H0E H8 M wOR OB T Ok K ¥ ¥ MR VL50 No.8
201848 JOURNAL OF HARBIN INSTITUTE OF TECHNOLOGY Aug. 2018

DOI:10. 11918/]. issn. 0367-6234. 201802050
i T — MR DR E A RE

Ko, E Y

(Aestzgim Ry AR TR B, JE AT 100044 )

B OB AFRRBIMBESHETTREA TR LRSS ETE2AER ) FELA A R ARG, R — &t
W REER. A BREAHA LR, AT FEAARY U R B BRAENRAORENINE - TR ERN
BEREEABREER TN ERE ALY A RAE TSR ESE L RFHEE R B R E fo L R @Ik 48
M, BB R R RSB EN ;N TAERRE LWER A LATR A7 2, R EN, BB REN G2 Ny AEDRE
LR A FA R e E k7 WA R R A R S R R R kA R T E by R % 7 e, R R X
AR HATE R mBEAEA AR R B ER, AAMERRTEN EANGEERE AR ER Y& HARYE K — MR
Bif] - Rty EFt - T B, e H R AR L.

KW BT ARERA; AR K, wFE

hE 4 %S, 0344.3;TU528.01 SERAREED: A TEHD . 0367 —6234(2018)08 - 0142 - 08

A pear-shaped bounding surface constitutive model for concrete

ZHANG Jing, WANG Zhe

(School of Civil Engineering, Beijing Jiaotong University, Beijing 100044 , China)

Abstract; To investigate the nonlinear properties of concrete under multiaxial cyclic loading, an improved bounding
surface model was presented for concrete within the framework of elastoplastic and bounding surface theory. The
yield surface is closed and smooth, and in tensile and compressive meridan planes, the yield surface is a pear
shape. The shape of bounding surface is similar to yield surface. The first stress invariant and the strain deviation
were adoped as the independent variables in the yield function and as the differential variable in the loading and
unloading criteria. Based on the similarity of the shape between yield and bounding surfaces, the mapping relations
were determined by proportional relations. According to the mapping rules, there always was an image stress point
on the bounding surface for a current stress point on the yield surface. The two points had the same normal direction
for corresponding surfaces, and a nonassociated flow was adopted to describe the plastic deformation. For the
experimental results of concrete specimens under monotonic and cyclic loading along the compression direction in
the deviatoric plane, the proposed model was used to simulate the results numerically. The calculated results agree
well with experimental data. The model can describe the pre-failure and post-failure stress-strain curve and describe
the shear dilatancy of concrete.
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2.2 RREHEN
Wb OC R SCh AN 1 7, A Sy IR e 1 i)
I A7 A5, A SR R b a5 A A Y R
735 1) ) AR A Ry A IS

P L 8 T
=20, (7)
U'm_c :;mi—z’ (8)
a a
/bfu by (9)
b

E <y TN AR D=0 DAL N AN N AL 2 3 ]

RSN 0 Lo, Ty (T ~ (9), UH
A U A R A RS K o) ] i, BV A AR SO SO
FRE.
EEEES d, M d, | HZRIRESHAF
dy=1,-1,, (10)

dy = /sy =5 (sy=s,) o (11)
b 1, Ry B BT T oy AR — A AR
RN, IS d, AR RAEE S
(dy, - d,
R
S >, R 1 5 K SR i R

(12)

WX R dy {B. Z G AR, AR AN AR s 245 )
AR AR DX, 0 — O R R (4, -
2.3 mE{LEN
et A G A ST RN il N R B | b
a | b E BB NAS R ¢ |y Bl e Lo BRE.
2.3. 1 Jm IR A oA S s g Ak 7
BB A e R v, Je IR T B K/ NRDE RS
A Ak B B RERS AR L.
o i T AR T PR 728 £ P A i R 0 Sl R
da =0, (13)
db =0, (14)

de = de +yd; dA +y, (o —c)w ,

(15)

da. = da. + m, (d2)0<;g,‘ —sij)de,. +
! R +m2((d2)0)2J (dz"'A)O'S
db - db
b .

