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Background

Disposal of high-level radioactive waste (HLRW) becomes one of
the largest environmental issues in 215t century

4

Nuclear waste contains radioactive substances that are dangerous to human being

4

During the decaying, it can
generate huge amount of heat

Moreover

How to deal with HLRW, safely, certainly and
permanently without care of human being ?




Background

Geologic repository

v

Geologic repository of HLRW is
usually executed at the place below
300m in stable geologic environment.
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l. Thermal elastoplastic model
for saturated/unsaturated
geomaterials



State parameters of unsaturated geomaterials

State variables:
1. Skeleton stress
2. Degree of saturation
3. Void ratio
Smooth transition between saturated and unsaturated state

Easy to incorporate with other physical states, such as
density, structure, and anisotropy

Simple framework with a small number of parameters with
definite physical meaning

Compared with BBM

1. Net stress
Basic Barcelona model: BBM 2. Suction
3. Void ratio
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U : mean pore pressure
S :suction

S, : degree of saturation

n
Oji : net stress

Oy - skeleton stress

I
o

_-71| 1: compacted boulder clay

(Bishop et al, 1960)
) 2: compacted sale
(Bishop et al, 1960)
/| 3: breahead silt

m/ (Bishop & Donald, 1961)

4. silt (Jennings & Burland, 1962)
5: silty clay
(Jennings & Burland, 1962)

6: sterrebeek silt (Zerhouni, 1991)
7: white clay (Zerhouni, 1991)
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@ Sample

® Pedestal

@ Load cap

@ Membrane

® Inner cell

® Load cell

@ Pore water pressure
meter

Axial displacement
transducer

© Dual-tube bullet

@D Pressure difference
meter for volumetric
stain

(1) Axial actuator (Up)

@ Air supplying tank

@ Reference water level
for inner cell

@ Air pressure meter

Triaxial compression device for unsaturated/saturated
sample with double-cell type volume meter
(Axial translation method)



Void ratio e
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Evolution of density: d( Pe )=—A '0—, p=ap,+bp,
d-=e
_ N —N
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Thermal effect described with the concept of
equivalent stress (Zhang & Zhang, 2009)
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Concept of equivalent stress is
used to consider the influence of
temperature and is expressed as,

Only one parameter, thermal
expansion coefficient , « , is

added to the constitutive model! New void ratio difference,

lpIrno real stress
'K bulk modulus
Ias' thermal expansion coefficient
|T current temperature
considering the influence ~—~ T
of temperature, is given.



Elastop lastic model for saturated/unsaturated geoma’terials
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(P, CI*)',,"" Normal yielding surface

Subloading yielding surface

Ddeviatory stress g

Po A1 e
Mean skeleton stress p

Extension of subloading concept (Hashiguchi and Ueno,
1977) to unsaturated soil in skeleton stress space



Moisture characteristic curve (MCC)

Skeleton curve
(1) Initial drying curve
e -G —E(SrSO —SM)tan~*((e** —1) /e™) » /
T (=
. : .0 ylng A.E.V.
(2) Main drying curve T s
=) \
S =S —2(s =S tan (e -D/e*)  P| O WEVT—J ¥
T
(3) Main wetting curve
S5 ) (S:—SIHtan~*((e™ —1)/e%*)
T
Scanning curve S/ S? Ss0=7
A . { Degree of saturation S, z
Tangential stiffness of suction-
saturation relation MCC
ds, =k_’ds k' =k +k Parameters:

S, drying AEV; S,: wetting AEV
1—_r) r:{52/5 d3>0} S, residual S; S;s; saturated S,

6/ ds=<0 c, C, C5: scanning parameters
Ko, gradient at r =0

kg, = kg (L+C,




Parameters involved in constitutive model

Compression index A 0.050
Swelling index « 0.010
Critical state parameter M 1.0
Void ratio N  (p =98 kPaon N.C.L.) dL b}
Poisson’s ratio v 0.30
Parameter of overconsolidation a 5.00
Parameter of suction b 5.50
Parameter of overconsolidation 1100,

