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Formulation of Fully Coupled THM Behavior in Unsaturated Soil
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Abstract

Emerging issues related with fully coupled Thermo-Hydro-Mechanical (THM) behavior of unsaturated soil demand
the development of a numerical tool in diverse geo-mechanical and geo-environmental areas. This paper presents general
governing equations for coupled THM processes in unsaturated porous media. Coupled partial differential equations are
derived from three mass balances equations (solid, water, and air), energy balance equation, and force equilibrium
equation. With Galerkin formulation and time integration of these governing equations, finite element code is developed
to find nonlinear solution of four main variables (displacement-u, gas pressure-Pg, liquid pressure-Pj, and temperature-T)
using Newton’s iterative scheme. Three cases of numerical simulations are conducted and discussed: one-dimensional

drainage experiments (u-Py-Py), thermal consolidation (u-P-T), and effect of pile on surrounding soil due to surface

temperature variation (u-Pi-T).

e x

Auba el BEsR|Rke] ARRet offe), At AP Hok, A ok 5 theksh RopoA Bxsl oyd
Azo) GA-pe -t o n AgE BA S0 drEA ol RS jAsh] I3t 44w Auke) Loy
o] BFH I Qe & =Rol A AAIH HR(macroscopic approach)] 175 e] EESER|uke] T &-<eel-ofst
AEY 24512 s F, 2, 3710 g dguze) W, X vEyE, 28w sl5EY 2asoans
Azt (coupled) 4749] ARPFHAL GBI Galerkin ZHEFSIOL AZPAR0 2RE W4 W), 7HASHPy),
FALP), LE(T)E Newton®] RIS of-galo] Fohz fata s T2 IUFEME 248l art e =21
UG ol gslo] ThEARNN 24 BE B4 F AR MFATEWPP), SF FUWPT), 1T AET 2wy}
o oJgk WO FulAto) thd FIu-PT)o] hetod AlshAE Sl =ejel Ao

Keywords : THM coupling, Multiphase flow, FEM, Unsaturated soils

LME WMok, T Fsh Wel ohel, A B ok
(G, 7| B A2, 7HE-42he HEshs wa

Aebtzgol sfAlol QloiA mejridat siiel £ gk SE 5), ARERE BoRmiHA Ao 4 5)
oWt WA Wol A BES O ARunsarated 5 TSR FoA S8, B, o) AT OAEH
porous material)of| A 2] thAFe] & E(multiphase flow)T}t F2E2] AFsda A7) AsEA it 5o #
B9 B5(heat flow)o]l thh A7-9] Fao] 72w 1 84o] ¥zhE|a Qiek. olo] uheh, B¥ 3} ohg A AR
At o2, GREAQ] EaxshAuE Ao 25t A €] %-4>2- 3K Thermo-Hydarulic-Mechanical) 4 71
1 354, Aty DA #A 8- Z WS (Member, Assistant Prof, Dept. of Civil and Environmental Engrg., Univ. of Ulsan, shingeo@ulsan.ac.kr, 34122}
* 2wl dg EYE et 59 20119 92 304704 2 WE-2 whE 2 RuiFAlY] sl Axke) AE g A =R AAlstel =y



°f

gt 8ka muEo] HAEojx]at Qlr} (Zienkiewicz
, 1990; Coussy, 1995; Olivella 5, 1996; Lewis 5, 1998).
kel Abs oj& A (coupled) AEd4d-E st T2 1
#-2 TOUGH-FLAC, GeoSys/Rockflow, THAMES 5-0]
o (Rutquist 5, 2009), Fof 3t £ & L2 = CODE-
BRIGHT, COMES-GEO7} 9Jc}. 81|k, zkz}e] §3ta
& AL AP Al oot 59 Edo 58 &
URETE AdH oz s, o HHES =Y
Stof AufjAlE 7heks) shchRutqvist &, 2001). S
8], Froll digh ZRIREL gt diA 2 AAEE
o)A Shitit= A& Aol PAdRAR £2]3)4

oﬂrl

ofsi7ARAE o
geg|aol), BRAT fES0] gt BABE A
L8131 %Q(Alonso %, 1990).
B =RNE & B 370 oet Agnze] Wa,
A, el 59 adonyd

R
dﬁ_

=9l H( ) 7?*%(&) FAIMP), %E(T)
Newton®] HHEIGE: o]83lo] & 4 Y= 319
MEE FAEFE o)&sto] d3AfRqA 24
= Al gk AAsAE sk