AR (13) A1 (14) B8 48 P IE Ji iz 18T B oK /)
A A(LS) FI(16) Jid o 7 il e Els At oE 2
AR RS R, FC1S) H, da ARG R A
Tsy Moy, AIEEARNE . (16) A S—4
BNEAR, A BE G A3 BE N AU A = 107 5 m,
A my FIEAEA B R de, =/ dejdel; R0
(TITGS
2.3.2 PSR N AR R E A DT R

[EariylIE-sun LS UR TP NANY. 2 A ]
G A ARANAE | 3 51 7 K e 3 B 1) A
SRR AL  Si 7E  ~F- THT PN AL BN A A
e FEmaad f b, b M a R AR R, B JR  Ti
GRS , Z % B S R (. X B b/a =
b/a =1t, .

{85 a (925 A6 — 432 i # K B 31k, 55—
F 0 R i 2 5 7S, B

da = d(u-r), (17)
2w S SR ARG BREC, kR A A
SRR w5 r BEAE ARSI

[ZG(ei,-—eg-) —alj] (16)

— d/

du = 1, ——dA , (17a)
/e 1 \d]l\

_ Ly

dr = ver 40, 1dep. (17b)

A (17a) i, 1 OWIE(EM R R S0(1T7b) 4, i
ARG x = xie™  x WIEMMREER x. K
EMBEE 1 = 1/f,, f. 0 iREE 0 Rl



55 8 1

SR, A5 IREE LI — R AL A AR R - 145 -

W e, = [de, KRB,
5T H A P AR e (R T R
db = t,da , (18)
de = (1 +6,In(1 +35(7[))du, (19)

da; =0, (20)

Ao, Fo, N IEAEMRNE L

X (19) o, AS R o HUEE 1, AR )5 RS
. i e HCA IS S8, RIS A AR i o 193
Ak, FT LA IR TR BRE A ORLAE 28 ) = 1) 45 s far 28 Ty S0
J& , ST SR B S A T AR A R AT =) 4
JEIN#RR, a 36K, o W5 1, R sh, A
T i K H 7 DXC— M TR AK: , T AE 55— 4, X
FhARARIE 20 LA AL T SCHR [ 27 ] 42 11 TR B8 £ AN
¥5)5m (40 1k.
2.4 BUENTIES

X FREE L, #K T AS R AARFAR L,
FK O T 7 A () SR AR R N AR | 3 R T — >
PEABUS S R AT U AA. T B R ) 0 AR AR RE 25
A BN AR , X2 R FR N AR 1 4 A

XFF 15 | i ¥R AR TE | SR AR AH G 8 ik
D). FEBTUI5 | A 28 e N AR Y B 0 5 [ nl SRR TR
Tt

nj = nfjl) + n;-z) . (21)
Hr
w _ o 1 o
n;' = oo, 3 6115"7 , (21a)
(2) @
o _ ol o 21b
" T (100ge + 1) (21b)
fEX(21a)h
of _of ol of 9 of 9g(8)
do; ol 9oy A], do;  0g(8) do;
(22)
X (21b)
w = (‘311 _ezz)(nill) _nézw) +
(322 _333)(’1;2]) - ’1;31)) +

(633 _311>(”§31) - ’1}11)) ,

1
qe = \/2[ (e“ - 622)2 + (622 _633)2 + (333 - 611)2] :

2 21) 50 0 R BT YIE iR 158
e AE P B OCIBOR B 43 3 55 T ny Y NI IEI, 18
TE T D)5 | 76 Ay S g 2 5 T S IBJAE h o 14 i 22

A (21b) R IR TRNAE 6, 5 BTN AE
qe ZIAIAY G Z M ERAT 2N Y. T ¢ S W B4 i A2 X 1A
BN AR 52N, HZ Ik

{ = g] +§2 . (23)
Hrp
(=2 (kI +ky —§)e 2000
)2

—z4(ge=gemax

{» = z(qge - ge,, € :
K &y BRI U AR 5| S AR R 455 ¢, sy
VIR AZ G A IATIEAK s 2, |2, |z Fl 2, BN IEAEAE
BEEEL qe,. 1 ge S DI ERAE.
P, 300 51 i Bk D AR 3 4 d (el AR
NN
d(e}), = njdr = dej + %d (e").. (24)

