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THE HYPERELASTIC CONSTITUTIVE MODEL OF POROUS SOLID
AND ITS APPLICATION

MA Kang , CHENG Xiao-hui

(Department of Civil Engineering, Tsinghua University, Beijing 100084, China)

Abstract: The sealing of oil and gas wells, nuclear waste landfilling, and shallow geothermal energy utilization
are hot research topics in the field of energy geotechnics, while the constitutive model theory of soil, rock, and
concrete materials is the core area of these studies. However, errors arise from the calculation of deformation of
rock and concrete materials due to the limitations of basic assumptions or construction methods in traditional soil
mechanics and pore elasticity theory, the theoretical scalability of which is also weak. Based on the theory of
saturated soil mechanics and pore elasticity theory, this paper analyzes and evaluates the related research work on
the constitutive theory of porous solid materials. Furthermore, it uses thermodynamic means to establish the
hyperelastic constitutive model of porous solid materials. The effectiveness of the proposed mechanical model is
verified by the existing experimental datum on limestone and hardened cement paste.

Key words: geomechanics; Biot poroelasticity; thermodynamics; hyperelasticity; elasticity modulus

FUBE ARG . . KR, e BRER 2 ERE
AR, HRIFL R E AR 1R TR 1 WA A SRR L AR A RO ) R
2 o [ £ A AL B0 [ AR 1 Biot 253, ORI AR B3 2. b ) RN S
HATE e S TR A KRB m I 2 g m AW, b
WL, el R I e e R L s 2 8 of =0y — PpJ; (1)
RN IS AL AR RS RO Il Rop. of NEMBI o MERL: p MILBK

Wk HJH: 2018-06-04; EEHH: 2019-03-16

EEGIUH L RRTRAE IR L A AR (ORI 5 B R 2 WA BUATT 58050 H (51778338)

WIWES: FEREE(971—), %5, BRIEA, MIZERE, WL, B, FENIEE )% AR 7T(E-mail: chengxh@tsinghua.edu.cn).
EE T B BE(1989—), 55, BEPEN, t-L4, FEAFE LA BRI 5 (E-mail: mak15@mails.tsinghua.edu.cn).



T ®

gy 249

J£77: O N Kronecker #f5 . Terzghi #2H HiX—H
RN T IR E iz A 2 AN AR AR B A5 R,
(X TS F . 7K e A FIVR Bt T A R AR T o
B, R R 550 St 2= A AT 2 1) R
o MRz AR —1E T AR A RN )
SR AR TS A K Ve A AR R AR A
TBAH 53 B R 4
DX T AR G ) g 2 v [ A P, LB e
[ A& 1) Biot Bt HIEAMB L Z — I\ AL IR
KA L B PR AH ] AH (B 48) 5 A (FLBR A4 24
A ESE . X —FEARERIGIN, MHRA B 7 4L
Bt SEpL A [ ) A 28O vk AR e 2K
o =0y —bpd; (2a)

b=1—% (2b)

A bl Biot &I “HRMAIRE M KA
FLBR E AR AR HEK & A AR g, KSR FLER
] A2 A Ak [ A AR R s o o TP AN b - sl £
MR K/ KS BUBETE 10°~107 JEFE A ikt 3K
A BIRE MR, K/ KS KZEE 0.08~0.12 i H
WEUE: X TEAME, K/KS EELSBUER
0.5,

FLBR 5 ) 2 A0 T 50 1 B b e R B AR vp
EWTH: H—, FEERERE s, &
i REAIRT KA BCE A EFIHEK . AHEK=
25 1) [ 46 A1 G & £ (unjacketed) &5 7] JE 46 iR 56
T AR FLBR B T 22 50, B MRS [
PR BAS [R] R 7 7K1 56 FL B B3 v AR AR T AT R () 5
M 6710 =, FERAE Biot L5 T AL A
RHRR A TR — e REY R, HIEAN
S ) R PR LB SR 1= B, R B &R R
Y. ARk A S 2 m T, BARX
SEFR VR PV S, (LA AR O R A 1
K2 RAEHPEE AR ) SCH 50 e B L kb i B4
i, WREE TN Z MG AEL LR
PR, IXECHRR AT T TAEN A BRI R A

