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A TIME-DEPENDENT MICROPlANE MODEl FOR CREEP 
OF COHESIVE SOILS 

Pere C. Prat1, A.M.ASCE and Zdenek P. Baiant2 , F.ASCE 

ABSTRACT: The microplane model iI tJ8ed in thil paper to describe the time-depen
dent (creep) behavior 0/ cohesive soils (clo.ys). The constitutive equatiorU are defined 
on each 0/ a set of microplanes which cover all possible spatial orientations, with a 
kinematic constroint to the macroscopic response. The totalstroin components are as
sumed to be the sum of a time-independent and a time-dependent (creep) contribution. 
The creep evolution lo.ws are defined within the fromeworl: of the rate process theory 
(activation eneryy principle), in .which the strain rotes depend on the current stress 
level, temperoture and time. The model can reproduce instantaneous as well as time
dependent behavior, for droined or undrained conditions. Numerical results show good 
qualitative agreement with lo.oorotory test data taken from the literoture. The paper 
closes by discussing the implementation of the model in finite element codes. 

1. INTRODUCTION 

This paper attempts to model the time-dependent behavior of cohesive soils, princi
pally clays, by a simplified micromechanics approa.cll that consists of specifying the 
stress-strain relation on planes of various orienta.tions within the material (called the 
microp/anes). The macroscopic stress-strain relation is then obtained by simple super
position or, as in the present work, using the principle of virtual work. The microplanes 
may be imagined to characterize the planes of grain contacts (for granular materials) 
or the slip planes between particles (for clay materials). A true micromechanics model 
would describe the material behavior by means of the laws governing the interactions 
of the particles a.t the contact points on suell planes. In our approach, however, the 
micropla.nes represent the behavior at the contacts only in a.n average sense. 

The formulation ofthematerial model requires several hypotheses which simplify 
the complex micromechanical interactions, reduce computational costs and allow the 
implementation in finite element codes. These are: 
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1. The strains on a microplane are the resolved components of the macroscopic 
.train tensor, lij: 

in which 6jj is the Kronecker's delta tensor. 

2_ The response on each microplane depends explicitly on the volumetric strain 
(lY), in the sense that the micropla.ne equations must include a separate treatment of 
the volumetric (spherical) a.nd deviatoric normal components of strain. This hypothesis 
means that we need to consider on a. micropla.ne three components of strain: ly = 
lu/3, lD = eN - lV, a.nd ET, the last being a vector on a.ny direction within the 
microplane. 

3_ The volumetric response, deviatoric normal response a.nd the shear response 
on each microplane are mutually independent, Le. decoupled. 

4. The vector of shear stress «(IT) and the vector of shear strain (IT) acting on a 
microplane are parallel, Le. crT; '" IT; (this is an approximation which seems sufficient 
for most purposes, introduced in the interest of reducing the number of unknowns). 

5_ The microplane stress-strain relations for monotonic loading histories (Le. his
tories with no unloading) are path-independent, that is, they can be written as total 
rather than incremental stress-strain relations. 

6. The time-dependent beha.vior on each microplane can be described by means 
of the rate process theory (Glasstone et al., 1941) applied to strain rate. 

2. MICROPLANE EQUATIONS 

According to hypotheses 2 and 3, the set of three equations for each microplane, 
rela.ting volumetric, normal deviatoric and shear stresses and strains can be written 
as: 

cry = .ry( ~y ) = h( ey - e~') 

cr'D = .rD(~D) = .rD(eD - e~) 

crT = .rT( l~) = .rT( (T - (T) 

(2) 

where superscritps 'i' a.nd 'cr' indicate time-independent a.nd creep contributions re
spectively . .ry, .rD a.nd .rT are empirical material functions defined below (for a more 
detailed description see Prat &l Bua.nt, 1990). For simplicity, superscript 'i' is omited 
in the following equations. 

VOLUMETRIC STRESS - STRAIN RELATIONS 

Compr. Loading: cr' = (cr' )o[(cr'y)Cjl-Cs/Cce<v/Cc 
y y (cr'y)O 

Compr. Unloading/Reloading: cry = lTymaxe«v-<~")/cs (3) 

, '0 0 _llcY-f:&lp 
Tension Loading: cry = (lTv) + Ev( (v - (a)e P <. 

