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Numerical simulation of hydro-mechanical behaviors of unsaturated soils
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Abstract: Volume changes take place during the fully undrained compression tests on unsaturated soils. It is more difficult to
simulate the undrained mechanical behaviors of unsaturated soils than those of saturated soils. In this study, the three-phase
coupled governing equations for unsaturated soils under fully undrained conditions are derived using the porous medium theory
and the elasto-plastic constitutive model for unsaturated soils. Numerical simulations of the fully undrained triaxial compression
tests on unsaturated soils are performed based on the proposed three-phase coupled governing equations. The simulated results
demonstrate that the proposed method predicts the hydraulic and mechanical behaviors (shear-induced volume compression,
pore water pressure, pore air pressure and degree of saturation increase) of unsaturated soils accurately under the fully
undrained conditions. The predictions of the fully undrained triaxial tests on unsaturated soils show good agreement with the
test results obtained in literatures, verifying the applicability of the proposed method.

Key words: unsaturated soil; undrained condition; hydro-mechanical coupling; porous medium theory; numerical simulation

it

0 3l

AR A BRI, U, RS
Szl TR LR ARG, T & E S e - T
G 5 T PR T A0 T 25 0 B2 AT 6
. AR 5 T4k M ) SRR A A
BT IR A0 TR . TR, AEMRIE AR R 1
BT HORIR R, BRRCE IR T — &5 AR am L
R, GRS, G AR Py
W AR U210 S TR 5 5 AR AT R R 7 4
PR AR (1 77 S B 2 K S S A b

SR, BEME IR AR L AEAHEAK SF AR T 1 1 4Rk
HZK 3R AR DU B AR . SR AR rp A L0
3 DA R TR VA R R JE 3 o Ak B TR 4 A P i
Tk R e DL AE I 78 S5 RIS e 4 E O AR A AL T
AR AHFORE, AR Ao fE
A PR FLBR AU o5 RV A A 1 5 AR T £ e A
SO, BETTRTRE SRS A LR . RS P AL B A

HEeWH: EXEAREEETH (51179023, 41572252)

Wi EHA: 2015 -12-28



33

KSCA, 55 AHEK AT ARRAN 7K J)— 71288 B R B B, 487

IR L TR ) ZEASADL AR A L i R
T 220 % L B AR ) 52 i 4 SR M DA g Bt SEE B 1 10
WA DR RN L AR . AR T I 152
PEBEAT AL

XML E, AHEKES TR RE,
R A 45 8 A N T B8 4%, AN EAEAHEK &4
(1) 77 5 R v DU 45 ) SR A TR AT T . SR
MM, AEMRT L RIEE AR . AR T k™4
—E AR, X AT HAEAHE K AR T 1 7 22
Wk TR, CEFUN AR EAHEK HERAA IR
TR, Sun UM TR, FERET
RAFIIZCR . A8 B /K AR X — 45 % 5
TR SME AP EC R, IR TR
J 38 ik 2 . Uzuoka SUIIE 7 36 P47 46 1F N 38
i = AHSLBR A B AR HE T T AR = AR 1) = AH
AP 7, BRI TR T ARV AR o L R A R
BRI/, Uzuoka 51 Hi S 4l J5 R SR A AR 4
BiAY & Armstrong & Frederick #7047 22 p L Ji
W 73 CHEAS FH U PR B2 D S6of A P R 4 e il e 5 52
BT BT 0B BN T (IR o 0T v v A
1R L AR T 55 220 W 2 Jo W 0% Jek R o 5 10 52 Wi % 2 A
K AR TRV AN B AT 51X P T A HME S AEAE 5L
KEIEREE . X 1S Uzuoka 517 FEAGEH T
A T I =AERE G I, PR T O R S A
Mk, ARSCHEET AL S, 5N R
B, SRR LK Ty - J15 88 G B R IR SRR
LRy - AR, KR 5 R g R R S
- JeE i R ) 5 DA R AR AR o R AR PR 2 106 25 R A E
W, HESIREALAEAHK . AR T IR R
EJJANAR | )5 S AN RS- 35334 v AN AR 1) = Fihy
FE4aEEH R, SHEAEEAEAHK . AHER = 5B )
RIS AT A Pl . XA TARS e I ARG
3 1) 7 R 003 FH 90 ) 4 v FROUARS 2

1 ANHKFH TR L = #ME YT
HEAE
1.1 EXEE
A A G = ) AR A e D R
PR B
(1) LA o] 4
(2) S fE, BRI AL B
(3) [EAH ORI AR 2 I TR R 3e e (LR
FE A A RI BT LA 2 )
(4) 28 FLIRIAL HATI S - P 4 AR Ak
(5) FLBRE n 75210 MIAMT 35310
(6) (U R T, BN PRS0

