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State-dependent non-orthogonal elastoplastic constitutive model for sand
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Abstract: The mechanic characteristics of sand have obvious features of state dependence, which is mainly reflected by the fact
that the deformation characteristics of sand in different stress and density states significantly differ. The reasonable description
for the state-dependent hardening rule and dilatancy rule of sand is the basis to describe the state-dependent deformation
characteristics of sand. A differential expression which can effectively describe the isotropic compression and critical state of
sand is proposed. Based on the hardening rule under isotropic compression condition, a state-dependent hardening factor w is
proposed, and the state-dependent hardening parameter H is developed in order to reasonably decide the magnitude of plastic
strain increment. In the process of determining the direction of plastic strain increment by adopting the non-orthogonal plastic
flow rule, the influences of state parameter y on fractional order u are introduced, and the state dependence of the direction of
plastic strain increment is considered, thus reasonably describing the state-dependent dilatancy of sand. Furthermore, by
introducing the state parameter into the Hooke’s law, the elastic strain increment is obtained, and a non-orthogonal elastoplastic
constitutive model which can describe the state dependence of sand is proposed. By reasonably predicting the results in triaxial
drained and undrained tests on the Toyoura sand, it is proved that the established model can effectively capture the

state-dependent mechanic characteristics of sand.
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2 WS HEXELSH
T2 B0 S e A A3 R v R A B ) 98
PN AR B, TR A AR T T 0 e N A A KN o
FET W LRSS M R AR R, ] LUK AR
SRS EH, DR e b LRSI AR o
2.1 FRERELHE
S R4 25 AR YR (3) RIS D L S AR N AR 3
= de, NRIEA:
A 1 dp
v—@%?}( (6)
X eo NWILEFLEREL; px NEERLE LS K T, HoN)E
IRIED £ 5 p 302 st RSP IE N I . 7 SRR R
H, BIESE e ARG SEA MEED— 5, BIA
N TR 1] R4 0 R 4 AR T A E 46 T EE A
— W FEARSCRARL YRR TR, R S
WEMTH
de;fde,=p (7)
X, des AR AR R, p NLLBIE S ARG
(6D, (7)), TTFHIEE [ R 45 45 TR B A N A 44
ded AR AR N AR 16 B deP (1 FRik 5

des =g — 19 (8)
Bh+1 p,
dep =1 L9 9)

" Bh+1 P,



224 "+ T OB % M

2023 4F

Kot BOBPEBHL, hep i M(1+er)s [ 9WBTESAL,
=7, (1-p)/(1+ev).
2.2 —REHRE THELSY 1

% T IER LSS, LB R AR 55T
LR W EE AR R e R . SRT, TR
i, TS 2SI A S AL B4
R TR RS - 15 855 DA R B AR A A S 1 5
PERR, -t AE s A AL A 5 24
BB %, B SR PRAHK . HT Yao 250728
FOBFSC T, RS H T 2R A

[0
H:jl—dsf , (10)
p

K, o WIREMHKRHEF . AT HAERRRRN 7]
2% I, $RH TR PIRESH O F o,
I GINRSTE n BIFENR,  RKE BT 5 R 45 [ s 4 il
R (D TR — RS I5%MFo o ERE LT
M, M. -n( p i
w—(ﬁhﬂ)ﬁfm(p—J . (11)
e n=q/p AR, q RN XEIRT); & AMEZ
s Mo F My 3 908 4R BT RS A AR R )
RGBS F b, AR PR D 7R HE /K BY )R8 ik 2 AH
AR 5 I ERAS I e A, vl R
M,=M-&" ,M,=M-e" .  (12)
K m A n IMELSEG MRS LI FUIRZS R 77
tts w NBL CSL AZSH L e XPIRESEE, HiE X
5 Been ZPIFAR, L y=0 NS, WKL BI4E
AT P FRAS FIVEST, Wil S Pros. w ERE X F
y=e—e, o (13)
BRItk 1R e-lnp [ h SIRELEy PR,
13 h=ee—y o
e g

y=e1—e,1>0

A(lnpy, e1)

W4 CSL

Y=ey—en<0

B(Inpy, e3)

Inp
5 RSTEy

Fig. 5 State parameter

FESE M) B AR AT, WS H st
REMGIRAL A (9). [FIIS, FEZF L4651 F, =0,
p=p» W, XA BN o=pr+1, BHANK (10D
"
1

deP =] ——dH 14
& " Bh+1 (14)