\oid ratio N, (p'=98 kPaon N.C.L.S.) 1.28

Parameters involved in MCC

Saturated degrees of saturation Sr 0.82
Residual degrees of saturation S, 0.64
Parameter corresponding to drying AEV (kPa) Sy 550
Parameter corresponding to wetting AEV (kPa) S, 320

Initial stiffness of scanning curve (kPa) Kep 200000
Parameter of shape function c;, 0.008
Parameter of shape function c, 0.013

Parameter of shape function c; 10.0




Suction (kPa)

—o—Secondary drying curve —©— Primary drying curve

—o— Wetting curve

—e— Scanning curve

1000 &% ‘
800
600
400

NS 4
U

900 _Starting point (0.715,450

) B

%

O]
60 65

T

5 80

89 90 95 100

Degree of saturation (%)

Simulated moisture characteristics curve
of unsaturated fictional silt



Verification of proposed model
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Test and simulated moisture characteristics
curve of unsaturated rockfill (test data from the
work by Kohgo et al, 2007)



Verification of proposed model

® 0 -0, (s=const, test) + £ (%) (s—const, test)

B 0 -0, (submergence, test) A £ (%) (submergence, fest)
=0, (s=const, cal) e £ (%) (s=const, cal)
m=={l=== g -0, (submergence, cal) || w—ym—g (%) (submergence, cal)
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(a) Stress, strain and dilatancy relation {03=I 00kPa)

Verification of the model by drained and exhausted triaxial
compression tests for a rockfill with submergence process (test
data from the work by Kohgo et al, 2007)



Verification of proposed model

L 4:r1 crj[s const, test) * Ev{s const, test)

u o~ J[submergence.tcst} A Ev{submergence. test)
m—Cm= O -0, (s=const, cal) —— , (s=const, cal)
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(b) Stress, strain and dilatancy relation (o 1=3'D[lkPa)

Verification of the model by drained and exhausted
triaxial compression tests for a rockfill with submergence
process (test data from the work by Kohgo et al, 2007)



Degree of saturation Sr

Verification of proposed model

Parameters of silt in MCC

1. Consolidation tests Saturated degrees of saturation S 1.00

. ] . o o S r
2. Triaxial compression tests Residual degrees of sa'_[uratlon r 0.30
Parameter corresponding to drying AEV 18.0

under different temperature . (kPa) S,
(TeSt data from UChaipiChat and Khalili ; 2009) Parameter Corresponding to Wettlng AEV 50
(kPa) S, '
p . Initial stiffness of scanning curve (kPa)Ks,  90.0
: Parameter of shape function c; 0.009
o Parameter of shape function c, 0.013
Py Parameter of shape function c, 3.0
0.7 I .
: Material parameters of silt
% : . Compression index A 0.09
ol L i TR -y Swelling index x 0.006
[|—— ¢ Drying curve . Critical state parameter M 2.45
S \oid ratio N (p'=98 kPa on N.C.L.) 0.638
03 I - Sy el e Poisson’s ratio v 0.30
! 108 ! s =P 1099 parameter of overconsolidation a 60.00
detion S () Parameter of suction b 0.00
MCC Parameter of overconsolidation S 2.0

\oid ratio N, (»p’=98 kPa on N.C.L.S.) 0.665




Void ratio e

Void ratio e
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(b) calculated results

Conventional triaxial compression tests under different constant suction
and temperature conditions (initial mean net stress= 50 kPa)
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Conventional triaxial compression tests under different constant suction

and temperature conditions (initial mean net stress= 100 kPa)
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Triaxial compression test results
Soft sedimentary rock (saturated state)
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(Test data from Zhang, Nishimura and Kageyama, 2013 & 2014)



Verification of proposed model
soft sedimentary rock (saturated state, ;,=0.49MPa)
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(Test data from Zhang, Nishimura and Kageyama, 2013 & 2014)



