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Review on thermomechanical behaviors and constitutive
relationships of soil
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Abstract: Exploitation of the shallow geothermal energy has gradually become a key topic in geotechnical
engineering worldwide with the rapid development of renewable energy and geothermal heat pump techniques.
However, the theory of the shallow geothermal energy falls far behind its application. In particular, the
mechanism of soil under the complex coupling of stress and temperature fields remains unclear. For a single soil
such as sand, clay, and silt, some results have been found by carrying out the temperature-controlled
experiments and proposing the related thermal constitutive models. To promote more comprehensive and in-

depth thermal behavior of soil and contribute to more practical application of the thermal constitutive model in
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energy engineering, this paper firstly summarizes the experimental research on the thermomechanical properties

of soil. Then, research progress and status quo of thermomechanical constitutive relations of soil, based on

different theoretical frameworks, are reviewed in detail. Thereafter, the application of these thermomechanical

constitutive relations in engineering practiceis introduced briefly. Finally, suggestions in further research are

provided, and the development trend of the thermomechanical constitutive relationship of soil is discussed and

prospected, in view of current existing problems.

Keywords: geothermal energy; geothermal heat pump; stress fields; temperature fields; constitutive relation;

temperature-controlled test

AR,V T RE IR 1) 5 ORI & 3% 8 A AR TR
FE MR PR E R Z EY S E A RE R 9 —Fh
T2 B RE B T R R B SR B 6 T i R
R 2 b AR R A e b R BRI A B R R
FHZRCAE H 22 LT 200 m DL TSI T 25 °C Rl #4
Al o H o TR R AT — IR Nt
T b KR L F K L R R AR R R
7, AT S K SR B SR A PG AL 4 O R A
MGG A TR B B Z 8 BB s 7R 4 3 nDBE 3
PLTR = P e il B 36 24 b v %) 8 SR A sk SR
K B A 2 R A AR, DA T T A S R AR A B
“RBRE BT, RERM T, L%k B R
Joi5 Y FEREAR AT IR RGO A 940 iR )=
BB IR T A P R 2 M, 35 G P K
FRGH R TR R T SR Tl S T (28
RLFH ), B ATl A A S T T, P
RIZHARE ) 2, KR IE K, THEAK
Hb T % 2 M A RE BRI 22 1 28 T IR G TR )2
Hu BRE T & 2k T v 3R E T T PR A A g 2 v R A B
M o G AN, Bl 5 A% 2R R A SRR VR A i i S X
TRV 2 DX 11 e R B )i A 2 S AN W
JRFN Tz o il 3T A A TR A B 5 i) 4 T A
h £ TR R AR R

Xif T AR A Ty S BB 5T 8 R A 45 X 56
58 BRI B9 VBB AF 58 = D7 11 . i i I R % IR IR
5 = R EG  BD IR RS R R TR E 5 RN
NGIAEERT R0 R S AR R O S %
KR 1 3 v A R 00 R g R AT A AL AR
T AR 2R R R X RS TR SR BT Ik
T R i MR 5 R I RS A O T s e, N
SEE S, BT B A A iR R R B
() AR B S AR B LA T SR B AT L 4R A B
TR Ty AR R A BR T A R R
TR 6 F 3 2 AR 56 R T A BR o K1
H BT A R R R B Bl Y B
U AT AR A AT, 3 3 A1 S AT 45 R R 56
258 SR 8 X5 HE 0 BT, 56 I 51 43 A ik A AT SR A

HEBATE o B2 K B o0 Hr 05k T S PR IR T
P BB TE RO b, T AE PR TR T K ad e v al fg
H BB i I a5 A R O X N 4 R BE DR
SEA R L A DT el 2D 22 4 SRR R AR 4R R RE
URAE K B9 TT R 805, O 2= i R RE Y T & ) 28 7
W 552 4 BTG LAl

BT AR RS LRI T SR A KOG R BRI, 2
BB BT BTSSR 2R A AR I A | 2k
T TR B S HE SR A ST ) SR T A 5 R UL AR
5K A AR o W rh B L 25 07 1Y SR 2R 0 A
T A AR T 2 A 56 R AT ik — 2 R 7 1
O 2 M FARE L RE DRURE A5 I AR OGS PR T R S At
BRI

1 TERNZREHR

b AR T 2 A OC R B LA AR B8 0 T -
JO7AE 5% 28 R WE TSR G, A R il 5 1 Y S it L
3 A A A Je AR B AR I AR A
77 R E B A ML AR T IR R S HE DL R T
— JE [ B A B, S R A5 B BE A IA - AR BEAS KR
P P A A P R G I R AR R B R A
P, 76 32 AR T 2 A 56 2R 2Z 00, JF B — R 1 i
SRR NS I o NN R o ¢ S T A P L)
— ¥,

Sy T T B A 5 R B R B RE AR
R AR OG22 B, 1t A 57 AT AR A R RO S A A A
Y AN A0 2 3 LR AT 2181 45 43 D R 5 A L e
= A B =AY S0 A1 BT O = 5 A
B S0 B S Al L, T R R A B A KR
R AN G5 B e g R AL A A KT M
26 150 8% o AR IR B8 W 00 Dy B, DA T RE % R AT —
2N = PO I T A R R 4 0T Bl
4 = At R R A e R R B =
A R R A s AT B R

i A — A R 4 [ 45 8, Abuel-Naga %1%
B, G R i Al 1) A2 TR B IR EE 9 3 0 i 2 Ak g
o S = I A T 2 U, N SR B, A BT



% 34

X AL, BRI F R B AM KRBT R 23

ZERL AR AN KA IR RS TR 5 8 £ A
B SL B R RO A O A RN ) — s B B A A
Xif 5 ST R A B0, KRR R I DA A S 1 A ik
5 A X 9 S B — o ), W A 8O T 8 R
PN | Qe S B AT IS A ¢ =RV U1 e o 1)
IR 2 AR B RLE R 2 AR ) R A X SR
A O T3 R EE R A VR -

L AR H B IR, R A G R B -
it T ) 5 U5 8IS TR B AR A BT B AR, HL k)
B SIA% K% 25 (A & . e A, Bl 2 R A T
LRI TSR b NI = DO i a1 e o N 8
5 A A 2 foh T R e 5 A IR R 2 S B A ) B
VORI TR R FH AR 5T Hh, N R TR - il e A8 1
g

SCIRUR TR e W AN Y I R N OF =
14 B 1) 5 JEE T 5 LR %) 8 0 T 8 A i 2 I Y 3
T A ARG, Rz g - 1oz A gl 2 S R % X 2R R AE . Gl
b R IR N 7 B0 A5t B SR 0 R N R 4R A B I
F18 58 o e AT, S B AR AR KR AE LR B KON 5 R
JE KN 56, R R, 2 i T A% ik B
o AR RAFCVE I FEANHEK B D) AT L ALBRK R
73 Wit A PR 1 e R B R B T B 1 B KT s
AN BEA I FUIRAS TR R ) H B R R A B 2
LRk, Cekerevac 55"k B, 1 AN 2 4 1 #4
BT 5 AR B ) Dy s G, B 5 8 45 A
5%, it 2 [ 45 Lh i 3, e R 2 Y SRR LR T
N 25 A8 T 326 9 1) A K AR T U . IRk iR K
P A 0 e R N T 5T A G, LR A TR Y
T 5 0B AT, (5 IE 3 [ 45 48 (NCL) i 7t
RAEL (CSL) AR 5 IRE L6, i E =
G W " R B, B A R Y R AIG A
o7 725 B Ak B G T W A A A % R

2 18 F) S bR AR VR TR R 2 8 B 42 A AT 2K L b
o2 o 2 S P oy 2R 0 A T, AN A0 A0 53 o o T R Al
A5 AR A RUR S TR 0 R B =g, &2 SR 1 A
A iy R AR AR R NI R A Ok, HL 3t
JOE WG oy — 5 i, BRI M AR T B 2 R R 1 2 i 44
i, 2R R — g i, SRR A TR B A L T ) 1
B g N 2 i ) RS RN Y R ) Liu
HEAT T — R B0 45 25 O HL B9 3K 50, % 30 %% b 11 A A4
RS TEAL SR A O, 58 %00 71 6%, H & i
JEE ) 8 2 e s A, A HE K BY U B A
RLNE 3 10T BN B T A T £k 1k s
AN BB RIS G RS L R R I B

A

2 TEBRANFERMXETHR

ENS & S I o NS AR N A N A N
() 77 -0 AB LAY R AR AR Ty S R R R GA
o 38 TP R, 2% E AT AR A A W]
TR S B BGIR 85 AR AR g A 2R 4R
AR T T N L N R T NN
S5 RS B TR R 04 o 0 R SO AE 4, i T R
FEROW ) AR S F S
2.1 Duncan-Chang ## %!

VR Ry Al 2 1 v A AR 1) e R AR R, X A - sk As A
{45 E-v Al E-B W A5 8 | A R0 2 80 1 W] o o
= AR 25 2 .