I

fou _(l mm 4T oL W 2
ik
-lN

2. XU A(Governing equations)

2.1 YNl JhYn "AYHES| YA
thad B2} Azo] gk Au) g A9
8l ot o] 7Hgst gk
AR, o548 AR 7] H(gas), A (liquid), 12
31 31A(solid) 9] 3402 o]FEolA §lom], FHxKsolid)
o] 2|9 T2 E(waten) T F7(gas)Z A HA Uck

Saske

gas

liquid

solid

soil water air

2l 1. £9| 34 Phase diagram

76 E=AUEER=EY M27TE NBE

FUAH= A (solid)Fe =R EA 8}, E(water):> Y
A)(liquid water)2} 7| H|(water vapor)2 £A|8}3, F7]
(air)= 7| A|(dry air)} HA)(dissolved air) AE|Z A
S 4 Qio} 27A 7] A|(gas phasey= A2E719 5

712 744 old3te 271 A(ideal gas)E 7H 7T
(21" 1.

EAZ, 714, HA|, LA 2 Y vheE AR 9
B4 AT & TA(solid skeleton)ol] &J8f HEE= &
-2 (effective stress), =H-ZQ] Fi(local gas and liquid
pressure), 1)1 2% (Temperature)oli &3] ZAX ¥t}

AR, 30 & o]Foix] ARES FRLLRE L=
HEPRA JornR, T2 YoM 349 L=
FYsirha 7pgRich

opAjato 2 dukAl A AlE =87 s
A A A2 (macroscopic approach) ARS8}t wh
oAl B A TR ¥ AN Yo
A|e= 571 ASA= 7Hgssith

Ao T2 THHES BIF R S7HA] ] AP AE

3t Qo] PHVANE Foto] B AR THM A

ot SR Edolwel A AAEL] BILH
< thedt ol "a“ﬂﬂ% ol g ez Y

%*Y'f‘” =0 1)
1A, v BB Anel FRCIZ FU B 3
7yE e, = 2 %’n‘-‘] SAHG AFE
bt 2elw /e o $59) W 58 (mass flux,
(mass of spec1es)f(area><t1me))_?_§ o] F(advective) 3 Bl
9} ul-o}=(non-advective)F &} 2714 & 5 E{gict

J8 2 NSRS By



22 UK YYRZO| WA

Ay =Rk %Zﬁﬁ} %}X}Oﬂ gk dekEEo]
(*‘ (DolA A Tfot]xu Tﬂ] p' =p.(1-9)
Jr=ptu=p (=g

Z1pa-91+v Jp,0- 9]0

A7, a B
S(porosity), LT 4= H7he] WMo} Lol

23 20| WYLEO| WA

=(water)= iﬂ*"EH(liquid water)9} 7| A| Al (water
vapon) 2 EAJF 4= 9LOBE, £ 717 Apefe ks
o] WAS o] 85io] AMAAE SEelsict (4
(el Srglalas o] 27 o =7 45, +p; 1-5,)),

o7 . :
Zloros,+pypa-s))]

+7-{pﬁ¢s,q+p;"q T4 pL U8 )it p g +i;}=o 3)

1M Pl oAl 9] AT Zo] A ep
™, S F=(void)oll Al AA(liquid) o} E8He & LeRY
w, 431, = g ”EHQ} 7IA| e o] SHAY faF
(flow rate)o]m, 12)71 &7, 1, 1= %ol oizlek 714] A
oA o] EAEA molecular dlffusmn)J_} HAKmechanical

dispersion)& I #HE = Q= H]o]F SSKnon-advective

flow rate) Sh=-o|t}. chejm &t ouxﬂ o] 9 q o ol 7]

~1

3hof That ol ‘fﬁ(‘?”"” ¢) za

ABEP)E o)

24 B71°| WYEZEY WA

&7 (air)= EHHA

O82 Z|AE(dry ainet A4

Hj(dissolved ain)2 ZA& = Qlon g Adtsly
B2 H2G o] gate] F7|of tieh HulE AHiy
A1g FESHEThA (DA SAAAT 719 74
P =pi 85+ pi#(1-5)),

i)
off

.H
ox

==

%[p;‘ 65, + 2 $(1-5))

+V~[pf¢s,u+pfq+ij+p;¢(1—sl)u+p;’q +ij:0 (5)
~ - -1~ - -z 7F

7N pi o) AAY
air)®] ATE LpEhym, @)
AABPY S 0| & 5to] ‘_(\7 80w = xag
olct.