Hrp
dej = n;-])d)\ , (24a)
d(gh_ = ny'8,dA. (24D)
Kb d (e FIRBYYIT R A 3 P AARRR 0 AR 3 o
FH #7105 R ) BB AR R AR 3 1 AT 3Ry
d(gry =78
D T g
e K ¥ PR &
WU SR M AR FEU AR 1 1 e
de? = d (g +d(gh, . (26)
2.5 —EHUMEH
Jet BT R AR f B 3 . f = fi(0y,2)
f=f(e;,Z)  f = ,e,Z) N Z FoR N+
MES A Z = (e ,a;,a,b,c) .
TEBEASAME N R v, — 8O S A T AR
3 PR B IR Rk, AH R A 3 R S i oy O
df = 0. 3X B X5 3 Al rEdnihie.
#ia30(13) ~ (20) Fix(24a) , dA Al T —3L
PR ARG R, dfy =0 i —
A

(25)

) ) ) )
éd[1 + édei. + Lde? + ida, +
ol dey " gl Y day

%da +%db+%dc =0. (27)
da ab ac
H1= (27) ATSR A3 da, SR A A A (24a) |
(24b) 3K def , d (gPy_, BETTAG G &N Jy — ) A%
KA.
2.6 hniEpE A
DR OXE BB A A X6 N 1 I AR AT W, T T
55 o IR eR K ARG TN ek B8 L
T 2 S IR T R HSORT 187 A5 — ) 48]
AR IA 3 A
Yf(o;,Z) =0, L, = o do 5
Jdo

i




- 146 - UE RIS A N - ERIES
. _ _ NSRRI ;D) 4 Ly < O, WO 1l kA2
élfz(gly,z) =0,L, = d3g§ S TNy S .

9 A, AR ON T Sy XL PR AR A D
5 f (1 ey, Z) =0, Ly = %d]l + %deij. IR £ B
1

ACRE f5 X R A N S I A T8

1) f5 < O I, SR, WA AL ;

2) 34 f, = O, YRS B RRIRAS s AE i IR 1A
b BRI BN A A a) Ly > 0 MR
RN i R A M, I EC(13) ~ (20) kit

3 BAWHEEFRIE LR

3.1 RS EIER

RS0 B SR FH A SR A 20 A R 3 B TR R A 7
F R 2B = Ak 2 e L e ) B A
PR, A AR T [ — SR 1.

Fz1 HFEREHEISEH
Tab.1 Model constants for numerical experiment
24 E /MPa my my 23 24 v 1y ) Iy K
BUE 2.90 x10* 1.54 x10° 0.50 986.00  2.30 x10* 0.17 0.60 0.06 -1.80 0.80
Z}ﬁ( )4 2 2 Y1 Y2 l; /MPa ky ky X1 X2
B 0.71 3.83 4.10 0.05 0.10 27.00 0.06 0.78 150. 00 -2.56
R LS BT ST Ea . a b b c

¢ FHEIRTYUE, 530K ay =2 MPa, a, =38 MPa,
by = tiay , by = tiay, ¢, =1.2 MPa fll ¢, =
21.6 MPa. % K* =2 620 MPa, /. =35 MPa.
3.2 HEREE

THEFR PR fortran 1B S w5 . XK R m
LSt S S S I L SrI PR e a= NP0 e A 1=
#R43 , DA N AR 3K 30 I 45 v F . Ay T B R A A
P AN R N AR IR B AT R R R AR ] (UL 2)
3.3 RBVIGIE

FIH LR TRy, 45 G TR 2 A Gk T THTn
0B o I F s 5 A ey T A R T R
Bk

PRI A T T T L 48 B AR 43 ) 2R A 7
TR NI . Iz R AN B B, St in
N IR SRS RN ) i, 4% BRIV 3 i dor
—do /2 2RO R BUE 3. A SR Y
RIHAR T, o, YEELT 3 #4: o, =30 .45.60 MPa;
TR RAERT 0 = 0° FZ BB o, 5 0 AL BT
3 kg

R 25 B S0 45 R iy e ILIKT 3 ~ 6. |
T W R LA e 10 B PR AR Xk T e
12, BEBUCREAH AR 1Y 2 BRI E s 2 5 AT 5 X
TR R AL SR 0 1 Bul 525
BT