AT A o A AN HE K B D) 56 B
A3 A AN TR) R BEAE TR B 3B - iR AR R S8, ol
SRR AR J7 -1 78 56 Z 2, 45 3 2% 18R B 2800 1Y
X -t AR 2t T AR TR I i S T T i £k 5
I8 04 VEAT FL 5 /0 M1 o 7E Duncan-Chang & 1 %) 5t
filh b, 38 22 S 972 S I g s e ST R IR R AR
TR A B AR G A Ty A sk AR A0 R A Y i A
B B 005, 4 S 2 B BE 52 o 1% AR AR AT S R R
J375 B DT AS 30 25 P& B2 52 ) 7Y A 4R A - 5ROy
o 25 G I B A5 U0 S MR R R B L B R R
Jo W 3 1 A8 AR A B HE 2 TR R R R 5T I ) 5 i)
O ORI s E 2 8 i B B -3 R 2
ZBARY AT DUR AR R T AR A A AR AR R,
LB o O B 45 A AT IR 4k 2 Duncan-Chang
K & A5 A . Liu G585 DA R 25 55 154 R 48 Hi B
RIS P e 1 %, 51 A S 800, 8 ST R R B
R U A g — e 3k 2, [A) B o | A JEE R - AR it
TEDN B A T b A 0 R IR R eR RO N - G
FA L KRG T B £ Bourke By £ I F LR
B 0 NS [ 2 AR R ) ARR
a6 AR o) ST R B TR e BB L b Y
BRI N BEE A AR BURMI AR R & 1 X R X
IFHEAT IH — R Ak 3, AT A5 3] 2 I 5 e A A
T3 A 0 R ok B0 A 4 M s M AR
2.2 Cam-Clay # %!

HE [H $1 BF K 2 A Roscoe 242 T3& T 1E
[ 45 1 N2 1 AY 4 8l Cam-Clay #581 | PR H AR A 2
BOA W R R S, BT i L E N = il e
BEAT A E N T2 W T R TR

Hueckel %58 i = Hl 050 , %892 % IR T IR R 58
X8 AR R Rl 0 {5 R B3R W B K T 4% ] [
PR 3 A B 5 U0 R IR i 5 o ke AR R & i R
WML FEZ IR, SR S /IO B X



24

R Exz A

FOAR(OP & L) % 47 &

F s (EUHC BRI P AR IR WU 5 2 0 Bl T A9 52 T, ik TR
Hha s, BRI B GOBOR BT . A
b R ST TR R A Al P A A Y
SR LU R T R A [ 25 B4 B VIR IR DL RS HE
K YY) B b AL B K R T A AR A LA . AR R
By, e QIR R B BE AL b, S 1 T — Fh 5 IR R R
A AR AR A R R X £ A
A A [ 38 B AR T A MR A T A 2k B, AR
AT 25 0 77 2 [ 25 ) A P LB [a) LK [ 45 B B
AT 1o B 25 B BO kAR B I AR TR . e,
B L VR A FA T 2 ] 45 0 e 2 RO 2 A T A R
FEAE 1E S A6 Y i Sl b 3 o 4 S 2l o [ 25 5
R v s B R BUIS IE | 45 4 AR SC I U s ik U, 4 5
oy NIRRT R R AN G Ve oy 2 N DR A T
VIR | e 2 4 1 2% I8l J3E 52 ) A o 28 P R A
S

TE16 IE SUATR A B i FE Al -, A A 1 ) o B
HEZET , Abuel-Naga %153 % I T 12 0K (9 J fIZ o8
KO 3 pR B o350 A

Aﬂzgggjﬁ;f (1)
pe M +H(p—a)
_deb .
¢472E§47 ﬂhl(hf) (2)

oz po S 25 1] [R) P 58 300 1 25 1 7 5 S L g L, BD
7 =dq/dp; ¢ N IBYES R B del B del 23 53] by B A
U S 14 i RS M 99 U AR T B4 i 5 o L B R b RS
B, 38 IR R ST I S MR S R o L B
(0 22X, DT 4 8 —Fi 3 T 6 0 2 1 44 3509
ARG ASEAY A rf i kL S B0 o B A TR 1Y 3
T £ R B0, Y o Ry OB, 12 i IR 1 AR Ak R & 1E 81
455 A 1) Jef IR TR, 2 A5 AL SR Ak Ry AS 2 TR B R ) (1Y
& IE IR AL, W 1R .

Cui %58 20 43 B A7 19 TR 0 2t & 30, +
DA P 4 ot 2 Ak 5 55 0 8 O O, S W T &5 P g B TR

0=0.30,
N a=0.20,
: a=0.10,
a=0(Modified Cam-Clay),

E1 SBSEGMEBEMI/ILMERESH « T UHMES
Fig.1 Change in geometry of constant-volume section of

SBS with fabric parameter o'

JEE S8 o B A e AR A, DTG S B A A S DX I
Ul b T B G R T 45 (COCR) I 38, b % i) 44K
UL T2 AR 246 1) PO ik o 9 . B, 7618 IE S
B AU B Sl b, 23 0 ST T g o [ 45 R0 AT 45 J
PR A& 2 BT ) |l gt = 4k %3 ) Ak, R DG B O 3
L BT — 2 R8N T Py S IR R A 3
TR AR, £ 1 By S AR R

120

#4=001

100

4=0.005
80 |

T/C

60

40

20

1
0 2 4
p'/MPa

(a) Jy2¢Ji i h 2R Bt 5 B o 19728 F B 1

140

12
p'/MPa

(b) B IR it £ il 245 B 09 728 AL LA

2 NFEEFRE LR R
Fig. 2 Yield functions of loading and thermal

consolidation'*"

TE Cui 5B A A B2 A B Aily b, ) U IR
T8 M B8, Hong 45 i Hh 1 —Fh il LU & K48
R0 28 19 A PR AR T 2 3 DX P A 1 1)
IRVERRPE P RS e iy PO 2 R . I BORBI A T
PR B PR AL - — b 2 1 00 v R ] 4 LT i A A
S M T B AN AR 1) BRI VE R O — PO AR R
Xt IR AT R Y RE A o B Ah A R SR S A Rl
SRR AL AR SC 08 B in e i v, B P9 e AR e, T
JEBLAT P I T N B B SRR AT O R E ST S N
Jet T A O P T 0 2 1 A A AL T ol 2 A T
IR TET P 6 AR 2 B b P i A8 Ak . Tang %078 ]
Alonso BRI VR 5 6L 16 R Bk £ 09 ) 2
P, R T Cui 2554 4 455 0 43 3R 00 R B A A9 AT 2
PG5 G X PR 32 SUZ S5 B8 %
PR3] 73 S TR 45 4 7K1 CED iy 2% 1) S P8 AL SRR 4 G
(18 28 = JIURE K S ) R WO 45 4 7K 7 CRIPEE R RS Y
LARGEH K ) B T — Bl T AR A A K



% 3 M X AL, BRI F R B AM KRBT R 25
R T 2 T H il 2 7R AT e R B AR BV SE | S 400 8 45 00 ) L aE

Graham 574 1 T — B0 2% 18R B 52 19 44 1
S AY 2 AL B 08 50 TF R 25 R0 [ 45 1R AN
B A HE KO IS 7 A T Y N HE K 5T D) 5 EE A
B 9 FL B K g, 17 28 5 AN HE K Jn #4321 4 A
B ) A A L B K R 7 R AR A AS HE K BT
VI5m BT, 3X 32508 Hh T s A i DX Sl R 8 L B B A Ok
/NS . Hamidi %7 — A Ji ik 1, 7845 1F 818
B BLAl [, 42 1 —Fh 25 S8 N g K R E 5
)R] F AR A AR LRl b R A S
o N RS s e Y DS S R A NS
Z A OE R 25 G I SR A S, Hamidi 557 37
T 8N T Py s IR S AR B AL . Wang
SR B IE SRR AR SE R 5] AT S8 a B0,
A3 5 F 25 N 51 G 4 AR e S R R
JE 4 Ml 2 s e (6] B, R PR AS Jest Bl T, B>
JIR T8 A1 2 25 i R TR i 3R A A g 2 T 45 R A
RPN RARE N T — ST
R b 9 5 ) e P AR M A R R
2.3 LFREER

I3 AR ] 2% AR LR T R0 4 AR AE KN
ARG LR BN 7 AR I R (H i S AR R 3 R R JE
iR TR IR 55 e B TG O, AN R B il BE A8 Ak, 3 B
W 4 A 5 U7 45 PR I A R AT 2086 iR 25 . R,
Zhou %2 F 1 BT HLE T 2 pE Jm R G TR
RS 2 B R B2 AR Ak T A AR AR AR A 4 T — B
A 2% /N IO AR R R AR (8 AR A - A BRSPS
2R Y AT A T T R O O R v A A Y R R
AR I DL B G [ 25 R0 R [ 4 A A AE HE K RS HEIK
FAFT 09 5T RRE AR 2 /N B AE (/T 0.001%)
T AR BT YA AR R

TEZAE AL BL Al b, 76 2 5 TE N S Xl 2% 9
N AR, Zhou %57 5 I BE - /K -0 B 107 BHE A 4
T AR A AR R AR O &R o 454 Bishop W T .
P N 3 R BT Ty B | b R R R 1 A Ak
A 40 A A AR A 52 e B T — b TR 0L R AR A - A
TE U B2 AR Ak B P 4 BAE T Oy 2% e Ve Y 5 BT
i

I A, Zhou 557K FH i St T ASE 4L 5 190 [ 45 iy
3, R FHAC A2 T AR AU B DR 3 0 g IR B A1 B S AR 1
WAL R G R B, AR 5 d 2 i 2
() Py P 5 R 9 A Ak S I A Tk A0 B o R v 9
AR (4 SRR 0 . RS, 7 SO IR T FE 8 O B
et R T 300 S T AR T AR A AT SRl AR T — Fp
G- A i NS (O e o 2 NS TR R T i S
Laloui 285 1 43 #7 © A3 SCHk (9 15 45328 36 20 0, 75

w25 4 B DD s L FL B K TR T S R Y R e R
o TRl AR IS HELE T | ia H] 2 L 28 1 i
Al B A T — RS TR 20 AR
HEAK FASHE K 35 80 5% 1 9 48 T 24 4500 s g 26
STy 2B s e AR I, SR A AE G BK I Bk
WO RS A A AR R AE R R B T — RIS A T
[ 235 28 1) 2 B TR O 1) 3 A T AR A
2.4 UHHEER