1.2 FERESANEE
GINRAE L, SIS AR 3 AR 2 (R 2 5 7304
T LRI TR -

p =n'p™ =(1-n)p* , (1)
pw — nwpr — nSWpWR , (2)
pa — napaR :n(l_SW)paR , (3)

p=p +p tp' =(1=m)p™ +n(s"p"™ +5"p™) . (4)
L p™ " p™ 3N RN FLER KA FLER S
MIESEEREE; n'y n, n* 20N B, RIS A4
BE, W +n™ +n' =15 n NILBRLL; s¥ AFL
BRI s s AFLBR S AR AT

Wi (3), BRSSP, #4H
(1) 5 =~ R
p% + pidivw® =0 (5)
A RN a AR S 5G v N o MR
o FHZENYEBh &P 7 F2 8
p*v* =dive” + p“b+ p* (6)
K o Na MR 1705 b NEIJMEE; p*H
o M5 HAA A EAER T E. RIEERE (6), X
L8R, PR 2 S A 2 (R AR AR T p
NN b LK dive® o FAHEIN 150w N

o'=c'+(1-n)(s"p +s"pHI (7
o =ns"p I , (8)
o' =ns"p’l , 9)

o=c'+0"+0'=c'+p'I-s"(p*"—-p") . (10)
X o o o Al NE A AT AR )R
srEakE: pY AILBRKIET: pt AILBRSET: TR
Kronecker delta; o' NEHEMNIJKE; o AEMFEN
JIiK &,

B S iR SR A N FLIR K AR FA B B AR
R AR MRS TR, B FLBSZKORTFL B
SRUNN AR K R

wR

- wR p - W
= ’ 11
e (11)
aR
«aR p . a 1 - a
= = — ) 12
=gt Ter? (12)

A K™ K3 50 9 FUBE K AN AL B AR ) AR AR
W O NHEXERE: RAWLSEEL: p pt ol
ALK R A AT LR SR T AL
1.3 oK4FERRZE

A PR - 1R PR A A2 R SRR 3 (5 M AT
AR TTRR I,  HRA KT

w
W

§ =aas—s'+,15é=c(pa — )+ (1+e)E, . (13)
A)

R s fos TR BRI AR, 11
KRFE I Ze: A, HIRIE STLIR LSS R M R



488 H o+ T OB ¥ M

2017 4¢

&, N B BRI RFAN AR o AR SRS v 4 KRR it
2R Zhou UK RL, FREEh R R (5
Van Genuchten Fi8I—30).,

b, W
P —_ :[H(ij } : (14)
Sy — S, a,
. b, —(cy +1) b (by 1)
8 HLJ } ] 0
Os a, a, )\ a,

A s AR s NN AN 0 I
KMAIEL s s BRI a, by, o, WERISHL,
AL ISV

LS (0 (16)
Os s Os
s, =a, (X)) =, (17)

X, m RS, S5 (5 —%.
1.4 TEEMNDREXRR
TSR R T - RiAE S AR Zhou 2 IR
PIARFIRE T FEATHEIR o ZAKI IR R P38 1 28 7
A B AN BE AR g A% 1 AR 1A AR R 4 ) e 4 it 2
A RN TR . AT JE AR BRECA
f=¢-Mp'(p,-pH=0,
pe=(p))" >
A — K (18)
ﬁz:zuj)—x ’
A(sy ) =2y — (A = A)A=5)" o
Kb MONIEFSUIRSR 1 pl NEARIS p' Hlif
BUE; Ay A, 23 AR TR S TR IR 5 ] 45 & 4
HZEIRER; o NI SH. R BV RN AR A 9
SH

dp: ¥ g (19)
P Ak
K A SR B PR e 3 )
de} M’p” -¢’
de} 2p'q
1.5 ZHAHIK, THSEHTRIEHISE
(1) R T e B A3 AR (1 4 il J 2
H A ] R N A, W1
6,=6,=0 . 1)
= (100 775
6,=6,=p"(c(p" - p")—s")+
PP —p") =)+ A(L+e)(p* - p")E, » (22)
c.=0,+p"(c(p” -p*)-s")+
PP —p") =)+ A(L+e)(p* - p")E, - (23)
B (D) ~ 3. (1) ~ (13) KA (5)

(20)

RS ALB K AN FLRBR RS 5 7

n(s——cjpw +ncp® +[/lsn(l+e0)+sw]é‘V =0,

IS
(24)
n(;( —cjpa +nep™ +| —An(l+e)+s" |6,=0.
(25)
S PR TS S A A B ] R IA
GL Dll D12 D13 ‘éx VVl
¢ t=|D, D, D, g'y]#WQ § . (26)
Gz' D3l D32 D33 éz VV3

At DN BRI R W AR
XA RS T K TRR I ) RO RS . D, A W, T AR
(18) ~ (200 #ES,

B 260 AT (22). (23) ., FgEE R (24).,
(25) AR EREIALA R 15 TAHK . AHES =5l
BYY) = AHRE A 3 2

[K,]{x,}z{y,} ’ (27)

5"
nl—-c nc
IS

K] ne {%ﬁ

c(p" =p +W)=s" c(p'-p" -W)-s" 224(+e)p"-p" -W)-D,-D, 0
c(p" =p*+W)=s" c(p' =p" =W)=s" 24 +e)p" —p" ~W,) =Dy =Dy, 1