VB S 5A 1is LA B ) 22 8P as . RSP A
BIEFRES T, WEWEE AR R A
PR B 22 AR I R USSR E IR A
BB SIAPRN AR T2, T8 f S ) 2 3
BRBRE R RBOR BRI AE Lt L g k4
PEo WIER S5 B I X RAE & S BRI E A
HIESA BRI “RAMAsh 7157 WA

=, WA, B KR R EARUE T AL
e AR, T L A B IR E 22 MR 2
S, Ak T R T LS ) ) 2 T B
R, X R AR, WA R B L1,
8 ) Tt 5 o (R FES . ot P v
SERIRHE AR, H T Biot FLIRANE /3 R
o R A 2 T e B R LR
PR

ST ERBIAIUR, A Je A Biot FLERHE
ISR, R BLAEFL IR B A b A
RURR ST ORERE T A JUR, ST PAAR S
T B SrALBR B R A KRR, IR AL L
RS RIS P FHOREFE : R, 45 & SO LR
PRAPRMR SR, BT FL I (b A K BT F 3
FIVE, )5 e B 9 2 S
1 Biot FLBHE M HFIBILE N

5 B LB AT A 46 TR P o R, 9F
W NS B, R N FLIREE Mot R RVE
T6o FANEI AT AN H o AR
RIS &y o Hoop, BT AR ph AL b
VR 2 T 3 5 R TS BT I . N T 5
SRR 5 WS, 75 B R AL M 1 28
fh. A E SRR BB BU B A @,
EDFLRR R A (B DURON TR JI A5k p, B
FUBUKIE SR04, o T bl Ak,
BB R A (55, ) (o, PIBRBL. 7E
BAME . NETUR S E T, X PR 1A 36 2
RLE, MR R E S, e R DA &
6 50 ek 8 1 ) 0 i e

11 _?__(022"‘033)’
o
2 _%__(0'33"‘0'11)’
o
33 —%__(0'11 +0oyp)
2812 =O-12 /G’
2(913 20-13 /G;
26y; =03/ Go 3)

X, E L GAly fLER AR R S R & BY
DI EAHIA L .

BUESI N 77 p R4S . T AR
FEA TR [FIPEARBE, DRIV /) p AR AN 20 B



250 T 12

¥

DINIAZ = A 5omi s BT [FIRE AL, WU ) P
BT IER A (&), €5y, &35 ) HTRE I R SEAH 7] 7 o
BT LW, W N 9% A T AE & ) [R] 14 3
PERPEH 3R A2 25015 21

o, VvV
= él _E(Uzz +O'33)+3H )
Gy, v P
2 _%_E(033+O-11)+3_H’
Oy V p
33 = I; _E(O'n +05) ET
2512 =O-12/G’
2513 20-13 /Gy
26,,=0,,/Go 4)

X, HZ2—ASEidmmy e s 4. 26, 245
P T AR [P 7S AN RLAR 23 1 4 0] L S AN R ) 7 1
S5WAE T p BB RIR . (B2, 1G> B AAFT
PR BAR AR L & @ HRIAT, X TRl 4k
(AE B BRGNS, B AR LR
IARA . X T @ B — R R B AT LA H & /AN
1w WA E 12 p MZktEm%, B
P =80 +8,05 +8;03; +
01, +85013 +8505; +8;P )
AR AN 18 22 FLBRAE AR IEBTRE &1, (0,
O, O ) WA X @ & m, Kt
a,=a,=a,=0. EFZmFAE/L X, YRz
=ANTTIE @ R SURAER, W, =a, =a;,
G)yAEsA:

1 p
¢=E(011+022+033)+E (6)

{rb, HY 5 RO R H . 385 7055 i) B 46
SEAT T AR SR SN S RE PR AL, RS TTER] H=H .
PRI, AT H1 3(4) 5 30(6) 78 A B AR A AR
K. Hr, E v HHIR ISR 5 R
., ESVIVBEEHTCOZEE; 1/H mTH
it 9 FLER K I 73 A2 AR BT 5 1E A4 ) [ AR AR AR A2 AL
JE4i 280 1R DU IE 132 SR R RS K
B, X TS, RIS 34
Sl EAALBR AR . g5 BATIR, W XA E
R A T ) 2 D L T 3P AR g AR 5 G A S
{10 5 % K 25 Wt % 1) [ P v e LR I AR 4
BHARI R 2R o

