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ABSTRACT: Many attempts have been made to model the mechanical behavior of soil materials.
The assumption that predicting soil plastic behavior in some engineering problems doesn’t present a
significant relation with construction time has led to the neglect of the time effect in many constitutive
models in geotechnical engineering. However, damage due to settlement or instability of excavations
and many other such problems are caused by the time-dependent plasticity behavior of soil. Also, in
some phenomena such as explosions, earthquakes, or consolidation, the issue of time is inherently

raised. Therefore, it is important to install a time-dependent constitutive model in finite element codes  Keywords:

that can properly predict the time-dependent behavior of structures in geotechnical engineering. In this o o0 0

study, an elastoplastic-viscoplastic constitutive model via UMAT subroutine was implemented in the . i
Elastoplastic—Viscoplastic

ABAQUS

ABAQUS finite element code. By considering the nonlinear elastoplastic-viscoplastic behavior with
mixed (kinematic and isotropic) hardening mechanisms, this model removes most of the limitations of
the constitutive models already installed in the ABAQUS code. The results of validation under laboratory
paths such as creep, relaxation and rate effect indicate the high capacity and capability of the model in

Soil viscosity

Kinematic hardening

predicting the time-dependent behavior of soil

1- Introduction

In a large number of geotechnical problems, the strain rate
effect on the behavior of soil materials is significant. Several
researches have been done so far to investigate the strain rate
effect on the mechanical properties of soil materials [1, 2].
One of the most important issues is the increase in strength
and stiffness modulus due to the increase in strain rate [3].
Moreover, as the initial strain rate increases, the creep or
the stress relaxation leads to more crushed soil particles [4].
Studies show that volumetric strains during the creep are both
dilatancy and contractancy while the axial strain is always in
the same direction with the applied stress [5]. This topic can
be considered to define the direction of viscoplastic strains in
constitutive models.

Along with doing experimental studies on the time-
dependent behavior of soils, some new constitutive models
have been developed and presented in order to describe these
aspects of soils behavior. One of the recommended methods
for modeling the time-dependent behavior of materials is the
Perynza theory of overstress [6]. Many elasto-viscoplastic
constitutive models have been developed to model the time-
dependent behavior of material based on this theory [7-10].

In the constitutive models based on Perzyna overstress,
it is possible to exceed the stress point in the stress space
by the yield surface, which contradicts the principles
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of thermodynamics. On the other hand, the principle
of compatibility is not satisfied [11, 12]. In addition,
the instantanecous behavior in soils is predominantly
elastoplastic rather than elastic. Thus, the development of
time-dependent modeling of soil has been inevitable. The
elastoplastic-viscoplastic model based on boundary surface
theory developed by Dafalias and Kaliakin [11] is important
progress in comparison with elasto-viscoplastic models.
In the other model, a viscoplastic mechanism based on a
new concept called viscous kinematic hardening has been
added to the CJS elastoplastic model. Base model CJS was
presented firstly by Cambou and Jafari [12]for granular
soils. This model was then developed to better describe the
behavior of soils [13, 14]. The elastoplastic-viscoplastic
version of this model [15] has some advantages, including
considering the instantaneous elastoplastic behavior, plastic
rupture, and modeling the second stage of creep. In addition,
this model is able to explain the behavior of the time function
during the cyclic loading path due to its kinematic hardening
mechanism.

For this purpose, in the present study, the elastoplastic-
viscoplastic model of CJS was implemented in the ABAQUS
code via VUMAT subroutine and validated under laboratory
paths.
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Fig. 1. Excess of pore water pressure in undrained creep tests.

2- Methodology

The basic CJS model is an elastoplastic model and,
besides the nonlinear elastic mechanism, includes two plastic
mechanisms; isotropic and deviatoric. The yield surface in
the first mechanism is perpendicular to the hydrostatic axis
in the stress space and an isotropic hardening rule pilots
its evolution. For the second mechanism, the yield surface
has asymmetric in the deviatoric plane and piloted by a
mixed (isotropic and kinematic) hardening rule. For added
viscoplastic part, similar to the elastoplastic part, there are
two mechanisms; deviatoric and isotropic. The intensity of
viscoplastic strain rate depends on the distance between the
plastic yield surface and the viscous surface (delayed surface).
The evolution of the viscous surface is done based on the
concept of viscous kinematic hardening. The movement of
the viscous surface is always toward the plastic yield surface
and when these two surfaces reach each other, viscoplastic
evolution will be stopped. The secondary stage of creep is
modeled by defining a limiting surface called the secondary
creep surface. Because of the interesting options of the model
in describing the time-depending behavior of soils, it was
implemented in the ABAQUS code via VUMAT subroutine
in the present work. After implementation, for elaborating
viscoplastic mechanism response, a modification was applied
to the direction of viscoplastic strain rate.