= da‘z

[ 2 BN B R |
v

| BT s, YA |
v

T
v

ell=¢t +det. e =et.
ij ij [t/

v

| s, d, dy, 6 |

i 5der, dot 4t da,
dadb.db de,de,de

_>|i+ﬁde§j,dgev ,dgﬁ,dcy_i.i

AR B B 72 P AE B

Fig.2  Calculation flowchart for the constitutive model

E2



55 8 1 SR, A5 IREE LI — R AL A AR R - 147 -

MR IEORT 1) BT, B0 A5 21 i
J2 A3 = ISR i 2 A P A B B R BUAR-5 1056 i 26 e
By fr (WLE 3 (a) ~ (b)) ;2) ZHMET, Gt H
Al PRI AR, Pl A SORE R334 20 ) i B
J1 = I AE £, AR A LA B 3 5 16 2 2R 2
A—Z (WK 3(b) 4(a) ~(b).5(a) ~(b)H6(a)
~ (b)) AR 28 it £ 0 i ] 34 i J3E A/ N, o e
Le77 Re I A B E AN A1 5 3) (RN AR B9 A8 fE 5 1
56 i 2 A AR PRI P (i 22 50 22, g L T P S 45, 2
TS L BRBAR G, (AR EAR G T
IEFRI (UL 3 () 4(e) S(e)M6(c)). BR LK
TYTIIN 25 R AR 4 R LA AT 1.

140 [
20r T T s =60 MPa
& 100 | fleemmmmmm—=s
p=
T 80°f
E 60 - [T
LT \
= ; IR ih 2k
520 g - - —- Bl 2k
0 1 2 3 4 5 6
ol 1 S AR /%
(a) 1[40 P B2 7~ IS 28 9% 2 i 2%
80 ,=60 MPa
[+
- - sl N
= 01 g 0,=45 MPa
R
2 E N o =30 MPa
§ 20
g )
2
2 3 4
6,=30 MPa L AHEE
0,=45 MPa = Z—=2 —— — - 2R
c,=60 MPa -40
x,y, 25 F R N2 e/ Y%
(b) 3/l 1 £ i 17 7~ i 7 2 5 7R th 2%
a7 , c,=60 MPa
6 /
¥ 0.=30 MPa _ (0,45 MPa_==/
E« mn 5F | 3
) 4 b {
£ l /
® 31
> ’
L A X
S N i
L 1 1 \\‘I L L ‘——l——*ﬁlmﬁﬁéﬁ
0.3 -02-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
AR /%

(b) T X BY AR - A AR B AE K 2 1 2
B3 T L 2 R 48 2k A e R e 2k

Fig.3  Model simulation for monotonic compression
test in the 7 plane

2 5 i 2 75/ MPa

2l 15 R BL F7s/MPa

x4t 17 W BE 15/ MPa

x4 1 B2 75/ MPa

— N w B W
(=] (=] (=] S S
= T 1

2 3 4
w38 A L A e Yo

(@) 172 B 27— i 82 2SI 36 i

. 6
.,
s N
=
Rg—T
Y
-0.I3 -OI.2 -011 0 0.Il 012

LAIE YN
(c) I™ LB RS PR RS AS % 3 i 4

RFELERES MR MM : o, =30 MPa

.4 Model simulation for cyclic compression test in

the 7 plane; o, =30 MPa

60 -

40

20 1

0 05 1.0 1.5 20 25 3.0 3.5
1 1 4 R A e Yo

() %l 170 K0 i 527 — i A2 TR 36 1 2
70

60
50
40
30 -
20
10

0 0‘.5 1I.0 115 2.0 2.I5 310 3‘.5
w3t ) B A e Yo
(b) a2 ] 14 s 5L 77— 52 2R A0 it 2%



- 148 - MoK OE T Ak k% o IR 5550 &
57 N
e 4 % ®
o 4 R
PR AN 35— R B PR E B AR A
g SIS FAPRSRY | FEr 0 JE I T 0 00 5 2 4 PR L AR 3o
8 2 R ERIALIE A T 5 A M 1, T A 45 2 7 7 5
Lol Ay B 137 7 528 7 14 W A 7). 4780 (o 1 8%
A T , S 0 032 e O 1 65— S 71 A I 7 g
0 0102 03 04 bR T Bl T G A0 R AL
BRI %

(c) I U BY R AR AR B A 5% 74 Hh 2
BS5 REELBEREHMEBH M HLZ: o, =45 MPa
Fig.5 Model simulation for cyclic compression test in
the 7 plane: o, =45 MPa