A simple finite deformation scheme for MCC

There is a basic and intrinsic relationship among the state

variables, void ratio e, degree of saturation S, and gravimetric
water content w ,

W=— G, dw=edS, +S de

S

Which means that even if dw=0 (constant water content), if
volid ratio e changed, degree of saturation will also change!
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Simulated behavior of soil at the process of drying-isotropic loading to full
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Void ratio

Degree of saturation
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Simulated behavior of soil at the process of drying-isotropic
loading-wetting collapse
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ll. Field equations for THMA
analysis
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Discretization of governing equations

2D isoparametric element

(= 19
o
o 2]

Displacement, temperature:4 node
Pressures of Water and air: center of gravity
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Discretization of governing equations

Discretization in space 7
(Galerkin)
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Discretization in time
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Discretization of governing equations

Overall stiffness matrix

[K] yUHY HZ, A ] 0
Sr K\'/F _7W [C_Z L A + Fsr ] Fsr 3 h(;,\I/E|t+At r Whl\élvE|t+At (
(L-S K] yF. {B+B+F,1|| Pleca | | w
i ! Zﬂu pi?jElHAt
CFEL J
AI:|t+At - F ATN[HAt s 7WHSat h(;,\llzn gat p§E|t

2 _(A+ sr)7whc\;\llz|t pdE|t l: :|ATN|t+At
Fo v *hyey — (B+F o) Paey + l: :|ATN jt+At

Displacement, water head, air pressure and
temperature as unknown variables




lll. Slope failure in unsaturated
Sirasu ground

THMA coupling analysis in FE-FD
scheme (Temperature=Const.)



Triaxial compression test of silty clay under undrained
and unvented condition (Test data from Oka et al.,2011)

Displacement boundary conditions:

Z=0mm plane: Z fixed .
=50mm plane: free Specimen

Y=(mm planc: Y fixed H 50mm
=50mm plane: free Wslmm

X=0mm plane: X fixed D50mm
=50mm plane: free

7 8 nodes

0

1
One element mesh and H
boundary conditions
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80 |

(@2
o
T

Suction (kPa)
5

20 |

0

g T A

Degree of saturation (%)

MCC

L G 100

1 element
; e T A T T
: L X : 0'30: 450kpa

{ Pag= 250kPa
1 S, =10kPa, 30kPa

50kPa, 100kPa

Parameters of MCC of silty clay

Saturated degrees of saturation S < 0.99«
Residual degrees of saturation S: 9 0.10+
Parameter comresponding to drying AEV (kPa) Sgo {2202«

Parameter comresponding to wetting AEV (kPa) Swi5.10¢

Initial stiffness of scanning curve (kPa) kK < 58500+
Parameter of shape function ci+ 0.0108~
Parameter of shape function cz+ 0.010~
Parameter of shape function cs+ 24.0-

Material parameters of silty clay

Compression index A+« 0.123+
Swellingindex nv 0.062+
Critical state parameter M 1.00¢
Voidratio N (p'=98 kPaon N.C.L.)¢ 1.00¢
Poisson’sratio we 0.300
Parameter of overconsolidation a« 5.000
Parameter of suction be 0.50+
Parameter of overconsolidation &+« 1.000
Voidratio N, (p'=98 kPaon N.C LS )~ 1.18¢
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Dieviator stress (kPa)

Deviator stress (kFa)
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Comparison between test and calculation

Test data from Oka et al.
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Model test (Kitamura et al., 2007)