3- Results and Discussion

In order to validate the model, results from the experiments
on the clay soil sampled from the depth of 5 to 8 m of a clay
core of an earth dam were used [16].

According to the results of undrained axisymmetric triaxial
tests with measuring pore water pressure under monotonic
loading paths and considering confining pressure of 400 kPa,
the effective internal friction angle and the effective cohesion
are =27° and ¢=0, respectively. Then various time-dependent
tests such as creep and stress relaxation were performed under
monotonic and periodic loading conditions [16].

In order to determine the parameters of the model, results
of axisymmetric triaxial tests with the strain rate of 1%
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were used. Based on the obtained values of parameters and
without change in them, different tests including creep, stress
relaxation in monotonic and non-monotonic paths, were
simulated and compared with the results of experimentation.
An example of model validation is presented in Figure
1. This is related to the undrained creep test with different
applied constant deviatoric stress and generation of excess
pore water pressure during the time. As seen from this Figure,
the results of the simulation are in agreement with those of
experimentation.

4- Conclusion

An elastoplastic-viscoplastic model was implemented
successfully through the UMAT subroutine in ABAQUS/
Explicit code. This model presented a new solution to
resolve the existing limitations in many elasto-viscoplastic
models based on Perynza overstress with introducing a
viscous hardening mechanism with the kinematic nature.
By installing this model, many time-dependent problems in
geotechnical engineering can be modeled in the ABAQUS
code. The results of model validation on laboratory paths
indicate a very good capacity of the model in describing the
time-depending behavior of soils.

References

[1]A. Casagrande, W. Shannon, Strength of soils under
dynamic loads, Transactions of the american society of
civil engineers, 114(1) (1949) 755-772.

[2]H. Seed, R. Lundgren, Investigation of the effect of
transient loadings on the strength and deformation
characteristics of saturated sands, Proceedings of the
ASTM, Proceedings of the ASTM(54) (1954) 1288-
1306.

[3] W. Heierli, Inelastic wave propagation in soil columns,
Journal of the Soil Mechanics and Foundations Division,
88(6) (1962) 33-63.

[4] A. Chegenizadeh, M. Keramatikerman, H. Nikraz, Effect
of loading strain rate on creep and stress-relaxation
characteristics of sandy silt, Results in Engineering, 7



M.H. Bathayian and M. Malaki, Amirkabir J. Civil. Eng., 54(5) (2022) 403-406, DOI: 10.22060/ceej.2021.20253.7382

(2020) 100143.

[51K.-H. Park, C.-K. Chung, Y.-H. Jung, State-dependent
volume change during creep in engineered silty
sand, Journal of Geotechnical and Geoenvironmental
Engineering, 145(6) (2019) 04019020.

[6] P. Perzyna, Fundamental problems in viscoplasticity, in:
Advances in applied mechanics, Elsevier, 1966, pp. 243-
377.

[71Y. Dafalias, A novel bounding surface constitutive law
for the monotonic and cyclic hardening response of
metals, in: Structural mechanics in reactor technology.
Vol. L, 1981.

[8]H. Ghiabi, A. Selvadurai, Time-dependent mechanical
behavior of a granular medium used in laboratory
investigations, International Journal of Geomechanics,
9(1) (2009) 1-8.

[91Y.-P. Yao, L.-M. Kong, A.-N. Zhou, J.-H. Yin, Time-
dependent unified hardening model: three-dimensional
elastoviscoplastic constitutive model for clays, Journal
of Engineering Mechanics, 141(6) (2015) 04014162.

[LO] M.N. Islam, C. Gnanendran, Elastic-viscoplastic model
for clays: Development, validation, and application,
Journal of Engineering Mechanics, 143(10) (2017)
04017121.

