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ABSTRACT 

Inhomogeneities caused by end restraint and ins@cient drainage during 
conventional compression triaxial tests are analysed by a numerical 
method. A finite element model is presented to simulate the testing proce- 
dure. The soil-platen interaction is represented by contact elements which 
allow frictional sliding between contacting nodes. The soil mass is repre- 
sented by the modtjied 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 direrent end condi- 
tions are compared with the ideal case where no end restraint exists, in 
order to find representative measuring positions in the sample. Dtflerent 
rates of axial strain are tested in order to study the inhomogeneities caused 
by insujicient drainage during drained tests. Simulated results show that 
both end restraint and insujicient 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 the true material 
behaviour of one single soil element at constitutive level. 0 1997 Elsevier 
Science Ltd. 

INTRODUCTION 

There is no doubt that the triaxial compression test is presently the most 
widely used procedure for determining strength and stress-strain properties 
of soils. In such a test, a cylindrical soil specimen is subjected to an axial 
compression stress a, and a radial pressure stress a,. The soil specimen is 
assumed to deform uniformly during the test so that the information 
obtained from the test represents the true material behaviour of a single soil 
element. In addition, it is assumed that the axial stress a, represents one of 
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the three principal stresses and the radial stress 0,. represents the other two 
equal principal stresses. The axial strain, which is assumed to be one of the 
principal strains, is usually determined based on the measured axial displace- 
ment. The radial strain can be either determined according to the radial dis- 
placement which is difficult to measure, or more simply calculated from the 
measured volume change and axial displacement based on the assumption of 
uniform deformation. It is thus very clear that the uniformity of stress and 
strain in the specimen is an essential part for the triaxial test concept. 

However, it is not often the case that a triaxial specimen deforms uniformly 
during the test. Non-uniformity can be caused by, e.g. end restraint, insuffi- 
cient drainage, membrane effects and self weight. The question arises: how 
much effect does such non-uniformity have on the strength and stress-strain 
properties determined from a triaxial test? Different researchers have reached 
different conclusions and a general review of the matter can be found in Lee [ 11. 
Here only a few important conclusions are outlined. According to Lee [I], 
Taylor concluded in the early 1940s that reliable results could be obtained 
with soil specimens having regular ends provided their length 1 to diameter d 
ratio l/d was in the range 1.5-3.0. Bishop and Green [2] showed, by com- 
paring lubricated and non-lubricated ends, that the end friction had little 
influence on the measured internal friction angle of sand samples. According 
to the experimental work by Lee [l], the end restraint could have a significant 
influence on the undrained shear strength of sand, but just slight effects on 
the drained strength and on the internal friction angle. The undrained 
strength of a dense sand tested with lubricated ends was about 20% greater 
than that with regular ends. Lee attributed this difference to the different 
changes of pore pressures at failure. Saada and Townsend [3] summarized 
theoretical elastic solutions of stress distributions at end platens, and found 
that the vertical stress at the ends of a specimen decreases from a very high 
concentration at the edge to a lower value at the centre, and that there are no 
unique patterns for the distributions of radial, circumferential and shear 
stresses at the ends. Recent work by Shanz and Gussman [4] indicates that 
the shear strength of an idealised linear-elastic-perfect-plastic triaxial speci- 
men increases with increasing end restraint and is not significantly influenced 
by sample geometry. Airey [5] studied the effects of different end and 
drainage conditions in triaxial tests by finite element simulation using the 
modified Cam clay model. However, the interfaces between the specimen, the 
rubber layer and the end platens are not effectively simulated, instead con- 
tinuous displacements are assumed across these interfaces. Isotropically 
consolidated undrained tests were simulated and the emphasis was put on 
the consolidation phase. Airey [5] concluded that significant inhomogeneities 
could occur during isotropic consolidation but their effects on the undrained 
stress-strain response were small. 
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The non-uniformity in isotropically normally consolidated clay specimens 
caused by insufficient drainage in drained tests was studied numerically by 
Carter [6]. He showed that marked non-uniformity could occur, depending 
on the relationship between the rate of axial strain, the clay’s permeability 
and the drainage conditions at boundaries. It was also shown that the 
strength of the clay decreases as the rate of axial strain increases. 

