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Rotational hardening law of K, consolidated structured soft clays
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Abstract: Anisotropic plasticity and structure, together with their evolution laws were considered based on Wheeler’s
S-CLAY1 model. The traditional constitutive model was developed to fit for K, consolidated structured soft clays, consistent
with the author's previous works. The rotational limit line was introduced to the rotational hardening law and a parameter b was
added to the model to reflect the evolution of anisotropy. The effect of rotational hardening on the behavior of K|, consolidated
structured soft clays was analyzed and the initial value of anisotropic parameter could be obtained from the common laboratory
tests. Two typical soft clays, Whenzhou clay and Bothkennar clay, were chosen to be calculated under tiaxial conditions. The

importance of the rotational behavior of yield surface was indicated by the comparison of the calculated and tested results. At

the same time the method to obtain the parameter b as well as its range was also dicussed.
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Fig. 2 Yield surface and rotational hardening of anisotropic model
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Table 1 Parameters of Wenzhou clay
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Table 2 Parameters of Bothkennar clay
wi% G, wi/% wy% I, I 0, (grem’®) o, /kPa e OCR  YSR
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0.181 0.025 34 1.38 0.61  0.529 0.67 40 0.14 0.7 10.0
LIRS R0 L, R S 7 B4t 0 77 B A SR
4 ¥R MARE 155 b (14 29, f1lE 9 HHLSELL s

(1) Wit S5 b e

N T IS S L b WA MY R, T
RS N AR ¥ BED-15 X5 AE T 4>
Mro BED-15 W JJ AR 00 DAARR N AR 3, Honak
I AR I 8 FiToas, S N g a0 A ] 45 21 SR N
RIGHTACE R 15° IMELN I EHEAK N, 4 p'
214 180 kPa I, BN /) g=0 kPa. i IMHF; L et il
LRI IR, p'=160 kPa, ¢=0 kPa I )it JIR [frj &
AR ) [FPETIR, FEAS ORI, NI A T
Tk A5 i o BT UG o, =0.533 W/ EIHEE T 0.
R, X FAHUT BED-15 Ny 4238006, 240 ik
1 M JRAT N 738 2% 2] p'=180kPa, ¢=0 kPa I,
W AR o BT VAR E e, /N BT T 0 (Y
fiE.

100 120 140 160 1
P'IkPa

& 8 EMNERF+ BED-15 iR AI N H R E

Fig. 8 Stress path in tests on BED-15 of Wenzhou clay

ik, X BED-15 N JJ Al de 76, 1A
8 T AR, B RSE b IUE, R
AN b H N AR R o AL (o — & KR MED
YET XTEC 34, ikl 9 frz. B BED-15 W g ARik
KaE R, M p'=180 kPa, ¢=0 kPa I T 4K BTN AR
RN (2920 0.55%), AT BRI RFNAR, HAH
298 13% O NALE bR T BT, I g il
& a PENLT 0. %% b=5, 10, 29, 50 5N,
RIS T MR+, =29 F1 50 BT oL L 8T & i
AL INEE, b=5 110 fhi/b. )G, SHFFTE Rk
WIHEZSE m Mo —FF, 75 L8 b B REBUIE TS N,
IS AW E AN ) AR N N ARG R M2k, I

| =0.59

~N
. N ~13.91%
AN » L L
0.0 \\5 10~ o 15 20 25
-0.1F 11.70% &°/9%
-02f
03} . 8.88%
-04

B 9 BMEF L BED-15 K18 o BRIk

Fig. 9 Evolution of a in tests on BED—15 of Wenzhou clay

B MR T AR D 2 A 5 TTVEARARL, D T
32X} Bothkennar & T84 240 b BUE VI LR,
HEHUT LCD315CRI LCD-45) M ) B AR5 AE T 407 »
FOIMARY g AR 10 Fross , [l &5 3 Jg A7 B g 5 i K
R 457 BB ZNY BRI RN B 1N ) AR
AR AR SO AR R e S AR, =l Aol Y )
AR5 | ot IO s 1) g, B e WAL AR e o EHA)
IR 1E @, =0.59 JHGZEHCN, HEH )G a h—E.