Water tank

Test box

Detail of rain fall tank v
10cm §
e Flow meter | Water tank = |¥ i } i 3
L ~\ 5 Rain falling device
(oL,
|| = =7
- Water injection (Width-: ; Ilr Drainage

| 60cm, Depth: 180cm)
|« >




‘Range of water injection (Case 3)_

Test conditions

60
NS el * Nosl0y ™ NoISNA D\t S B Physical properties of Sirasu
=
NO4‘! ------ NQ-'Q-" ------------ ’\-I -O--:I:4-' ....... I_ _% ______ E_ Casel Casez CaseB
No.3 No.8 No.13 I S . :
Be s (B Rt N I Dai't‘ii'fey("f,:;!) 2.45 2.40 2.45
o (FNCRY. WG, 7y T 0 ¢ ey Nol2y "\ v S pw , 9 -
g ater conten
No.ly_ _____ NolGlv. ST S w "l NO.1ly "\ 1 I = in nature (%) 25.6 23.3 23.1
0 Void ratio 1.57 1.47 1.57
©
=% .
= Tostilild(zr/';'%ﬁ 1.20 1.20 1.17
S
58 45°
m.
= 40 cm
_Range of water
injection (Case 1) o

" Location of tensiometers and
water injection pattern

»
»

3> |H EH EﬁEﬁwﬁﬁﬁﬁﬁﬁ%gg%g%gﬁgﬁm Position of Water injection
lI li lIL lll lli Ill. II'. II'| Il\.‘l‘.‘l‘l\'l\\\‘.\\\\\ N
T T e ey Case 1
| O
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I A W W Case 2
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: 14 AR R R Case 3
Dralnage conditions mEEEEEEEER LT
O O O L O O L W WL W D 1 d
T T raine
Casel Case? Case3 I L W PO
11> L W W W W W WL N condition is the
Top drained drained drained A same as test
. . o IllIIi.i]l'lll‘lll'll'tx'tll‘.ll‘li‘.\\\\\\\\\\
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Illtllalll\'l]llll'l\".\'l\‘.\\\\\\\ .
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FEM mesh and loading condition



Calculation conditions

0'3:10kPa

Water permeability (m/s)

7
N R v
[ 7 DDDEDD 77777777 —o—q (suctionzékPa) =
: —o— q (suction=0kPa) Ky
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, +gv(suction:8kPa) 7 0<,_\
e (suction=0kPa) \O\i
1
| | | | 2
2 6 10
€ (%)
Element behavior of Sirasu
Material parameters
Compression index 4 0.055
Swelling index « 0.010
Critical state parameter M 1.0
Void ratio N (p’=98 kPa on N.C.L.) 1.55
Poisson’s ratio v 0.30
Parameter of overconsolidation a 2.00
Parameter of suction b 0.50
Parameter of overconsolidation g 1.0
\oid ratio N, (p’=98 kPa on N.C.L.S.) 1.57
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Degree of saturation (%)

(S/w) Aniqeswiad

Relationship between permeability of

water & air with saturation

| | T
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Gravitation stress field+5kPa



N N
(6)]

Suction (kPa)

Soil water characteristic curve (MCC)

[HEN
o

Case 1 Case 2 Case 3
— 30 : : ‘ ‘ ‘ ‘ ‘ 1 30 : : :
| Simuation & 25 f
: ® [Experiment
0} < 20 — Simulation —~ 20 | J
I o ] S ® Experiment
i < 1 Simulation
5 7 5 15 | g 15 ]
5 | 5
i @ 1] A : (% 104 i
B B 5[ y 1
3530 40 0.0 W i o0, Tnd 20m 3l 40 S0id60 TTOM Sl 90 00| a0 5ot ‘il P Meo M - 100
Degree of saturation (%) Degree of saturation (%) Degree of saturation (%)
Parameters of MCC
Casel Case2 (Case3
Saturated degrees of saturation S 087 089 0.5
Residual degrees of saturation S: 0.20 0.25 0.20
(prrg)mgzer corresponding to drying AEV 120 150 120 Initial condition
Parameter corresponding to wetting AEV 0.07 0.10 017 Suction: 8kPa
(kPa) S ; : - el 0
w . Saturation: 38%
Initial stiffness of scanning curve (kPa) ksp 90.0 20.0 50.0
Parameter of shape function ¢, 0.30 0.30 0.33
Parameter of shape function c, 0.60 0.40 0.18

Parameter of shape function c, 30.0 50.0 5.0




Comparison of EPWP (Case 1)