801
s 60
<
5 40+
5
= 20f
%
0 I 2 3 4
ol T RL A e /%
(a) ol i) 00 182 7 — s 82 32 R 560 4%
80T
S 60F
<
E 40
&
T
Z 20
R
0 1 2 3 4
o3l 1) O 2 AR e /Yo
(b) x4l 17] B i 2 77—l S8 A2 A4 T 2%
6r
-'1\
st L
—— WL Q\;
L 4] ———- L NN
S )
& %
3 3 N
=® 3
> 2
i
1
0 0.2 0.4 0.6 0.8
e TN
(c) J" By RAR AR AR R AR 56 AR i 4%
E6 mEEMLBEARERMEBAIMEMLE: o, =60 MPa

Fig. 6 Model simulation for cyclic compression test in the
7 plane: o, =60 MPa

BHNIAE — AT . A2 BB V) 5 R BT i
KT AEAR S Bk .

JURERL TS A R S IR A5 R AT T AR,
T RERS LR BE 1 16 22 R N80 1) 2 AP oRe k.

5% Xk

[1] COONM D, EVANS R J. Incremental constitutive laws and their

N\

associated failure criteria with application to plain concrete [ J].
International Journal of Solids and Structures, 1972,8 (9) : 1169.
DOI:10. 1016/0020 - 7683 (72)90030 -3.

[2] PASTOR M, ZIENKIEWICZ O C, CHAN A H C. Generalized
plasticity and the modeling of soil behaviour [ J ]. International
Journal for Numerical and Analytical Methods in Geomechanics,
1990,14(3) : 151. DOI; 10. 1002/nag. 1610140302.

[3]LADE P V,KIM M K. Single hardening constitutive model for
frictional materials, II. Yield criterion and plastic work contours.
[J]. Computers and Geotechnics, 1988,6 (1) :13. DOI: 10. 1016/
0266 —352X(88)90053 -5.

[4]MROZ Z. On the description of anisotropic work — hardening[ J].
Journal of the Mechanics and Physics of Solids,1967,15(3) :163.
DOI:10. 1016/0022 - 5096 (67 ) 90030 —0.

[5] MROZ Z, NORRIS V A, ZIENKIEWICZ O C. Application of an
anisotropic hardening model in the analysis of elasto — plastic
deformation of soils[ J]. Géotechnique,1979,29 (1) :1. DOI; 10.
1680/geot. 1979.29.1. 1.

[6] DAFALIAS Y F, POPOV E P. A model of nonlinearly hardening
materials for complex loadings [ J]. Acta Mechanica,1974,21(3) .
173. DOI:10. 1007/BF01181053.

[7]FARDIS M N, ALIBE B, TASSOULAS J L. Monotonic and cyclic
constitutive law for concrete[ J]. Journal of Engineering Mechanics,
1983,109(2) : 516. DOI: 10. 1061/ ( ASCE ) 0733 - 9399 (1983 )
109:2(516).

[8]FARDIS M N, CHEN E S. A cyclic multiaxial model for concrete
[J]. Computational Mechanics, 1986, 1(4) :301. DOI; 10. 1007/
BF00273706.

[9]KRIEG R D. A practical two surface plasticity theory[ J]. Journal of
Applied Mechanics, 1975, 42(3) :641. DOI:10. 1115/1.3423656.

[10] YANG B L, DAFALIAS Y F, HERRMANN L R. A bounding
surface plasticity model for concrete [ J]. Journal of Engineering
Mechanics,1985,111(3) : 359. DOI. 10. 1061/( ASCE ) 0733 -
9399(1985)111:3(359).

[11] SUARIS W, OUYANG C, FERNANDO V M. Damage model for
cyclic loading of concrete[ J]. Journal of Engineering Mechanics,

1990, 116 (5): 1020. DOI: 10. 1061/( ASCE ) 0733 - 9399
(1990)116:5(1020).

(12 1) K3 , ph i TR BE £ AH C RO S B et [T]. e /R



55 8 1

s, A5 R BE LAY — R RUE L A A B A - 149 -

TEE R A, 1995,28(3) :29.

TU Yongging, ZHONG Shantong. Modification of the bounding
surface model for constitutive relationship of concrete[ J |. Journal of
Harbin University of Civil Engineering and Architecture, 1995, 28
(3):29.

(13 ], BRME REE L AW SCRDRMBIA[T]. TR,
1999,16(3) :120.

WANG Zhan, ZHEN Yonghui. A bounding surface model for
concrete constitutive relationship [ J ]. Engineering Mechanics,
1999,16(3) :120.