(9, (14) T ABRAF R EERNAR &, —

F A 1S dpo/px=dH o I X H B TR 2 H B #n] 15
Witk 25 H 555300 455 77 pe R &

P =Doexp(H) (15)
S peo NWIEESE RN 25 5 77

3 RERYAFIEA AR A FREY
MR SR B B AT S, R ) B R AR B AT LAy
JSE R AR B deg R AR 1 B de) WS -
de, =de +de? - (16)
3.1 EMNIIEE
HR¥E Hooke TEFH, 5L N AHT & des 7] 5N

1+v
e _
ds,.j—

X, voviakatl, E v IRE R E . RYEK(17),
PRI & des FIRIR

a3, as)
FHPE ST AR, AR AR
SFHIER T p 5lE, SEIVIN ) g TR, RA
de; =1, L & (19)
ph+1 p
WL (19), (18), [FAIFfARYE h=eec—w , FILL
BRI TAIRSZ =y W3R E £ RRA:

E:@[ﬂ(ea—ec—y/)+l]p o (20)

do, —%dakkéij . a7

3.2 MRS
ERVE AR & de) e, AR RIS 1A
o, ATLARIRN
def =A-m; (21)
K, ANBYERRER T, my NEBMER B T, 55
FI T I B BB P [ AR 1 e del 1R/ 1] o SRR R AR
Hh B I RN T S s - (P A e, i O A
T[T R D 1 B 4 B K S AR TR
(1) B 38 1 5 1 K]S
MRAET VR B S, VNG & del R/ TT 3
T i AR bR BRI AL 2 B0 7
AR SO SR i AR e AR R
f=¢+N(p’-p,p)=0 , (22)
A, p NERE S E T, RJERES p #AE 8,
Al DL I AR _EAE R — s IR RS (s @) KRR
B p, =q° /N>p+ p» N IR e AR T ARl R0 A dl 177
FEAE. 4 N S5IEFOIRESN T M AR, =0 (22) 1B
bR MCC RV T AR bR 2
M4 — B2, X AR g (22) Ry

7i=!
F



% 2 3

A, S5 B RIRES AR AIRD AR IEAS SR IV A AR 225

Y i P gy T M
df_apderﬁqqur@Hagsdgv 0 . (23)

a2 Hde? = A-m AN (23) o, AT

PR T A
Ao of /op-dp+0f/0q-dg . (24)
Of |oH -0H €l - m,
Arbs m) N5 BV RAR I B del X 1 BB IR iR B 77
), HFEXBETF AL, X Q4 FrSITRE
SHETHRER (10), (15), (22) KRG H, iR
TN

2.2 2
I Npr=q o _,, (25)
op P oq

M, M, - :
ia_H:_NQP&_df_” b [ﬁ(ea_ec_y,)Jrl]o

OH o€’ I, Mi My —n{ p,

(26)
¥k (25), (26) LiE p =¢" /N> p+p RN (24)
iRt
A:leMd—n(n2+N2T 1 .
"My M.-n\ N ) Ble,—e —w)+l
(N*p’ ;qQ)ip:Jpqdq ] 27
p(q" +N " p)m,
(2) BEH: AR 1 5 (1) 5[]
Lu ZERUE B AR IE A S R sh vk U ol B 2 T
JeE AR B e PR AR Y B [ T 1) my, BN
9 8S,
' a8, oo,
A, EREE £ BB R SR #E Riemann-
Liouville(R-L) %4 73 F b S HGEATTHH O Sy A 2H s
Hps B f IR 128, et o IR, 456 JE R
B (22) WAL, ASCH Sl p Al g, BRIk, my AT LA
FKoRN

(28)

7 op" do; 0" 0o,
Hor, JEAREEEF (R (22)) X p Ml g BB RS
HoTLLE R
(mp,mq){(u “204" +iN'p? Gre 1) *‘]}
I'G-wp IG—w

(30)
A, T'(z) N Gamma % ( F(z):J‘:e'Trz'ldr ,
Re(z)>1), HT(z+1)=z-T'(z). FEFMAHR (29) #HiE
IEPE AR B 7 R, BT R PR AR R R A
T

3(oc. — po,
a_p:lé‘u , 5q _ (Gy p l/) . (31)
oo, 3" oo, 2q

g g

BRALEC (29) ~ (31), BIAJ45 2 584 5 A7 1 & (1)
Ji 1A my 5K ERIE
< UG NP
' AG-pwp" 7

Gu—)g" " 3o, —po;)
I'G—p) 29
(32)

MRS HIABIFHAR R S, B p=Me=M-e" B,
WLk B AHARRES, A BRI ARG & deP = A-
m, =0 HIEFIEGRFT 420, FIHA m =0, #
WG BT 58 73 B IR e ek 1

NZ
(M-e™)

X (33) IR -y KEAEKH: 5EE IR u FA
WL RPIRESAL & w MG, BEE D LB S KN T PIRES
AR T AR A s B e 25008 B IG FUIRES (w=0) I 11532
B UK ue=2— (NIM)?

