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Numerical analysis of stress-strain inhomogeneities in a triaxial test specimen
Analyse numérique des hétérogénéités de contrainte-déformation d’un échantillon d’essai triaxial

Daichao Sheng, Bo Westerberg, Hans Mattsson & Kennet Axelsson — Department of Civil & Mining Engineering, Lule& University
of Technology, Sweden

ABSTRACT: Inhomogeneities caused by end restraint and insufficient drainage during conventional compression triaxial tests are analyzed
by a numerical method. A finite element model is presented to simulate the testing procedure. The soil-platen interaction is represented by
contact elements which allow frictional sliding between contacting nodes. The soil mass is represented by the modified Cam clay model.
Coupled hydro-mechanical analyses are carried out in order to simulate both drained and undrained tests. The distributions of stresses and
strains in the specimen for different end conditions are compared with the ideal case where no end restraint exists, in order to find repre-
sentative measuring positions in the sample. Different rates of axial strain are tested in order to study the inhomogeneities caused by insuf-
ficient drainage during drained tests. Simulated results show that both end restraint and insufficient drainage can cause the barrel shape
deformation of the specimen. Stress-strain and strength properties based on global measurements are not a good representation of true soil
behaviour when end restraint or insufficient drainage is present.

RESUME: Les hétérogénéités causées par I’entrave des extrémités et un drainage insuffisant pendant un essai de compression triaxial con-
ventionnel sont analysées avec une méthode numérique. Un modéle d’éléments finis est présenté pour simuler la procédure de I'essai. L’in-
teraction entre le sol et le support est représentée par des éléments de contact. La masse du sol est représentée par le Cam clay modéle
modifié. Des analyses hydromécaniques couplées sont menées afin de simuler a la fois des essais drainés et non drainés. La distribution des
contraintes et des déformations dans I’éprouvette pour différentes conditions limites est comparée avec le cas idéal ol il n’y a pas d’entrave,
afin de trouver des positions de mesure représentatives dans I’éprouvette. Différents niveaux de déformation axiale sont testés afin d’étudier
les hétérogénéités causées par un drainage insuffisant pendant des essais drainés. Les résultats simulés montrent qu'a la fois I'entrave des
extrémités et un drainage insuffisant peuvent causer la déformation en forme de tonneaux de I’éprouvette. Les propriétés des contrainte-
déformation et de résistance basées sur des mesures globales ne donnent pas une bonne représentation du comportement du sol quand le
drainage est insuffisant ou lorsque les extrémités sont entravées.

1. INTRODUCTION sand tested with lubricated ends was about 20% greater than that
with regular ends. Lee attributed this difference to the different
Itis no doubt that the triaxial compression test is presently the most changes of pore pressures at failure.
widely used procedure for determining strength and stress-strain The non-uniformity in isotropically normally consolidated clay
properties of soils. In such a test, a cylindrical soil specimen is sub- specimens caused by insufficient drainage in drained tests was
jected to an axial compression siress 6, and a radial pressure stress studied numerically by Carter (1982). He showed that marked
6,. The soil specimen is assumed to deform uniformly during the non-uniformity could occur, depending on the relationship be-
test so that the information obtained from the test represents the tween the rate of axial strain, the clay’s permeability and the drain-
true material behaviour of a single soil element. In addition it is as- age conditions at boundaries. It was also shown that the strength
sumed that the axial stress G, represents one of the three principal of the clay decreases as the rate of axial strain increases.
stresses and the radial stress ©, represents the other two equal prin- In this paper, we will focus our attention on the stress-strain in-
cipal stresses. The axial strain, which is assumed to be one of the homogeneities in a triaxial specimen caused by end restraint in
principal strains, is usually determined based on the measured axial both drained and undrained tests and by insufficient drainage in
displacement. The radial strain can be either determined according drained tests. The soil specimen is a slightly overconsolidated
to the radial displacement which is difficult to measure, or more Swedish clay, which according to Lee (1978) should show little
simply calculated from the measured volume change and axial dis- effect of end restraint in undrained tests. The problem will be stud-
placement based on the assumption of uniform deformation. It is ied by means of numerical simulation.

thus very clear that the uniformity of deformation of the specimen
is an essential part for the triaxial test concept.