In this paper, we will focus our attention on the stress-strain inhomo- 
geneities in a triaxial specimen caused by end restraint in both drained and 
undrained tests and by insufficient drainage in drained tests. The simulated 
soil specimen refers to a slightly overconsolidated Swedish clay which, 
according to Lee [l], should show little effect of end restraint in undrained 
tests. The problem will be studied by means of numerical simulation using 
the commercial program ABAQUS [7]. 

FINITE ELEMENT MODEL 

Constitutive model of the soil 

To simulate the soil behaviour in a triaxial test, a realistic constitutive model 
for the soil is needed. Such a model should account for the important fea- 
tures of soil behaviour. During recent years the modified Cam clay model 
has been considered to be a simple and representative one for cohesive soils. 
The model is described by an elliptic yield function in the p’-q (mean effective 
stress-deviator stress) plane, an associated flow rule to define the plastic 
strain rate, a critical state where unrestricted, purely deviatoric, plastic flow 
of the soil skeleton occurs under constant effective stresses, and a strain 
hardening theory that determines the size of the yield surface according to 
the plastic volumetric strain. Detailed description of the modified Cam clay 
model can be found elsewhere, e.g. Roscoe and Burland [8] and Muir Wood [9]. 

Since a soil is a multi-phase medium, deformation of the soil is often 
accompanied by development of excess pore pressure. The pore pressure 
change is governed by the continuity equation which is coupled to the equi- 
librium equation through the rate of pore volume change and the effective 
stress theory. This is also the theoretical base of soil consolidation. The the- 
ory of coupled Biot-type consolidation can be found in Small et al. [lo]. 

Soil-platen interaction 

The end platens of a triaxial apparatus can be treated as rigid bodies and the 
soil specimen as a deformable body. In a finite element model, the nodes at 
the top and bottom surfaces of the specimen are in contact with the rigid 
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platen surfaces and special contact elements are introduced between the 
deformable surface and the rigid surface. Between two contacting nodes 
frictional sliding of a finite amplitude is allowed and any positive pressure 
can be transmitted. At each integration step these elements construct mea- 
sures of relative shear sliding. These kinematic measures are then used to 
introduce surface interaction theories (Sheng et al. [l 11). 

Three different conditions of soil-platen 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 of 20”. 
(3) Completely rough contact (RC), no sliding at contacting surfaces 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. 

Test conditions and material parameters 

In order to focus attention on the causes and effects of non-uniformities in 
triaxial specimens, it was decided to reduce the number of other variables as 
much as possible. Parameters such as the soil properties, the length to dia- 
meter ratio of the specimen, the type of element, the initial stresses, the con- 
solidation pressure and the final value of the global axial strain, are kept 
constant. In addition, full saturation of the specimen is assumed. The con- 
solidation phase is not considered in this study. 

The radial x-y plane of a triaxial specimen, 0.025 m in radius and 0.1 m in 
height, is discretized into 100 8-node axi-symmetric bi-quadratic elements 
with pore pressure as the third degree of freedom at corner nodes (Fig. 1). The 
y-axis is the one of symmetry. The top boundary is in contact with a rigid 
surface which is only allowed to have vertical movement, while the bottom 
boundary is in contact with a fixed rigid surface. In a drained test, the top 
and bottom of the specimen are drained boundaries. The right (circumfer- 
ential) boundary is subjected to a constant cell pressure of 100 kPa which is 
equal to the initial stress or isotropic consolidation pressure. The triaxial 
compression is conducted by controlling the rate and the total value of ver- 
tical movement of the top rigid surface. In the case where the effects of end 
restraint are of interest, a total vertical movement of 0.05m is carried out 
during 100 days (8.64 x 106s). This corresponds to an axial strain of 50% 
(compressive positive) and a strain rate of 5.79 x lo-* s-l. Choosing such a 
large axial strain is motivated by the interest in the soil behaviour at the 
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1 rigid platen 

2.5 cm 

contacting nodes 

8-node 
bi-quadratic displacement, 
bilinear pore pressure, 
reduced integration, 
axi-symmetric element 

Fig. 1. Finite element representation of the triaxial specimen. 

critical state. 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 peri- 
ods, representing different axial strain rates. 