B 27, (32) AKX Q1) A1, RInf5H %
PERTAE B R dep 1073 5K
d8ﬁ=l%Md_n[n2+N2T ! :

TOPMy Mo -n N ) Ple,—e —y)+]
(N*p* —q*)dp +2pqdq {15 N 33-wq " p" (0, — po;)
plg* +N*p*) 37 2u-2)q* +2Np?
(34)

p=2- (33)

3.3 HEESHIHE

BRSEA 12 M348, W RS E (v, p)
H5WWSH (4, ews Br Aews ews M, m, n, N,
Eo

(D #EZH

v NRD LIARALE, BL 035 p N R4,
Wb P A M AR T KN 5 R BT RN LA . MR
BRI, e-lnp AR RHH) ICL BT T RER N A, 11
AICL, Wb AT AR 3 K P 4, 38 26k B A P R4
BAE e-lnp AR R I TR ERN Ko, 30100
p=Ka A, o

(2) WS

BB AR RS S IR SR

a) S5 R4S

A, F1 w0 43 BN+ AICL (IR p=1 kPa i
AICL FIHLEREL o 7ERD 55 ) R 453056, AR4E ICL
T Wi 2 AICL J5 v i A, Fl eaos B T ICL U]
LERIRBEAT & b FRMEAR IS8 ASCP LB =
B s WS CSL VIR R & y e
fb. L AICL AZH%4, VRl (20, (3) RiF
Ts L ICL N HAR, #ESHB -

b) HYIRHESH

AeL A AICL Fil ACSL Z [Alff1FE &5, FRHE 50 A



226 "+ T OB % M

2023 4F

5E CSL Wik ACSL J5, #R#EH S AICL 1E e-lnp
2% ) A B LR 9 RT LA AE Aero

e« N p=1 kPa iy CSL L/IFLBREL . PAREMRHE
(4), (5 BHFHMwe+t CSL NHFR, HiESE ewo

M NG TR R FEAT H p-g 445 &2 T CSL
1R 2R 7

m F n 53 5 AR AR AR R g AT AEL . 7 G A
KIS WRYE &S 8 = fH K B DR 6 o ok 2B A
AR PR A, Bt (12) BIESE m: WAEE S
W HAEHEK BT UGS ok BN LR S PRES 5, 8
X 12 HEsHn. BAREERWT:

m:iln(”—d) , n:—im(”—fJ . (35
Yy M Ve M
o w, My, 53900 R AR AR AR B 502 BRI /) LI
HPRESAEEs na AT ne a3 RS TR A A AR I 5 I8 B0
{E A A IR T L
N N 15 2 T AR T e A e i LA . AR B — 4
5 p BE = HHEK BRI T DU S N, Bk
RN BYRKLEL d PEYEIRR ARG & de? ATEEPEBY L
A de? FILE . T AR IEZRBNEN, 7 LR 3
de? :A~mp£2d$d =A-mg, HRORT i BYAK T R
:fE¢:#N2+(ﬂZ‘%€”f . (36)
m, Gu=p ™"
¥ (33) A (360, LI H
M- -y’

NZ

(M* -ez"””/N2 +1)17W
IERIR BRI R IZ ARG T w-n KR, FEE wipft
Az (37) ATLE R
d=

d = (37)

M2 . eZmu/(r]) _ ’72

— . (3®)
M? &™) [N? 4 1y
BB PAC (38) BT iR iZ 415 n-d B ih 22
NHEFR, DHESEN.
& NFAREA R E AT R 28 IEHRSHIE
J& R DA SRR A 0 e 45 R AT R BT IA B
R, UHESHE .

4 IRBNFEST R

255 W = A K BT DTG, AT R A
SRR R 7 75 T R AL AT 20 47 o
4.1 BEUHEESR

FEH A =S HK BT IR S AF T, R 1
7500, UKL 6 FTas ) 4 FmEE St . WIUA 8 R
So e HIIRSE R 45N PR R 4. WK 6 (a) FoR,
Wb AL A L yo=yn<0 8 SRS HEAT H L =R /K

B R IG FURE S C, HEE1E N ABC; [FIRS, DG A
RE R C XN JEIRET f R &R, &1L
wo=yn<0 AT E WM R YE, BRIEN AE. AL, WK 6 (b)
Fias, B A BL wo=y2>0 FIFABCIRSBEAT 1 = 4l
HeK B DR, S 2R B FUIRES 55 D, HBE4A N 4D
B DA FUIRAS 5 D S I (14 R T fo S 5 ¢ ek AR T
W Lh wo=y>0 BTSRRI RS, BEIEN AF.