Position where

Casel water is injected
No.5y No0.10y No.15
No.4y No.9 No.14
No.3y No.8
No.2 No.7
No.lv No.6

in calculation and test. In slope surface,
however, the lose of suction in calculation

No.1 No.4§ O Nol A No4
No.2 No.5 i [] No2 <7 No5
;_cc? 0 —‘ No.3 ‘Calculated‘ PO l\‘lo.S exber‘imental
= i |
o s e e T SR e
= f »
D_ e T R e -
(<5] S VAR v V... ’,ﬁ
=
el 5, o Ny i . = 2
%’ 0 50 100 150 200 250 300
Elapsed Time (min)

Bl SNO.5. s 10 0% () N G A No.9
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= |
o ;
-~ ‘
= |
§) 12 . 0 . o
% 0 50 100 150 200 250 300

Elapsed Time (min)

e N0.1]  — N0.14§ O No.1l A No.14
= s NO.12 s o 15 | [] NO.12 <7 No.15
g 0 —‘ No.13 ce‘llculated ‘ 15 N‘o.13exberi‘mental
3 3
o
=
(al
(<5
= |
-'g 12 3 : : :
%’ 0 50 100 150 200 250 300

Elapsed Time (min)



Comparison of EPWP (Case 2)

Position where

Case 2 water is injected

No.5y No0.10y No.15

No.4y No.9 No.14

No.3y No.8 No.13

No.2 No.7 No.12

No.lv No.6 No.11
st _BER R _CLA NS R
! Calculation is on the whole coincident | '

'W|th test. In slope surface, however, the

Iose of suction in calculation is much

| slower than that at test

No.1 No.4§ © Nol A No4
" No.2 No5 i [] No.2 — No5
< —_— No.3 cfa!cgle}tgd‘ ‘<‘>‘l\‘lo.‘3 ‘ex‘be‘zri‘m‘er‘lta‘l‘
X s " 4
=i f s
oty W
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z ol |/
g
R e e =t
D 0. TIN50 10058150 200 _ 2501 %300
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X [ ! 5
—" -2 p
D_ |
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:
S H
g-lzi 7777777777777 777777777777777 il iPa i ol - .
%’ 0 50 100 150 200 250 300
Elapsed Time (min)
No.11 No.14§ O No.1l A No.14
S No.12 No.15 : [] N0.12 <7 No.15
S 0 —‘ No.lB C‘alculateq ‘ ‘Q‘I\‘Io.‘ls"e?q:')‘er‘in‘]e‘ntgl
X i ?
D- o
=
(a8
<)
=
< 1 3 1 : :
(@) | | \ i
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Comparison of EPWP (Case 3)

Position where
water is injected

Case 3

No.5y No.10y No.15
No.4y No.9

No.3 No.8

No.2 No.7

No.lv No.6

No.14

-Calculatlon iIs on the whole coincident with test. The
Ifallure time is also the same in calculation and test.

—— N0  — No4 O Nol A No4
vy mmmm NO.2 mmmmmm No5: [] NO2 7 No5
S QL= No3 calculated PO No3exper|mental
=
=
o
D
=
fe)) | ‘ i | i
%" 0 20 40 60 80 100 120

Elapsed Time (min)

e NO.6  mm— No.9 @ No.6 A No.9
Py — NO.7  — No.lO' [ No7 <7 No.10
g 0 —‘ No.8 calculated P NoSexpenmenﬁal
X
N
=
o
(45}
=
4C_U‘ : : . ! h
(e)) | | | j
% 0 20 40 60 80 100 120

Elapsed Time (min)

—— N0.1]  — No.14. O No.1l A No.14
e N0 12 mm— N 15 i (1 No12 <7 No.15

0 = N0.13 calculated C O No 13experimental

Negative PWP (kPa)

0 20 40 6‘0 8‘0 160 120
Elapsed Time (min)