2 ETRESNFHFREMEEL
X5 F Biot LB 12 BB HERE, A SCAF

AR FIIRHELE R, ST LR R RL ) A
FRERL, B, BERETFLRREA M R R R,
T RIARH R T s IR, WP 2 AR
WK, HERLBREAM BRI B AR &,
i B RE eR R ST LR [ A4 A RL ) BE 2 RE B
, N AR, 15 28R AR TR R IE L,
I5 Biot FLERH I V) 5 FARHEAT X LA 7
2.1 MBS TE

RSV Y g o N P i b e N A R B S R v )
Bl BT AR P FLER A ], AR R
A & ANREFH IR Z — B3 — A ROR, 75 ST
ABRLPI IR 2 oR B S . IX R FLBRE AR
AT BEAARS S 2 — o BRIk 4h, FLBR EA RS
R IR . A% 2H S A g SC R REAE X 58 A5 18] B B 1) o4
BRI o

AL E ARG AR AV, » Ve s Vo N
B BRI, WIUAFLER R ¢, =V, 1V, .
By A A S AV i< NI (5= LA SAVAN
VE, SRR RERHLER R N g =V IV, . SULFER, 7R
Al MR OG- 2 F AR B BR Bz L B R A
n=V'"NV. R EIVE' SIS -SSP R

VS = (146 Vg 7)

MRAE LB AR 2 L, ATS)4R 52 ) ) [ AH
R
VoS =(1-¢,)V, (8a)
VS =(1-nV (8b)
HUE AL & IOWIER RS, AR EIM RIS . A2
TEJE FAR R R 5K &
V= (1+&;)V, )
B AR (T)~R(0), AT BRI &« [
B 5 RIFLIU ¢ 2 1 H Ph 6 5o
¢ -4

10
7 (102)

& =(1- ¢o)5i? + &

7

gi=(-g)e; +o (10b)
R, o=¢—g, AEHHTEILRE KL, NFER
BYE, /g =N"=V,)/V,- aTHL B
FURIAR . e 2, FHRM S AR R S [ A AR
AR SRR AR LA S TR UA FLIR ¢, 110 48 P AR
ZH Ao AL AL IS E A btk F [ AR 2 S W) 44
7, d1aR(10b) AT, AT RS T 4 A



T ®

VAl 2 251

PR BRI ARFR N AR 58 4 H HALBR R e, X5
RS+ B A &
22 RAZEWHHIE
WA P A ) 2 PR PO R R ¥ e m e
AR MEFEBOILH B9 24, EH VR AH 2R ) FL B
[ R4 ) P B 2% 1] R N
dU =oydg;+ Y (17dp’ +Tds”) (11)

J=L,S
Ao SR — IR IR AL IR A L 52 21 1 77 7E
P EIREEAR s & NMPRIAOHIERNAS: oy I
e B IERRALBRE A R . A RO
PP R RIRE A L, 7™ R . B AL
Hy p TS AREWA . B AR REERE, B
TR TR FLBR [ AR 38 B = AR ) R A8 4k T AR
FREE, 775 ARFWAH . BRI o LRI HUM
RHRFA T MRS BN, B 7 AT DO B AH
A i 25 FEAR AMALDIRS R B2 Ak, ] LUEEL
PR e 36 B S 0AR BT P SRAR B ARl 2 P 2T
FAF AR ST IR, AT 75 (o b L A g
EIE MRS EE A AT, HEEEEN
1, FLAEPEIE B LB 5%« tH #4522 18 7 Helmholtz
HEHAEy =U =TS (€ X, v LTS 2IFLRR [ 1444k}

1] Helmholtz H HHRE N :
dy =oydg;+ Y. (u’dp’ =s’dT) (12

J=L,S
X SLBR AR P AR A R A, e B
{1 A 7 R N TR A 28 i IK g 2 v AR AR A R 2 AR
JitE, R

dU" =—pdg+ u-dp" +Tds" (13a)
dy' =—pdg+ utdp- —s"dT (13b)
B or X (12) 5 K a3b) . H FH E de=
d(¢— @) = dp 1331
dy® =dy —dy' =
oyde; + pdp+u°dp® —s°dT  (14a)
s =g5—st (14b)
A dy® AR Helmholtz [ B E; s° K
[ K )0 5