(14 TR0, i, WM. A TR TRRARI BE e IR ek B [T . 25
T2 ,1993,15(4) :33.

REN Fang, SHENG Qian, CHANG Yanting. Egg shaped yield
function for geotechnical engineering materials[ J ]. Chinese Journal
of Geotechnical Engineering, 1993,15(4) :33.

(1SR, REE L ST IR i AR R [ D ] Jb Rt b mtzeid
K2£,2009.

ZHANG Dong. Concrete plastic constitutive model with egg yield
surface[ D]. Beijing: Beijing Jiaotong University, 2009.

(16 145 H IR, b, 320 R . 930 S0 1 A SC R [T]. 17
TER 2440 ,1997 ,25(1) :29.

XU Riqging, YANG Linde, GONG Xiaonan. The stress — strain
constitutive relationship of bounding surface for soils[ J]. Journal of
Tongji University, 1997, 25(1) :29.

(17 ) B RER, WA A B 3w f 8 5 140 T iR Bk £ 1 %47 ik

BRI T]. KHF) %iﬂi,ZOOl ,42(6): 648. DOI: 10. 13243/j.
cnki. slxb. 2011. 06. 006.
WANG Zhe, SONG Yupu, SHANG Renjie. The experimental study
about the behaviour of concrete under the loading of deviatoric stress
[J]. Journal of Hydraulic Engineering,2001,42(6) :648. DOI10.
13243/]. enki. slxb. 2011. 06. 006.

[18 ] DAFALIAS Y F, HERRMANN L R. A bounding surface soil
plasticity model [ C ]//International Symposium on Soils under
Cyclic and Transient Loading. Swansea, 1980 :335.

[19]GAJO A, WOOD M. Severn — Trent sand: A kinematic hardening
constitutive model for sands: The q - p formulation [ J ].

Géotechnique, 1999 ;49 (5) :595. DOI: 10. 1680/ geot. 1999. 49.

5.595.

[20 IMENETREY P, WILLAM K J. Triaxial failure criterion for concrete
and its generalization[ J]. Structural Journal,1995,92 (3) :311.

(21123 , MEISSNER H. JEPR A 2805 HI T 4RIk 14 o A 350 9 1 0L

BRI ]. K TFE24;,2006,39 (1) :92. DOI. 10. 15951/j.
tmgexb. 2006.01.019.
LI Tao, MEISSNER H. Elastoplastic two-surface model for clays
under undrained cyclic loading [ J]. China Civil Engineering
Journal ,2006,39 (1) :92 - 97. DOI: 10. 15951/j. tmgexb. 2006.
01.019.

(221261, What M, 22450 18 PR 200 FI R 266 o ot i 9 i 48 7Y

[J]. &+ 412£,2015,36(2) :387. DOI.10. 16285/j. rsm. 2015.
02.013.
LI Jian, CHEN Shanxiong, JIANG Lingfa. An improved bounding
surface model for clay under cyclic loading [ J]. Rock and Soil
Mechanics,2015,36 (2) . 387. DOI.10. 16285/j. rsm. 2015. 02.
013.

[23]HAN D J,CHEN W F. A nonuniform hardening plasticity model for
concrete materials[ J]. Mechanics of Materials,1985,4(3/4) :283.
DOI:10. 1016/0167 -6636(85)90025 -0.

[24] IMRAN I, PANTAZOPOULOU S J. Plasticity model for concrete
under triaxial compression[ J]. Journal of Engineering Mechanics,
2001,127(3) . 281. DOI; 10. 1061/ ( ASCE ) 0733 —9399(2001)
127.3(281).

(25 T B — A LMY XUE M i L F) - R ZERE RS T ], 4 - TR
24,1988,10(4) :64.

YIN Zongze. A stress — strain model of soil with double yield surface
[J]. Chinese Journal of Geotechnical Engineering, 1988,10(4) .
64.

[26 ] KHALILI N, HABTE M A, VALLIAPPAN S. A bounding surface
plasticity model for cyclic loading of granular soils[ J]. Numerical
Methods in Engineering,2005,63(14) :1939. DOI;10. 1002/nme.
1351.

[27]LIU X L,WEN B,XU J F. A new elastoplastic kinematic hardening
and softening model for concrete [ J]. Advances in Structural
Engineering, 2003, 6 ( 2 ). 111. DOI. 10. 1260/
136943303769013200.

(miE 1 )