Kol Z54%
30} T
20} e
glor - \
S gk~ T 1 I !
D 40 60 80 100]
1ok P'Ikpa
LCD315
_20k N ) B
_30L
—40

[ 10 Bothkennar ¥+ LCD315 i3 BIRL 1 & 12

Fig. 10 Stress path in tests on LCD315 of Bothkennar clay

%} Bothkennar # %l +: LCD315 N A2 A% AF T
W, TR E T LRSS, A EESH b
HIEBUE, XA b BN e AR B o R 10
ELASHT, el 11 Fis . th LCD31S [y i Aeiakae 45 4,
NN 2 RN AR B D) AR (A1 h-5%), A2
TR BRI ARRAN AR, FAEL N 1%, SR e i
WA o (AN T 5% b=1, 5, 10, 50 HIf



%61l

ER, S K AL MR L I R R LU $71

B, RILKT T Bothkennar %% 1, 5=10 F1 50 550
OB e 2 e e AU, g i & il N
FUE: b=1 F1 5 /N, a4 il e 15N 1IE A
T LCD315 M. g 421850 2 ¢=0 I p'=52 kPa, £
JRAL N ) p'o=34 kPa 1] 1.5 £5 LR 4K %G - BED15
N AR I A LA A 3 65, %N PR T LRI %
) [ PR AL A AU N R EE - BED1S W) AR5
B . 76 b RS S A 8 AR5 LCD315
RGN ) NAR SR MLk, JF5IRG 85 Fou bk, itk
ST A 1 7 T 443545 Bothkennar 3% %6 111 b {H
10, Bl 11 HOHSEL TR . W PEECE R b BN Y
(1) fe ZARRR N AR 1A 45 FAB bR T Hp 45 2k i oK o, )
WL b=10 L B (11.7%) SR8 45 3 1% 3%
i

1.0
—b=5
0.8 - — —b=10
—-bh=29
L=13% | ... =50

0.6 - 2=0.533

=180 kPa, 9=0 kPa

s 041 NS
02|

0.0 1 -
3 6 9 12 15 18
£21%

-0.2

[ 11 Bothkennar X%+ LCD315 i3 o BIE L
Fig. 11 Evolution of a in tests on LCD315 of Bothkennar clay

LR, XTAE LB, b AR A AR, S
b, @b MIBE N b=10~50.

(2 e Je g 2 X R P AR T G ) S

XFTERE T Ko B85 K i AR % ) bk, TR
FRABUAR} Jt e o AR A GEAR L v 5T p b0 o e IR T )
5%, 5 REHEA A FE v Ju e e ) g J2 0 23
N FEOT ARSI S R 2, JCH S B
TR == Al i ) A A 0L 17 0 3 B0
LEL PR &

DA M &+ BCD-33 Ny g AR B0 A ], A%
JE T B R A 1 2% 18 T A A A X T2 ) i 46 Jes A 1 73 531
Kl 12H 4, BFiIR. M A, BJadk)s R Rt tmr
UEH, 158 T, Sk B iR
JEANT AN R T e A R 4 S I 4, AT 320
BAEM RN g i (0 N AR5 1) AN TR o 2% 8 e A A4k
R 8 S IR T B RS P 2 e . A 48858 7 1) B g 5208 P
BHO7 I, JLIRPE BT D) AR A RN AN RE e
ML DL, AN ITTE S 1 H S BT  SE E BT Y] W AR K
LA -

7 M

4

i
B \4\\@

1 ”‘If()m;

G

X 1 Tl
e @,
3"(B)
0 3eP(A4)
"

P
B: FBIRHERTELL
AR IR AL

& 12 BED-33 fREi N h KRR R EEsE S B N TS

Fig. 12 Rotation of yield surface and plastic strain increment in

stress probe tests on BED-33

5 & it

BT Ko [ 45 256 PR 3R 53 B B4 % 1) e 2k 1)
BGEUHE, 38T LUF g

(1) 3T Wheeler 25 S-CLAY 1 #i%, {550
B/ INA i AR TR B, [R] R 5N e e i Ak
P, AR Jebt A T TR DR B T e I 0 S A9 5 R )
SRR AR . A B TR, B p g P
T b = Al R iR g A gt ey, i A N gk %
PRI = Bl A 0 (R BT 1 — 20 2% 8 i I i 28
I 7 B AL f V1B SR R A MR