M| Aref] 27)(dissolved
wAg 7R g e

LI ~8L_

N

2.5 OfiUX] HZEL| HA

oz HEo] W22 ey 3
& ol gsto] HFT,E glovh R ofH X|(internal
energy)E ©]85to] EHTH= A o] Lol3tHOlivella 7,
1996; Lewis 5, 1998). LA, 8|, 281 717 2] ofa
A Ao it ofux] e WS dnikshy Yy

WAL ol gkl REsteck

&(enthalpy balance)

0 .
2Jo-glo.r, +65005+90-8)p, B} V-1

(l _¢)pSEx u+ ¢S1P/E1 l?"" [,‘71‘t q+ i:)Elw + (plu q/'*' i;)Eta
z : - 170
+V. =0
w0l ,ir gy o1 e+ ota o1 | ©)
4 g

oJ7|A, Bz SR (AN 2] E@d = Wiy A
olm, o} A FollA ¥HZ(heat conduction)of 2|3k
ofuiz] A& Fouriere] HA(L, = AVT)g o galo]
A ES )

FeE A ‘C’H‘i’oPX A& HE8H7] ffsto], LA =T o]

a0 7

2
o174, B AS(thermal diffusivity)= “~ p.C7

oj1, e A9 d-8k(heat capacity)E LEFATE

SLSHABH et S-=c|-gst HS2 =43t 77



2.6 RHIE HZO| HE|

ANA WHE wgaoz

l‘f_
=l o3t g EAe de 4 Uk

o7|A, ALy O - b, 1+g S )(P P)l o, &
20 ALY 1 ol zrolx, fARPY} &
7P AF 49 Frolth

2.7 RIYRAID| S413)

AAE 570S] AR AIE(A (2), 3), (5), (6), (8))
& sk sl WA A (99 YAk =(solid velocity,
{3)01] 3t A7 A 70| E(material time derivative)2] #
ofF Ay Al o] didsilet. 1ejat A Als
S st 4708 FRFEY, P, P, DO e S
&R AUAAE SR 5 UTHES BR),

o=

d 0 -
)= () Vo). ©

HEER AP NES gole) Agk M3 ()
AYolol A A7k BB &, 4] (10)3} o] Uwks

€ ACH] B HH 02 AZTHES S35 Newton©]
H}EJ_]J%O 0]83 4 QIuE ZABIAFHL)

(n+1}

[, Bdi= @ —iMop +a-0)p"]
=M R +(1-0)P” |=AdP™ +aa P + aip] (10)

A AoA Oz 178 d(stability)2} 42 (accuracy) 2
Aiahs e gol, 62129 1) 227 obye
(unconditionally stable) &|& 1&g 47} 9ich

uhR|ero 2 AIZE AR 2| ek 4 e ?ﬂﬂoﬂ
1 7H(discretization in space)¥4E ¥ QI8to, F
DR B T)of qistel welsel B3t 0o 9 “o
Hel WyAe ag 4 s

K(n,i)dD(n,i-H) - (FEXT)(VHH —FINT (D(ﬂ‘i)) (1 1)

A7 K& Az oM ] vy A B
Bolal, 532 Zol(residual) 3H5HE ot

78 B=ABIEEE=2d N27H HiE

8 YHIXO| LMUFE A (Constitutive laws) B H2F =
?J(constramts)

Ex3} oh3d AR gt THM 430 Zast
S, 3, T2]al JHA FAEBAXNES ARt
A ok 2k

8}z AU Al(mechanical constitutive law)< H
HE(99), 37103 $AYS] Aol(suction, s =Py~ P),
a2Em 2x AN e §28Y RIS
S Zo] & & qleh

dq’=1?e”:d§—Pf’ds—{2dT (12)

Zea|8}a 1A A A hydravlic constitutive law)-2 suction
(s =Py~ P)3t Z3=(S) TAE HHshe SWCC 4,
7HEle)2t Ei}i(&)i—‘?—ﬂ AL} 1A 9] FpAla
(b, kS AR TAA), B3 3719 HA|I9}F 714 4
e} ol 4| 2] molecular diffusion¥}+ mechanical dispersion2
APgste wA4lo] Pasit |

g FA A Al(thermal constitutive law)+= Fourier
Halo g R, 18 25D wE
Wiou 2] Wetel] Beg wALEe] a5t

o3 A2 ofjA ’:’7294 Aro] WisKphase change, &
g 3EE UL e Zl BA|2] B4 Al7H(charac-

~ =

teristic time)X T} H,%}E}/ﬂ, A AE A o] B %= Z(local

equilibrium)of| Tk 7Hgsct o|#gt 7142 FHHA
oF2 7l(Equilibrium restrictions) 2.2 E@E T, Foix &
A} W7 Ale) 4=5 Z1tHGens 5, 2001). AHA 2702