TE SR LR A b b, 454 X Mises . SMP |
Lade 55 3% J& o ], 0k 400 57 3594t 2 i b R S
URL B R 45 ) S M 5 R Y R B UH AR

W O A R R R | WA P R RS
T R 45 R S 30 1145 R R Pk DA R BY bR
S SR FH L [ 245 A 0 A R R O G R ST R —
b9 (S E N e ol NS R N VAl B L

Xo Xo Xo
M,=6| [~|1+5|—F (3)
[fivz)-2
Horfr,
T
5T—1_’}/1n?0 (4)
My
= 5
T 2(5— M) )

2 M T M 53 5 Sk 25 HIR BE T FIW) A6 R T AR
FA T W0 SRR T s &0 vy Bl o 39 0 MRS 8
B Ji BT SMP HEN G IR EAT = 2 fk, $2 S
T [ 25 A R 2 R S e R AR AR AR
U AT Al A 1 R0 [ 45 A A 9 PO TR R e DL RO
AR OEE [ 25 A R [ 45 AR AR A 0 ) AR
TR AR R o 7R AR SRl L WP
R S TR YR B A R B4 IR 4k 5 1R S AR B AN [
S VR R e IR 2 UE AT 45 A, A s T a] [ B
2 ST B R ST g A o i Bl T R I B A T 2
HEZR PN $2 1 T 38 FH T OE [ 45 R [ 45 3R i F 1
TR Ty 2 A5 A

TE A UH BRI S mly b, Wh 0 5054 S T
% SR BE 52 e (0 AN HE K BT U5 B A, R BRI T
— AT 2 R I IR B ) AR AR R AL B RS HEOK SR
PER W IR BT U] 2= FORAS I, B 7 PR R R AR 8 m
T A ARG B G FR AR ) . seAh, LS
A S 2 b WS R R B = A 528 - 9 A AR g A AR
(Rl b, IR SR SR O R A, DA
52 L E RN [0 R0 199 1 7 - AR O R X, IR
JIl T UH 5% A9 o Ja i A8 3 B vk DU A &5
AL R T —FE T R A R 2 R R
V) 007 ) A - - - 9 e A A A



26 T RE xm % RP E )

% 47 %

2.5 MAFER

B Sy 2 N 22 AR I 5T W R B 3G Bl R
o LA ) 24 B, 32 B2 A Al 55 1k B9 £ B B 9 W IR
(0 FAPE 5T, 48 7 BE N — Rl s 4o 55 — R E K
ik T 3070 1) 7 LA

Zhang %V of S AR R SRAL L S
A RN ST S R AR R T R 2 T 5 R
2,38 ISy 24 B0 il A A e o AR I
KA AN AR 1 fig 1 ok B 5 R FHUR 0 Y A
AR BT PR A BN 3z Bl 5| R ) Uk ROBE E 1 3
FE Bk V& A S BB KI5 L 4R T — R BE 08 4 H0LIE B
TE I AE R A R A 1 0% 3F 45 R 1 45 A B 0 # ) 2
B, 5 R A5 KR B RE TR AU A 1
HEA&, #E T h — AR S AR TR () 2 W) B 3 ) S B
T R AT Ll A R T v ISR R AR P R A
K 1) B R 7K 5 AR & AR ) B R RE i B (RO R L
P B AF S5 R T 25 o B ) L 38 ] DU R 28 D5 R TR R
D3 AR AR AN HEK BY Uk B o AE I A O
fith I, Zhang %5 | AE FHF 5040 [ 44 04 86} 19 30 44
3 1 2E e (GSH) My T BE 46 1 A 36+ 78 T
N 1R A AR (T-M) F R 77 28 T2 #1338 485 7Y
(TTS),

Bai %3 T Z LR A B E S-S ER T
RAERNFEAEMIG 5 AR F0 b RE TR
FECR S RE % R BCEME & i TIEH T8 1M
BB AT 2R BB ZAR fE  pE R [ 3R R AR A
JIE S A bORE A il B RE T R A AR AE i
E5 R R /R =3 1 L O 1 4 e N
FE TR A B ) R AT [ 2 4 A K £ N k-
T Ao A A A R & AR AN T 3 A T T S
MR AL B G B AL A A B o A b A
A P | 3 o I oy R R X S R [ 4 A R 1 5
i, HC 4 B AIL ) 5 0 0 - A B [ 4 o AR A B B HL
M . Yang 10K 1245 0 P e 31— Fhors ik A9 I 1
A (AR ) %A R S RS8R IEH
WUk R F RAR Z 1 3 3RS Sl 85 5 % B KRR
T A EE R R OY Y T R R AR RS ) e
1L B8 200 107 g R ) 2 R A T RE A % R AR
X A A B 20 AR IR B 5 ) LA KA TR HE 7K 2% 1
6 [ 25 EE AR R IR T A R S A 12 AR HE K
BT YIRE R RO R R . Yang %ML T 0OR W) R A9 A )
SEALEE % R IR T 4L RE AR B R L S T
R RS £ B h 2 EE PR R . Golchin 0078
RE o B A SR N A T 2 TR R R A B
FAFE RS B 0 T — P RE A% DA GO0 R B A 1 il A
KL A R S T AR

2.6 HtiiEz

Kurz 55"V 8 55 -2 - 98 M A 4 455 7R 1) 3 ik
B R A 04 R AR 3 SRy R R A A
LS A O 0 R AR AT R T — A
FH T 40 R0 G A 09 2 28 55 5 - B - R - 90 M A AR A
FEAZ R B N AR A R R e L, HE S
T L RN S VR AR BOA OC 5 R AR [ 45 b e oe
Laloui %5 55 2 19 [# 285 5 7 76 4 72 vh i 28 1k
FEAE W 5 Je IR AR B il vk 32 1 8 fb B A, DA T 45
AT 1 22 L 308 P A A ) B AR AR AR
FH T 2% 825 4 DR A 52 B0 Al 4 M e 1k 4 1k
R A e 6% 1 3R R A AE AN [A) IR EE RN AR T Y
SEREAT A, BVAE IR SR A IR HE K SO HEK BT U A
[) 3058 B RN g g s A5 R RAR R D12 AT . AR
B[ St |, Laloud 55N L 4 fif 5] 475 35 i 4% 5%
(L R (TR 7 G A (A (U S W N E |
S MEATARY A OURE fh AT A0SO i 4 K 5 R 1
Foab b, Lin 5] A AL 280, 50 0 % 1 TR
FUEE [ 45 X R R ) A8 T8 B 52 ), DT B TS
FH T 8 1 45 1 R 28 7 A A P R A A

TE T 906 2R3 56 5 1 FE Atk 1, Ma 51 YiE
L FEN Y AR — AR VR E LR (TSL) . 12T
FoR LIRAEREEAAER T T iR e RE VB
T A B B AT O, Y R D I B i L A+
AL T TSL EJ7 , /W AR A T AN A i (R B
4T (AR ) 2 AR F TSL T g7, Wy~
AT AR ARIE 2 A R 4 Dy BRI BB R R AR
PR AR I 5 R R R 1 E e B T —FhoE
T UE [ 45 B OR824 1R A b A A AS A R | %
LA 0] DL A R 4 R 48 Dy — 2 IR R A
Jei 1) BT 3 R FAR Y . Masin'""H2 & IE S8
U By 5 1E [ 45 28 (NCL) Al R B £k (CSL)
g FH T SO 98 P B e e AE e AR T RS 5] [ 45 b
() A BT S A AR 2R e L O TR R AR M R AR
A /N IOE A5 o B B AR 1 B bR T — b RT R g g sl
F/IN R AR B S I8P A A AR . 7E it BE il |, Masin
AR T — T A R Rn A A S IR N AR A%
P BT 27 7 B8 P AR R YRR BT T TR R
[i] &% R [ 45 A4k

Zhang 85" in ARl B ep R EE AR AR A A R A
(18 RS AR B 3 4 S Ry A R A T e ARG R
PR Bl AN 5] 4 R 2 B OB A 0 22 #0148 v = AR 1 3
PEAS T AR FE A4S, OB % B8 1 Y 1 2R VR ) Bk
Ry A RO T, L3RR I BE R A v AR TR 1 52
NS5/ A N g w1 e TR 57 [ R S 2
RO 2 e A T, R DL SR TR BE RN B gk A4



% 34

X AL, BRI F R B AM KRBT R 27

PEASTE B o AEAE IE SRR A9 A 1 A5 A
—ANZHRCGAR T — Bl TR A 45 AR B
PEA KRR . A AR LAl I, sk TSI —A
S AR P K R LR I T — A% BT
4 B9 T BE PR AR KR IRY o G B R T 2 T AR A
9% 5 R R S5 T R B4R, LD B 5 K P B4 S ] AT ol
B A AR R 8 22 ) A LA

1 i WG,
'} R P 1 &
1 1o 1 1 o,
1 1 1 1
0.7,

S LI

1 I 1

1| 0.0 1

1 9 1

1 1

3 ERENSERETNSIENEMENSH
B R R 3R AR

Fig.3 Similarity of volumetric strain caused by real stress

and equivalent stress due to change of temperature''”

TE 52 B RE IR 45 48 TR vh , AR 28 1y hig 7 0
Tk FBE (18 52 e, B[] XoF A= A4 g 27 R 1 10 52 i)tk 75 4 411
W KU, AR A 2B R 5E IR R R R 4
R BIE AR B IR REE . Zhang I R — R4
Hon AR A g R AR R I A R s HE AW
I 2RI P T — o d 4 R R A
{14 2% P Rk B A SF i) 255010 1 AR R A . Coccia %57
U T E R TN a2 )1 T el e L il o ) 2
TS U0 4 ok R R 8 i, HAUR A R A R4
BT 0 [ 45 A iR R A B T B 4 B
S BT IR B 42 T — T A i R R
I = A AE AN [R) R 7 R 25 R B 3 A% 1 R Bk
FRASIE B AR A7 . Laloui 2572048 Hy 1 — Fh Al 4 18
— 2 ] 5 3 45 0 v 2 PR N N AR R AR A 3E
TR A (0 B -0 M AR R
2.7 HEEMNA

AT A A R P R S L A5 A
KIS T HARR AR H e 2 H A R A
RS o — ORI R B BRI, O B
Ay AT TR I R TR R .