23 FLEREFMRI AN HIE
2 o I & R O g R v S
Helmholtz H HIBEH E, EAKEMAL. RN
HERMAEET, g
dy?® =o0;dg; + pde (15)

N TR MR K B (&, 0) 5 LKL p
FoRMIEE R, X EAOCT @17 Legendre 32
e, 153

dn® =o;de; —pdp (16)

/7"\02%0“ ) S =05 — 00y, & =& _%5kk5ij ’
NI, AR R A dn® WS N
dn® =ode; +s;de; — pdp (17)
fem % R B dn® MAeMA K AR H AR
AR AN EZE (g, €, P IR EL
X% ) [ Ze PR vEA RN 5, W B RE R

JE R BOE A Rom N iR AR B IR A .
W TR ASARSHBI R A7, LK T p RS AR

RS &, M. R, p® B A A For A

sl o 1p’
n ZEKgii _bgiip_EW-l'Geijeji (18)

H(17). K815
6775
oc=——=Kg; —bp

(19a)
i
s
o= _pe vp/N (19b)
op
on®
Sij :aTij = 2Geij (19C)
s K OSBRI AR RHARU R it & b oy LR

AR RN ) 28 N 2 R LK E %)
FUBR R A R B, G N FLIRE AR BB BT )
M,

P4 38 3 T 7 25 A T VA B LR [ AR 5
A T FER(19) 5 Biot FLIR [ 44 J7 2 A4 T FE R
@ HR (6T, MHEHBIEEAEL R RAR:

_2G(+v) (20a)
3(1-2v)
b 2G(1+v) (20b)
3(1-2v)H
11 2(;(1+v)2 (200
N R 3(1-2v)H
G=G (20d)

I RS R AR, ARAR IR i K )l 3T s
&G Hfattv &Rt Biot A XN /) #%b 7 %
5 RE ALK e A1 A A PR AR AR AR RS, X A
IERZHH MW E e REN RN T LR
I TR FLBR R AL 5, X5 R R A



252 T 12

o
4

HEXYE, HREXTHENO SR WEHM
b, R FLER AR S 30 5 B AR AR A At T A
fIALEE, A, PEHESHEZE TR BI IR E G &
. BB, BRI T2k 1L
BRI A O 2 i A A 1 o
2.4 FLEREAMRHFIEX IR E

N Y SEBR NI FLRR ] AR R AR, 7 2t
AT AL G ] A B4 Rk i 6 DA L 43 G ) 2 1 2 A A
R e SRR R AR R B e SLISUK I A2
WS BY R AR AR, BT UABYOIREE G (Il & wT BLh
= A 4 IR AT o B R = A S AR N AR
FRMFPEE K b5 N &7 T =50
KA RS . =R AR SE A A 5 &
3p 25 ) e 4 AR 2k — 2D A

X =R HE KA A A, RE R R

FUBUKIE e & TGS, FRSHES o :éa“

S, WA AR RS & o 4 IR 25 AR
AR(192), 133 = HiHEK S [ B 48 30580 2640 T (04
#FHIEN):
_do (21)
de;

XF T =R HEK S ) He 4 50, e et 7
AN BEH WOH IR IR HARE, PS5 R ) o 1
I, SUBOK R 7) p B2 A2 Ak, W AR AR
g o BT FLBREARATRNEAE T R 46, i DAFE IR
5 v X RE A R YRR o B o YRURE A AR R A B e
XA

K

dp
Kt=—™t _ 22
s (22)
X, pt=ME VS B AR B R R . WA
2% WL % P T DL e SO

L, MEVE ME
p ¢_V|_ V - V (23)
Xt 23T e
d(p p)=p-dp+gdp" (24)

NAE dg=de , APK(19b) 5 WA A% E £
BN (24), BFLS.
d(p“¢) 1
—f¥1=m%+ddf%+NJ (25)
TR B HE K AR e s =, 76 =l
E AN I G Wi E

X(19a)=k T, 13:

EAHEKRIE S RE S, AT LA 252
BRNE. BHAARQT), HS5AHAK AR 4 i
B 5E Qo) LB T 15

b2
Ku:K*";;——r (28)
KETN
B (25). 2(26) AT 14
dp = b (29)

— do
K,(¢/K"+1/N)

I A ) 2 R AEANHEK A R T ALK
FREB HE X, n P S A R AR A
(11 R FLIUK I ) R 5L B IRiE 0.