2[ An(l+e)+s" | 0

2 -An(i+e)+s"] 0

p
{x}= ];X ’
o,
—[An(+e,)+s" ],
[An(+e)—s" ¢,
= [A(+e)W, - p* +p")+ D, |4,
[ A,(+e)W, = p* + p™)+ Dy, |¢,

(2) R0 B A3 AR (1 42 il O
H AR R N o, w1
G,=06,=p, > (28)
izt (10) A[15
G,=06,=p"(c(p” —p*)-s")+
pie(p’ —p")+s")+ A +e)(p* - p™)E, » (29)
c.=0,+p"(c(p” -p*)-s")+
pie(p* = p")—s)+ A (+e)(p* —p")é, - (30)
T 1) 4 ) AN AR S A T FLIR K RN FLBR A 3 2k 1
T3 TR S M N AR SR T I s R 2, AP
X 24, (25, HR 26) LA (29, (30) Hr,
Fait (24). (25 FFERAR R %4 FAHE
K AHER =BT ) = AR A O 2
[Kz]{xz}:{y2} ’ (1)



KSCA, 55 AHEK AT ARRAN 7K J)— 71288 B R B B, 489

s"
nl—-c nc
[Kw ]

(K.]- ne n[ki;c]

c(pV =p W) =s" e(pt=pY =W)+s" 24 (+e)p" —p" =W)-D,-D, 0
c(p'=p" =W)=s" 22(+e)p* —p" ~W,)-D; =Dy, 1

2 An(i+e)+s" ] 0

c(p" —pt+W)—s"

»
{x}= gx ’
o,
—[An(+e,)+s" ¢,
[An(+e)-5" ¢,
b= [A(+e)W, - p*+ p") 4D, ¢, |
[ A, (+e)W,=p* +p™)+ Dy, |¢,

(3D P34 Ry AR R ] 7 78
H po=p-p'=(0,+0,+0.)/3-p" =costant
CIES;
6,=6,=(3p"-6.)/2 - (32)
X (100 2 8 AR

e | T N
GXZG,V:_EGZJFP (C(p 4 )_S )+

R S e PN (R T e
G,=6,+p"(c(p” —p*)—s")+
pre(p’ = p")=sH)+ A(+e)(p' —p ), . (34)
A8V N IS A TR FLBR AR LR i S
TR SRR R IR T RS L
A (260 KA (33). (34), g (24). (25) 7]
I N IR KA FAHK . AHER =585 =
ARFE A FaE i 7 R
(K]t ={n} (35)
k1| ()

o w . w w1 . 1
e e e ) 22,(+e)(p* = p" =W)-D,, =D, -3

2 An(+e)+s" ] 0

cp” —pt W) =s" c(pt=pt =Wy =s' 24 (+e)(p' —p" —W) =D —D;, 1

(%)=

—[An(+e,)+s" ],
[An(1+e))—s" ¢,
[ A (+e)0F, = p* + p*)+ Dy | ¢,
[ A, (+e)W,=p* +p™)+ Dy |¢,

2[An(i+e)+s'] ol

2 AHEK FHES ST IR HE

AT

IR = AEAE A AR R R DA ) B AR O
FUBRAE J3+ FLBEAUE F7+ 1 AR A A ) S J7 oA oK
B, XPRE AN I e AR R, e Ik SR A
75 FEEP AT SRAFAH S ALK R J 3 & LB A 3
O DA k== S N A b = i | = = N
HOD TR FLRUKE 7. FLBRAUE 7 v AR R A 1)
N7 o ARTHG R b 3 2 i) 7 R S A e e R AN
1) 4 B AN AR RSP 35005 B ) AR 264 FAHEK S A
HA =Ry b gt T BAHK. AHFR =
BB S - RAS 5 2 AN b KR P R A M AR S 880
T FiR. ZRSRARS KB IE B R s . AR 1)
WIEFLIREE A 1.0, &M 50, 100, 200 kPa 3 MHI4A
1 ST 50, 100, 200 kPa 3 PM3EFK /1. ARIELK
FRAEM 2R, FEFRR /) 50, 100 F11200 kPa 44184~ 1947
LRI 73 598 70.7%, 44.7%F1 24.3%. FLBRKFIFL
BRARIE S H R 2 Fis.

F1 FHK=ZHEHFREERERSH
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Table 2 Physical parameters of pore water and pore air
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Fig. 1 Predicted results of fully undrained triaxial tests on
unsaturated soils under constant lateral total stress

( Gy = 100 kPa)
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Fig. 2 Predicted results of fully undrained triaxial tests on

unsaturated soils under constant lateral total stress (s = 50 kPa)
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Fig. 3 Predicted results of fully undrained triaxial tests on
unsaturated soils under different stress paths (s = 50

kPa, O3(ini) — 100 kPa)
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Fig. 4 Test and predicted results of constant suction triaxial tests
under drained conditions (for calibrating paramaters)
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Fig. 5 Test and predicted results of fully undrained triaxial tests
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