Change of degree of saturation

Case 1 Case 2




Change of degree of saturation
Case 3

T=13.3min

T=53.3min T=66.6min T=80.0min

T=93.3min T=106.6min T=120.0min

|
0.35 0.51 0.68 0.84 1.00



Shear strain 2I (1, P 2nd jnvariant of deviatoric plastic strain)

| T=300 min T=300 min T=120 min

Case 1l Case 2 Case 3

Distribution of deviatoric plastic strain

m T=300 min T=300 min | T=120 min

Distribution of displacement vector

The calculations are totally the same as the tests, that is, Case 1 and
Case 3 are much easier to fail than Case 2



IV. THMA coupling analysis
of heating test for saturated

geomaterials
(p,=constant, S,=1.0)
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Heating
borehole

Heater (1m)
-

HE-D
niche

-

New gallery

MI niche

d

Multi stages of the heating tests

Stage | Start: | End: | Duration Activity
day day . day
1 0 90 90 Heating
(325W/heater)
2 91 339 248 Heating
(975W/heater)
3 340 518 180 Cooling
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Material parameters and physical parameters

20+ o0 1-03(MPa)

Material parameters

Compression index A 0.0026
Swelling index x 0.00064
Critical state parameter M 1.0
Void ratio N (p’=98 kPa on N.C.L.) 0.85
Poisson’s ratio v 0.30
Parameter of overconsolidation a 2.00
Parameter of suction b 0.50
Parameter of overconsolidation g 1.0
Void ratio N, (p’=98 kPaon N.C.L.S.) 0.85

Physical parameters

Thermal expansion coefficient a,(K) 8.0e-06
Thermal expansion coefficient a"(K) 2.1e-04
Thermal conductivity k; (kJ m* K-1Min1) 0.18
Specific heat C (kJ Mg K1) 840.
Heat transfer coefficient of air boundary a, 236.
(kd m2 K-t Min)
Specific heat of water C,, (kJ Mg?! K1) 4184.

= Model
Model

@® Experiment
B Experiment

€, %) £ (%)

Al -0.5 0 0.5 il i[85 2

Element simulation of triaxial

Permeability (m/s)

compression test (c,=8 MPa)
10

10

108 |

107 |

10™°

10-11 L

0 2i0 4i0 6i0 86 160 120
. Temperature ('C) -
Relation between permeability

and temperature



Comparison between test and calculation (temperature)
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Excess Pore Water Pressure (MPa)

Comparison between test and calculation (EPWP)
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Strain (%)

Comparison between test and calculation (Strain)

D: distant of measuring point

to heater
Z. z coordinate of measuring
point
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Temperature ("C)

Distribution of temperature (only calculation)

120 —m——————"——>——
100
i —®— At the end of 1% phase
: —— At the end of 2™ phase
80OL\ W |==——- initial temperature
; 4 v' Temperature only changed
sl ¥ in limited area (D<5m)
\
’ \ v Reason : Small thermal
] da &
40 | : conductivity of rock
| .=
I I
20 | II
/4
| %
O I
0 1 2 3 4 5

Distance From Heater (m)

Distribution of temperature



V. THMA coupling analysis of
heating test for saturated/

unsaturated geomaterial
(p,=0, S,£1.0)



Heating tests (Munoz, 2006) Rock
,I BHE-0
PR Heater
E RESIN (I:::-‘CL)L':ICC:RETE oo (¢75mm)
Motorway tunnel S
New gallery
1998 ; | 30) mm
}|4—sAND BACKFILL 28) mm
—i=
; f HEATER TUBE —T : : —
HH | |
rHiT gl |
HE NICHE I ' SED /| |7 (N—
e |
X gl i "
o | B W
3D view of the Mont Terri Undergound =" i i e Ly . L\r
Rock Laboratory - HE e
_Y I— - OPALINUS CLAY " AIR GAP
Layout of heating test £ BUFFER

Bdring hole
(¢ 0.3m; Depth: 7m)

_ Bentonite buffer
Testlng stages

Stage Start (day) | End (day) | Time (day) Action
1 0 982 982 hydration phase
2 982 1522 540 heating phase
3 1523 1800 278 Cooling phase