EFXTFLEREMAARL, B 7 FU =K S )
FE 45 = A HEK S 7 R 450 2 Ab, I8 7R 2
T BB ) B RES . IX RGBSR EYIUA T
FEDIE T INEARFRF 3555 17 & )1 5 LB K &
AR AR ], X — s e+ 2 ] LB N R
N JIANAS  AEE X T LR E AR AL BL T 5 5 7E Terzaghi
A RN I AT BB REFm AR RN AR . X
TEHENEARLE, EVILEFH5% kT 50k
KR ZFR AT, A LUy in g 72
o=—p, HTFYERE SRR E IS5 E X
ANE, BEALFLERIKE T p ATEUA S o B HARN
K(192), FFFINA RN I) R b 1)5E X(2b), 1]
RIELEFH AL KM T

oc=K3g, (30)

B, P85 1m) & 7 5 AR R AR 1) LR BP A [ AH
HORENAYREEp i

FRETEH RIS K T %M LS. LR
7J<J£j75’§/%: ﬁ:

fi= e = s 31)
K010 531, A (19b), 2]
KS
N = (32)
b—d,

A7 3 (28) 45 7 (32) R i i = il AN K S 11
Ji 45 1056 5 o B A ) R A B SR AF R M b 5
N o =, BIURTIAS-FLREE ] AR L DY A 7 54
WAL



3 FLEREAMRMFAERIE 24

3.1 AxARLRALE S

Terzghi & H A R0 7 SR 3 Rk e + 77
FEHWMIEA 2 — Hg, wEAMERMEHA
(D7t LA B =30 S5 1) R 4 i3 45 R, el
AARVREE ARG 45 1, RS AT
ZAH e 22 BOR A o

TR RN ) JFE S, A BRI AR AR B
A W SRR T2 A RO A, B

c'=c-p=Kg; (33)
eIy, FESRMEIERIN, AR ISR Ao’
WA R AR RN AR I 208 Agy o HAE, A
RN B A AT DASR RS AR, AE e
Hon] LR B4 ) R e, Bl Ao’ = Ao
[EAE, A 20N 7 ) 238 AT BLR H FLFR K s 77 e
B, Bl Ac"=—Ap o T P A A A RHA R R AR
DSCE T A TR 2R I 224 2 A [ ()

BT FRHMER, AR Boutéca 25U xt
RAMRLAT 7 = 8hialge 45 R AT 00, Homakis
B 1R,

70

60

wn
S
|
|
1

o
=
N

V- 14155 1) K J) o/MPa
3

58]
(=)

—_
S

(=}

0 10 20 30 40 50 60 70
ALK J1p/MPa

B =k
Fig.1 Load path of the triaxial test

I RE T, PRI T, BRE S
KB TR, FEI5F RSB g0mE: 2
A ) R I S — 2 e, PRSP AE R
fE5E, FLEKIEIZB M. L5 KL 2L —
SEAEI, FRAESLBUKIEAMETEE, HXIZBZOmE-T
BRE w577, BT it = o St e .

WA RN AR, ARYE AT RN 7 S B HE
W, ARAMBHREAZFERBNA, HPY
S5 16 s ALK T 7 ) 7 Son st , A RN 15
AR RPN AE f 2 872 P 2% A L B TR Bk, H
e, WIRAIRA SHER S RAF .

5 2y 253

2 [—wwh

i F I/

g V|

T ST ST

RN VY

= S

T YAV

- A N VA

S ul S W W

/S 7 7/
0 L /L /L
0.0 0.5 1.0 1.5 2.0

B 5/(<107)

B2 R 7g- AR i e g5 U

Fig.2 Result of the stress-strain curve of the test!'®)

Wl 2 s, AR R 5 FLBRK IS T
DEINET, KA BHRE A TRRRNAL; 1
A5 1) [ 0 BN 3B LIS I 0 B BB 8L
NARRERAAAE I ZE, JFRA T AT E SR .
INFR I ER 2.4 719 3 (0 FLES [ A R4 R A AL BRI A5
BRI HT RS, SRS AHRZ.

H5E, X as RFRR AT, KR
A I AEFR AR - RN S AR ZR AR 2.3 5 rhAHy
iR (192) S NRFR AL 5 o+bp AR ZR, H4h
Rl 3 frs .

