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Characteristics and development of Tsinghua Elasto-plastic Model for soil

LI Guang-xin
(Department of Hydraulic Engineering, Tsinghua University, Beijing 100084, China)

Abstract: Unlike other elasto-plastic models of soil, Tsinghua Elasto-plastic Model was developed in a different way, in which
the plastic potential surface and the function of the model was directly determined from experimental data without any other
assumptions. According to the Drucker s postulation, the yield function was identical with plastic potentia function by
selecting proper hardening parameter. The yield locus of the model, formed by 2 circular arcs on p plane, was developed by
using true triaxial tests and plane strain tests. A three-dimensional Tsinghua Model was then proposed and the
three-dimensional flow rules were presented. Based on the wetting test results of Xiaolangdi rock fill, it was found that as a type
of plastic strain, the wetting strain vector was normal to the yield locus of the model. Provided that the model parameters of dry
soil and saturated soil and the wetting volumetric strain in isotropic compression test were determined, the whole stress-strain
relationship during wetting of the sample could be simulated by the model. An unsaturated soil model was aso devel oped
following the similar approach to the wetting Tsinghua Model. In the triaxial test of unsaturated soil, some ice crumbs were
mixed into the dry sample before test and the ice crumbs

were melted at determined stress states. From the test results (50279014)

it was found that yield surfaces of soil with different - 2005— 11— 29
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moisture contents were the same and hardening parameter was the function of plastic strain and Moisture content. In the

Tsinghua Model for unsaturated soil, the strain increment produced by increments of stress and moisture content could be

calculated conveniently without appearance of matrix suction. The whole stress-strain relationship in triaxial tests with

increasing moisture contents was predicted by the model reasonably. Additionally, based on the behavior observed in triaxial

compression tests with dense Y ongding River sand, the model was still developed to simulate strain-softening characteristics of

the sand, in which the hardening parameter was assumed to be the function of plastic work. The model was verified in

computing the displacement vs. load of a shallow footing on dense sand by hydraulic gradient model tests. If the rotational

kinematic hardening is applied in the model instead of isotropic hardening, it could be used to model the soil behavior with

large stress reversals, by which stress strain relationship during load decreasing or cyclic loading can be simulated. It is thought

that Tsinghua Elasto-plastic Model is a promising model for soil.
Key words: constitutive relationship of soil; elasto-plastic model; wetting; unsaturated soil; strain-softening; cyclic loading

Roscoe

Drucker

20

20 70~80 A,
[5]0
. [6: 7]
. o 20 , ,
1
60
o o , Drucker ,
[1 2 \
. g s g=f
9 ) . [9]0
, 1.1
, K\ G o
K N
9 b ’ G -
Mohr-Coulomb °
ER K=K,p (1)
W
& .0
G = GOpa g_3+ © (2)
° elag
s pP=(S,*+S,+55)/3: pa ’
S3 5 Ko Go °
, 1.2
Drucker ,

e’, e’— eP



1 3
; p—q 1.3
) 1(a ( P=DPys ¢=0, (3
e\?_ ép )o
l 1) — pO
h= 4
“ ”; « 1+k ( )
7 o Drucke y =g Do %
. , ) (4 el
° o Po €
1 1
’ pozpa_(e\/po+m6)m5 ’ ®)
9 H 4
s Mg~ M5y Mg o » Dy €
ree=@.210 40 o
S kh 8krhg i
1 2 ) 1% (4) (5)
» 4= [S 6.-5.)+6.-5,) +(31'33)]2’h » 1
= _(e\?o me)m5 (6)
_p_1 1+k m,
o N k ° X=—=—, z=
g h , h .
e de’ 0 ) 3 D
arct g-de ;0 2 , 6 - k2_12 N
o =&k’ p? + g’ - pal(k-1) . (7
(3) r~ ko a 7 4
e ¢
e (el &)
& (e
e") e’ e’ ,
) 3 (a ) 3 (b
il_l- mst ’ (8
y m3 3 (b) 1,=e’/el,
=e’/el .
(b) =¥ b
1 0 ey shoostos &
Fig. 1 Yield locus of Chengde sand (a)et-zp
]
04 gy §§J}K§
021 f = .
0 : ' ;
o2 T, .
-04f =p=x
o6, °
n_08f [
-1oF * 0 10 =
ik g (b)e-e
-16f % 3 e’ &
2 rok Fig. 3Relation of e”and €’ inayield surface