However it is not often the case that a triaxial specimen deforms 2. FINITE ELEMENT MODEL
uniformly during the test. Non-uniformity can be caused by e.g. end
restraint, insufficient drainage, membrane effects and self weight. 2.1 Constitutive model of the soil
The question comes up: how much effect does such non-uniformity
have on the strength and stress-strain properties? Different research- To simulate the soil behaviour in a triaxial test we first need a re-
ers have come to different conclusions and a general review of the alistic constitutive model for the soil. Such a model should ac-
matter can be found in Lee (1978). Here only a few important con- count for the important features of soil behaviour. During the last
clusions are outlined. According to Lee (1978), Taylor in early years the modified Cam clay model has been considered to be a
1940’s concluded that reliable results could be obtained with soil simple and representative one for cohesive soils. The model is de-
specimens having regular ends provided its length / to diameter d ra- scribed by an elliptic yield function in the p' — g (mean effective
lio I/d was in the range of 1.5-3.0. Bishop and Green (1965) showed, stress-deviator stress) plane, an associated flow rule to define the
by comparing lubricated and non-lubricated ends, that the end fric- plastic strain rate, a critical state where unrestricted, purely devia-
tion had not much influence on the measured internal friction angle toric, plastic flow of the soil skeleton occurs under constant effec-
of sand samples. According to the experimental work by Lee (1978) tive stress, and a strain hardening theory that determines the size
the end restraint could have a significant influence on the undrained of the yield surface according to the plastic volumetric strain. De-
shear strength of sand, but just slight effects on the drained strength tailed description of the model can be found elsewhere e.g. Roscoe
and on the internal friction angle. The undrained strength of a dense and Burland (1968), Wood (1990), and ABAQUS (1995).
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Figure 1 Finite element representation of the triaxial specimen.

Since a soil is a multi-phase medium, deformation of the soil is of-
ten accompanied by development of excess pore pressure. The
pore pressure change is governed by the continuity equation which
is coupled to the equilibrium equation through the rate of volume
change and the effective stress theory. This is also the theoretical
base of soil consolidation. The theory of coupled Biot-type consol-
idation can be found in e.g. Small et al. (1976).

2.2 Soil-platen interaction

The end platens can be treated as rigid bodies and the soil speci-
men as a deformable body. The nodes at the top and bottom sur-
faces of the specimen are in contact with the rigid platen surfaces
and special contact elements are introduced at both the deformable
surface and the rigid surface. Between two contacting nodes fric-
tional sliding of finite amplitude is allowed and any positive pres-
sure can be transmitted. At each integration step these elements
construct measures of relative shear sliding. These kinematic
measures are then used to introduce surface interaction theories.
Three different conditions of contact are considered:
1. Perfectly smooth contact (SC), i.e. no friction between the
specimen and the end platens.
2. Frictional contact (FC), with a soil-platen friction angle 20°.
3. Completely rough contact (RC), no sliding at contacting sur-
faces is allowed.

The contact of the first type represents enlarged lubricated end
platens, the second type enlarged rough end platens, and the third
type rough or smooth end platens which have the same diameter
as the specimen and are sealed together with the specimen by a
rubber membrane.

2.3 Test conditions and material parameters

In order to focus attention on the causes and effects of non-uni-
formities in triaxial specimens, it is decided to reduce the number
of other variables as much as possible. Parameters such as the soil
properties, the length to diameter ratio of the specimen, the type of
element, the initial stresses, the consolidation pressure, the stop
value of the global axial strain, are kept constant. In addition, full
saturation of the specimen is assumed. The consolidation phase is
not considered.

A half of a triaxial specimen in x-y plane, 0.025 m in radius and
0.1 m in height, is discretized into 100 8-node axis-symmetric bi-
quadratic elements with pore pressure as the third degree of free-
dom at corner nodes, Fig. 1. The y axis is the one of symmetry. The
top and bottom boundaries are in contact with two rigid surfaces
which are only allowed to have vertical movement. In a drained
test, the top and bottom of the specimen are drained boundaries.
The right boundary is subjected to a constant cell pressure of 100
kPa which is equal to the isotropic initial stress. Triaxial compres-
sion is conducted by controlling the rate and the total value of ver-
tical movement of the top rigid surface. In the case when the effects
of end restraint are of interest, a total vertical movement of 0.05 m
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Figure 2 Shear stress T,, (in kPa) in the drained tests (T, is
symmetric in value but differs in sign against the middle plane).

is carried out during 100 days (8.64-10° seconds). This corre-
sponds to an axial strain of 50% and a strain rate of 5.79- 10851,
In the case when the effects of the strain rate are of interest, the
same amount of vertical movement is carried out during different
time periods, representing different rates of axial strain.

The tested soil is the Norrkdping clay (Westerberg, 1995) with
properties as follows: the initial void ratio e=2.5, the slope of the
critical state line M=1.2 in 2 p'-q diagram (corresponding to an in-
temnal friction angle ¢'=30°), the slope of the normal compression
line in a Inp'-€, (g, volumetric strain) diagram A=0.2, the slope
of the unloading and reloading line in a Inp’ -€,, diagram k=0.02,
the Poisson ratio p=0.36, the initial preconsolidation pressure p',
=120 kPa, and the permeability k=2 10 mys.