35

30

an "
25 e

20

Biotf5 2. J1(o+bp)/MPa
b

0.0 05 10 15 2.0
IRBARIAL £/(x107)

B3 Brilds & Nidie s
Fig.3 Test results in the new coordinate system
M 3 "TLLE H, BRI B, R
o —bp 5 RN A 1) Bt s LA v A [F] — kA
R L, IR R A IR A AR HE AR A
gamia K o B, KB (19a) s A KR, 4°F
1) & 1A e ALK U E R, A

Ao =KAg; (34)
[IESEIN Y AR Al S O ) AL EN = P S
Apz{éAﬁi (35)

M (34). KGBS)FTLAEH, BN 255 W
JE AN S LR K I, AR “Ak



254 T 12

¥

MR E” RAFR, & Z AR RN ) &
bR 2R, X — fAT LA 3 R RN -4 R
VAR S B8 238 SR e S 3 86 ) R 0 k5 FLBR K 7
IR R AR A R G A AP AR 22 e IR
{HRZ, TR EAPRL, RN ) R biE&
T 1, HAG2) ] FIrs 1/ N #&m T 0, T2, A:
c-p=0'=Kg; (36a)
P =& (36b)
B, MOEHAARRAR T R S/, HAR
HARTE A A B LBR Z 1) 284k, X 51640+
J1 B ARG
3.2 KEAFLBEE M RHHER I 5747
FET 2.4 ATRIBE T AT AL, L 7RI A
— & BE NS T 2 LI [ A A RE (191 40 5 A B 1)
[ 77 5 B0 B R . B XM AL K YR 2R AR A1 R
Ghabezloo 251V R Gty 7 Tt HEAKRIARHEK =
M) R4 M AH SR IS I 7T . FEIG,  Jd e e W
B 25 SO0 UE A SCHR i) LB ] A A R AR AR 1)
IEfE.
XTI EEE N R i I m 5, FR IS Ak
F AR RS i KS, K & 58 KT
KM BIARIEFEE, X — m 5 s R —5.
FEREK 5355 7] 4 2640, 1R BE AN ()
FLBRAK R 737K, P38 55 1a) I DR PEPRFR AR 78
AHEK =35 m) E 4g e, s A BRI
HAARE, P RE DEMEIEA NS . BARmE s
JIKPNER 1 Fios . S 245 BRI 7K IR H A 1) FLIR
W14 715 303 2 Fis .
# 1 RWmESH

Table 1 The loading parameters of tests

S YIUEHEE  WIRILE  BUEIE-1 BRI -2 B EE3A-3

D-1 1.0 1.0 10 20 -
D-2 1.0 1.0 25 52 -
D-3 1.0 1.0 20 40 60
D-4 235 23.5 36 48 60
D-5 47 47.0 60 - -
UD-1 1.65 1.50 20 40 60
UD-2 1.85 1.65 15 30 50

W HAL MPa, DAREHIKEE, UD RESHKIRE .

RIS WAL HE R LR AR S HH AN
Terzaghi A N I8t pR %, HHER 2 n] RFLER[H
PRI R Z BB Terzaghi A 38 12808/, HAE
ik Terzaghi A U8 17K 26440 T, Al LA ik
Wb T LA FAMEARES, A REIFLBR B AR 240 i

oy W K, A K=21GPa, K=8.69GPa,
K.,=11.25 GPa, b=0.586 Fll B=0.4. H#{k/KeHAEH]
GFLIR R ¢, =0.26, WU (R AR L 45 B K"=2.2 GPa
NEHNE .

#22 ILBEEGSHRBER

Table 2 The result of poroelastic parameters of the tests

FLBR 1A 25 g0 45
K5 /GPa 21
K /GPa 8.69~0.087¢0'
K,/GPa 11.25~0.099 &'
b/(-) 0.586+0.0040"
B/(-) 0.4

ke o'LR MPa, BLALTAITERLAIAEE, 7E S HHOLRE.

MR (2b), 7 AR A fA R I 4 A B K5 A
IR ARFUE S5 K B 21T, AT 55 2
BN REL b=0.586, SiREEER 0.586 WAEH
. BRI HIERNAR(B2), 155 N=150 GPa, H
I A] WLALFR K R S50 T FLBR 2 AR Ak e /N o
K (28)1F 3] K,=11.44 GPa, 55X MIE{H 11.25 GPa
BONFEIL . HBALBRKE ) B2 B KA (29), 15
3] B=0.42, S5iRKMIHE 0.4 BT, @IdX Lt
S N MUTHIERR 1 AR SCHE 0 L FR [ A4 A R4
FMER SR, NSRBI E T T .