AR RSP R R A L AR I AR
A5 77 B MR TR R 3G 2k 1, [ B AR AR
RGBT LA R M SR TR %,
FIH ABAQUS A B IC 4K 4, SR H1 & 1E 81 f 455 A 1>
XoF =R R AT AT BR TR, [ 45 Fn B ) 4% 1 5 S
B 32 g — B, (] o 7 [ 45 aok 2 S il B S A o
LA F 3 30 09 % be 43 B & B, BT (25 °C) Rk

)

(B 5 B RAE W) A B (H YR B Ry 45,65 “CH ik
I SRIUEA B R RE xR 22 Rl TR
Hh SR 4 16 15 S B 455 8 0 oK 2 1 I R R i T S
WP AFF 5 o) 27 5 7 R R G A S R TR v 4R
B T8 1 25 1L B R ) (%) A RA B Y A R

B JE SR AT BR OGR4 COMSOL 5.0 P 8 1)
16 1E S B 7Y g FE Atk L, K et il pR R 2l R Zhou 52
YT eh g J AR T, O a8 Rl b R S R,
Zhou # il Bt A5 RIS AT TR IT K 5 3 o 6 — 4 [
&5 ) S0, 3 5 R 4 ) A HE K A& PR R R R
PR R A AT B, B0 UE T R ] R L B
ARSI ACMET-T A B8 2178 ABAQUS
PEAT ORI &, I i A =k e 45 2R R AT B 4y
B, B B A0 25 R 5 3 060 25 R R A7 4 B, 50 i B
O 7 5 Y R AT R R R R L v 24 S0 A UH
AR ST g A e ik I R A I 46 1 Ay Skt R R R R
¥ H Newton-Raphson 5. 3 #1245 2 [a] e (14 1y oy o
B Gl P UH BB A9 A BROCRR P s #I A FRJT
JE LR PESR i F & , S2 B UH A 7 A BR G b i R
H 5 4 56 H s 28 47 X e o B, SRR T AR )T
(AT SEE . T 2% SEPIR] A — AN BR A Ak 2 80, 7R 1
SU YR S AE SRR B 2 IEOK A W RN IR R X 4
A N A8 T 52 i ) 31 B 1B AR 5l i ABAQUS 1Y
P MR8 7 3 0, JF 2 AL UMAT F 2
Fo IRREPL T R [RK A 4 4 1F R RE IR - (0 1% ) A5
B b 2 R SESE of ABAQUS F 2 ¥ X Zhou £
R £ R IF K, MR B IR Bk &R BRI
ABAQUS N & 1M R BT X, Hoax J7 % 2 500
i UMAT #8101 45 ad 7 5% H Euler 5
e WESE T BE T B e A R R BT U R Y 5
Wil 5 i, S 7 B V5B R 1 5 (A Y, L A A -+
2 fl T R FH 32 BT, ARSI R I 200 5 T ]
A3, b B A B T -0 AR 56 R R T A i A
ST AL JF R B A TSR A b TR T
T A B AN TR) A7 8 0 S B O IR A T A2 R | A ) A
BH 77 5 4% B il g &5 . SEDHE TT'S AU AE 48
T HESL T TR K VA AR - TR A VR T 2
P B G- - R IR T MATLABYE &, &
W 45 1 $AF 18 A BR G R P, X R A 1/4 B G 1f
PEATBE R, B 5% T T i B v 254 5 K e 3R 4
fio 18 A B K IR BR 5 L B 14 1 T AR TR R R LA

3 EAREIW

3.1 #AZKEWAR
DIRAEAENBREERERLRHREFH L L B
F+EER— K, BRI ERECRE T A, B = Xt



28 T RE xm % RP E )

% 47 %

By th B - b AR R R AT S TS
SEBR AR Py b AR R AlRD 1 byt Sl B
S5 — A TR — Bl AT S R 0L e
s S - B 1 7 N ol S o e SR N
4 EE AN [ I, A 52 000 40T 2 R B AT BT R
[l o 754 o 0 P 1 g F 5, A R XA )R
PR B S B TR P i L AROT R 2l g, e, &
PR AR 2 I 23 R B O T S B T AR PR
6, BEEASHEMHE.

2) HAr A Al B2 TERE L X
WA B A 0 2 UUBURRE , ol 5 JE 006 4% 0] 55 1%, B
X JRUIR Al 45 U T T B D, B AR A
A2 A% T S R R BIE ST B o AR A e R 5 R T 5T
T, W B UK £, 2 5 R R g5
AT

3) B AT B P = L s = A el s 0 1 5T g
Y92 e R AR AR T B9 1 2 B, AL iR
JE GRS B e A AS By R FR s ni B, R 25 8 I
A SR B SR Wy DL % S A 5 L A e T ) A
Ty AR IR A AL 5 AR 1 kv A A R R
ASGERI B S ER T o 1RSSBS S O T,
Z T J& RE IR 45 A0 W A0 - 1A B R 56 DL K B 9 14
A 5 X R BE BE % I AR AL X BE TR A5 A )
A R A By B 3 2 PR SR R ), RE 5 I A 2 1]
2 fh TED 1 5% 0, DA B 4 D b 2 R RE R 4 A W AN 1
PR Z A B A AT . ORI 45 R S0 5 S P TR
A LA e 3t )87 P T 52 PR AR IR TR A B S T

4) DL P i =Rl g o ], A AR 7 2 e
HERRE N RS IR R AT e A RS
F 3 ANAE AT 0 AR sl 0 B A A A R AR
Ja il BE AN AZ A HE K SO HE K 5T 2R AT 9 D05
P o R B P R A S R IR ), A
HOE B B i B M A AR T T AE SRR BE IR TR
e, R B ) S MR S R A AR . O T
Il 2= A3 6 A 52 B TR Y R 22, O R BV IR | N
I3 -8 RS A AR i 2R 2 iR IE R A
2 AT AE IS TR Ty 2 A7 g W 5 ey HE
[Fi Fsf Ay A 5 T 7 T 4 A3 e 52 ) B S0 8 o

5) B Y AR ARy S R i, R i A
B AT 5T R AR R R AR AT B A2 T 0GR B A5 2 0L 0
A= s 337 NPT o b (S S0 i Rl s N R O
) 2 ik B AR AT AR AN [ 95 A2 L B K R e A RORE
Z[A] #Y T 2 A AR PE Y AT SE AR X B . AEZ TR Y
Iy R PR 5 T i, n] M CT VPFC 28 T BL, B
FEAE il JE A A e A v e A A TR A AR ) BT S
BRI 4 2 R 2% AR B B8 T A BB

3.2 BAZKBEMR

1) E A [ 31 Ty 2455 R 5 A Gl B o0& 1 81 #fF
R S = vab v N VAP BN @ S O
25 L0 S S80S W Z M OGR4 A i AR S
b2 R SN TR AN DT N A LR 2 o T
TR A S ARt Aok £ (B B A 2Bl &
KRB IEMIERMTE AL B AR B R —, &
DA SRS R T s O (e o A M T e S 5 N
T -F IR A Y R AR W S AR R D T
A J5 BB SRR Ty T, fE U X A i 1
UL T B D 2RIR A AR T R AT R OY L 2
H VR RN B TE N 1 3 BOIR B R A R T IR S
FAOG ) 2 AR B T B PR R 3

2)C A BT R A TR 2 S
SRR S, S R e R g A T Rk
14 137 T3 - I AZ AN o AR, R 22 OB Y R B T — 4k [
STy = R 46 N RS ST Y, T = RS b £
TS B RN AR R R R B S A o S TR IR T 2
BEARVBIE 5% vh ST B Tl S E P R A 2 )
A A Ty 2 ASE IR DT B e T - 1A B % B A T 2
R PE R AR LB

3) H ET X b B A G R A A AT AL T
WEWNB . EilREXRNEM L A REC S
HENL T 2 AR Ty AR A O AR E ANl AE B A Y
RS FE Al b, 1 X & A B A AR (AR ) 5 R R
BEG R A A, Al ) 2R IR L 2 E R AR I
706 24 a7 405 ) A g 2 e R, & R R A B
WA R B Rk — B IR ARFSE
3.3 #HBNAHR