?5

ml

o] ZoRgl= F7|(dissolved air j m the water)2] <}

Hepstr) 9i8) Heye] 84 7T 0 Mr P g A
om, o7joflA B = Aoiz7|gtelc). Tl 242 7
A eRo 4] 27| vapor pressure)-Z psychrometric 2]

o
ant "p{ A )})Oﬂ o) AA R
AR, oA7|oA P Foldl Lwo] ofs) AR
s

HME ol
kAol S} Qb SA(L- P coupling)o et LEHA]

(Dl iz 24l vlmste] e Z2Tle 4
Fokck shAlEL MEshe the A=A 24EFol o



SAIE a7} of4] EAfstA glob(Schrefler 5, 2001)
2z9le] 9 W) S 374

7HE}‘ o o&2 To
wAel thef FRIAE askar ofof| dfa) =ojskirt.

3.1 YX} H{=>(one dimensional de-saturation)

F

AWA oAA= 23 134 2 7] F(sand column)

Time [min]
0.0001 0.01 1 100 10000
00
nitially fu __ 10
+ saturated soil £
E middle
.E '20 i
g top
S 30
b
3
-40
-50
Drainage valve
(@ (b
Time [min] 10 .
— (1T
——0002min
0.0001 01 100 100000 \ :gf}fﬂmi”
1500 e 10N
- et il 4
£ o 30hT
'_»' - i Infinity
= 1000 5 09
E 3
£
E
® 500
[~}
8N
g N— i
3 o0 00
w 4100 50 00 50 100
-50.0 Water pressure [kPa}
(e (d)
10 s— Omin 10 v— |
= 0.002min Omin
—— () 02N ——002min
—2min —0.2min
——10min _‘fgnm
E — E —
_-E 05 Infinity f 05 e I ity
fo R a
Y o
] /s
Time
OO 00 A 4
-0.004 0.000 0.004 00 500 1000 .

T8 3 1R HipAE

Air pressure [kPa}

(e}

A
2o

(A2 SMAI E 1 &%), (@) M ZA=A, ) 715
HiZ S2Hflow rate)e| sl (d) AlZHy me

Water saturation {%]

(M

FULIXIL} ARAML AlZIl e A5, (o) Alzill mE "—HAI’%

Zo| W3l (e) AlZi0| WS S7IUEE

BIIA

Ht

T

of #3l, (1) AlZiol WE Z5Hzef Hsl

of CH

&} A
Bh G-

[k

A

AR

o8t HSO| $AE 79



9] ulj4=3}}4]o|tiLiakopoulos, 1965; Laloui 5, 2003). 2
7o) b E3F5l w7 S(H=1m)S AFEoj A P=0kPa
of 493 SR H L Pro skPag) HAet RS 2
CHZHE 3(2)). Hictol 212t vl WiB S o] v
AZIEAEHE 92¢F P=0kPa2 24), A7t THE G-
I 7SR =4k, 714 H9le] wistol] it 422
Sh4& s

FAs|A A, FolRl ARt 242 el st
ls-pake] sk AB2712 olWol, B7I34 =
Shw o] WSk 1A7E A% o) SEE, 7hI4at
& ABYYEo] mere 4P 71 Azl 44
e 9 4 Atk 28 1(b)ellr] Fskge] B3 Al
12 ol H2 AT oA SRS RS W
A2 A QA 2R A B 5 e
3t7] wiZolth 2 2719] Ak AdeiollA] Al=kst
o] ZF A (steady state)oll= 7152 HI=ol|A] zero2]

A

ot

AT=20°C & c,~const

(@
5

™~ O =
§ middle
+ -5
<
% top
.10
£
o
v

-15

-20

01 10 1000 100000
Time [min]

{c)