[11]7Y. V.N. Kaliakin, Y.F. Dafalias, Theoretical aspects of

the elastoplastic-viscoplastic bounding surface model for
cohesive soils, Soils and foundations, 30(3) (1990) 11-
24.

[12]1B. Cambou, K. Jafari, K. Elamrani, An elastoplastic
model for granular material using three yielding
mechanism. numerical models in geomechanics.
NUMOG 1II. Proceedings of the 3RD International
Symposium Held at Niagara Falls, Canada,

[13] M. Maleki, B. Cambou, P. Dubujet, Development in
modeling cyclic loading of sands based on kinematic
hardening, International journal for numerical and
analytical methods in geomechanics, 33(14) (2009)
1641-1658.

[14]1M. Maleki, P. Dubujet, B. Cambou, Modélisation
hiérarchisée du comportement des sols, Revue Francaise
de génie civil, 4(7-8) (2000) 895-928.

[15]M. Maleki, B. Cambou, A cyclic -elastoplastic-
viscoplastic constitutive model for soils, Geomechanics

and Geoengineering: an International Journal, 4(3)
(2009) 209-220.
[16] P.Hicher, Experimental study of viscoplastic mechanisms

in clay under complex loading, geotechnique, 66(8)
(2016) 661-6609.

HOW TO CITE THIS ARTICLE

54(5) (2022) 403-406.

DOI: 10.22060/ceej.2021.20253.7382

M.H. Bathayian, M. Malaki, Implementation of an Elastoplastic—Viscoplastic Constitutive
Model of Soil in ABAQUS Code and Its Validation on Laboratory Paths, Amirkabir J. Civil Eng.,

405






785 500 ()] yo (o kien & i

Vebe BYr) Slrio AF) Jlo D oylois OF 053 e5usS puol e uskige dy pii
DOI: 10.22060/ceej.2021.20253.7382

5 ABAQUS 5 j3 S Sl gSumns g — Sy gl (5,68, Jbo Sy s
2Bl @l (bl 5 ol (i L]

S dazo ¢ ylileday pile doste M

ol plen i e g oKy ¢yl e awiine a1l

1891 au )b

¥ o[- ¥NA edl
Vool B1Y 16,5550
Vool S1Y 1y
VEe o[ SIVD 1ol )

1605 Clols

Sy sl J

Sy Srs = Stdlggia]
ABAQUS 9150 1351 58
Sy e S 3 S

by it e 45 0] g ol 5 pl] SIS eSS 5 s e sl (55 sl (330 555 2an0¥s
(61 o ) et 53 ol o (5le il 3135 5L e b oo bl i Bl J 0 515 (508
Blacs (6l 5 B (613,355 ()L L g it 5 236 (gl ol oS ol o 53 ) sl 0 SiS5555 15 (6,15,
bg i) obmiil aslon by oy (S ) (izmen 258 (o0 2wl b S1B 3 ploj @ (g pmed )18y b 4 s ) S0
& )3y Sl & dgaome slinl slaas 3 ploj &l (6)18) Jue cuad ) el Sl sl golae (S S8 4y loj dltine 0S50
S8y Jhe S gk cnl )3 el (63b5 el (gl wled (o Gy (lie yobo a1 ]) ST (i 3 B o3l (e
2b Jse ol ol oad s ABAQUS g 155158 s UMAT (459 5l 32,1 5) SNy g g — SNy giaoY
5 o SSlai S sl 535 o Sl — KDV i i 5 58,5 15
5 Jeols @S il o @iy |y 15l osd cans ABAQUS 157 3 119815 a8 (g )l8) sla o (gla Caodgioma I (¢l odes

o O 9 Je YL el g eud b ol S 5 5l g i Gialul (o35 sile aRilejl (s pane cos i lLsel