O AT 9 B E 0 8 2 AN ] A 008 R 43 30
A Jy 2 B N T T ABAQUS . COMSOL,
MATLAB % 4 v, 8 57 25 58O B2 200 1947 B T
BT 3 Xof B U5 45 A4 HEAT B AL, o H 0 B i AR
O3 R RIS RS G0 — ) S R AR SCBR T
S RN EO DTS B iv v e N BN N -2 D G e 2 NI i
A BRIT AT, R T AR AR R & A AR T . i
Hb B BE B R PLIR 4% =l 06 Ao R N 46
BOBEBERS TR R RESHYNSS.5
PR T AR ZE R K,

FE A T (0 B0(E R HR A Xt AS [R) AE 242 7R ST 1Y
LA 3 R VI VA I N E R E R S S o2 B N R
Wz B TT & B BT, R A R o6 46 R i A
T3R50 b R 0 3 A ) o7 3k R AT A AL K A 40
(B 0 R A7 X5 L 43 A, DA 56 12 HRA T v 1
AP S DL T R A M P A N TSR
Preeds TR B S b



% 34

X AL, BRI F R B AM KRBT R 29

4 BR5RZ

T2 L PRE JE — Pl B A ] R 22 RE IR, T A
BARBAR A R BE . ax AR 545 R
R R B R R T S A AT R
T R Bl A A 22 4TI B Tz B R T D K AT
f AR AT S AT IEOT R A AR R vl
Y R B S AR S A, BRI L R 2
(i) 2 fih i1 B9 73 2 A7 R B9 S AE 3 B A AE AL B AR
R

TlOUL A B2 b B4 8 T 2 e PRI 5T 1 AN 22 L, 5 0
7 RZ E R ER T 2R I BF 5T 22 0 T S e ORI JEE iy
BTN, R - TR S AT, T X T D S A
ARl B i 288 ) P 28 9 L - R 1 T 9K
B Rb o R, Al AR R IR T T A 1 2
fil -, 38 A 23 A g 2 [ 5 AR T 2 A B B AR
S MR R T AR T R G0 B R A 7 A B ) S L
BT 3 A B R B2 0 L A T 5 i A
b M BT R B LB A R A e Y
IR AT LI R IR BE g  AS () 2 (] 45 -FA T 45 -5 7))
Ao B T N T B A A A A R b A R ) o R
Lo 8 A P 1 T B I AR A SR T S R R
B RS KPR, JLEE RAGE T RE R4 M TR
14 3t BE AR T | BRIV %5 1 R U 235 4 4y ) R AR 17 40
J17EN W0 TGk 7 R RE VR A5 F Wy R B O T )
A2 fl T A R S R o TR o e 4 ROAE 2R A
56 (40 R A A R I 58 ) R B 37 B 1 3 4 mT
LA 00 F38 10 25 A ] R b A R A fh T ) L g A8
FEREE A5 R T T SE PR AE IR TR o BeAh K il
WLRLBE Al 2 1 B UL, 2 R B &
ORI, AR G S B P K 4 A
B Tl A T RS [A) RUBE (i B 2l 4207 (6 5
JE RS B80T A A K 235 4y ) A T 2 P A R L A
11 2 T A S e 4 5 b R 2R O LB
S UREIT RN (AP SN IRZ0 I L SR 22Rd P 7
BB A A Xt 2 A 5 b AR g 2 P 5 )
hZHE

XF T AR SR AR R B W5, E A R
A7 AR, PRI g s A BT 2 A G R i
W&, 3857 R AT BRIT 5820 B BRI J AR OC T
e B B DLE 50, 3 7 % il B A0 1 1Y) AR R fE 7y
DIWZRE | A O

B2 RVE HETE 2 UG T — 5 5O ,
X L8 R A T )= B BE T Sl R R R A R
ISR AR HOC T BRI AR OE R
(0 B9F 5 ik Ak T 25 B B, AR B Sl A R B

AR I 7 TG ATS A7 A 1 22 R) i, i 200 v iR o X A
it W2 WA TAEFE IS I, U B BT, AR
PRXE , DS [R] £ 32 T T 5, DA T 3t 57 & (A 34y =
PR BTSSR &, BE— 20N TS LR 3 ) 2 LB
K G o N T REIR TR b

£ & Uk

[1] 2, SRARAS, WE A, & “XUak " A br T 1= RE IR AT
ik e B A S [T, By TR A4, 2021, 41(11):
905-909, 971.
1L1Z, ZHANG D J, PANLY, etal. Low-carbon transi-
tion of China’s energy sector and suggestions with the
“Carbon-peak and carbon-neutrality” target [J]. Journal
of Chinese Society of Power Engineering, 2021, 41(11):
905-909, 971. (in Chinese)

[2] 5ok, B9, T, & R HAGETT 2 IR S
JEER[I]. hE M, 2021, 48(6): 1734-1747.

MA B, JIA L X, YUY, et al. The development and
utilization of geothermal energy in the world [J]. Geology
in China, 2021, 48(6): 1734-1747. (in Chinese)

[3] B, E5ess, BN, 55 . 2018 4F M P ¥R TT K i

Wl (7], BHL S 4z, 2019, 37(1): 134-143.
MA F, WANG G L, WEI S C, et al. Summary of hot
research topics in geothermal exploitation in 2018 [J].
Science & Technology Review, 2019, 37(1): 134-143.
(in Chinese)

[4] PEibFn, W8 0n, TEAEW . = #aE & R i 4 14 [T,
B G4, 2012, 30(32): 18-24.

PANG Z H, HU S B, WANG J Y. A roadmap to
geothermal energy development in China [J]. Science &
Technology Review, 2012, 30(32): 18-24. (in Chinese)

[5] GENS A, SANCHEZ M, GUIMARAES L D, et al.
A full-scale in situ heating test for high-level nuclear
waste disposal: Observations, analysis and interpretation
[J]. Géotechnique, 2009, 59(4): 377-399.

[6] BOURNE-WEBB P J, AMATYA B, SOGA K, et al.
Energy pile test at Lambeth College, London: Geotech-
nical and thermodynamic aspects of pile response to heat
cycles [J]. Géotechnique, 2009, 59(3): 237-248.

[7] FADEJEV J, SIMSON R, KURNITSKI J, et al. A
review on energy piles design, sizing and modelling [J].
Energy, 2017, 122: 390-407.

[8 ] KNELLWOLF C, PERON H, LALOUI L. Geotechni-
cal analysis of heat exchanger piles [J]. Journal of Geo-
technical and Geoenvironmental Engineering, 2011, 137
(10): 890-902.

[9] CROLL J G A. The role of thermal ratcheting in
pavement failures [J]. Proceedings of the Institution of
Civil Engineers - Transport, 2009, 162(3): 127-140.

[10] KERTESZ R, SANSALONE J. Hydrologic transport



30

T KRE5x3 £ FROPE

% 47 %

[11]

[14]

[17]

—
—
oo

=

[19]

[22]

[24]

of thermal energy from pavement [J]. Journal of Environ-
mental Engineering, 2014, 140(8): 04014028.
POTHIRAKSANON C, BERGADO D T, ABUEL-
NAGA H M. Full-scale embankment consolidation test
using prefabricated vertical thermal drains [J]. Soils and
Foundations, 2010, 50(5): 599-608.

BASER T, LU N, MCCARTNEY J S. Operational re-
sponse of a soil-borehole thermal energy storage system
[J]. Journal of Geotechnical and Geoenvironmental Engi-
neering, 2016, 142(4): 04015097.

BOURNE-WEBB P, BURLON S, JAVED S, et al.
Analysis and design methods for energy geostructures
[J]. Renewable and Sustainable Energy Reviews, 2016,
65: 402-419.

BRANDL H. Energy foundations and other thermo-
active ground structures [J]. Géotechnique, 2006, 56(2):
81-122.

LALOUI L, DI DONNA A. Understanding the behav-
iour of energy geo-structures [J]. Proceedings of the Insti-
tution of Civil Engineers - Civil Engineering, 2011, 164
(4): 184-191.

ABUEL-NAGA H M, BERGADO D T, RAMANA
G V, et al. Experimental evaluation of engineering be-
havior of soft bangkok clay under elevated temperature
[J]. Journal of Geotechnical and Geoenvironmental Engi-
neering, 2006, 132(7): 902-910.

CEKEREVAC C, LALOUI L. Experimental study of
thermal effects on the mechanical behaviour of a clay [J].
International Journal for Numerical and Analytical Meth-
ods in Geomechanics, 2004, 28(3): 209-228.
KINOSHITA N, YASUHARA H. Thermally induced
behavior of the openings in rock mass affected by high
temperatures [J]. International Journal of Geomechanics,
2011, 11(2): 124-130.

NG C W W, ZHOU C. Cyclic behaviour of an unsaturated
silt at various suctions and temperatures [J]. Géotechnique,
2014, 64(9): 709-720.

NG CW W, WANG S H, ZHOU C. Volume change
behaviour of saturated sand under thermal cycles [J].
Géotechnique Letters, 2016, 6(2): 124-131.

HUECKEL T, FRANCOIS B, LALOUI L. Explain-
ing thermal failure in saturated clays [J]. Géotechnique,
2009, 59(3): 197-212.

COCCIA CJ R, MCCARTNEY J S. Thermal volume
change of poorly draining soils I : Model development
and experimental validation [J]. Computers and Geotech-
nics, 2016, 80: 16-25.

LALOUI L., FRANCOIS B. ACMEG-T: Soil thermo-
plasticity model [J]. Journal of Engineering Mechanics,
2009, 135(9): 932-944.

YAO Y P, ZHOU A N. Non-isothermal unified harden-

[26]

(27]

(28]

[29]

[30]

[31]

ing model: A thermo-elasto-plastic model for clays [J].
Geéotechnique, 2013, 63(15): 1328-1345.