2.4 Global measures of stress and strain

Local stress paths and stress-strain curves will be studied at certain
points within the specimen, e.g. the centre point O, the surface
points A at the middle height and B at the 33/40 height, Fig. 1. In
addition, global measures of stresses and strains, comparable with
laboratory measurements, will be used. The global axial stress o, is
either the applied axial stress to the specimen (the contact pressure
transferred from the rigid platens), or the equivalent global axial
stress (the axial force acting on the top platen divided by the current
cross-sectional area at the position of the lower right node of the el-
ement where point B is defined; this area is approximately the area
of the volumetrically equivalent right cylinder). In this paper the
former is referred to as the applied global stress measure (AGSM)
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Figure 3 Effective axial stress 0", (in kPa) in the drained tests.

and the latter equivalent global stress measure (EGSM). The glo-
bal deviator stress g is the difference between the global axial
stress 6, and the applied cell pressure ©,. The global mean stress
p is equal to (6,+26,)/3. The global pore pressure u in drained
tests is always assumed to be zero, even if the local u is not zero in
the cases of insufficient drainage. In undrained tests the local u is
uniform and the global u is equal to the local u. The global axial
strain is equal to the vertical movement of the top platen, divided
by the initial height of the specimen.

3. NUMERICAL RESULTS & DISCUSSION
3.1 Effects of end restraint

In Fig. 2, the distribution of the shear stress T, in the drained tests is
shown at three axial strains and for three end conditions. For the
smooth contact, Figs. 2a, 2d, 2g, no shear stress develops in the x-y
plane, which means that the axial and radial stresses are indeed the
principal stresses. In the cases of frictional and rough contact, the
shear stress develops from the end edge into the specimen in a X-
shape and increases with increasing axial strain. Significant shear
stress Ty, also develops along the lateral surface of the cylindrical
specimen. At larger strains the soil specimen deforms in pronounced
barrel shapes, Figs. 2h, 2i. More restrained ends lead to higher shear
stress at the end edges and more concentrated displacement in the
middle part (Fig. 2e, 2h compared with 2f, 2i, respectively).

The occurrence of the shear stress T, inevitably causes non-uni-
form axial and radial stresses within the specimen, which is dem-
onstrated in Figs 3 and 4. The maximum effective axial and radial
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Figure 4 Effective radial stress ¢', (in kPa) in the drained tests.

stresses take place near the end edges. In the centre of the speci-
men where T, is zero and the principal stresses are indeed orien-
tated in the axial and radial directions, the effective axial and
radial stresses at the end of the tests with end restraint are higher
than those in the ideal case (Figs. 3h-i and Figs. 4h-i compared
with Fig. 3g and Fig. 4g respectively). However, at axial strain
levels lower than 10%, the non-uniformities in axial and radial
stresses are not pronounced.

The stress paths for the drained tests are shown in Fig. 5. The
local stress paths at B, Fig. 1, reach the same critical state position,
independent of the end conditions. The stress path at point O first
follows the same drained path to the critical state line (CSL) and
then moves up, i.e. hardens, along the CSL. This is presumably be-
cause this point reaches the CSL earlier than the other points in the
specimen, but unrestricted, pure deviatoric plastic deformation at
this point is not possible until the surrounding points have reached
the CSL. The global stress paths with end restraint do not end at
the CSL, which leads to either overestimation (AGSM) or under-
estimation (EGSM) of the drained strength, Fig. 6.

In the undrained tests with end restraint, the specimen deforms
in similar patterns as in the drained tests but lower maximum shear
stresses T, develop, Fig. 7. The non-uniformities in the axial and
radial stresses (not shown in the paper) are also similar to those in
the drained tests but less pronounced. The pore pressure is uniform
in the specimen for all the three types of end conditions.

The total volume change in an undrained test is zero. However
the local volume changes will not be zero if the specimen does not
deform uniformly. With end restraint, some part of the specimen
is expected to compress whereas some part has to swell in order to
keep the total volume constant. This is verified in Fig. 8, where the
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Figure 6 Deviator stress versus axial strain for drained tests.
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Figure 7 Shear stress T,, at the end of the undrained tests.
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Figure 8 Local volumetric strain €, within undrained specimens
(C: volume decrease, E: volume increase, N: no volume change).

contours of local volumetric strains are shown. In the cases of fric-
tional and rough contact, Fig. 8b-c, volume decreases near the end
edges and around the centre (area marked with C), but increases in
the outer area of the middle part (area marked with E).
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Figure 10 Deviator stress versus axial strain for undrained tests.
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Figure 12 Effects of strain rate £, on stress paths in drained tests.
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Figure 13 Effects of strain rate £, on stress-strain curves.