ool b S o b 13,

2Ll Oygo 4 ob g (slidl Cpgo 4 e (255 s ) (e
e 25 g L Bl o o 50 G155 85 s 3351 0l
Sl oo Sty Sl 55 g s 3 g9d90 cnl V]
9 7o b byl )5 (6,503 o) Gladod (uizren 3,5 )15 4265 590
onl 3 el ord plosl S 5 i (il 5 (B35 slbonly pueds
dacly ooty 5 (2BLLT il jlu o lllas
JA 5] canl a8 )3 3wy 3y Sy loj 4
Gl g dwg S oloj @b Hk8, (2Rl wyp b Glojer
pLsl el 0l U8, jlaix cnl i Sl Coe e )18 o ae
Olej @b )18y (ilwae ) (oleidy slagby, J Sl ad
cov (6L (6518 slre [N+ ] conl Ly i L] (695 Wlas
i ()95 (nl Slwe 32 09 U Sty g= gVl sla s g
Wl gilwJae 1y (SB wdlas (loj a5k, aslen b cawl oad o0l

Ol (g)ldy sla oo 5 aisd (pl o SIS Sere 1 SO [VVVY]

1 Perzyna overstress

Aodlo -
2 SISl (88 25 Bl S8 wdigs Jlawo I gokany 5o
Sy Gl Slidos (98T cul oo (SB las ploj a2l L)
Pl (Sb las o Shy Koo b g Cuoglia p (555 E55 S (o)
Lol cnpimten 3 2 513y sl cnl o 53 [V 9 V] ol ot
Wk (255 €5 ORIBI L gued dhio¥] Jde 5 Canglie iul38]
055 ol b g iz bl Jlesl b oS el o3l olis Slasis [¥]
FeSlpe il 48,55 )8 lulyd (ol cov o b 4 cons S LS,
Er OB L oizmen [F] 2900 pagiome o] ploy @l )3, g ord
el OM 35 4y e G5 Ll b G833 IS0 eyl S
&S amd oo L aBislejl zuls [0] Conl odi ladiges ;> SB slaaily
Dlas > &gl oz (5,5 ¢ G35 hilel )3 L5 g G331 L
Sl oo b SB diged 303 ol a5 b SRl 5 S
Ui)S &S ol i Gldllas yizmen [F] dgd 0 (B3 Ao d)lg

Maleki@basu.ac.ir :clslSe sosge oding ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

Yery



Yoo BYYY dxbo N+ ) Jl.u) A b)Lo.m HY 0,93 s)....s).ml ul):..c L;“’“\-*-@(" d:)w

3 ol slen 55 Jae opl > [VA] el CIS ()13, Jso
SLal CIS Jus 4y Sisw 0 Joo ploj @l Coond jSng slae
sl 38 )3 cuas cas CIS Jao imgh cpl 50 9y ol 5l ool ond
ks, Jae ol el 485 L5 an g5 3590 ABAQUS sgu
@ adgl Joo dime cale el SutMgSuny pislle o (3958
9 Jae > (S¥gd Cow Jode gl L g ond ploj 4 dtuly )90
obxS Jio )3 loj @b ()l sladuin o] & j9mg il 3938]
o b A (5L )3 joSumy paw S oy (piren Cul 00
Ll S (5,55 1 (55lie & e Jdo ol )3 Sladpw (SNsd
gaw jl Al ©)50 & joSung gaw S 3929 Cunl odd Ly S
b Sl as slag)liS)h » wlas ols (gilu s 6] el
2 cplpls sl 63505 palyd Jao pl 3 1y olisS s (6180 l;
Sy slatsyS My gl 55 @y Slagl)L > Jie ol
S S0 @ Selodly gy o> S Ll einen ) 3529
23l pdy Gl ol > (ol b (LI (25 b 93y (g3l e
Cas o oylsen 535 ol 4i5)S a4 Jb pd cunl oad oxluS Jie pd

sl Jlasl b L

Juo g i =¥
5 "9l bag )b g Sezudygio¥l g0 4 CIS algl IS
08,5 50 (gl Jae pl dewgs daldl )3 [YA] Canl ons &3l (g yaes
e Gl )L cov )18, (ogad 4 SK L) s slaas
el 4B Sjg0 [V g VIV e g (Sho bawgi (loj b )18
JHe 4 StMhgSng pjlSe S (9,8 BLAIL Jaeo (o @b e
SoMygSy p3ille 3 [YA] cusl 0sd Jols 4l StoMy Y]
OB o live p (S 45 oad aBS a5 )3 Sy aw S
@ 0)lgen joSag o 95 oo J S Silodsw jSuang (SNgd CSw
O 4ol g A8 (o0 &8 o St Mgia¥l 5l )5 ekl gaw Cuons
90 Aol & ol StodygSuny Gi)S b Slie aw 93 oyl
aaw 93 (B9 5 Conl yidin StMysSumy ()5 A A8l Ll o
pilSe Lai> L ad salgd jho StdligSumy () €5 Moy o2
&y SISk 53 op g odd Jlo Sty (SisepnS w2 Sty
@ g b (S)b jl gl Sl 5 SVl Jae Olga lalaxd