N, L, R PRW, AL BRUR b3 B B g N ) T
BEE A 0T (0] AR TR, 2019, 52(Sup2):
155-161.

WANG X, KONG L, YUAN Q M, et al. The stress
update algorithm of bounding surface model on gas hy-
drate-bearing soil and case study [J]. China Civil Engi-
neering Journal, 2019, 52(Sup2): 155-161. (in Chinese)
TRRE, ERMd, AR, S . Bh b e BB A ) R AR
fE AR HTLI]. 5 1%, 2018, 39(7): 2651-2661.

FEI K, QIAN J, HONG W, et al. Numerical analysis
of mechanical behavior of energy piles in clay [J]. Rock
and Soil 2018, 39(7): 2651-2661. (in
Chinese)

TR, XD e, fLAaR, A5 . A5 i BT AR AL AR
COMSOL v 1 JF & Wi HI ). %4 1= J1 %%, 2017, 38(6):
1819-1826.

FEI K, LIU H L, KONG G Q, et al. Implementation
of a thermo-bounding surface model in COMSOL [J].
Rock and Soil Mechanics, 2017, 38(6): 1819-1826. (in
Chinese)

XSO, ERUe, FLARsR , 45 . U2 W 70 1 B2 i 70 1 4
B 2 RE & bE A T SRR X AR IR 8 [T, A 1 T A
2016, 37(Supl): 441-447.

LIUH L, WANG C L, KONG G Q, et al. Compara-

Mechanics,

tive model test on thermomechanical characteristics of en-
ergy pile with U-shape, W-shape and spiral-shape [J].
Rock and Soil Mechanics, 2016, 37(Supl): 441-447. (in
Chinese)

T, RS, FEBEME, . CFGREIRMEH TR %+ M m
I v 3 i 1 i 3 B 9 (0. v A B A R, 2019, 32(2):
19-30.

DANG Z, GUAN W, CHENG X H, et al. Experimen-
tal study on CFG energy pile for concrete pavement deic-
ing and cooling [J]. China Journal of Highway and Trans-
port, 2019, 32(2): 19-30. (in Chinese)

RIEH, MO, B, S R R XOKERE R K
A AR T R B BE S (D). A D1 4%, 2016, 37
(2): 465-476.

WUDY, LAIY M, MA Q G, et al. Model test study
of water and salt migration and deformation characteris-
tics in seasonally frozen soil [J]. Rock and Soil Mechan-
ics, 2016, 37(2): 465-476. (in Chinese)

w, LA, X1, L JRFRRE G ER T PCCRE
BRI A R K B SR (7], A £ 1%, 2015, 36
(3): 667-673.

HUANG X, KONG G Q, LIU H L, et al. Experimen-
tal research on thermomechanical characteristics of PCC
energy pile under cyclic temperature field [J]. Rock and
Soil Mechanics, 2015, 36(3): 667-673. (in Chinese)



% 344 i, F ERR A FHRRAAM X R R RE 31
(32] EEASR , FRIRNE . AR IFAE S0 2 AL i v 45 A g o7 D A 3 [40] BAIB, GUO L J, HAN S. Pore pressure and consolida-
WhaE [J]. &+ TR, 2014, 36(6): 1087-1094. tion of saturated silty clay induced by progressively heat-
GUI S Q, CHENG X H. In-situ tests on structural ing/cooling [J]. Mechanics of Materials, 2014, 75:
responses of energy piles during heat exchanging process 84-94.
[J]. Chinese Journal of Geotechnical Engineering, 2014, [41] DE BRUYN D, THIMUS J F. The influence of
36(6): 1087-1094. (in Chinese) temperature on mechanical characteristics of Boom clay:

[33] BRZEL, sk EAE, 5o A, . 2R 2 58 U8 8 AT 1L #4 The results of an initial laboratory programme [J].
PR AR IR I A 5 (D). A A 2 5 TR A, 2020, 39 Engincering Geology, 1996, 41(1-4): 117-126.

(Sup2): 3615-3626. [42] BURGHIGNOLI A, DESIDERI A, MILIZIANO S.
CHENJ W, ZHANG G Z, GUO Y M, et al. Investiga- A laboratory study on the thermomechanical behaviour
tion on heat transfer characteristics of PHC energy piles of clayey soils [J]. Canadian Geotechnical Journal, 2000,
in multi-layer strata [J]. Chinese Journal of Rock Mechan- 37(4): 764-780.

ics and Engineering, 2020, 39(Sup2): 3615-3626. (in [43] FAVERO V, FERRARI A, LALOUI L. Thermo-
Chinese) mechanical volume change behaviour of Opalinus Clay

[34] CASAGRANDE B, SABOYA F Jr, MCCARTNEY J [J]. International Journal of Rock Mechanics and Mining
S, et al. Investigation of a field-scale energy micropile in Sciences, 2016, 90: 15-25.
stratified soil under cyclic temperature changes [J]. [44] ROMERO E, VILLAR M V, LLORET A. Thermo-
Geomechanics for Energy and the Environment, 2022, hydro-mechanical behaviour of two heavily overconsoli-
29: 100263. dated clays [J]. Engineering Geology, 2005, 81(3):

[35] WA, SRINED, SRR . LW SEAC R A C R K 255-268.

B BT 5 £R R [T]. R TR 4, 2012, 45(3): [45] W HE . VR 45 555 o3 2 b N 7 - AR R 1 L =l e BT 5T
127-150. (D] 2 # Wer: L RO TR, 2020.

YAO Y P, ZHANG B Y, ZHU J G. Behaviors, PAN X. True tri-axial test on stress-strain characteristics
constitutive models and numerical simulation of soils [J]. of frozen calcareous clay [D]. Huainan, Anhui: Anhui
China Civil Engineering Journal, 2012, 45(3): 127-150. University of Science & Technology, 2020. (in Chinese)
(in Chinese) [46] ZHOU C, NG C W W. Effects of temperature and suc-

[36] Z=FRer, FLASR, 427, % . BE s AF Al - 42 o o ) 24 4 tion on plastic deformation of unsaturated silt under cy-
PR Ik 3 B 58 (U], # A AR, 2016, 44(3): 99- clic loads [J]. Journal of Materials in Civil Engineering,
105, 114. 2016, 28(12): 04016170.

LIC H, KONG G Q, CHE P, et al. Laboratory experi- [47] LIU H, LIU H L, XIAO Y, et al. Effects of
mental on interface mechanical properties of energy pile- temperature on the shear strength of saturated sand [J].
soil [J]. Building Energy Efficiency, 2016, 44(3): 99- Soils and Foundations, 2018, 58(6): 1326-1338.

105, 114. (in Chinese) [48] LIU H, LIU H L, XIAO Y, et al. Influence of

[37] ZRFRLr, LA, XU, % . Ak -£0 2 1 322 fo 1rg 313 42 0 temperature on the volume change behavior of saturated

iR SN -0 AR S 2 WESE [T, R TR 244, 2019, 52 sand [J]. Geotechnical Testing Journal, 2018, 41(4):
(Sup 2): 89-94, 101. 20160308.
LI C H, KONG G Q, LIU H L, et al. Study of [49] LIU H, MCCARTNEY J S, XIAO Y. Thermal vol-
temperature-controlled pile-red clay interface tests and ume changes of saturated sand during loading-unloading-
stress-strain relationship [J]. China Civil Engineering heating phase [J]. E3S Web of Conferences, 2020, 205:
Journal, 2019, 52(Sup 2): 89-94, 101. (in Chinese) 08002.

[38] FLL, LA, RS, & iR A - 14 fih T = %1 [50] SR, Xk, FHeke, 4. 25 B A AR B L R 1 -5k
5 ARG S B [T]. A £ 1%, 2019, 40(12): 4955- B S HOK B BT 5 (7], A, 2014, 44(3): 93-
4962. 96, 83.
LT C H, KONG G Q, ZHANG X R, et al GUO Z, LIU G B, YIN T F, et al. Test study on
Development and verification of temperature-controlled parameters of Duncan-Chang model for soft clay with
pile-soil interface triaxial shear test system [J]. Rock and consideration of temperature influence [J]. Building
Soil Mechanics, 2019, 40(12): 4955-4962. (in Chinese) Structure, 2014, 44(3): 93-96, 83. (in Chinese)

[39] BALDI G, HUECKEL T, PELLEGRINI R. Thermal [51] AR EL, FRARER, Baife ok, 45 . 25 ik B2 52 i B 7 i 4+

volume changes of the mineral-water system in low-
porosity clay soils [J]. Canadian Geotechnical Journal,

1988, 25(4): 807-825.

I SRS S 8w o [T, K SCH BT TR M BT, 2015, 42
(5): 79-83.
QI L, ZHENG RY, TAO H B, et al. A study of the



32 E R B R LR FROP E ) %47 %
critical state parameter of the Ningbo soft clay consider- dependent non-associated elastic-plastic consititutive
ing the effect of temperature [J]. Hydrogeology &. Engi- model for saturated clay [J]. Journal of Civil and
neering Geology, 2015, 42(5): 79-83. (in Chinese) Environmental Engineering, 2020, 42(4): 53-59.

[52] Wz, BRIEDC, 22K . 25 R i 3 5 v (1) 2 98 e 1 A0 2 Al [63] ABUEL-NAGA H M, BERGADO D T, BOUAZZA
T AR R A BE A [T]. & 4 S22, 2007, 28(9): 1937- A, et al. Thermomechanical model for saturated clays
1942. [J]. Géotechnique, 2009, 59(3): 273-278.