In Fig. 9, the stress paths at point O and A, after having reached
the CSL, undergo respectively hardening and softening along the
CSL, in the cases of the frictional and rough contact. This is be-
cause of the non-uniform volume changes caused by the boundary
conditions. In a saturated soil a volume decrease means increase
in effective stresses such as at point O, and vice versa as at point
A. The stress path at point B stays stationary after having reached
the CSL because the point lies just on the boundary where no vol-
ume change occurs. The global stress paths moves over the CSL
for the AGSM and under the CSL for the EGSM, which leads to
overestimation of the undrained strength for the AGSM and un-
derestimation for the EGSM, Fig. 10.

3.2 Effects of strain rate during drained tests

To effectively study the non-uniformities caused by insufficient
drainage in drained tests, we eliminate the effects of end restraint
here, by assuming perfectly smooth contact between the specimen
and the end platens. All parameters and test conditions are kept the
same as described in section 2.3, except that the same amount of
axial strain is carried out within different time periods, corre-
sponding to different strain rates €,.

In Fig. 11, it is observed that the specimen deforms uniformly
when €,=5.79 -10°8 (s71), whereas in case €,=5.79 -107 (s!) the
specimen deforms in a barrel shape as with end restraint. The bar-
rel-shape deformation under the high strain rate is due to the non-
uniform distribution of the pore pressure within the specimen, i.e.
drained near the ends but undrained in the middle part. The soil in
the middle part is weaker and has little volume change. Therefore
larger radial extension is expected to take place in the middle part
than near the ends where the soil consolidates. It is also observed
that the excess pore pressure in the middle part dissipates from out-
side to inside as the test continues. At the end of the test the speci-
men behaves like drained at all surfaces, Fig. 11c.

The initial undrained behaviour under high strain rates is also
shown in the stress path diagram Fig. 12. The stress paths at point
B behaves initially undrained, then drained with increasing effec-
tive stresses in both axial and radial directions, and finally ends at
almost the same critical state position as in the completely drained
case. At point O, the stress path first follows the undrained to the
critical state line, then a drained path along the CSL due to pore
pressure dissipation. The global stress paths or the stress-strain
curves under the high strain rate are not in a good agreement with
the actual local stress paths or stress-strain curves within the spec-
imen, Fig. 12-13.

4. CONCLUSIONS

In this paper, a numerical analysis of non-uniformities in a triaxial
specimen caused by end restraint and insufficient drainage has been
carried out. It has been shown that both end restraint in drained and
undrained tests and insufficient drainage in drained tests can cause
non-uniform deformation of the specimen in barrel shape at large
strains. The non-uniformities in stresses and strains increase with
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increasing axial strain. The effects of such non-uniformities on stress-
strain and strength properties of the soil depend on how and at what
strain level these parameters are measured and estimated in triaxial
tests. The conventional way of using global stress and strain meas-
ures does not represent the true material behaviour of one single soil
element. The stress state at the centre of the specimen is also affect-
ed by the non-uniformities. According to this study the best repre-
sentation position for the stress path and the stress-strain curve is
located at the 33/40 height of the lateral surface of the specimen.

It has also been observed that the critical state where pure de-
viatoric plastic deformation occurs under constant effective
stresses will not be possible for certain positions within a non-
uniformly deformed specimen. A stress path along, but not exactly
on, the critical state line (CSL) may take place under the following
circumstances:

I. Inadrained test with a high strain rate, the soil at the centre of

specimen may first reach its undrained strength and then hard-

ens along the CSL due to pore pressure dissipation.

In an undrained test with end restraint, non-uniform local vol-

ume changes cause increases and decreases of effective stresses

which may lead to hardening and softening along the CSL.

111 More generally in a non-uniformly deformed specimen, hard-
ening along the CSL may occur at the positions where the
stress path has reached the CSL earlier than the other part of
the specimen.

Experimental observations of stress paths along failure lines can
be found in literature. As shown in this study, such a stress path
may be caused by non-uniform deformation of the specimen, but
is not a true material behaviour of one single soil element at the
constitutive level. Therefore we should be very cautious in devel-
oping new soil models to simulate such an experimental observa-
tion, unless we are sure it is a true material behaviour.

Another implication from this study is that boundary effects
should be accounted for in calibration of parameters in constitu-
tive models. The conventional calibration method based on opti-
mization at constitutive level does not, however, take into
consideration those boundary effects. On the other hand, optimi-
zation at the finite element level where the test is viewed as a
boundary value problem, should result in a better estimation of
model parameters, though this is computationally more expensive,
Macari-Pasqualino, et al. (1994).
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Although the results obtained from this study pertain to only
one clay at one void ratio, the observations are not obviously soil
specific and thus should apply to soils of other types.
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