4 5P

ARSI HINALBEHNE A B A, A AR
WAL AR R BEAR AR SCHIE 7T AR, IRt TR
B, HEETHSRI RS T, 2o
TS EAPRLFLIR AR 22857, JF 5 Biot £LER
FAPETJE AT B s e A A A A A K
PP RS, IR 1A SCHR A FLRR [ 147
FARIER A Rk . 3210 R 45k

(1) 2 2008 7 T3 AT DAL 9 FLBR 3 g
SAKIERAT — PR 5T A R AR
JEEARAEA E RS M. FLRR A D) B A B
W, AT RAE AN N R R R HE S5 .
ST A AT 5 T B RR S A A ) PR T AV
), YIRS BN, HEBOVE %t — P in s
AR B AR 15 25007 17 (T

(2) FLERFNE 752 T 25 58 T RDRHE AR ATBAR
IR, mT DASRE 0 22 208 70 SR B P Je i
FelE LM EHAIR I G X T2 A BOREE AR
B WA R A 0 5 208 R B HEAT 5 R
M, AR SAS B B L PR B R IR A 18 .



T ®

2 255

() FT PSR E T BOE L AL A T
FANRRETY,

HA RAFRda . s Mg snse

e [0 B 12 L R HOAT UK AR SCHR HY PR 2 P L A
PR — DR O & 1 S dE . AR VE B2 4

I
= o

XA R A A S AR E T )

SE WK :

(1]

(2]

Coussy O. Mechanics and physics of porous solids [M].
United Kingdom: John Wiley & Sons, 2010: 61 —83.
Ghabezloo S, Sulem J. Effect of the volume of the
drainage system on the measurement of undrained
thermos-poro-elastic parameters [J]. International
Journal of Rock Mechanics & Mining Sciences, 2010,
47(1): 60—68.

HEEH, XU, A, AE MBS IR LR L
B 7T S IET]. o E AR 4Rk (AR R
), 2017, 41(3): 114—121.

Zheng Liming, Liu Jing, Pu Chunsheng, et al. Analysis
and modification of Biot poro-elastic theory for
application in flow modeling of oil reservoirs [J]. Journal
of China University of Petroleum, 2017, 41(3): 114—
121. (in Chinese)

Biot M A. General theory of three-dimensional
consolidation [J]. Journal of Applied Physics, 1941,
12(10): 155—164.

FIE. @ELAFEML E 2 . B BEREH
fitt, 2016: 336—346

Li Guangxin. Advanced Soil Mechanics [M]. 2nd ed.
Beijing: Tsinghua University Press, 2016: 336—346. (in
Chinese)

Ghabezloo S, Sulem J, Guédon S, et al. Poromechanical
behaviour of hardened cement paste under isotropic
loading [J]. Cement and Concrete Research, 2008,
38(12): 1424—1437.

Ghabezloo S. Association of macroscopic laboratory
testing and micromechanics modelling for the evaluation
of the poroelastic parameters of a hardened cement paste
[J]. Cement and Concrete Research, 2010, 40(8): 1197 —
1210.

SR, INVE S, ARE, . WERA TR B AT
D1 A B OS2 E R (B R R AR, 2010, 34(5):
63—76.

Zhang Shouwei, Sun Jianmeng, Su Junlei, et al
Experimental investigation on elasticity of glutenite [J].
Journal of China University of Petroleum, 2010, 40(8):
1197—1210. (in Chinese)

e, ARAE Ty FLIRERAR R S R R e AR T
FERISZIA[T]. LRI, 2013, 30(6): 183—190.

[12]

[15]

[17]

Jin Liu, Du Xiuli. Variation of porosity and its effect on
the deformation process of concrete [J].
Mechanics, 2013, 30(6): 183 —190.(in Chinese)

S, SRATH, BT, J1ER IR L AL AT
UM FE[)]. LHE 1%, 2018, 35(2): 84—91.

