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Background ~high-level radioactive waste~

> In considering the problem of the deep geologic disposal for high level radioactive
waste, thermo-hydraulic-mechanical (THM) behavior of artificial barrier, mainly
composed of highly compacted bentonite and very stiff clays, is a very important
factor that needs to be studied.

» Many laboratory, field tests and numerical analyses including constitutive modelling
related to thermodynamic behaviors of geomaterials have been done.
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Previous studiesS ~cekerevac and Laloui (2004)~
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Heating test

« The specimen was heated gradually up to 90°C with
a rate of about 1°C/hour (Initial temperature: 22°C)
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> The heat-induced volumetric strain is
dependent on OCR of the soil samples.

» The specimen will change from contraction to

expansion as OCR increases.

Thermo-mechanical
testing paths

/

'; Corsoidation paths
1" Unlcading path

'«2 Urained heatng

4

]

~

Sheayr paths

e
T ”

100 T T T [ T T T T T \I-/ T T T T 1
- Dilation Contraction A
0 —
80 j —
70 —
60 —
50 —
40 __ —¥—0CR=1.0 __

z ——O0CR=15

i ——O0CR =20 ]
30 | —+—O0OCR =6.0 —
L Heating tests —=—OCR=12.0 .

20 PR T N T AN T T PR TR SR R A S T A
-1 -0.5 0 0.5 1

Volumetric strain g (%) 3



> mEREICKD,

1
P
"TL’ 0
v_ __
|

= ZliTlVYBLOY)7#A

ISHZEAL EHEBEOITHNWELD (—EISHIFEMAFT)

1
| e
o
_ Ve -

Change of
stress
(T=const.)

Equivalent
stress

Prn

Change of
temperature
(p,, =const.)

= SIVYs
K : AAiE5E 4 (5%RER
as : BVRIEARIRER (-)
T. WEDRE
Ty : EEDERE (288K)




Material and physical parameters
FEM Program: “SOFT” (Xiong, Y., 2015)

« THM coupling finite element-finite difference (FE-FD) analysis

Constitutive model: “Modified thermo-elasto-visocoplastic
model” (Zhang, S. and Zhang, F.,, 2009; Xiong, Y., 2015)

- Subloading (Hashiguchi, K. et al., 1977) & t; transformed stress space (Nakai, T. and

Mihara, Y., 1984)
« Thermal expansion coefficient (a%) = Any material will exhibit expansion whenever

it is heated at elementary level

Parameters Unit Kaolin clay
Compression index A - 0.10 . .
Swelling index « - 0.01 Yleld funCtlon
Critical state stress ratio  Rf - 2.09 t 1
Void ratio N (p =98 kPaon N.C.L.) - 0.93 f(tIJ g\‘f,T): In(—“j+§(X)——[55 —L):O
Poisson’s ratio v - 0.35 NO Cp 1+e
Parameter for plastic potential shape S - 15
Time dependent parameter a - 0.0
Time dependent parameter Chn - 0.0 -
Degradation parameter of overconsolidation state a - 2000 EVO' Utlon laW
Permeability k m/min 3.0E-9 o 4 G(p.t) +h(t)
Thermal expansion coefficient of solid phase &t K- -8.0E-6 1+e, B ~N
Thermal expansion coefficient of fluid phase afr Kt -2.07E-4 Cp In(1+t /1)
Specific heat of solid phase ¢ Jkgl K1 840 __ P +E0(1+t/t)
Specific heat of fluid phase ¢ Jkgt Kt 4184 A[tN +3Kag (T — T )] ! '
Thermal conductivity of solid phase  k°r kI m? Kt mint 0.18
Heat transfer coefficient of air boundary o kJ m? Kt mint 230 >




Observed results

Deviator stress g (kPa)

Element simulation
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Simulated results

Deviator stress q (kPa)
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(test data: Cekerevac and Laloui, 2004)



Objective and boundary condition

Objective

>

Is the contractive behavior of soft clay when
heated under constant isotropic stress condition

an elementary behavior?

If not, how to model contractive behavior of
soil in the heating test with a rational constitutive

model?

Boundary condition

10@0.01m=0.1m

FEM mesh: Node 2541 and Element 2000

Hydraulic and thermal boundary conditions:
all boundaries are set to be drained and
heat source

Initial condition

OCR: 1.0, 1.2, 1.5, 2.0, 3.0, 6.0, 12.0
(Consolidation yield stress=600kPa)

Temperature: 22°C (About 4°C/hour)

0.2m

20@0.01 m

Temparature T (C)

100

90

80
70
60

50

30

20

L L L L L L L L BN L B B
| Temperature history

L b b b by b b b by 1|

200 400 600 800 1000 1200
Time t (min)

10@0.01m=0.1m

" Finite element mesh
L used in 3D analysis
of heating tests

st A

D Node: 2541

NN Element:2000 7



Heating test (OCR=1.0)

Tem Deratu re=26C

o Even if the heatlng process is very slow, the uneven thermal ﬂeld i
within the heating sample may give rise to non-uniform stress and '
" strain fields.
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Distributions of various physical quantities within the testing samples (OCR=1.0) at different heating stages



Heating test (OCR=12.0)

Temperature=26"C
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Distributions of various physical quantities within the testing samples (OCR=12.0) at different heating stages



Temperature-volumetric strain relation
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AIt is not necessary to introduce any’\extra parameter into properly
organized thermo-elastoplastic model, to describe the phenomenon of
“the volumetric contraction of soft clay due to heating”
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Comparison of observed and simulated temperature-volumetric strain relation (test data: Cekerevac and Laloui, 2004)

» The calculated volumetric strain is on the whole agreed with the testes one in its
variation with temperature, though quantitatively there still existed some discrepancy.



Time histories ~u,, e, Jy2I,~
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Time histories of various physical quantities at the center and the corner of the samples with different OCR



The non-uniform stress and strain fields

» The heating process can be roughly divided into two stages:

Stage®@: Heat transfer, Stage®@: Pore water dissipation

« As the thermal conductivity is much higher than the hydraulic conductivity
in soft clay, Stage 1 can be considered as very short compared to Stage 2.

« As the result, thermal dilation is very fast, followed by the water pressure
dissipation.

« However, Stage 1 and Stage 2 are not evenly happen within the sample
and therefore volumetric change will also become uneven, resulting in
contraction in some areas.

« This unevenness will not disappear even if EPWP dissipated completely and
the temperature in the whole sample became uniform after long time.

« Because whenever a contractive strain occurs, plastic volumetric strain will

also occur and basically it is uneven distributed.
12



Thanks for listening!