I8 4. 1XH B 2ERAE 24X E 1 ET). () M ZAXY
UE FslE HE, (d) Al e 7S] el

80 EimAlBtzsidl=Rd H27R AkZ

oA el gre 2t =
e dHoz 2L 5 HEHoR
G2 3). HEH

HEL ol

] ©EHL &

3.2 2% AUU(Non-isothermal consolidation)
A dAlE Fedke= Wil Sle
7)E AR &= 35 VS I 2= g4,
g =QRR 9] Wslo) ot R]solc) o] 2%t A
HAeEARN o 7129 Wi oet LxgrudgoR
25
20 |
o
515
2
e
9 10
£ middle
o 5 |
[
bottom
0
-5
1 100 10000
Time [min]
(b)
016
— bottom
£
X, 012
o
@
@ 008
5
S 004
3 middle
000
001 1 100 10000
Time [min]
{d)
2, (b) 7| BRIk} sisoiMe) AlZI] M R% B7HE, (¢) Al

A A 4

9.8kPa®] Fh& Zk= 2
HATHZY 3(d). At
2717} =%l H]8)
ol oJsf st
ol 93| &9
QAR Aefof =
olof| W& :‘EQE——]
suction © &2 FHARIT =EATAASWCC
UeHTE 3(H).




A|OHE A(Ae/AT=0.048+0.088PI)S ©]-8-51% tHDemars
%, 1982; Del Olmo %, 1996). A& Z7]of FE=3t
FESHY &% BEE VA0, Eete] A%k V)
T AR o] Ro|R] = Ao Aotk A AR
T 78R 258 20C A0 + o

s}
o

A At B9, Fd=aer Haks

is
r°1‘
L

SR REE AE gebA
5 58] oe] 254 10C Aesel
= T,=0.3790) 31 2@ A7RE (=T, xHa)

a=5.6><107m2/50]
7] $J5t AlAR =

£ ~10'min¢}S sl Azl 1T 4 i1 4(b).
Aol it SR AR Mot AA
B 2EgAto 2 HE ~10'min o] FHE AZE T, A
FAHME FE3 LEER| o8t TUst A=
g Bg g o3 st AskFe) 120] L g

UTH1H 4(c)). HEo] £=of o5t xﬂa % 10~
10°min A|Zko] 715Ul TJ7ha4qte] ul
HAFA o] 2AbEe o 4= YT 4(d)).

a)
=
& 30 .
: i
2 o0 | 4
g
; U U |
- 10 ¢ L
§ ~——5urface
T —b
3
o —_—
205 —
&
=
195 a
=
o
L 18.5
o] 2 4 ) B8 10
Time (day)
(c
J3 5 K[EMH 2

33 KEM 25 W0 23t U557|=2| HEF (Thermal
effect around the pile foundation)

A o] mwisto] %t AuhfiFe] dFFdol=
H

A3H4t B4 A(thermal diffusion equation, 4] (7))2.25
B A7t Zlolo] T2 134 SRS o 24E T
4 9l

: nzT

T(z,t)=T::0(17z/L)—2T::0§:§M/ﬁexp{_nﬂ_ at} .

A1 (13)0llA] 12417t Bot AFH L7 AEE S

(5] A Al o=1.2x10"m’ls, HLLE §A]Z0]
L=20m= 7}4), A EH 2522 10%7} F7HE= ol
0.52m= Yulxjol] o3t Ho) F3PF Pl x| ARt

oF % k. sHAEE Ae] Bhato] olgt o WA R

=
"g" 30
3
5
= 20
: 8
£
KT
3 —our'fa:.e
“E 202
2
@ —
&
201 o
Y 200 2
2
§
199 2
o} 2 4 & 8 10
Time (day)
{b)
=
& 30 .
3
2
2 20 t ]
14
£
S 10l
3 —— Surface —_
g o
‘g —b 06 g
7 %
. 103 3
%5
0o 3
2
03 1
H
o] 2 4 [ 8 10 5
Time (day)

(@) 10 ZFO| LT FUR|I| SERE, (b) AIZZT O/t
Yol FCHS2 W)



7] Y8l A LE(Ao)=Tm, ¥17=0.5m)o] L3}E |
Hholl A =51, A uH He-2= 2002 dwz} 20T o
ot WEI} WA F, 74, a3 ey
Hstol| tigt ]S =33l