Zhang Renbo, Du Xiuli.

investigation on thermal conduction behavior in concrete

Engineering

Jin Liu, Meso-scale
with mechanical damage [J] Engineering Mechanics,
2018, 35(2): 84—91. (in Chinese)

ETT, MR, MAOTE, 5. ZAHAEMRI 2 EILBRA R
A R8T D). AR 1%, 2019, 36(1): 32—43.
Gao Yanfang, Chen Mian, Lin Botao, et al. Generalized
effective stress law for multi-porosity media unsaturated
with multiphase fluids [J]. Engineering Mechanics, 2019,
36(1): 32—43. (in Chinese)

Ghabezloo S. A micromechanical model for the effective
compressibility of sandstones [J]. European Journal of
Mechanics A/Solids, 2015, 51: 140—153.

David E C, Zimmerman R W. Elastic moduli of solids
containing spheroidal pores [J]. International Journal of
Engineering Science, 2011, 49(7): 544—560.

Cheng A D. Material coefficients of anisotropic
poroelasticity  [J]. of Rock
Mechanics and Mining Sciences, 1997, 34(2): 199—205.
W, ERAE. — AP ALER A T AR R AR KR FE A
RN AT, 715 5R, 2012, 44(6): 1066—1070.

Kan Jin, Wang Jianxiang. A mechanical model of porous

International Journal

media and it’s application in cement materials [J].
Chinese Journal of Theoretical and Applied Mechanics,
2012, 44(6): 1066—1070. (in Chinese)

B, BR, 0T, & &R EALBEA TR AL
NEJTERET]. LHEJI%, 2009, 26(4): 57— 60.

Cai Xinshu, Chen Mian, Jin Yan, et al. An effective stress
law for anisotropic multi-porosity media [J]. Engineering
Mechanics, 2009, 26(4): 57—60. (in Chinese)

gz PRI FL G T 45 I R (D). A 0
5 TR, 2000, 19 11]): 845-848.

Zhang Hong. Analysis on consolidation of poremedia of
thermo-elasto-plasticity [J]. Chinese Journal of Rock
Mechanics and Engineering, 2000, 19(Suppl): 845 —848.
in Chinese)

Jiang Yimin, Liu Mario. Granular solid hydrodynamics
[J]. Granular Matter, 2009, 11(3): 139—156.

Jiang Yimin, Itai Einav, Liu Mario. A thermodynamic
treatment of partially saturated soils revealing the
structure of effective stress [J]. Journal of the Mechanics
and Physics of Solids, 2017, 100: 131—146.

Zhang Z C, Cheng X H. Effective stress in saturated soil:

a granular solid hydrodynamics approach [J]. Granular



256 T %

¥

Matter, 2014, 16(5), 761—7609.
[21] Zhang Z C, Cheng X H. A fully coupled THM model
based on a non-equilibrium thermodynamic approach

and its application [J]. International Journal for

Numerical and Analytical Methods in Geomechanics,
2017, 41(4): 527—554.
[22] Einav, Itai, Liu Mario. Hydrodynamic derivation of the

Bt 3% -

X T AR RE B ) AR T RR R R I 8 A AE
PAPHOSOR SR R BRI, KRR E —HFE T,
ERFETN EMEHELESE M.

TR — PR B EEMIERUT, BRI
L T TR RN

dw =Tds +vdm; + oydef + > p’dp? (A1)

J=S,L
K s AP B E B m APAEMRL BB % R
ef NPAIFPRHOBRPERIAE: p° =M3 IV 55 pt =MV 43
SR SRR R 2T IX R O RAS AR
ERHUREDHHERET Ly - SRR oy - S
S Bt
KRz Ak, ATRAE -

work input to fully and partially saturated soils [J].
Journal of the Mechanics and Physics of Solids, 2018,
110: 205—217.

[23] Boutéca M, Sarda J P. Experimental measurements of
thermoporoelastic coefficients [J]. Mechanics of Porous
Media, 1995: 31—41.

p=p°+p* (A2)
ct = pL I p (A3)
53 I VAR R IR S 0T B S A A R R R B
14 [EAH -5 VRUAE A ARk 00 R 5T B 2 8 4 D v e A ) A
B SRR IR, AT AR BIRORME 3 R RS
B NI F 20 T
dw =Tds +vidm; + oy;dej; + udp + ytdct (A4)
A p=pS@-ch)+ utcS A MR AL 2 B
7= put - 1) AR, LA AR 2
WA % u 5 4t RIERARAR(AG)IFBEL R (A2)
5i(A3) 3 E 5 AR L. Bk, PFERY
R & A2