XIE Y, CHEN Z H, LI G. Thermo-nonlinear model for [64] CUIY J, SULTAN N, DELAGE P. A thermomechan-
unsaturated expansive soils [J]. Rock and Soil Mechan- ical model for saturated clays [J]. Canadian Geotechnical
ics, 2007, 28(9): 1937-1942. (in Chinese) Journal, 2000, 37(3): 607-620.

[53] LIU H, LIU H L, XIAO Y, et al. Non-linear elastic [65] HONG P Y, PEREIRA J M, CUI Y J, et al. A two-
model incorporating temperature effects [J]. Geotechni- surface thermomechanical model for saturated clays [J].
cal Research, 2018, 5(1): 22-30. International Journal for Numerical and Analytical

[54] XIAO Y, LIU H, ZHANG W G, et al. Testing and Methods in Geomechanics, 2016, 40(7): 1059-1080.
modeling of rockfill materials: A review [J]. Journal of [66] B o2iE . — > L AR (Y XU I 10 0z g -1 A8 A5 A [T]. 5 4
Rock Mechanics and Geotechnical Engineering, 2016, 8 T R4, 1988, 10(4): 64-71.

(3): 415-422. YIN Z Z. A double yield surface stress-strain model of

[55] GITAU A N, GUMBE L O, BIAMAH E K. Influence soil [J]. Chinese Journal of Geotechnical Engineering,
of soil water on stress-strain behaviour of a compacting 1988, 10(4): 64-71. (in Chinese)
soil in semi-arid Kenya [J]. Soil and Tillage Research, [67] TANG A M, CUI Y J. Modelling the thermomechani-
2006, 89(2): 144-154. cal volume change behaviour of compacted expansive

[56] Fmizs, AW, f4®. & HkE G- HEaEL ik clays [J]. Géotechnique, 2009, 59(3): 185-195.

R [T). 5 A 155 TR, 2017, 36(5): 1269-1278. [68] ALONSO E E, VAUNAT J, GENS A. Modelling the
WANG L Q, LU Z G, SHAO S J. A composite power mechanical behaviour of expansive clays [J]. Engineering
exponential nonlinear model of rock and soil [J]. Chinese Geology, 1999, 54(1/2): 173-183.

Journal of Rock Mechanics and Engineering, 2017, 36 [69] KROHN K P. New conceptual models for the resatura-
(5): 1269-1278. (in Chinese) tion of bentonite [J]. Applied Clay Science, 2003, 23:

(57] Al SR, vede, 45 WA L ) -0 AR i 2k 2 25-33.

AARBC-IUI LA [T]. A+ TR R, 2010, 32(9): [70] GRAHAM J, TANAKA N, CRILLY T, et al
1455-1459. Modified Cam-Clay modelling of temperature effects in
WANG W, SONG X J, LING H, et al. Composite clays [J]. Canadian Geotechnical Journal, 2001, 38(3):
exponential-hyperbolic model for stress-strain curve of 608-621.

seashore soft soil [J]. Chinese Journal of Geotechnical [71] HAMIDI A, KHAZAEI C. A thermo-mechanical con-
Engineering, 2010, 32(9): 1455-1459. (in Chinese) stitutive model for saturated clays [J]. International Jour-

[58] UCHAIPICHAT A, KHALILI N. Experimental inves- nal of Geotechnical Engineering, 2010, 4(4): 445-459.
tigation of thermo-hydro-mechanical behaviour of an un- [72] HAMIDI A, TOURCHI S, KHAZAEI C. Thermome-
saturated silt [J]. Géotechnique, 2009, 59(4): 339-353. chanical constitutive model for saturated clays based on

[59] SOLEIMANBEIGI A, EDIL T B, BENSON C H. Effect critical state theory [J]. International Journal of Geome-
of temperature on geotechnical properties of recycled asphalt chanics, 2015, 15(1): 04014038.
shingle mixtures [J]. Journal of Geotechnical and Geoen- [73] WANG L. Z, WANG K J, HONG Y. Modeling temper-
vironmental Engineering, 2015, 141(2): 04014097. ature-dependent behavior of soft clay [J]. Journal of Engi-

[60] ROSCOE K H, BURLAND J B. On the yielding of neering Mechanics, 2016, 142(8): 04016054.
soils [J]. Géotechnique, 1958, 8(1): 22-53. [74] ZHOU C, NG C W W. A thermomechanical model for

[61] HUECKEL T, PELLEGRINI R, DEL OLMO C. A saturated soil at small and large strains [J]. Canadian
constitutive study of thermo-elasto-plasticity of deep Geotechnical Journal, 2015, 52(8): 1101-1110.
carbonatic clays [J]. International Journal for Numerical [75] DAFALIAS Y F. Bounding surface plasticity. I:
and Analytical Methods in Geomechanics, 1998, 22(7): Mathematical foundation and hypoplasticity [J]. Journal
549-574. of Engineering Mechanics, 1986, 112(9): 966-987.

[62] XL, BR3EEM, B, 45 25 RO L 52 i Yl G Ik 3 [76] ANANDARAJAH A, DAFALIAS Y F. Bounding

PR AN AR BIAL [T] £ R 5 TR MR (h i
), 2020, 42(4): 53-59.
LIU H, CHEN Q M, LU L, et al. Temperature-

surface plasticity. Il : Application to anisotropic cohesive
soils [J]. Journal of Engineering Mechanics, 1986, 112
(12): 1292-1318.



% 34

X AL, BRI F R B AM KRBT R 33

[77] DAFALIAS Y F, HERRMANN L R. Bounding
surface plasticity. Il : Application to isotropic cohesive
soils [J]. Journal of Engineering Mechanics, 1986, 112
(12): 1263-1291.

[78] ZHOU C, NG C W W. Simulating the cyclic behaviour
of unsaturated soil at various temperatures using a
bounding surface model [J]. Géotechnique, 2016, 66(4):
344-350.

[79] ZHOU C, FONG K Y, NG C W W. A new bounding
surface model for thermal cyclic behaviour [J]. Interna-
tional Journal for Numerical and Analytical Methods in
Geomechanics, 2017, 41(16): 1656-1666.

[80] Bt , 47 4T . kT #i Iy 2 A0 1 1 295 2% - 30 ST

BB [J]. 5 b T AR, 2017, 39(3): 547-553.
CHEN Y N, YANG Z X. Thermodynamics-based
bounding surface model for overconsolidated clay [J].
Chinese Journal of Geotechnical Engineering, 2017, 39
(3): 547-553. (in Chinese)

[81] WEAD 7, HW, XAk . = 4t4 ) 5 PE b - UH LR [J].
TR 1%, 2018, 35(3): 49-55.

YAO Y P, TIAN Y, LIU L. Three-dimensional aniso-
tropic UH model for sands [J]. Engineering Mechanics,
2018, 35(3): 49-55. (in Chinese)

[82] WEAMF, XMk, 29T . @0+ UH A [J] & + TR
iz, 2016, 38(12): 2147-2153.

YAO Y P, LIU L, LUO T. UH model for sands [J].
Chinese Journal of Geotechnical Engineering, 2016, 38
(12): 2147-2153. (in Chinese)

(83] LA-M, WhAMF- . 2 JE Ik (] 24 07 1) Ko 45 1] 5 4 UH #E Y
[J]. & + TR, 2015, 37(5): 812-820.

KONG L M, YAO Y P. K;-anisotropic UH model con-
sidering time effects [J]. Chinese Journal of Geotechnical
Engineering, 2015, 37(5): 812-820. (in Chinese)

[84] WEAMF, 45—, 45 . 25 J&IR LS o g UH ALY [J].
T E R BORFL, 2011, 41(2): 158-169.

YAO Y P, YANG Y F, NIU L. UH model considering
temperature effect [J]. Scientia Sinica (Technologica),
2011, 41(2): 158-169. (in Chinese)

[85] WAM-F-, 4, JH 2 . 25T Hvorslev Ifif i [ 45 - 4

Hy R Ay [J]. o [ B (B 8 BORBE7), 2007, 37(11):
1417-1429.
YAO Y P, HOU W, ZHOU A N. Constitutive model
of overconsolidated soil based on Hvorslev surface [J].
Science in China (Series E: Technological Sciences),
2007, 37(11): 1417-1429. (in Chinese)

(86] BRI, 4R35, H—W, 55 . 5 R BE 52w a4 =l 4 A+
AAGRIAY [T]. 55 1715, 2011, 32(10): 2881-2888.
YAO Y P, NIU L, YANG Y F, et al. Constitutive
model for unsaturated clays considering temperature
effects [J]. Rock and Soil Mechanics, 2011, 32(10):
2881-2888. (in Chinese)

[87] WA, JTAE, 5 — WL, 55 . MRS O HEAK 55 1) Y AR

IR (7). & £ 0%, 2011, 32(9): 2561-2569.
YAO Y P, WAN Z, YANG Y F, et al. Thermal
failure for saturated clay under undrained condition [J].
Rock and Soil Mechanics, 2011, 32(9): 2561-2569. (in
Chinese)

[88] LA WL, WA . 8 [ 45 R MEA M X R [J]. &
+ 1%, 2015, 36(Sup 1): 1-8.

KONG L M, YAO Y P. Thermo-visco-elastoplastic
constitutive relation for overconsolidated clay [J]. Rock
and Soil Mechanics, 2015, 36(Sup 1): 1-8. (in Chinese)

[89] YAO Y P, KONG L. M, ZHOU A N, et al. Time-
dependent unified hardening model: Three-dimensional
elastoviscoplastic constitutive model for clays [J]. Journal
of Engineering Mechanics, 2015, 141(6): 04014162.