XFF IR 4 MomEAE oL, VIGE R PRSI, &
SR FAH F (0 JE R 5, X RAR R L S5 Hy, 5
BT (8 845 DA Kb E 238 s e, Ik 7 (a),
() Fime M EAET wo=y>0 MFAHCIRES, HlfL
SR H FREERE Ho, ST FARDIE & TR I H 1)
WAL AR o T4 LA T wo=yn<0 B SDIRES, H %k
IRBNEAE Hy GG, Bk B FRRAS I Hos
15 H 930 2 b, 20 i AR T b Ve (R AR IED £ P9 46

E fo, BT n BEAK,  REWE S WL b i R I R R
et
q
B/ -
A
cC h
" fo
0] A E r
Yo=y/ <0
(8) yy=y,<0
q
M
D/
12
" h
0 A F r
Yo=yp>0

(b) wy=y;>0
6 DHTRECHERERTRIR SRR 12

Fig. 6 Stress paths when analyzing hardening characteristics

R H RAHIER] Hy, (B7E 4 BB T,
W7 T ARSI, K7 (e Fras. XSt
4% AE f1 AF (5 ABC R AD), HFHIUGH SR
7], WyE A [F ST BR AR A T AN R BRI AR e, AR
LT RY L IEPEARTE B SRR G . X LR AR AF
AD (B AE R ABC), ZHI4a SKEEARIRIN, R0 LY
HANF R AR A T AR B A AR e AT T
Wh BB VEAR T BN ARAR G . o, b ATARAR
& p>0 I, HEKBTUD I RE h BV AR eF R K,
ST RARD I R I BT AR TR R AARIRES
yi<0 I, B Lo MIUHADIRES, BIEVEIAAR o0 b
RIS, REMS S B 03 6 ST ) B IR



% 2 3

A, S5 B RIRES AR AIRD AR IEAS SR IV A AR 227

(c) Bt:RAR:?
E 7 BRES
Fig. 7 Analysis of hardening rule

ZR L, ARSCERH B U RE U5 4 SR - SR
5 L AR SRS ARSI R s RIS, AL e
REAS A > - AEHR K BT D00  HH B0 BT 4/ 3T K | At
A
4.2 BIRKMES IR

K 8 it b AE p=po (1155 10 [ G5 0046 2 /) 2% A
T LIRS R4 3RS (wo=y1<0 A yo=y2>0)
BEAT I H = HE K B DR e-Inp 23 (8] B 77 B A%

WIEIL (36) mIHL BIAKEL d AMUS TR AL
n HIK, BB IR w K. RGN (33D, 1E
MEGLRES, u BIRE R w KRN, Hit, i
FEAPK BT U R b BT B o — 2% A T p-dop )
ek, HA T (36) Frfosmgiikiim -, &
9 (a) ffzr; BIAKHIZRAE p-d VIR IE 9 (b)
PRe b HAbT wo<O HYEESIDIRAS, BIAKHIZ E
FFERAE K(d=0), LIARAE RN IR 5, BIAKLE d HIER:
G, WA 4 BT 4IRS HE N TIICIRES s AEIL IR
RUR > d SREEENE B B ME I5 d BT KA d=0,

Wb LR RIIGFRGS . Horr, BIAKRIIERAZAE 7 /MR
51, 0 RLAL T2 SRS L AEHEK BT AR A A LE 1
BAAT N AL T w0 MIFAHUIRESES, 46%%
A d>0, JWET R TAAECRAES R LK BT Yl R
FRERAAARIVERT, BE2IEE] d=0 Kk FURZS

e

o> 0

0 Inp

8 e-lnp ZEEI N JBKIE

Fig. 8 Stress paths in e-Inp space

i & O — <0, d>0
I AR R I Ty aze
paIsy

1.5 K — yp>0,d>0

1.0
=

0.5

(a) n-d-pzs RISy Ak 2%
14r

n I FOR A A
2\
- — <0, d>0
1.0+ h - W0<8’ z<8
— >0, d>
0.8 P A1 "o
= I
0.6 |
|
04r |
|
02 “
A 1
(ll 0 1 2 3 4
d

(b) DYk £ 7E n-a F 1H i) B

&9 HeKEI T 2 AT BRAL 2

Fig. 9 Stress-dilatancy rule under drained triaxial compression

JEIEAS BB BN 7 1) my I SARASHH R4
P WRIE (32), (33) A, AREABMERSNTT W)
my AP B IR p B85, 24 w1 B, BBYEREN T IR S
JE AR AR IERT . RS y W& 7 B IR p, A
AR IEZ YRR SN U7 o) S Rb AR, #ET RERE
wS £ SRS R B AR SRR AR . X T8 8 R
FTPIRIN G L,  AEAAR I IR A5 A 5] T 4 46 2 S P
AFERZEAET, WA R b i e R s A S 3R
BB PER AT A A0 10 s o