% 5(a)y= 109 E9H0) Awal WA & g F-2 5o
SUe vle) WEI FuAue] SERES e
AR, duate] ot =G Wl A EHe
23k ghEw)l 7 ZHolAul 2 o 7l AL o
& itk Azl 10T e Lmxjolr} whayel w1
g5 (b)) 2mzlo]ol| A o] WEI} TE Fro] 2& JIF
Colstz Uehtana”, "), o7t Aoju48
%h‘zk B0 gasio] o& WalEy| B3t
AHE & F UTHd,). FeAE Wk
(D7, ARHCZRE 2m Zo))olA] LY
£ Yot -?M(“C”)iur A vebston, 2|3
Bole7)9F 22 715 Holal QItHad 5(0). 1
13H 2 Hﬂ§}0ﬂ o3 TE=Y o] Mok
A o) 7hgaE AA Yepdd, 7] BH*—‘léi’Jr
b 719} 2715 e AR YERdtHa™ 5(d)).
2] o FFA M & X]:&:‘C‘L.]
e=o] U7t NEe) ke
shx|ql £ A AlpE 2he T

e ®

—r’

lc

%0(‘101:1

r
1
OZ:

H1 4o Hd ofl

o flO

o
I
=)

i JN
e 09,‘, F
fE Y orlo pEopd

F

N
mEi‘l'rJ

Ir

3f
=
Z:l
|2t ol
L= Wy

ol f
el

p

N

=]

h -

e
T
re
X

N
o3

P
o T

il 1o
%
fo

o

{

E 1. OfiFaHAol ARBE S|

o x5l Auto] £

Aol S5 a:a% > az_ecq, A

=
=
9 Ao By u}_

Atg et pA" thekgt BopolA &9 AFol &

ol FAlol AiEe 2AIE0l HFE
371 A%t A= AL
EEoAlE B3R

N
X

Ol

o

bl

¥ A
£

r}.u: .I?C

MY, 7P, RAWP), 2E(TE Newton] 1t
BIYS ol galo] T8 4 Sl H3kes ZRIYS &
Ak 7HHPEJ .ﬁ%% %‘ = ﬂ»LWHEOM 2

] - T coupling), flﬂ.J.. A FH 2|
o)t %%‘9] ?‘:”‘X]t’}’oﬂ thet K% - Pr- T coupling)

T2 E5 24 A
ey E=1.0x10%Pa, v=0.3
Water retention curve
h=0.8, Po=2.0kPa, Smax=0.98, Simn=0.08 {van Genuchten mods)
__‘_ -
Se"—“ SI-Slmin =1+ PS’-Pl -
31 7§ ’ S[msx - Slmin I)O
(38 3 42|51
Intrinsic hydrautic conductivity
k=1.5%10"*m/s, ke=8.3x10"°m/s;
Relative hydraulic conductivity
A=0.82, Simx=0.98, Simn=0.08 (van Genuchten model)
ky =S l-(-5") | by =1,
A E=1.0x10%Pa, v=0.3, ar=5.0x10"%1/K
s K=1.0x107%m? n=1.0x10"%Pa-s
: A DB ’
(18 4 FEINE yea
H
g A=2.0W/m-K, Cpeaio=750J/kg K, Cpuaier=4200J/kg-K
P Soil: E=1.0x10°%Pa, v=0.3, ar=0.5x10""1/K
595 oo Steel pile: E=2.25%10%Pa, v=0.3, ar=—12X107%1/K
(38 5) Sakh k=5.0X10"°m/s
o Soil: A=2.0W/m-K, Cpsoia=750J/kg K, Chwarer=4200J/kg-K
Steel pile: A=20.0W/m-K, Cp=450J/kg-K

82 ESAESS=EY H2TH HiE



shEof QA MRS oheh

of g4 A, } 2ol %‘?i AW A 5
o THM 7% 8j40] Ba

5% Ao wac

2l 2

= LA e Al YA 2HA)(2010-0122)
AP LY on, ofof He PAE E-YTh

i

kJ
Mo
re

1. Alonso, E.E., Gens, A., and Josa, A. (1990), “A constitutive model
for partially saturated soils”, Geotechnique, Vol.40, pp.405-430.
. Bear, J. (1990), “Introduction to modeling of transport phenomena

(5]

in porous media”, Dordrecht, Kluwer Academic Publishers.

3. Coussy, O. (1995), “Mechanics of porous continua”, Chichester,
Wiley.

4. Del Olmo, C., Fioravante, V., Gera, F., Hueckel, T., Mayor, J.C,,
and Pellegrini, R. (1996), “Thermo-mechanical properties of deep
argillaceous formations”, Engineering Geology, Vol.41, pp.87-102.