(2) PR i AR B o HONEEAL 5 R A3 it
T T e ek, 7E A A 7 FE Y LA Kobayashi Al
Soga 55 (2003 ) 5[] - PR A IR (14 T 4 R AL LA by SE Al
[l 2% T Wheeler 25 (2003 ) H5 75 {1y Jig 46 A4k B 42
2 18T SRR BT U N AR R E M AARROGT et R TR e A R 2
RO o AR R FS L I AR M LB b 3 T e e il
AR o VAR ETRHE IUE 77, B 2Pk
AR AR PR 38 R A% 1) S Pk SR T 2, T B 9 1 B )
O 235 (R 1 DR U] e T A B % RLL X 9 o (W3R AT
Ho I Wheeler 25 (2003) #ERL gL AL 5 F
PA RLL 43 PRAN X (8] 43 5 28 e ~PHRRAS T I it A
PRI T IR PE BT D) AR TR AR 2 B U RER I Ak T
5 ) [FPE AR

(3) AR EHEFAL T &AM X 5 A%
ST 2 A R 15 L BB A i 4 IR T K [T 45 2R it
AT 50 0 175 50 TR N8R, ) % A% A 7 9 22 AN
K, AR T =R R AR G DU AR N, AR 5, A%
FEERE AL B A R R I SR 22, T A B N AR
RIS 45 R K. T, ST RAR Ko [ 45 0 5 g 1



872 & R 2008 4
7% LS Ak A D [7] HUECKEL T, TUTUMLUER E. Modeling of elastic

anisotropy due to one-dimentional plastic consolidation of
Sk

[1] OHTA H, NISHIHARA A. Anisotropy of undrained shear
strength of clays under axi-symmetric loading conditions[J].
Soils and Foundations, 1985, 25(2): 78 - 86.

[2] =, RORR, BE=, & REERE 0 SRR ().
[R5, 1996, 24(4): 422 - 426. (JIANG Hong-wei,
ZHANG Bao-liang, YUAN Ju-yun, et al. Yield function of
Shanghai soft clay[J]. Journal of Tongji University, 1996,
24(4): 422 - 426. (in Chinese))

[3] SEKIGUCHI A N, OHTA H. Induced anisotropy and time
dependency in clays[C]// Proc 9th ICSMFE, Tokyo. 1977, 2:
229 - 238.

[4] WHEELER S J, NAATANEN A, KARSTUNEN M,
LOJANDER M. An anisotropic elastoplastic model for soft
clays[J]. Canadian Geotechnical Journal, 2003, 40: 403 -
418.

[S] NAKANO M, NAKAI K, NODA T, ASAOKA A. Simulation
of shear and one-dimentional compression behabior of
naturally deposited clays by super/subloading yield surface
Cam-clay model[J]. Soils and Foundations, 2005, 45(1): 141
- 151.

[6] HASHIGUCHI K. Two- and three-surface models of
plasticity[C]// Proc 5th Int Conf Numerical Methods
Geomechanics, Nagoya, 1985: 125 - 134.

clays[J]. Computers and Geotechnics, 1994, 16: 311 - 349.

[8] GAJO A, WOOD M. A new approach anisotropic,bounding
surface plasticity:general formulation and simulations of
natural and reconstituted clay behaviour[J]. Int J] Numer Anal
Meth Geomech, 2001, 25: 207 - 241.

[9] WHITTLE A J. Evaluation of a constitutive model for
overconsolidated clay[J]. Geotechnique, 1993, 43(2): 289 -
313.

[10] E7AE, JEtfe. Ko PS54t MR A, L AR ].
+ T2, 2007, 29(4): 496 - 504. (WANG Li-zhong,
SHEN Kai-lun. A constitutive model of K, consolidated
structured soft clays[J]. Chinese Journal of Geotechnical
Engineering, 2007, 29(4): 496 - 504. (in Chinese))

[11] KOBAYASHI I, SOGA K, IZUKA A, OHTA H. Numerical
Interpretation of a shape of yield surface obtained from stress
probe tests[J]. Soils and Foundations, 2003, 43(3): 93 - 103.

[12] SMITH P R, HIGHT D W. The yielding of Bothkennar
clay[J]. Geotechnique, 1992, 42(2): 257 - 274.

[13] HIGHT D W, BOND A J, LEGGE J D. Characterization of
the Bothkennar clay: an overview[J]. Geotechnique, 1992,

42(2): 303 - 347.