Fig. 2 Determination of » and  in yield foundation (8 (6)



2006

_ P 1 0\ _ 4
—mm—4(m6+e\‘/’ +m3ep) 5, (9) Mc P ° a(q)
1) q >q0
_ 1 2(02 4\
° ’ a,= i[(1- 1) 2°+1) cos’(30°-q) +
Ko\ GO n, k\ s t(2t-l)|
1
Mg M msme 9 : i2(20- 1) (2- 2 +3% - 2°)]2 -
(1- 7)(2r* +1)cos(30°- q)} (12)
o q <q0
1
a,=————1[(@- 1)*(2¢* +t + 2)?cos *(30° +q ) +
e mcwa (DN )? c0s *(30° +q)
1
P—q o (L+20- 20%)(4F° - &% +4- 32 +
q ; (1- 1)(2% +1+2)cos(30° +q)} - (13)
o ° 4% - 4" +1- 3
—actan—— . 14
’ % V3[4 +3 +1) 1)
. 1
D t (0=30°) (=-30°)
o ’ M
p o z=M‘ , (15)
’ _q
;P : o » M, M, =%,
4 M,
, S, , s, , ’
a=4q, ° ’ N
: . tder =d ¥,
4 1 (b) . Z:I L
I Sinqﬂwﬂosqy
|ly = arctan q g q’ (16)
1 COSqE_ an EE
t | % q 19
! 1
Tde’ =dl [(E)2 +dl (EE)Z]Z,
t flg q Tq
sy o
', p
4p , p
Fig. 4 Two circular arcsyield locusin p plane .
’ t’ o
afa)- p . :
’ p o AY
(6]
@ 1f = g & (10)
= - + -1=0 >
f%hg+a(qkrh;, 3
%cha (@) - (11) ° ’ :



1 5
o ) e°. e
_ o]
e’ = ?]f E+e§ . a7
; ; , Ta/ T o
o 3.3
3.1 ) (D, )
s , fo
o 150 mm, 300 mm, ,
o 5 s$3=300 kPa , fi .
[10] p
o 0 ’
3.2 ,
Drucker , ) 1 [ 1 L 1 L
_ L€ e o1
’ Dho_l+k| emg s(e\'/)o"'ejo)u - Q_e\'/)o+ y ° (18)
: 6 (3) pe u e e
9 o e\’/)O po B
12: /’_—-~"~~\ e\?O Po 5 Mg~
L/ - ms somy .~ mg
Z 12p 3
T 10
i g e
g 6 :igﬁ@ 'ﬂﬁ;ﬁ% ( 18) Dh
: LR = Dhos (9  Aan ,
% 005 0.0 005 020
éal e €% 5, 5
(a)
§ ’
-0.02 Eal% " 6
) 4, foo
5 , (
Fig. 5 Comparison between numerical results and test results ), s
25 /iR Jio ,
2.0 fO ’
113 ”»
£ 15 fl ’ ’
2 fo S 4 C ),
0.5 ’
0 25 ’
6 ’ ’
Fig. 6 Yield locus and normality of wetting strain to yield locus °
4



2006
(112" Alonso ,
) (net stress) (suction) ) -
’ - 9 (
o 7 (b))
eS
’ A ’ y= Lpo =1.3049Inw- 1.2606 . (29
° vO
, s , (6) (19,
9 9 i
p1é ep  gm
: ’ V', &1.684inw- 1,993
o 1) - pO - T 4 @1 w ' ap (20)
1+k 1+k
, , ep=eltel.
. 4.4
[13. 14] ,
4.1 s o
s Gs=2.71, 8 °
5
I,=10.1, I dmax = 1.69 glom®, 4
Wop= 16% . rq= 1.30 g/cm?®, - ) +—
2'85% ’ wﬂ? (l) L % 1 1 1 1 ]
_14% A& 10 15 20 25 30 35
-2 wl%
s o (a) PUERILMIH— MU 58 KR KT
, 5
4 .
’ =g 3
&
’ 2 2
W
9 9 ]
0 Pe | | | Il | J
3 . 75 10 is 20 25 30 35
-1 Wi%
£15% , s (b) BZRPII— (3G IS 58 KRR
7 esdePy w
. Fig. 7 Curves of normalized volumetric strain e 5,,/e P, versus
4.2 water content w
3 ~§
’ 9 ’ E
’??«
, , 3 . =
4.3 20
s a)
15
’ % s 10
f 0
1
0 1 I 1 )
( 6, Po 0 5 10 15 20
Eal%
3 Dhoa (b)
, 8
Dh=Dhy- Fig. 8 Comparison between numerical results and test results