The simulated soil is the Norrkiiping clay (Westerberg [12]) with properties 
as follows: the initial void ratio e = 2.5, the slope of the critical state line 
M= 1.2 in a p’-q diagram (corresponding to an internal friction angle 
r$’ = 309, the slope of the normal compression line in a lnp’-&, diagram 
h = 0.2 (Q: volumetric strain), the slope of the unloading and reloading line 
in a lnp’-r, diagram K = 0.02, Poisson’s ratio I_L = 0.36, the initial precon- 
solidation pressure pb = 120 kPa (slightly overconsolidated clay) and the 
permeability k = 2 x lop9 m s-l. 

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 0, the surface point A at the mid- 
dle height and point B at the 33/40 height (Fig. 1). In addition, global mea- 
sures of stresses and strains, comparable with laboratory measurements, will 
be used in this paper. The global axial stress aa is either the axial stress 
applied to the specimen which is the axial force acting on the top platen 
divided by the current contact area between the platen and the specimen, or 
the equivalent global axial stress which is the axial force acting on the top 
platen divided by the current cross-sectional area of the volumetrically 
equivalent right cylinder. In this paper the former is referred to as the 
Applied Global Stress Measure (AGSM) and the latter as the Equivalent 
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Global Stress Measure (EGSM). Both the AGSM and the EGSM are used in 
practice in triaxial testing apparatuses, but the EGSM is more common. In 
addition, a theoretical global axial stress defined as the axial force acting on 
the top platen divided by the current cross-sectional area at point C (Fig. 1) 
for frictional contact or at point D for rough contact, referred to as the 
Representative Global Stress Measure (RGSM), will be used for comparison 
in this paper. The reason for constructing such a global stress measure will 
be given later. The global radial stress or is equal to the applied cell pressure, 
as it is usually defined in laboratory testing. The global deviator stress q is 
the difference between the global axial stress a, and the global radial stress 
a,. The global mean stress p is equal to (a, + 2a,)/3. The global pore pres- 
sure 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 within the specimen and the global u takes the value of the local u. 
The global axial strain E, is equal to the vertical movement of the top platen, 
divided by the initial height of the specimen. The global radial strain E, is the 
average radial displacement divided by the initial radius of the specimen 
cylinder. The average radial displacement is the difference in radii of the 
initial cross-sectional area and the current cross-sectional area of the volu- 
metrically equivalent right cylinder. 

NUMERICAL RESULTS AND DISCUSSION 

Effects of end restraint in drained tests 

End restraint or end friction acts as an additional confinement at the ends of 
a specimen, preventing the soil from moving outwards freely and inducing 
shear stress. The distribution of the induced shear stress rxl, within the 
specimen in the drained tests is shown in Fig. 2 for three end conditions at 
three global axial strains. For the ideal case with perfectly smooth contact, 
Fig. 2(a),(d) and (g), 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, shear stresses develop from the end edges 
into the specimen in an X-shape and increases with increasing axial strain. 
This X-shape concentration of shear stress can cause localization of shear 
deformation and eventually result in formation of shear bands (Lade [13]). 
At large strains significant shear stress r.YJ also develops along the lateral 
surface of the specimen. The soil specimen deforms in pronounced barrel 
shapes, Fig. 2(h) and (i). More restrained ends lead to a higher shear stress 
at the end edges and more concentrated displacement in the centre of the 
specimen, Fig. 2(e) and (h) compared with Fig. 2(f) and (i), respectively. 
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The occurrence of the shear stress tXY inevitably causes non-uniform axial 
and radial stresses within the specimen, which is demonstrated in Figs 3 and 4. 
The maximum values of effective axial and radial stresses take place at the 
end edges and the minimum near the l/2 height of the lateral surface of the 

Fig. 2. 