MBI RE S, X THIRE LA R £, 3



228 "+ T OB % M

2023 4F

Ak 1R A2 B AL BN 7 1A R DL R B AE D #E A)
(n=0), AFIEAZEEYER BN 7 M ERFR M) p Fl iR, SRR,
SAVE BTN AR B B de? =0 {F A I8 Bl SR A
(n=M), FEIEAZEVERBN T IR4RIA ¢ FiiESh, S5)ER
M AAEIERS . BhEy, SRR A S de? =0, TR
TSR, AR AR B A S IR B [ (1)
B XA TR . T wo<0 B 4T %5 SRS 1Y
W, wE 10 (@) Fow, HmEE B sint A #HA
REw=pa, n=n4), FEIEZIBHERBN T HFR A g FlliE
flo UL B RS, def BIEAR S, JEIEACYBMERS)
J5 1) e A ) p il E ST A1 R ) p Bl T ), RS
BT ARE OB . A REINER, D I IEE N
TR S Cly=wes n=neM) 5, &S NG FORAS
D(y=0, n=M), {EIXALFEA IR IER MR B0 7 7%
W) g BhiER. TXTT wo>0 B AL TRABCIRAS
+, 10 (b B, HMWIUERIJRES S A InEk
FIEFARS A E(w=0, n=M). FEIEAZEMREN T 1A7E
WO Ak B TR S5 E A6 2R A p S BT, R0
TEFEAN B FE P AR2AT de? > 0, b+ H RAEDI4H,

L, —= EXH
[

(a) o=y, <Ot

— XK
— —wHwsm
M — L‘Lj]%ﬁ
L N — P,

L'
yy>0

(b) o=y, >08t
10 FEERZBMRENF B

Fig. 10 Analysis of non-orthogonal plastic direction

5 RIGYEIE
AL Toyoura b4ty 8 8= BB ik s ke iy
TEFTHL I, BRI HONE 1. Hokitk g RS

BRI TN &5 SR LEan ] 11, 12 Fios, AHEKIRES 45

SRR Y F000 25 B Ak bb i 13~15 Fhios.
%= 1 Toyoura FbHIIERL S

Table 1 Model parameters of Toyoura sand

M v p A, €0 eco
1.25 0.3 0.4 0.135 1.973 0.958
m n & N B Aer
3.5 1.7 0.4 0.90 25.0 0.155

TERTAE T4 IE R JT po=100, 500 kPa i, A[EH)
UEFLERLEL eo 1) Toyoura AbHE/K B VIS0 45 R an & 11,
12 FioRe SWIGET3IERL ST po AHIFIRS, HIAEFLBR L
eo BURMIRARS I H BYARReE, B AIR LR LLBROR,
BYARIN GO s AL FLBREL eo BE/NI B RD I8 3R
B SE BT 46 R BTAK A . RIE, T RARD, fEHEK
BYYNS AR BT RN T) g AWK, RILHAEGARRE; 1
XTERY, BIRT) g IR KRNI S, B
I ER AR A AR R I o A TR A 5 A g R TR
Toyoura BV TEHE/KIRIE H Fr 3 I HE (PPIRZS AH SSeE

400

RN mw ik
¢,=0.831 o —
300 ¢=0917  © --
¢,=0.996 © -
&
= 200 - (I
S q <o > .
< S
@ \
100 - b O
\ i)
P b
5 ©
0 1 L 1 R |

0.80 0.85 0.90 0.95 1.00 1.05

400 -
300}
%‘3 200 / -~ oI OLIC TR
5l
. RN B2
100, ¢,=0.831 o —
¢,=0.917 o -
,=0.996 o ——
1 1 1 1 ]
0 5 10 15 20 25

&1 1%
(b) BhrERiAEe, SR S1g R AR E
11 po=100 kPa B Toyoura &b = 7k ST IR I AR BT

Fig. 11 Model predictions on Toyoura sand for po=100 kPa under

drained triaxial compression

2000 -
BEAN B
€,=0.810 o —_
1600 - €,=0.886 o --
,=0.960 o -
1200 -
& .
= 4 \5‘5\.\
S L S
800 s © o\
\P > ‘\‘
N
400 - b kS
@
o ©
0 1 1 1 1 1 ]