[17]

1 7
—_ p
’ ’ ’ W,=,de; . (21)
’ ’ G 10))
: W (a+cW)
N ( s s W ) h— =_r P ’ (22)
P q1 1 0 (a+ pr )2
(pzs q2> Wz) H
, sy ho o
700
’ 600
fo f1s g S0/ eI ~
o = 400 S sy
£ 300 et
= 200 ™ —— ;=200 kPa
‘ ~&—53=250 kPa
, , 100§ — =300 kPa
, o 20 40 60 80 100 120
Wl kPa
10
Fig. 10 Curves of hardening parameter versus plastic work of
5 dense Youngding River sand
5.3
» Lade-Duncan
o n = 20
[15] 40. 457 57.1,
[16] 16m . 11 )
5.1 a:pm/gmdm’ Pm
’ g-n ’ dm
o b=s,1d,, Sm o
o 9 o " ’
(3 o ’
400
35t
qe® 30+ a ¥ o
o S o0, 0.0 0[O
W2 3 S K
= o n=20
Rl bor o =40
" 10 = a n=45.7
BRARNIIZR S| g o n=57.1
K 0.04 0.08 0.12 0.16 0.20
AN i Sfclm
11
0 100 200 300 400 500 600 peb
9 Fig. 11 Comparison of |oad-settlement curve between numerical
Fig. 9 Yield surface determined by tests of dense results and model test results
Yongding River sand s ,
5.2



8 2006

[18]
o 9
, 12,
6
’
s ’
o ’
9
o K. G
s o
[19] [20] 6.2
9 o
’
’
s o
[21] , ,
6.1 ’
9
, o hY
3 o
’ 9
hY 3
o ’
q—-p ) 13.
’
[22. 23] ’ ’
’ ’ 9
[24] )
9
’ N
Lade
’ ’ [25. 26]
, o 9 o
o 5 —
4
9r 3 g
8 L
7k L 2
= 6F £ 1
£ st oy
ERli s 0 e
s o0 -1 PI10* kPa
1 2
BT 23456780 s
&al%
(a) =A% 4L
1.0
o0sl 13
< 06fF Fig. 13 Rotational hardening during decreasing load
%
= 04fF 6.3
02
0 1 1 1 J
20 25 30 35 40 ’ ’
&%
(b) HI%HRAR ,
12 s o
Fig. 12 Curves of half stress cyclic tests ’
s , 14.
o I



3.0
2.5
g 2.0
s
) —— REAE
s 10 — R
0.5
04 1 L& 1 ]
0 1 2 3 4
Eal%
14

Fig. 14 Comparison between calculated results and test results

(@)
R Drucker )

s ’

2 ’

tO

©) ,

(4)

(5) ,

(6) ;

[1] ROSCOE K H, et a. On the yielding of soils [J].
Geotechnigue, 1958, (1).

[2] ROSCOE K H, SCHOFIELD A N, THURAIRAJAH A.
Yielding of clays in states wetter than critica [J].
Geotchnique, 1963, 13(3): 211- 240.

[3] DRUKER D C, GIBSON R E, HENKEL D J. Soil mechanics
and work hardening theories of plasticity[J]. Proc ASCE
Trans, 1957,122.

[4] HUANG Wen-xi, PU Jia-liu, CHEN Yu-jiong. Hardening rule
and yield function for soil§[C]// Proc 10th Int Conf Soil Mech
Foun Engg (1). 1981, 631.

[5] . [D].

, 1985. (LI Guang-xin. A study of three-dimensional
constitutive relationship of soils and an examination of
various models [D]. Beijing: Tsinghua University, 1985.)

[6] LI Guang-xin, PUI Jia-liu. Determination and verification of
yield loci on the deviatoric plane of elasto-plastic model of
soil[C]// Proc Int Conf Computational Plasticity, 1987.

[7] : [D].

, 1990. (JNG Lai-hong. Undraind properties
of compacted clay in plane strain condition and analysis of
effective stress for rock-fill earth dam by FEM [D]. Beijing:
Tsinghua University, 1990.)

(8]

[D]. : , 1994. (WEI Zhong-xin, A
study of the effect of high plasticity soil on interaction
between concrete cutoff wall and core of rock-fill dam [D].
Beljing: Tsinghua University, 1994.)