Tension Unloading/Reloading: ~crv = Ev~(v 
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DEVIATORIC STRESS - STRAIN RELATIONS 

Compr. Loading: (lD = (I~dl - e-kDCI<Dlj 

Compr. Unloading/Reloading: a(lD = E'ba(D 

Tension Loading: (lD = (I~[l - e-kDT1<Dlj 

Tension Unload~~g/Reloading: a(lD = EVa(D 

SHEAR STRESS - STRAIN RELATIONS 

tTT ;.. tTf[l + (IKT - l)e-kT ' T ] 

4 = ao(rOCR - 1) 

3. PORE WATER PRESSURE 

(4) 

(5) 

Since the total and effective deviatoric stress tensor are identical, the pore water pres
sure term, Pw, has to appear only in the volumetric equation, (Iv = <T'v + Pw' Following 
Ansal et al. (1979) and the underlying formulation of Baiant & Krizek (1975), we use 
the following expression to compute the pore water pressure: 

= C",K ((IV + 3 It) 
pw nK +C", K ( (6) 

where K = 2G(1 + v)/3(1 - 2v) = bulk modulus, G is the shear modulus (non
constant along the stress path), (It the accumulated inelastic strain, C", the water 
compressibility, and n the porosity. 

4. CREEP LAWS 

According to the rate process theory (Glasstone et al., 1941), generally accepted for 
creep of clays, the strain rates on the microplanes may be expressed as 

itf= kfsinh(kf(lv), ig=kpsinh(kp(lD), i~=krsinh(kf(lT) (7) 

where the kl '. and k2 's are constanta depending on temperature, activation energy 
and time (see Baiant & Prat, 1987). The current creep component of each strain 
(volumetric, deviatoric or shear) are computed after each time increment at as [(erl" = 
[(erlto + Fat. These values are then introduced into Eqs. 2, from which the stresses 
on each microplane are calculated. 

II. MACROSCOPIC CONSTITUTIVE EQUATIONS 

The constitutive law is written in terms of the current microplane stresses and strains. 
The macroscopic effective stress tensor is obtained by means of the principle of virtual 
work (Baiant, 1984; Carol et al., 1990) which leads to the following equation: 

I _ I <.. 1 . . I .T. dn 1 (nibrj + njbri - 2ninjnr) I .T. dn (8) 
(Ii)' - (Iv"') + n,n}(lD'" N .. + (IT, ... N .. 
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where ~ N is a weight function of the orientations n which in general can introduce an
isotropy of the material in its initial state. The macroscopic total stress tensor. Uij. then 
results from the principle of effective stresses of soil mechanics (Uij = ulj + P"Ai) and is 
obtained solving the system of equations Uij-OUkk6ij = Bij where Bij = u:j+9K OC'6ij 

and 0 = Cw/3(nK + Cw). 

6. NUMERICAL IMPLEMENTATION AND RESULTS 

The model presented has been developed for constitutive equations in finite element 
computations. The computer code can be used without modification as the constitutive 
equation in a finite element code, or as a stand-alone program for model verification 
(see Carol et al., 1990). The computer subroutine procedure shows a single loop over 
the number of microplanes, 28 in our case. Since Eq. 8 is written in terms of the 
total stresses (not of their increments), no numerical integration is necessary within 
the microplane loop. This feature is particularly important when using finite element 
analysis bec&use it reduces the necessary comput&t.ion time by more t.han one order of 
magnitude (the microplane model involves numerical integration on the surface of a 
hemisphere &1 each Gauss point of each finite element), making the algorithm suitable 
for this kind of applications. 

q=(u j -u s )/2 

P =(u j +2u3 )/2 
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Fig. 1 (a) Quasi-instantaneous data measured by Wood (1975). (b) Data (or anisotropically 
consolidated specimens 1000 min. after loading (BaZant et aI., 1975) 

Figs. 1 and 2 show comparisons of the model results with test data taken from 
the literature. Fig. 1& shows the results from Wood (1975) on cubic tests of kaolin 
clay (no creep), with one unioading-relO&ding cycle which is well reproduced by the 
microplane model. Fig. 1b exhibits uta for anisotropic clay obtained from Baiant et 
al. (1975). The two data sets correspond to specimens which were horizontally and 
vertically trimmed. The difference on the microplane results is obtained by means of 
function • N in Eq. 8, with good qualitative agreement to the experimental data. 

Fig. 2a represents data for isotropically consolid&ted specimens obtained by 
Campanella &nd Vaid (1974). Fig. 2b exhibits dat& from oedometer tests reported 
by Leroueil et al. (1985). The present'model can provide good qualitative agreement 
with these creep test results, including the variation of the curves with the strain rate. 

7. SUMMARY AND CONCLUSIONS 

The microplane model for inelastic behavior of cohesive soils has been extended to 
take into account time-dependent (creep) behavior. The formulation has been found to 
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Fig. 2 (aJ Data for isotropically coosoJidated specimell6 1 min. after loading (Campanella k 
Vaid, 1974). (b) Oedometer tests data (!.eroueil et al., 1985) with different strain rates. 

describe qualitatively well both anisotropic ally and isotropically consolidated samples, 
as well as the strain rate effect on creep. Since the model is explicit (no iterations 
required within the rnicroplane integration loop), its use in finite element codes should 
be easy and efficient despite the need to integrate over a unit hemisphere at each 
integration point of each finite element in each load step. 
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