a) SC, Ea= 10% b) FC, &,=lO% c) RC, c,=lO% 

d) SC, &,=25% e) FC, q,=25% f-) RC, &,=25% 

g) SC, E.&O% h) FC, &,=50% i) RC, &,=50% 

max 1 

-5.7 kPa 

5.7 

-23 155 

23 155 

Distribution of shear stress rXY (kPa) in specimens for drained tests. (The shear stress is 
symmetric in the value but differs in sign against the middle plane.) 
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specimen. The ratio between the maximum and minimum effective axial 
stress varies from 1.05 for frictional contact at E~ = 10% to 8.0 for rough 
contact at E, = 50%. The ratio between the maximum and the minimum 
effective radial stress varies from 1.05 for frictional contact at E~ = 10% to 

max=271 I 

a) SC, &,=lo% b) FC, Ed= 10% 

max=431 I 

c) RC, Em= 10% 

d) SC, &,=25% e) FC, &,=25% f-) RC, q-,=25% 

61 

h) FC, e,=50% i) RC, ~,=.50% 

Fig. 3. Distribution of effective axial stress u: (kPa) in specimens for drained tests. 
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16.7 for rough contact at E, = 50%. In the centre of the specimen, where tXy 
is zero and the principal stresses are orientated in the axial and radial direc- 
tions, the actual effective axial and radial stresses at the end of the tests are, 
however, higher than those in the ideal case, Figs 3(h) and (i) and 4(h) and (i) 

max=104 1 max=252 I 

a) SC, E,=lO% 

d) SC, &,=25% e) FC, E&5% 

b) FC, E,=lo% c) RC, &,=lO% 

h) FC, &,=50% 

f) RC, ~,=25% 

Fig. 4. Distribution of effective radial stress ai (kPa) in specimens for drained tests. 
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compared with Figs 3(g) and 4(g), respectively. At axial strain levels lower than 
lo%, the non-uniformities in the stresses are not pronounced, Figs 2(a)-(c), 

3(a)-(c), 4(a)-(c). 
Compared to the stresses, the axial and radial strains display more pro- 

nounced non-uniformities at low strain levels for frictional and rough contact 
(Figs 5 and 6). It can be noted that the centre of the specimen experiences 
both the largest axial compression and the largest radial extension, much 
larger than the global axial and radial strain, respectively. Due to the con- 
finement, the ends of the specimen have the smallest axial compression and 

- 

10.2% 

- 

a) FC, E,=IO%, Ei,=lO% 

67% 

b) FC, &,=25%, Ei,=?-5% C) FC, &,=50%, Ei,=SO% 

d) RC, q,=lO%, qa=lo% e) RC, e,=25%, ~,,=25% n RC, &,=50%, Ei,=508 

Fig. 5. Local axial strain in specimens for drained tests (6,: global axial strain, E,,: axial strain 
for the ideal case SC). 
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the smallest radial extension. Another observation is that the global radial 
extension, calculated based on the volumetrically equivalent right cylinder 
for frictional and rough contact at the end of tests, is smaller than the uni- 
form radial extension for the ideal case of smooth contact, Fig. 6(c) and (f). 
This actually means that the stress non-uniformities due to end restraint have 
caused larger volume changes or higher degrees of consolidation, which is 
consistent with the effect of end restraint as an additional confinement. 

The stress paths for the drained tests are shown in Fig. 7. The local stress 
paths at point B (Fig. 1) reach the same critical state position, independent of 

-2.62 
% 

-3.27 -3.21% 
% 

-68 -19% 

a) FC, E,=-3%, Eir=-3.1% b) FC, ~I=-12%, Eir=-12% C) FC, &,=-23%, Eir=-37% 

0.16 
% 

-4.52 -3.44% 

% 

% 
0.16 

d) RC, Ei-2.7%, Eir=-3. 1% 

E,=lO% 

e) RC, E,=-lO%, &,,-12% f) RC, &,=-15%, Ei,=-37% 

E,=25% &.+O% 

Fig. 6. Local radial strain in specimen for drained tests (E,: global radial strain, Eir: radial 
strain for the ideal case SC). 
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end conditions. The stress path at point 0 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 because this point reaches the CSL earlier than the 
other points in the specimen, but unrestricted, pure deviatoric plastic defor- 
mation at this point is not possible until the surrounding points have reached 
the CSL. 