[9] . [M]. , 2004. (LI
Guang-xin. Advanced soil mechanics{M]. Beijing: Tsinghua
University Press, 2004.)

[10] : [J. :
1990,12(5):58- 64. (LI Guang-xin. Experimental study and
mathematic simulation on wettig behavior of rock fill[J].

Chinese Journal of Geotechnical Engineering, 1990, 12(5):58



10

2006

- 64)
[11] . [J.-

, 1996,18(2):1— 8. (SHEN Zhu-jiang. Generalized
suction and unified deformation theory for unsaturated
soilg[J]. Chinese Journal of Geotechnical Engineering, 1996,
18(2):1- 8)

[12] ALONSO E E, GENS A, JOSA A. A constitutive model for
partialy saturated soilg[J]. Geotechnique, 1990, 40:405— 430.
[13] , JFREDLUND D G.
[J. ,1999,21(5): 603— 608. (CHEN
Zheng-han, ZHOU Hai-ging, FREDLUND D G. Nonlinear
model for unsaturated soils and its application[J]. Chinese
Journal of Geotechnical Engineering, 1999, 21(5): 603—
608.)
[14] , , , . —
[J. , 2004,25(9):1451— 1454.
(FANG Xiang-wei, CHEN Zheng-han, SHEN Chun-ni, SUN
Shu-guo. A study on effect of shear on soil-water
characteristic curve of an unsaturated soil[J]. Rock and Soil
Mechanics, 2004, 25(9):1451— 1454.)
[15] LADE P, DUNCAN J M. Elasto-plastic stress-strain theory
for cohesionless soils [J]. Proc ASCE JGTG, 1975,101(10).
[16] . [M]. , 2000.
(SHEN Zhu-jiang. Theoretical soil mechanicsM]. Beijing:
Chinese Waterpub, 2000.)

[17] , : [J.

, 2000,40(5):125~ 127. (GUO Rui-ping, LI
Guang-xin. Elasto-plastic model of soil with a function of
plastic work as the hardening function[J]. Journal of Tsinghua
University(Sci & Tech), 2000,40(5): 125— 127.)

[18] ; :

[J. , 2000,40(8):105— 107.
(GUO Rui-ping, LI Guang-xin, SAIICHI Sakajo. Constitutive
model for soil with strain-softening behavior and its

application in boundary value problems[J]. Journal of

Tsinghua University(Sci & Tech), 2000,40(8): 105— 107.)

[19] MROZ Z . On the description of anisotropic work
hardening[J]. Journal of Mechanics and Physics of Solids,
1967,15:163— 175.

[20] DAFALIASY F, HERRMANN L R. A bounding surface soil
plasticity model[C]// Int Symp on Soils under Cyclic and
Transient Loading. Swansea, 1980,1:335— 346.

[21] : [J.

, 2000,22(1):12— 17. (ZHANG Jian-min. Reversible and
irreversible dilatancy of sand[J]. Chinese Journal of
Geotechnical Engineering, 2000,22(1):12— 17.)

[22] , : [J.

, 2000,22(1):158—- 161. (LI Guang-xin, GUO Rui-ping.
Volume-contraction in unloading of shear tests and reversible
diatation of soilgJ]. Chinese Journal of Geotechnical
Engineering, 2000,22(2):158— 161.)

[23] ) ) [J.

, 2002,24(1):47— 50. (LI Guang-xin, WU
Shi-feng. Experomental research on volume-contraction of
soil under unloading and examination of its mechanism[J].
Chinese Journal of Geotechnical Engineering, 2002,24(1):47
- 50.)

[24] , , : [J.
, 2001,23(3):358— 361. (LI Guang-xin,
HUANG Yong-nan, ZHANG Qi-guang. The principa stress
of sail in the direction of plane strain[J]. Chinese Journal of

Geotechnical Engineering, 2001, 23(3):358— 361.)

[25] LADE P V, BOONYACHUT S. Large stress reversals in
triaxial tests on sand[C]// Proc of the 4th International
Symposium on Numericak Model
Edmonton, 1982:171— 182.

[26] LADE PV, INEL S. Rotational kinematic hardening model
for sand. Part I: Concept of rotating yield and plastic potential
surfaceq[J]. Computer and Geotechnics, 1997,21(3):83— 216.

in  Geomechanics