o) &S 0,5 095 g pudand w1 o i (glad > i dad 585
Caley )5k by (m Cunl (ARSI 53 Salindge s Jpol b g9o9e
s oyl BB pdlas Saiodly (Sisewd 505 @jls 4 0gd ol
S ¥ U ol SVl @y )b oo )8, 3L
'35e gl poie 5 ool gles cul > HeaS Saoliges Jpol
LSk (loj @l )18y (i S 3 038 ploxl ladnwy I (S
Sl 033,85 &1 [VD 9 V] o SUK g Wl bawgs 48" b o
S5k kalps Lol s s Lol JSitie &8 slasbyy cr 52008 0 ]
aads &S Cunline b cpl ool (i Cuxan 4 diwnly yiolyl S sy
Glizo 5 A5 o Iy Coodl pulud paw (gilw e lp (AT Cundyg
DNV 5 W] 398 65 bl (25 oo b 25 (ools (S
s o 535 Cunl B S sl ol &Iyl SYWRe Luo pped  Cpimen
DA g Vel e ilodse 3980 glas 3 4 pxie &) pgu
P Sire g S Jde dnug sl SlihE G (ST rizmen
Cuol a8}y pll i S (0 o oy oU zuls ey Cas
ey SitodysSany Joo S drsg 4 olgie gl aex I a8
otk gl (Suly 9 JS5 (593 palud o S L (650 o porde
cov glawle SB (g5l Jde sl (g0 pdaw porae | oslaiwl b 5o
o plol (sladnwgs 5| (SO VY] cunl ond plomil YU sla 5 )8 &5
Silwdde Caa 515k )b maw e g5y e gl e )
b oozmen VY] Wdlioe @bl @S0 Gl ooy oloj &b L8,
5 okaie iledde ) 9 SNk a0l e psrde Sl edlitl
cos SB pl oy 2l Jl8)y slawle a5 [YF] LolJBl
p 03is (38 bl )3 (2l)S0lgy 0 9 ody lite o350
dawgs gladis K00 il uisen [YO] Cusl oids (gjlw Jie S oyl
Ol )18 (giluJse cua baJse ool gl (650 aw sby o
LYY] ol o ealawl (g8, Jao (isu,liel

i S Sy~ Setaogia¥l )5 sloJae J S

2 Pt Cool oy &l SB > by b ks, il e gl Lo

2 Cambou

1 Bounding surface

Yery



Yedo YY) dxio NF-) JL‘“ A o)l.o..w OHY 0)9 ‘)A.AS).:AI ul)o.c uw.\...e(c d..;).aw.:

G =G (11] (¥)
3P,

Jaleo Lo JLzd P, 5 0392 Jio slojielln g Gy 5 K ol 0 8
) JISoly S Ve

Olod Saiwdly Cuowd =Y =) =Y
dorto K Gyao 4 Glaod Sl paunsilSo )0 Jdo pulid o
Coand bl a8 390 0 i Sl g)m jgme o dges

; 1
f’(po)=§1—Q=0 (@)

JSG 4 (Snigd com (9B 3oy I palud o Cumbge )3 i

Al e )

© Q5 i dote ol o9 65w aeg Lol S

Gg=-A %:ﬂf =&r v)

bl oo Jyse glsis o0 a3t o bl s K

Byl Sy Cond =Y =) =Y
oy () dlasly ©)ygo (Sl puilSe ;> StoMy pulans

P9 s

Yory

) sl Ssloiw 95 51 & p1lSe 93 2 5> (Skigd Cotw Cannlo
D wlgs Chogi BB pa IS o)l 8L (b oloj &b