400 - 

300 

m 
5 
CG 

200 

100 

0 L I 

-- FC. pomt 0 

FC, pomt B 

3 FC, AGSM 

b FC, EGSM 

_ RC, AGSM 

---. RC, EGSM 

- SC, uniform 

E FC, RGSM 

x RC,RGSM 

u 50 100 150 200 250 300 

p’. kPa 

Fig. 7. Stress paths in p’-q plane for drained tests. 
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- -- RC, AGSM 

--- RC, EGSM 

- SC, uniform 

L 
I I I I 

0 FC, RGSM 

x RC, RGSM 

I 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
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Fig. 8. Deviator stress vs axial strain for drained tests. 
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In Fig. 7, the global stress paths based on the AGSM and the EGSM with 
end restraint do not end at the CSL. This is because the global stresses and 
strains are not only affected by the constitutive law of the material, but also 
affected by the deformation pattern of the triaxial specimen. In Fig. 8, it can 
be noted that the drained shear strength is overestimated in the case of 
AGSM and underestimated in the case of EGSM. The overestimation for the 
AGSM and the underestimation for EGSM increase with increasing axial 
strain. Realizing the difference between the definitions of AGSM and the 
EGSM, i.e. different cross-sectional areas used in calculating the global axial 
stress, we can presume that an intermediate area, larger than the area of 
contact but smaller than the area of volumetrically equivalent right cylinder, 
should result in a better representation of the global axial stress. By testing 
cross-sectional areas at different heights of the specimen, we find that the 
global axial stress calculated as the axial force acting on the top platen divi- 
ded by the current cross-sectional area at point C for the case of FC and at D 
for the case of RC, gives the best representation of the ideal stress path and 
the ideal stress-strain curve. This global stress measure is referred to as the 
RGSM. 

Effects of end restraint in undrained tests 

In the simulated undrained tests with end restraint, the specimen deforms in 
similar patterns as in the drained tests but lower maximum shear stresses rX. 
are observed (Fig. 9). 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 three types 
of end conditions. 

max=20 kPa max= 1 C!O kPa 

uniform 

a) SC, E,=50% 

-20 kPa 

b) FC, ~,=50% 

-100 kPa 

c) RC, ~,=50% 

Fig. 9. Distribution of shear stress rxY in specimens at the end of undrained tests. (The shear 
stress is symmetric in the value but differs in sign against the middle plane.) 
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The total volume change in an undrained test is zero. However local 
volume changes will not be zero if the specimen does not deform uniformly. 
With end restraint, some parts of the specimen are expected to compress 
whereas some parts have to swell in order to keep the total volume constant. 
This is verified in Fig. 10, where contours of local volumetric strains are 
plotted. In the cases of frictional and rough contact, Fig. 10(b) and (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). 

max=0.004 max=0.036 

b) FC. &,=50’S c) RC, E,=50% 

Fig. 10. Local volumetric strain Q, within specimens for undrained tests (C: volume decrease, 
E: volume increase, N: no volume change). 

150 I I I / I , I 

- FC. pant A 

--..-- FC. pomt B 

- RC, AGSM 

--- RC, EGSM 

71 

-I 

0 20 40 60 80 100 120 

pf, kPa 

Fig. 11. Stress paths in p’-q plane for undrained tests. 
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Axial strain 

177 

Fig. 12. Deviator stress vs axial strain for undrained tests. 

In Fig. 11, the stress paths at point 0 and point A, after having reached 
the CSL, undergo, respectively, hardening and softening along the CSL, for 
the cases of frictional contact and rough contact (not shown in the diagram). 
This is due to the non-uniform volume changes caused by the boundary 
conditions. In a saturated soil, a volume decrease means increases in effective 
stresses such as at point 0, and a volume increase means decreases in effec- 
tive stresses such 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 volume change takes place. 

The global stress paths based on the AGSM and the EGSM first reach the 
same point on the CSL and then move respectively over and down from the 
CSL (Fig. ll), as if the soil were deviatorically hardening and softening, 
leading to overestimation and underestimation of the undrained shear 
strength (Fig. 12). Once again we must bear in mind that such a global stress 
path is not a true material behaviour, but caused by non-uniform deforma- 
tion of the specimen. Therefore we should be very cautious in interpreting 
similar experimental observations. The theoretical global stress path and 
global stress-strain curve based on the RGSM are in relatively good agree- 
ment with those for the ideal case, i.e. with smooth contact at the ends. 

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 
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parameters and test conditions are kept the same as described in the subsection 
Test conditions and material parameters, except that the same amount of 
axial strain is reached within different time periods, corresponding to differ- 
ent strain rates E. 