Suction (MPa)

Analytical conditions

Y &
= heater
=== bentonite
'y
’
’
’
’
i =
g o
2l ¥
.. : - - - T
i’ N
3
s
# l
Yy . v
20m
FEM mesh and boundary condition
10°
°
® Bentonite
10° 3
............ 3
Lo P Vi - ]
Nature rock e
By
=,
10° F 0y
Line: calculation
Dot: experiment
2 I L I L L
= 40 50 60 70 80 90 100
Degree of saturation (%)

MCC

Material parameters of bentonite and rocke

+ Bentonites  Rocke
Compression index A+ 00050+ 1 0.0020s
Swellng mndex &+ 0.010+# 0.0001+
Critical state parameter Mv 180« 1.90#
Void ratio N (p"=98 kPaon NC.L )+ 1.04¢ 0.62¢
Poisson's ratio  w 0.30« 0.30+#
Parameter of overconsolidation a+ 5.0¢ 5.00
Parameter of suction b« 0.00¢ 0.00+
Parametar of overconsolidation &+ 1.0 1.0
Voud ratio NV, (p =98 kPaon N.C L. 5}~ 1.06# 0.65¢
Thermal expansion coefficient (1K)« 1.0x10%! 3.0x10%¢
Thermal expansion coefficient of water (1/K)+ 2.1x10%
Thermal conductivity (kJ m! K-1Min 1)« 0.06+ 0.12¢
Specific heat (kT Mg! K-1)» 7230 874+
Specific heat of water (k] Mg! K-I)e 4184+
Parameters of MCC-+

+ Bentonites ! Rocks
Saturated degrees of saturation S)# 1.00+# 1.00+
Residual degrees of saturation 57+ 040+ 040+
Parameter corresponding to dryving AEV (kPa) 5 11000+ 21000+
Parameter corresponding to wetting AEV (kPa) 5+ 800 1000+
Initial stiffness of scanning curve (kPa) i « 25000+ ¢ 90000+

0.000001+ : 0.00003+
0. 000005+ 000006+

Parameter of shape function ¢+
Parameter of shape fimction cz¢

Parameter of shape fimction o3+ 30.0+#

300+

Initial conditions
Unsaturated bentonite: s=136MPa; S,=70%
Saturated soft rock: water head=40m
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Change of saturation in bentonite
and neighboring rock

Distribution of saturation




Result: 2" and 3"d stages

120.0 1 T
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Distribution of temperature

» Quick change of temperature can be
clearly simulated

» No prominent change of temperature at
the place 5m away from the heat source

» Change of EPWP due to temperature can
be clearly simulated



VI. THMA coupling analysis
for geologic repository of

HLRW
(p,=0, S.£1.0)



THMA coupling analysis for geologic repository of HLRW

FEM mesh

2D mesh 3D mesh

Thermal, boundary and initial conditions
« Boundary condition:fixed in side and bottom surfaces
* Hydraulic condition:only drained at top surface

 Thermal condition:all the surfaces far from the
heating source are at constant temperature of 15C

« Material: heating source is elastic

 Initial saturation: soft rock is saturated but heating
source and bentonite are unsaturated
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Background— Constitutive model-FEM— Conclusions

FEM---Setting of heat source

Heat released from nuclear waste is given as follow
proposed by Thunvik and Braester (1991) :

Qt)/Q, =ae ™ +(1-a)e ™
The initial heat Q, is given 28.28 kJ/m3/min.
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Heat emission as input in FEM

The relation of decay rate and time



FEM

FEM---Setting of heat source
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The schematic diagram of
the field project
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1. Volume of HLRW only occupies about 1.6%
of total tunnel volume, correspondingly the heat
emission as input in FEM is given 1.6%.

2. Heat emission decreases greatly between 10
years and 100 years from the decay rate-time
relation. Two cases are considered starting from
10 years and 100 years after emplacing into
repository respectively. The calculated times are
300 years in two cases.