&S wbb o pj daly Oieo 4 Jde j0 ok Dbl S S <5
ol Sy sSuan g 9 Sitwdy « SVl ool Cuonnd dw Jolis

.
&y =&; T&; & (")

(2l Jdo) St MgVl Cuousd = =¥
bt e SVl o5l G gl Jae SodgioV] cuand
Joo (it e SVl sl (Bl 5 lues Sl 23S 53
SVl glaJgde (5 Gl L &S Cusl oaiiS jgamme 5l (o6
axiio Sy webd g Glused Sy 2580 53 b oo SR 3
Ol (SWgd Couwr Sy bawgs o5 Cusl Slig)in joe 2 dges
S8 el s (Sl Sy p3ilSe 3 85 Jbs 3 S (0 05 >
o o) ol Glies (bS5 L, b caslie i B 5 oyl
Ssloinw 5 Qluod (55 (Sgh Cou b Sy by S
OB it it b2 ()98 5 e Sdly plSe 29 0 S
Goge 4 (Bl p3ille 3 g dodte Glued Sl pjille 0 b2

SV Caad =) =) =Y
Al o s kel 5l IS by Jae s S i85S 65

-e Slj 11]
4 =26 "ok ¥ v

S Jgta omimen [, =0 5, =0y _%5&' ol » 8
I SVl e by ()8 (s é saie 4 (G) (5 Jsse 5 (K)

1Y
K:KO(EJ 3]



Yebe YY) doxtio YY) Jlo @ oylads Y 093 pusS yuol ()l yos cwdins 4 i

——y=0.25
——y=0.50

—=—y=0.75

Jo b gl JSub 7 el 1Y JSS

Fig. 1. Effect of parameter y on yield surface

BB e T g ain Jio o el el 0 A g R 5 oS
iyl 5 Cygo by Sualindgey gl wlol a5 cusl R L st

Ll 00

_ AR,r
Ar+R, (V)

Canl (31,50l 035l by 38 40 (6 yues u)“)‘o/ld dayly ol pd
-1.2
Sslai (Shigh o o518 (Bl (31_] e 5
- . . - opa
e 4y o o b o 50 5 4y 0 05 a1 oS

D oo iy yai 5 abaily

. 24
X;’/ :711(Qg/ —pX i/)l (\\)

G=-A %:/y‘ =& (")

1(6,)=(1-7c0s36,)" 5q, = Ja,a, 4, =S, ~1.X; O »<

slad p (Bl Sadly s o S50 9ul x ) kilgy ol 5
Y bl aibe g Slase ) oy wsli O, eomes Cusla i
e sbddgS b ahd dw 5 g0l SO o |y ek pdaw S
S Sl Comdg g SB 95 4y diaw Llgi oo & SO0yt S
g Laogio gl S R pluas (Suigd o oy (1 J83) s

Dy se iy g daly G ygo a4 Lled o astidie 1) pulud

fd(o-ij’Xkl):qIIh(eq)_Rll:0 ()

Yevf



Yedo YY) dxio NF-) JL“’ A o)l.ow: OHY 0)9 ‘)A_{).:.AI ul)o.c u»o.b.e(e du).mJ

(4]
&
SRS
& &
/)@
&/ /¥
)2 9,
NS

Q) N
& IS

\S;
4
h RSs State
>
Cl2 \\ yield surface
O
/05

JM}’W?&‘)’Q‘W‘MCWMWDW‘YJ&M

Fig.2. Yield, characteristic state, critical state and failure surfaces in deviatoric stress plane

L)“"s )i’l‘““‘J pcrO &S Aiwd J“\" WL )‘*"I)b 92 C 9pcr0 dja.:‘) U”I )
e Al Ls b agSne © 5 adg) b > low o Lwgie
b sl Sy oz 23,5 &) (pizmen Al £ — P b
T 35 9 (SiZund pled waw Jo ) ol b by 4 g
A5 dialgs iy pai (VY 510) Lasly)y ©jgo d Jae 53 (Sl b

fr(o-;j:sz):Suh(es)_erl:O (VF)

f(0;.X,))=8,h(6,)-R,1,=0 (Vo)

Dgd o Ry yxl i Cyao & ol g s @ el 8 ]