075 080 085 090 095 1.00 1.05
e

(a) LB Ehe 5B 1 g K 2



F2M A, S5 B RIRES AR AIRD AR IEAS SR IV A AR 229
2000 - -
,=0.810 ﬁﬁ%ﬁm B o R B2
0= Y- Py=100 kPa o —
0 P=1000kPa © --
2000 - ])0=2000 kPa © —_
© Pp=3000kPa & ----
% SRR ES A,
S A W
2 o by
1000 e QA\A
%
) %
o \
2
0 2000 3000
&1/% plkPa
(b) Rhr A e, SRR g R R E (a) RiHEsRE
12 po=500 kPa R Toyoura b = 3HHE7k B3 1 I 45 BYF5M 3000r R El FieS
. - _ =100kPa © —_
Fig. 12 Model predictions on Toyoura sand for po=500 kPa under §;g=1000 P o —
; Caxi i 2000 =2000kPa  © ——
drained triaxial compression p e 523:3000 kP: ¢
TEVIIEALBALL €0=0.735, 0.833, 0.907 Bf, A Z
WG~ 411ERL /T po T ¥ Toyoura WS AHEZK BT 150 45 1000 %
R 13~15 Fre AHIEFLERLE eo AR, XF

poBUR IS -, R ) ;AR S8 I 45 5 1) B2 31 (dp<0),
PR RN (18) Fde, =def+de? =0, HEMHEAKAL
BB de? = —def >0, BUED T 2P BTAERAE: X T
o BUINIIRD L, FOR ) B AR TS B8 R AT M B (dp>0),
IR A de? <0, EIRER L 2IBIAREEE . Y146
B IERL T po ARIFINS , HIERFLBREL eo K, FLRL1#64%
FREEIT R U AR E)), WD LR B R AR T4 RIAGSL
BREL eo B/, FLR 7B AR RS B I Ty MR8 3, #h 1
B 5 RAEBTIK . B b, R BRI 4R Toyoura
W EAEAHEKBIYIASG H, AR AR % S R BT PIR
A NIRIRL T B AT LB V7 VAR 5K BRASA I o

5000 -

a

AN B sk
Po=100 kPa —

4000 |- p)=1000 kPa  ©
. P=2000kPa o -
£ 3000} 7=3000kPa &
B

2000
A
N
1000 .
© 3
& A
0 1000 2000 3000
plkPa
(a) RLAI R
5000
4000 -
N
& 3000
=
= pes
2000 [ "%,
1000 © -~
]]O= < —_
) Pp=3000 ll(Pa A ) St
0 5 10 15 20
&1 1%

(b) BN AEe SRR S g R R
13 =0.735 B Toyoura &Y = A HEK BT 1A I AR BTN

Fig. 13 Model predictions on Toyoura sand for eo=0.735 under

undrained triaxial compression

81/'%)
(b) B e, SRR g KRB

14 =0.833 B Toyoura &Y = A HEZK BT 1A I AR BTN
Fig. 14 Model predictions on Toyoura sand for ep=0.833 under

undrained triaxial compression

3000 -
BB RN B LR
Po=100kPa O —
2000-  p,=1000kPa © --
& Pp=2000 kPa < -
=
S
1000 - T ——
e 0 0 0 00 00’-\\
£SO b S
@@O To ° O
Re)
A
0 1000 2000
p/kPa
(a) RLIBSER
3000 -
WK 2R
Pp=100 kPa o —_—
2000 Pp=1000 kPa © - =
g Pe=2000kPa < -
g
S
1000 /7N,
!Qofo ) S~
O 700850 g T S
UG <0 ;o & 5T o
1 1 ]
0 5 10 15 20

81/'%)
(b) B e, SRR g KRB

15 €=0.907 B} Toyoura &% =3 HEK BT3GR B U
Fig. 15 Model predictions on Toyoura sand for eg=0.907 under

undrained triaxial compression

6 & 1

AN e R R - S 5 N IR AL AR



230 "+ T OB % M

2023 4F

ANEB LR RN, B E TR0 AR H SR A 2R 1
AT NATT 1) [R5 5 5 58 1 AR A S REM (Y
Hooke 5E KA E HNEART, BEAL T H IR IR
Wb AR IR IR A R AR BAT DA 4 Mg R

(1) 3l 7 Wb - 25 1) 48 5 i SRS A, A
SRR FIERFR T e-lnp 7% 1A] b 145 7] e 4
FAT T AR Ll SRR AR L B

(2) F Wb 1A 1) R Ar i AL U ik, Eid 45
=PRSS RIIE T 0, KETHESH H,
REUS IR TR IR S 545 1, AR A BT AR/
B2 DL B AAT

(3) BRI AR IEAZ BB R s 0, ) P Jee IR
AR IEAS KR BEfE 1 SR Bl T [, ik T b Ak
RIS, TG BB R . RN SIANT
Wy X B IK u IR, AR 7 BB I S
T BRI ENJT 1A S ARSI B R

(4) JEILX} Toyoura Wb HIHEK 5 ANHEAK IR S5 R
AR TIIN,  BOAIE 1 R e ALy i Fi R D RS A
KIS 1245

SE -

[1] VERDUGO R, ISHIHARA K. The steady state of sandy
soils[J]. Soils and Foundations, 1996, 36(2): 81-91.