5. Demars, K.R., and Charles, R.D. (1982), “Soil volume changes
induced by temperature cycling”, Canadian Geotechnical Journal,
Vol.19, pp.188-194.

6. Gens, A., and Olivella, S. (2001), “THM phenomena in saturated
and unsaturated porous media”, Environmental Geomechanics, Vol
5, pp. 693-717.

7. Laloui, L., Klubertanz, G., and Vulliet, L. (2003}, “Solid-liquid-air
coupling in multiphase porous media”, International Jowrnal for
Numerical and Analytical Methods in Geomechanics, Vol.27, pp.
183-206.

8. Lewis, R.W., and Schrefler, B.A. (1998), “The finite element method
in the static and dynamic deformation and consolidation of porous
media”, New York, John Wiley.

9. Liakopoulos, A.C. (1965), “Transient flow through unsaturated
porous media”, University of California, Berkeley.

10. Olivella, S., Gens, A., Cartera, J., and Alonso, EE. (1996), “Numerical
formulation for a simulator (CODE_BRIGHT) for the coupled analysis
of saline media”, Engineering Computations, Vol.13, pp.87-&.

11. Rutgvist, J., Barr, D., Birkholzer, J.T., Fujisaki, K., Kolditz, O,,
Liu, Q.S., Fyjita, T., Wang, W.Q., and Zhang, C.Y. (2009), “A
comparative simulation study of coupled THM processes and their
effect on fractured rock permeability around nuclear waste repositories”,
Environmental Geology, Vol.57, pp.1347-1360.

12. Rutqvist, J., Borgesson, L., Chijimatsu, M., Kobayashi, A., Jing,
L., Nguyen, T.S., Noorishad, J., and Tsang, C.F. (2001), “Thermo-
hydro-mechanics of partially saturated geological media: Governing
equations and formulation of four finite element models”, fnter-
national Journal of Rock Mechanics and Mining Sciences, Vol.38,
pp.105-127.

13. Schrefler, B.A., and Scotta, R. (2001), “A fully coupled dynamic
model for two-phase fluid flow in deformable porous media”,
Computer Methods in Applied Mechanics and Engineering, Vol.190,
pp.3223-3246.

14. Zienkiewicz, 0.C., Xie, Y.M., Schrefler, B.A., Ledesma, A., and
Bicanic, N. (1990), “Static and dynamic behaviour of soils: A rational
approach to quantitative solutions, II, Semi-saturated problems”,
Proceedings of the Royal Society of London Series a-Mathematical
Physical and Engineering Sciences, Vol.429, pp.311-321.

(244t 2010, 11, 18, AAREEY 2011, 2. 23)

SE MFOIEN XHYHA

3 = 2700l oE A%z WA @), 0) 6),
oA B 6), LT 35 224 ®)
2uE 29 AR AMIYAS fE3 5 At

4 FUAol e AEREL] YA Q01N A

14<]

2 (B2 4 (), (5), 0 st FRistd, #
APyl et A (F-5-2), 7HEA @)l Hizt 4 (7
23), 25(N)ofl et 4] (F5-499 A As 4
He(M)el Al A 8y o8 & ok

" dP, dpP, dr
— Py {CSP 7: -Cs 7; +Cyq E)

+\7{p;"q +i"+plq +i“}=0
M 1T 1 e

'T_ M-La

s, + pri- 5w i+ glor

. . dpP, dpP, dr
[,D,“S, + [):(I—S,):Kl_;é)?'tf+ ¢(,D, *pg{CSff*g_CSP—‘_[*' G —7)

dt a T

+V-1ip[”q+i7+p;q +i“}:0
- ~r T ~g ¢

(2E-3)
. { . dp dp, a1
[SHOIE/+(1'Sl)ngg]?'1_"+¢(p1E1_ngglchT:VCsf dr Cvz}

d
Ji-oo s lorcr s oG oS Norc: el

s
+Vei +Y<hp," q[“/)b +[p;’ g+ 1(}5:’ f{p: g+ ‘g)‘n +(/); g+ i H:O
(F5-4)

A7VA, Csplt Csri= SWCCHAN(s - SollA{ suction(s
=P,- P)T} 2=o tigt 7|&7]5 YER, G= A
2 x9] aAH(phase)ol A2} 9 H g (heat capacity)©|th

LBIXIEH (Y8 g-==al-28 HES A8 83