®=@,h (95 )QII (V%)

ool e 08 i &5 el b=b_ (1490 )L 1l b jzell
&b o) Sop o cul ate @l S @l (B S- 5 loges
ke o Jlo 3 O rizmon ol s 3 (SenS sl yal)l

sl (Bl s s b G5 3)95 50 e ) Jae (S0
ol & 2k e a, =(1;”” ]‘-2 5039 Jio b el G b

sbad 3 gl 0 90 (6,)=(1-yc0s30,) R
Z. . P> e . . 2 " ! o

2 SiBeS G5 Sy Sl ol il e (S)) il sla i
ol 005 iy 5 IS 4 Gl el ks 4y s S

R, =R, +,uln(3f—”J

1

)Do.\i.lf)ymu&;}pcrgAMJAA)lnl){.gbuchrO])bdf

Pgd e iyl pj Oyge &S Cul Jlo b

Por =P (e (\¥)

Yoo



Yoo BYYY dxbo N+ ) Jl.u) A b)Lo..m HY 0,93 s)....s).ml ul):..c L;m.,\...e(e d:)w

5 ol Kbl Jpuslly o 1 olas youls T ] a5 5

e s 4 (V) daly 4 225 L

ﬂvSij S
n, = S, "’ (YY)
£7+3

&S Cuwl codMe b Sign &b ' N : sp | &S
e &ESIgN &8y g =ﬂ£Sg—1]s1gn (Sije;”)

2l oo e ©ype 3 9V L pln ol pdlie (g Cute g0

D2 Al j g 4 St Jeuily @l (L3S cplpls (ol =)

d d
oG _of _[af nk,Jng—,

80;1. 60‘ij GO'U.

Sty Sy p355e =¥ =Y
Uit 93 Jald Jieo (Lol 451 tiilen Jae SiodygSa g piuilsla
i 2 pS b Slatiw (SWgd Cou p3lSe canl Gl 5 (B
2 & 2l oo i jite 4y gl SrodysSany G 5> Jao (3ol
jgSwg g 35 po dall § LT Cundg (m dhold 0uiS o y5uil Bl

.u.wl

_ v Y¥
di/' _Xii _Xi/' (¥¥)

o5 by 5l W1y e dlols oyl Cosl 003 asede Y USG5 asls

d, =0 _x:
==X A
y ]1 i ( )

“ag b @ bl gemer w3bie 0, = 0,0, O » &
& RS Cunbge g pulud paw S50 Cuxge (55,8 095 o ¥ S

cos(a)

2
i)

Cy

R, cos(@s -0, ) (V)

ol ol Y Y
gy eyl Cygo s Jho 3 (Bl pisle 3 b el
& (VA) alaly b Ldlool Sty LS ezl cpl 5o sl 005

Al o Cawd
oG
V=21 — YA
= (W)

ey )3y bl 2 G oo el daw iy pos gl
ol 0as odlaiol pj alaly 5 e

S e%
£ =ﬂ£5_15_1j—| 147 | (%)
SII Sll

b yieS (gae o)lgan a5 sl Juo 3 el )b SO B ol o oS
d9bise iy pj daly Sygo 4 S aizen Able sho (g3l
At e s 1 G5 e b o ol oo s SOLES o

NS o g el ey o 55

R Lol Ysans 5 casl Joo sl 5 (G Rl o 8

bl maled (VA) daly 4 do i b opl ol il o

yors



Yedo YY) dxio NF-) JL“’ A O)Low: OHY 0)9 ‘)AS).:.AI ul)o.c uw.\...e(c du).a.w

7

ess State

S\ yield surface

Plasticity failure surface

B i glad o 49l (535 9 (15 ok T IS

Fig. 3. Failure and secondary creep surfaces in deviatoric stress plane
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Table 1. Model parameters for use in validations
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Fig. 7. Undrained stress-strain results for compacted clay at different strain rates.
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Fig. 8. Model validation results based on undrained creep tests carried out on compacted clay.
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Fig. 9. Model validation results: excess pore pressure during undrained creep tests carried out on compacted clay
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Fig. 10. Effective stress path at different strain rates
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Fig. 11. Model validation results: undrained stress relaxation tests
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Fig. 2. Compression between the simulation and experimental results of undrained stress relaxation test in load-
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