[2] CAIZ Y, LI X S. Deformation characteristics and critical state
of sand[J]. Chinese Journal of Geotechnical Engineering.
2004, 26(5): 697-701.

[3] BEEN K, JEFFERIES M G. A state parameter for sands[J].
Géotechnique, 1985, 35(2): 99-112.

[4] ASAOKA A. Consolidation of clay and compaction of sand-an
elasto-plastic description[C]// 12Asian Regional Conference
on Soil Mechanics and Geotechnical Engineering. Singapore:
World Scientific Publishing Company, 2004: 1157-1195.

[5] ZHANG F, YE B, NODA T, et al. Explanation of cyclic
mobility of soils: approach by stress-induced anisotropy[J].
Soils and Foundations, 2007, 47(4): 635-648.

[6] NAKAI T R. An isotropic hardening elastoplastic model for
sand considering the stress path dependency in
three-dimensional stresses[J]. Soils and Foundations, 1989,
29(1): 119-137.

[71 WOOD D M, BELKHEIR K. Strain softening and state
parameter for sand modelling[J]. Géotechnique, 1994, 44(2):
335-339.

[8] BOLTON M D. The strength and dilatancy of sands[J].
Géotechnique, 1986, 36(1): 65-78.

[9] ISHIHARA K. Liquefaction and flow failure during

earthquakes[J]. Géotechnique, 1993, 43(3): 351-451.

[10] BEAT-F, i 4k, 2 3T, BbRfy UH BERY). 54T
224, 2016, 38(12): 2147-2153. (YAO Yangping, LIU Lin,
LUO Ting. UH model for sands[J]. Chinese Journal of
Geotechnical Engineering, 2016, 38(12): 2147-2153. (in
Chinese))

[11] BeAR-P, skERAE, 73 AE, &5 TR FURES K A
ERBE ST [)]. S22, 2018, 50(3): 589-598. (YAO
Yangping, ZHANG Minsheng, WAN Zheng, et al
Constitutive model for sand based on the critical state[J].
Chinese Journal of Theoretical and Applied Mechanics, 2018,
50(3): 589-598. (in Chinese))

[12] LI X S, DAFALIAS Y F. Dilatancy for cohesionless soils[J].
Géotechnique, 2000, 50(4): 449-460.

[13] YANG J, LI X S. State-dependent strength of sands from the
perspective of unified modeling[J]. Journal of Geotechnical
and Geoenvironmental Engineering, 2004, 130(2): 186-198.

[14] sk DA, BN, @ J7. FETHADRE I LA R Y
IR FE[T]. AR 243, 2013, 21(3): 337-344. (ZHANG
Weihua, ZHAO Chenggang, FU Fang. Phase transformation
state based constitutive model for sands[J]. Journal of
Engineering Geology, 2013, 21(3): 337-344. (in Chinese))

[15] ABHIZ, BXRRNI, Z25/NZE. B PERD AR Y RO 5 [T].
HE %, 2008, 29(11): 2939-2944. (CHI Mingjie, ZHAO
Chenggang, LI Xiaojun. Research on constitutive model for
dilatant sand[J]. Rock and Soil Mechanics, 2008, 29(11):
2939-2944. (in Chinese))

[16] SUN Y F, NIMBALKAR S. Stress-fractional soil model with
reduced elastic region[J]. Soils and Foundations, 2019, 59(6):
2007-2023.

(17] 2, BEREE, 5 1, & B TXSEUE R EE
- ANED AR IE A R [T]. A S TR AR,
2020, 39(11): 2319-2327. (LI Haichao, TONG Chenxi, MA
Bo, et al. A non-orthogonal single yield surface model for
clays and sands based on a two-parameter yield function[J].
Chinese Journal of Rock Mechanics and Engineering, 2020,
39(11): 2319-2327. (in Chinese))

(18] Z=igw), & 4, 5k Tt @M THEAR B T inEk
TR, S5 7%, 2021, 42(1): 68-76. (LI Haichao, MA
Bo, ZHANG Sheng. A fractional sub-loading surface model
for rockfill[J]. Rock and Soil Mechanics, 2021, 42(1): 68-76.
(in Chinese))

[19] LADE P V, NELSON R B, ITO Y M. Nonassociated flow and

stability of granular materials[J]. Journal of Engineering



% 2 3

A, S5 B RIRES AR AIRD AR IEAS SR IV A AR 231

Mechanics, 1987, 113(9): 1302-1318.