In Fig. 13, it can be observed that the specimen deforms uniformly with 
.4 = 5.79 x 10~*(SC’), whereas in the case L+ = 5.79 x 10e5 (s-i) the specimen 
deforms in a barrel shape as with end restraint. This barrel-shape deformation 

~15 k 

&,=0.5 

a) E=5.79.10m8 (s-l) 

&,=0.32 &,=0.5 

b) S=5.79.10-5 (s-l) c) b=5.79.10-5 (s-l) 

Fig. 13. Effects of strain rate on deformation of the specimen and pore pressure distributions 
in drained tests. 
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zz 
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0 
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p’, kPa 

Fig. 14. Effects of strain rate E’ on stress paths in drained tests. 
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I I I I I I 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Axial strain 

Fig. 15. Effects of strain rate E on stress-strain curves in drained tests. 

under a high strain rate is due to the non-uniform distribution of the pore 
pressure within the specimen, i.e. drained near the ends but partially drained 
in the middle part. The soil in the middle part of the specimen is weaker and 
experiences less volume change. Therefore a larger radial extension is expec- 
ted to take place in the middle part than near the ends where the soil conso- 
lidates. It is also observed that the excess pore pressure in the middle part of 
the specimen dissipates from outside to inside as the test continues. At the 
end of the test, the specimen behaves as if drained at all surfaces, Fig. 13(c). 
The initial undrained behaviour under high strain rates is also shown in the 
stress path diagram (Fig. 14). The stress path at point B behaves initially 
undrained, then drained with increasing effective 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 0, the stress path first follows the 
undrained path and approaches the critical state line, thereafter runs along 
the CSL due to pore pressure dissipation and local yielding as in Fig. 7. The 
global stress paths or the stress-strain curves under the high strain rates are 
not in agreement with the actual local stress paths or stress-strain curves 
within the specimen (Figs 14 and 15). 

CONCLUSIONS 

In this paper, numerical analyses of non-uniformities in a triaxial specimen 
caused by end restraint and insufficient drainage have been carried out. It has 
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been shown that both end restraint in drained and undrained tests and 
insufficient drainage in drained tests can cause non-uniform barrel-shape 
deformation of the specimen at large strains. The non-uniformities in stresses 
and strains increase with increasing strain. The effects of such non-unifor- 
mities on stress-strain and strength properties of the soil depend on how and 
at what strain level these parameters are measured or estimated in triaxial 
tests. The conventional way of measuring stresses and strains in global terms 
does not necessarily lead to the true material behaviour of one single soil 
element. The stress state at the centre of the specimen is also affected by the 
non-uniformities. According to this study the best representation position 
for the stress path and the stress-strain curve is located at the 7/40 or 33/40 
height at the circumference of the specimen. The use of the global axial stress 
calculated based on the cross-section area at the l/S or 7/8 height for the 
friction-contact ends and at the l/l0 or S/l0 height for the rough-contact 
ends also leads to relatively good representation of the true stress path and 
stress-strain curve. 

It has also been observed that the critical state, where pure deviatoric 
plastic deformation occurs under constant effective stresses, will not be pos- 
sible 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: 

(1) In a drained test with a high strain rate, the soil at the centre of the 
specimen may first reach its undrained strength and then harden along 
the CSL due to pore pressure dissipation. 

(2) In an undrained test with end restraint, non-uniform local volume 
changes cause increases and decreases in effective stresses which may 
lead to hardening and softening along the CSL. 

(3) More generally in a non-uniformly deformed specimen, hardening 
along the CSL may occur at the positions where the stress path has 
reached the CSL earlier than the other parts of the specimen. 

In addition, it has been noticed that a global stress path may, after having 
reached the CSL, continue moving over or down from the CSL as if the soil 
were deviatorically hardening or softening. Experimental observations of 
similar stress paths can be found in the literature. According to this study, 
such a stress path may be caused by non-uniform deformation of the speci- 
men, but is not a true material behaviour, e.g. deviatoric hardening, of one 
single soil element at constitutive level. Therefore we should be very cautious 
in developing new soil models to simulate such an experimental observation, 
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 constitutive models. The 
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conventional calibration method based on optimization at the constitutive 
level does not, however, take into consideration those boundary effects. On 
the other hand, optimization 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. [ 141). 

Although the results obtained from this study pertain to only one clay and 
to one constitutive model, the observations are not obviously soil specific 
and thus should apply to soils of other types. 
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