[90] YAO Y P, HOU W, ZHOU A N. UH model: Three-
dimensional unified hardening model for overconsolidat-
ed clays [J]. Géotechnique, 2009, 59(5): 451-469.

[91] ZHANG Z C, CHENG X H. Simulation of nonisother-
mal consolidation of saturated soils based on a thermody-
namic model [J]. The Scientific World Journal, 2013,
2013: 192163.

[92] BARLHI, SKRTZR, 3. LA T i 5304 1] )
SHEE, 2006, 36(4): 611-618.

ZHAO C G, ZHANG X D, GUO X. Constitutive
equations of soils and thermodynamics [J]. Advances in
Mechanics, 2006, 36(4): 611-618. (in Chinese)

(93] 4= f . T B & AR WO IR R b AR M T R Y BIF 5 (T,

IR S A, 2009, 31(8): 87-89.
LI Z M. Study on elastic-plastic damage constitutive
model of frozen soil based on energy dissipation theory
[J]. Low Temperature Architecture Technology, 2009,
31(8): 87-89. (in Chinese)

[94] & BERI, T 5, CUI YuWen, % . JF5E8 1% 15 30

Ji SRR [T] B2l 4, 2013, 58(35): 3656-
3664.
LU X G, WANG Z, CUL' Y W, et al. Computational
thermodynamics, computational dynamics and material
design [J]. Chinese Science Bulletin, 2013, 58(35):
3656-3664. (in Chinese)

[95] Z=5s, B AT )7 U IR BE L - R A

B [T AR Tk R 5274, 2016, 42(4): 554-560.
LT L, LT Y. Thermo-mechanical coupling constitutive
model of concrete based on thermodynamics [J]. Journal
of Beijing University of Technology, 2016, 42(4): 554-
560. (in Chinese)

[96] falff, 2205, 22T, % . MAIE R K R A ds R
BB [J]. & = TR 24, 2018, 40(7): 1212-1220.

HE M, FENG X P, LI N, et al. Improvement of
coupled thermo-hydro-mechanical model for saturated

freezing soil [J]. Chinese Journal of Geotechnical



34

T KRE5x3 £ FROPE

% 47 %

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

Engineering, 2018, 40(7): 1212-1220. (in Chinese)
KA, R IBEVE . AR S A5 TR 45 R HE K 85 U i #
T AR [T]. A - TR A4, 2013, 35(7): 1297-
1306.

ZHANG Z C, CHENG X H. Thermodynamic constitu-
tive model for non-isothermal consolidation and und-
rained shear behaviors of saturated soils [J]. Chinese
Journal of Geotechnical Engineering, 2013, 35(7): 1297-

1306. (in Chinese)

ZHANG Z C, CHENG X H. A thermo-mechanical cou-
pled constitutive model for clay based on extended granu-
lar solid hydrodynamics [J]. Computers and Geotech-
nics, 2016, 80: 373-382.

BAI B, YANG G C, LI T, et al. A thermodynamic
constitutive model with temperature effect based on
particle rearrangement for geomaterials [J]. Mechanics of
Materials, 2019, 139: 103180.

YANG G C, BAI B. A thermodynamic model to

simulate the thermo-mechanical behavior of fine-grained

gassy soil [J]. Bulletin of Engineering Geology and the

Environment, 2020, 79(5): 2325-2339.

WHEELER S J. A conceptual model for soils contain-

ing large gas bubbles [J]. Géotechnique, 1988, 38(3):

389-397.

YANG G C, LIU Y, CHEN P P. Thermodynamic

modeling of stress-strain behavior of saturated sand

considering temperature effect [J]. AIP Advances,

2021, 11(12): 125206.

GOLCHIN A, VARDON P J, HICKS M A. A
thermo-mechanical constitutive model for fine-grained
soils based on thermodynamics [J]. International Journal
of Engineering Science, 2022, 174: 103579.

KURZ D, SHARMA J, ALFARO M, et al. Semi-

empirical elastic-thermoviscoplastic model for clay [J].
Canadian Geotechnical Journal, 2016, 53(10): 1583-
1599.

LALOUI L., CEKEREVAC C. Numerical simulation
of the non-isothermal mechanical behaviour of soils [J].
Computers and Geotechnics, 2008, 35(5): 729-745.
LALOUI 1, CEKEREVAC C. Non-isothermal
plasticity model for cyclic behaviour of soils [J].
International Journal for Numerical and Analytical
Methods in Geomechanics, 2008, 32(5): 437-460.

LIU E L, XING H L. A double hardening thermo-
mechanical constitutive model for overconsolidated
clays [J]. Acta Geotechnica, 2009, 4(1): 1-6.

VEBR T M i SRR AL B [T]. A £ 5, 1995, 16
(1): 1-8.

SHEN Z J. A double hardening model for clays [J].
Rock and Soil Mechanics, 1995, 16(1): 1-8.
Chinese)

(in

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

XIAH B A bR 1 S BURE A AR (7). K B IR K
TR, 1993, 4(2): 88-96.

LIU Z D. Simple double hardening model of geotechni-
cal materials [J]. Journal of Water Resources and Water
Engineering, 1993, 4(2): 88-96. (in Chinese)

WA, W S, AR B RN R L)
3 37 7 B A 1 U)K WUIE A A AR 455 Y (T). 75 2206 4 31
SEBEsE A, 1994, 26(4): 392-397.

YAO Y P, XIE D Y, YU M H. Generalized twin
shear stress failure criterion and double-hardening
constitutive model of sand under the complex stress
state [J]. Journal of Xi” an Institutte of Metallurgy and
Constructural Engineering, 1994, 26(4): 392-397. (in
Chinese)

MA QJ, NG CW W, MASIN D, et al. An approach
for modelling volume change of fine-grained soil
subjected to thermal cycles [J]. Canadian Geotechnical
Journal, 2017, 54(6): 896-901.

COLLINS T F, BOULBIBANE M. Geomechanical
analysis of unbound pavements based on shakedown
theory [J]. Journal of Geotechnical and Geoenvironmen-
tal Engineering, 2000, 126(1): 50-59.

HABIBALLAH T, CHAZALLON C. An elastoplas-
tic model based on the shakedown concept for flexible
pavements unbound granular materials [J]. International
Journal for Numerical and Analytical Methods in Geo-
mechanics, 2005, 29(6): 577-596.

NOWAMOOZ H, LI K, CHAZALLON C. Shake-
down modeling of unsaturated expansive soils subjected
to wetting and drying cycles [J]. E3S Web of Conferenc-
es, 2016, 9: 08007.

MASIN D. A hypoplastic constitutive model for clays
[J]. International Journal for Numerical and Analytical
Methods in Geomechanics, 2005, 29(4): 311-336.
MASIN D, KHALILI N. A thermo-mechanical model
for variably saturated soils based on hypoplasticity [J].
International Journal for Numerical and Analytical
Methods in Geomechanics, 2012, 36(12): 1461-1485.
ZHANG S, LENG W M, ZHANG F, et al. A simple
thermo-elastoplastic  model  for J1.
International Journal of Plasticity, 2012, 34: 93-113.
IR, BUERR, BRARZR, A 5 A TR B s TA SR
PEARM BRI ST [T]. 12 5 TR, 2017, 36
(3): 571-578.

ZHANG S, HE Z Y, TENG J D, et al. A thermo-

geomaterials

elasto-plastic model for soft rocks considering structure
[J]. Chinese Journal of Rock Mechanics and Engineer-
ing, 2017, 36(3): 571-578. (in Chinese)

ZHANG S, XU S, TENG J D, et al. Effect of temper-
ature on the time-dependent behavior of geomaterials
Rendus 2016, 344(8):

[J]. Comptes Meécanique,



[120] LALOUI L,

% 3 X, LR A FRRRARAME R R GE 35
603-611. [123] 24, WA, 2237, % . % IRIR B UH B A R

LEROUEIL S, CHALINDAR S.
Modelling the combined effect of strain rate and
temperature on one-dimensional compression of soils
[J]. Canadian Geotechnical 2008, 45(12):

1765-1777.

Journal,

[121] ROSCOE K H, SCHOFIELD A N, THURAIRA-

JAH A. Yielding of clays in states wetter than critical
[J]. Géotechnique, 1963, 13(3): 211-240.

(122] RS, FLAOSR, XIDUE, 45 . 6 o #h- g 24 45 1 Xt g

SR T AR RS R (] A R TR AR, 2022, 44(1):
53-61.

LU HJ, KONG G Q, LIU H L, et al. Influences of
thermo-mechanical properties of clay on mechanical re-
sponses of energy piles [J]. Chinese Journal of Geotech-
nical Engineering, 2022, 44(1): 53-61. (in Chinese)

[124]

Jehi A [J]. %A 4 T AR, 2015, 37(Sup 2): 181-185.
FENG X, YAO Y P, LI R N, et al. Application of
UH model considering temperature to finite element
method [J]. Chinese Journal of Geotechnical Engineer-
ing, 2015, 37(Sup 2): 181-185. (in Chinese)

Tk, A, BB . LT ) A BE Y K Je A FA-
TG AR R TT 4 (1], & A 1 5 L%
e, 2018, 37(1): 67-76.

WANG H, ZHANG Z C, CHENG X H. A thermal-
mechanical constitutive model for cement rock based on
thermodynamics and its finite element application [J].
Chinese Journal of Rock Mechanics and Engineering,
2018, 37(1): 67-76. (in Chinese)

(%# L H%)