The heat emission as input in FEM



Suction(MPa)

MCC and initial condition

MCC (Munoz et al, 2006)

LBO0S = TEL & TE.
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Degree of saturation (%)

Permeability of water(m/s)
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Degree of saturation(%)

Initial condition

Rock | Bentonite
Saturation [%0] 100 86
Suction [MPa] 0 62
Total head [m] 520 -6945




Material parameters for constitutive model

Bentonite Rock
Parameter of overconsolidation a 5.000 2.000
Parameter of suction b 0.5 0.5
Parameter of overconsolidation f3 1.00 1.10
\oid ratio (p =98 kPaon N.C.L) N 1.040 0.450
\oid ratio (p =98 kPa on N.C.L.S) Nr 1.060 0.530
Thermal expansion coefficient (1/K) o -1.0x10% -25x10°
Thermal conductivity (kJ m~! K= Min™1) K8 0.060 0.200
Specific heat (kJ Mg-1 K-1) CS 723 840
Thermal expansion coefficient of water (1/K) a 2.1x10% 2.1x10%
Bentonite Rock
Compression index A 0.050 0.010
Swelling index « 0.010 0.001
Void ratio (p =98 kPaon N.C.L) e, 1.040 0.500
Poisson’s ratio v 0.300 0.120
Saturated degrees of saturation S 1.00 1.00
Parameters for Residual degrees of saturation S, 0.40 0.40
MCC Parameter corresponding to drying AEV (kPa) S, 11000 21000
Parameter corresponding to wetting AEV (kPa) S,, 800 1000
Initial stiffness of scanning curve (kPa) k¢, 25000 90000
Parameter of shape function c, 0.000001 0.00003
Parameter of shape function c, 0.000005 0.00006
Parameter of shape function c; 30.0 50.0




Temperature change 2 (3D)
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Changes of saturation and suction

2D analysis
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Changes of volumetric and deviatory strains (2D)

Saturated condition (without bentonite)
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Substantial shear strain happened in rock

when bentonite is involved !

Volumetric expansion of bentonite is fav [arger than

that of rock

ma'm[y coursed ’oy huge decrease of suction




Comparison of temperature between Case 1 and 2 (2D)
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Comparison of saturation between Case 1 and 2 (2D)
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Comparison of volumetric strain between Case 1 and 2 (2D)

In Case 2 (relative weak hea’clng source), expansive of bentonite is [arger, why?

Taking more time to reach saturated state —S. developed slower

a[so de\ﬂ@ped S[OWCV
L 4o =-QdS,
SR
la - —Casel
S 0 —Case2
=R B
w r @D
E -10 1 8
18y 155 k <
g 20 E "é
2 25 S
> L i
£ 3(0) AlEET N B e SR S B
0 50 100 150 200 250 300 ¢
time (year) > Inp

Mean skelton stress p

Change of volumetric Trace in absorption process of bentonite e-Inp

strain of bentonite (2D)
Due to slower deve[op of ,extrade hapﬁ%gaed

in Case 2



(%)

volumetric strain ¢

Comparison of deviatory strain between Case 1 and 2 (2D)
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Deviatory strain in surrounding rock due to huge swelling of bentonite
In case 2, volumetric strain in bentonite is much larger—larger deviatory stain




CONCLUSIONS

® A thermo-elastoplastic model for unsaturated/saturated
geomaterials has been introduced based on the
concept of equivalent stress and subloading surface,
which can not only describe properly the
thermodynamic behavior, but also overconsolidated
behavior of soft sedimentary rocks.

® \erification by laboratory tests and field observation
proved the validity of the proposed numerical method

® Field equations in THMA FE-FD analysis has been
Introduced to treat thermo-soil-water-air coupling
problem. As a application, a field problem of geological
repository of high-level nuclear waste is simulated in
unsaturated/saturated condition.

® In 2D simulation, the calculated results shows that the
temperature has a great influence on THMA coupling
behavior of natural soft rock.



Thank you for your attention!



