a
valid material model should correctly describe any of the compaction tests. However,
this was not the case. None of the calibrated parameter sets could be transferred to
another test with satisfying results. Using sets of intermediate parameter values led to

the same result.

The simulations have shown that the application of the available material models on
the long-term compaction tests leads to plausible and coherent results. Compaction of
crushed backfill can in principle be modelled, both for the dry case and for a brine in-

flow, at constant or variable temperature.

While the numerical tools might be able to describe crushed salt compaction in princi-
ple, the understanding of the compaction tests in general and/or of the material models

in particular is not sufficient to allow for reliable predictions at the time.
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