[20] WAN R, PINHEIRO M. On the validity of the flow rule
postulate for geomaterials[J]. International Journal for
Numerical and Analytical Methods in Geomechanics, 2014,
38(8): 863-880.

[21] LU D C, LIANG J Y, DU X L, et al. Fractional elastoplastic
constitutive model for soils based on a novel 3D fractional
plastic flow rule[J]. Computers and Geotechnics, 2019, 105:
277-290.

[22] QU P F, ZHU Q Z. A novel fractional plastic damage model
for quasi-brittle materials[J]. Acta Mechanica Solida Sinica,
2021, 34(5): 706-717.

[23] ZHOU F X, WANG L Y, LIU H B. A fractional
elasto-viscoplastic model for describing creep behavior of
soft soil[J]. Acta Geotechnica, 2021, 16(1): 67-76.

[24] LU D C, ZHOU X, DU X L, et al. A 3D fractional
elastoplastic constitutive model for concrete material[J].
International Journal of Solids and Structures, 2019, 165:

160-175.

[25] LIANG J Y, LU D C, DU X L, et al. A 3D non-orthogonal
elastoplastic constitutive model for transversely isotropic
soil[J]. Acta Geotechnica, 2022, 17(1): 19-36.

[26] LADE P, BOPP P A. Relative density effects on drained sand
behavior at high pressures[J]. Soils and Foundations, 2005,
45(1): 1-13.

[27] YAO Y P, SUN D A, MATSUOKA H. A unified constitutive
model for both clay and sand with hardening parameter
independent on stress path[J]. Computers and Geotechnics,
2008, 35(2): 210-222.

[28] YAO Y P, LIU L, LUO T, et al. Unified hardening (UH)
model for clays and sands[J]. Computers and Geotechnics,
2019, 110: 326-343.

[29] ROSCOE K H, BURLAND J B. On the generalised
stress-strain behaviour of 'wet' clay[J]. Engineering Plasticity.
1968: 535-609.

[30] LIANG J Y, LU D C, ZHOU X, et al. Non-orthogonal
elastoplastic constitutive model with the critical state for

clay[J]. Computers and Geotechnics, 2019, 116: 103200.

FoEEERLTIREF

MEEESR, B TR IR T A AR D A, BRI i
EBCS HARE, R K= RS RN, A
REAG R EE X, SR R TTRE, FERH
Tt B R H I . d IR X2 A R R B
JIEERE R ARBOAR, AT REEE L, AR XA T B
Be BEGT. BEE AR AL TRE SR S K BONE B T e T
KA BB -

N g A 2% R A TR R AR & I 2R A
Wit ARHEER - TR R SoR it Uik e« B TR DUR K e
HLGMRR, i EEARTREYAS s TR
FEIp, RHRZE LA G 2125 TR RIS =
B R TR AR B T 2023 45 3 [ 24 H-26 HAEVLIR R 5L
AIF o BRSO IR ER b X EE KRBt e 12 5 12 40
S BT B SN AR L, 9B 0 T AL HERE A AT R
JRIR AL E B A SR TR R BT A, B
“CEHCETRREEREENE” MR, BB TR Rt
TREFEE . BRI AR SRHAT W

VUK A3 AT D RN 2 22 RS S
FetHley, A RSRREIRS . BEERE . s daRd . BTE
B EFRA, KERT 2 S TR R G

‘KW (ZSEH)

H, RILBCHT SO AR R . KR ILE AR, WO B,
LT, D3R R TR AR TR S A%
J7 T AR, (kR R+ T RE AT AT FF S R
WO ) SRR TR R FEM TREEARA
—REHETF, LEAS!
FhEBM: PEEARTEES TR ICAE T TR
ADEBA: KERYE LHEEL 25 TRES
2EHE]: 2023 4£3 H 24~26 H (24 HIRFD
W RS ETE.
SWER: OREMEARFESAMER; @ LT
. MRS E G O HHIEA A S B AT @
B TR OB TR, O30 i S5HE TR
O THEHEG RS EBMER: @GR TH: Ot
Hb X B K TR S 0K TR HAth il R
SWHBLRERAR: K T 13813065390,
A5 AL fTXR 16620816392, Z5%% 13951812136, Z=4%ih
18910541910, Z£J¥ 13810553598, Bt RHuht: Bt LT X4
FIRZEM 2 SR KNS E LR, Widw: 211189, HE4H:

softsoilseu@163.com.

n

(A ZZ)



