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Consolidation and creep effects in the PMT in clay

Effets du fluage et de la consolidation dans le PMT dans l’argile

W.F.ANDERSON, Department of Civil and Structural Engineering, University of Sheffield, UK 

I.C.PYRAH, Department of Civil and Structural Engineering, University of Sheffield, UK

SYNOPSIS: Laboratory scale tests and numerical simulations of the pressuremeter test in clay have 
examined the effects of different test procedures on the results. The differences in the results 
have been explained by considering the influences of local consolidation and deviatoric creep. 
Initial results from full size self boring pressuremeter tests carried out in a calibration chamber 
show similar trends to the laboratory scale and numerical studies.

1 INTRODUCTION

Field tests are usually designed to eliminate or 
reduce the problems associated with sampling and 
laboratory testing, but the interpretation of 
their results is considerably more complicated 
due to non-uniform stress, strain and pore water 
pressure distributions set up during field 
tests. For tests carried out relatively quickly 
in clay it is assumed that idealised undrained 
conditions exist. However some time-dependent 
redistribution of stress and pore pressure will 
inevitably occur and the results will be 
affected by the procedures adopted in carrying 
out the test.

Pressuremeter tests may be carried out with 
stress or strain control and various test rates 
may be used. Published field data suggest that 
changing the procedure or test rate affects the 
results. To investigate this further, and to 
eliminate the influence of natural soil 
variability, laboratory scale studies and 
numerical simulations of pressuremeter tests in 
different clays have been carried out. This 
work has recently been extended to include full 
scale self boring pressuremeter (SBP) testing in 
a calibration chamber.

2 LABORATORY SCALE TESTS

The pressuremeter test has been modelled using 
thick hollow cylindrical clay specimens (150mm 
outside diameter, 25mm internal diameter and 
approximately 150mm high) expanded using 
increasing internal pressure applied in 
different ways and at different rates.

The specimens were obtained by sampling a clay 
bed consolidated 1 -dimensionally from a slurry.
A hole was carefully drilled at the centre of 
each specimen prior to mounting it around the 
model pressuremeter in a modified triaxial cell. 
The specimen was then isotropically 
reconsolidated using internal and external 
pressures equal to the vertical stress applied 
during the initial 1-D consolidation.

During expansion the top platen was rigidly 
fixed and the drainage valves closed to ensure 
radial plane strain expansion under globally

undrained conditions. For each test the cavity 
pressure and expansion of the cavity were 
measured; for the stress control tests the 
latter was monitored by a volume change unit 
whilst for the more recent strain control tests 
three strain-gauged feeler arms measured the 
change in radius of the cavity at mid-height.
In all tests the pore water pressure at the 
cavity boundary and at two positions at the mid 
height of the specimen were recorded.

The stress control expansion tests were 
carried out by applying constant increments of 
pressure for a fixed time, similar to the Menard 
field procedure. Strain control tests were 
performed using a commercial pressuremeter 
control unit. Test details are given in Table 
1 .

The effect of time on the test results can be 
illustrated by examining the build up of pore 
water pressure within the specimen for different 
rates of testing. Fig 1 shows that for two 
strain control tests the quicker test produces 
significantly different pore water pressures at 
the three transducer positions resulting in a 
radial pore pressure gradient. For the slower 
test the initial response is similar but as the 
test proceeds pore pressure equalization occurs.

Figure 1. Excess pore water pressures during 
expansion (strain control)
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Table 1. Test results for kaolin

Test Series Strain Rate At Ap G Cu Test Time
%/min min kN/m2 kN/m2 kN/m2 min

Stress control _
% 10 8050 72 13

Ap = 10 kN/m2 - 1 10 7750 70 26
- 2 10 6350 59 42
— u . c . c . 10 6150 55 96

Stress control _ 2 10 6350 59 42
At = 2 min - 2 20 7450 63 22

— 2 30 6300 87 18

Strain control 4.0 _ _ 15200 51 3
2.0 - - 14800 58 5
1.0 - - 15200 60 9
0.4 - - 11000 69 23
0.2 - - 11400 75 46

u.o.c. - until creep ceased i.e. until AV/V < 0.01% for each increment

3 NUMERICAL SIMULATION

The pore pressure measurements in the laboratory 
tests confirmed that pore pressure gradients are 
set up during cavity expansion and that some 
equalization of these pressures will occur, the 
amount of which depends on the procedure and 
rate of testing. In conjunction with the 
laboratory work, a numerical study has been 
carried out using the finite element program 
CAMFE developed by Carter (1978). This models 
the plane strain expansion of a cylindrical 
cavity using coupled consolidation (Biot 
analysis) with modified Cam Clay as the soil 
model.

Analyses were carried out for both stress and 
strain control expansion. In addition to using 
the same loading sequences as in the laboratory 
tests, an idealised undrained test was 
simulated. Comparing simulations of the 
laboratory tests with the undrained analysis the 
effects of pore water migration on the expansion 
curve are that during the early part of the 
test, for a particular pressure, the cavity 
strain increases as the rate of testing 
decreases, and as the test proceeds the soil 
close to the cavity gains in strength as 
consolidation takes place resulting in a higher 
hollow cylinder limit pressure (Pyrah et al, 
1985, 1988).

On re-examining the experimental results, it 
was evident that although the initial increase 
in cavity volume as the testing rate decreases 
is correctly predicted, the predicted increase 
in the hollow cylinder limit pressure was not 
observed in the experimental results. Whilst 
for strain control tests there is some 
indication of a small increase in the hollow 
cylinder limit pressure, for stress control 
tests the influence is the reverse of that 
predicted, i.e. the slower the rate of loading 
the lower the limit pressure (Anderson et al, 
1987). This disagreement between experimental 
and numerical results suggested that other time 
dependent phenomena influence the expansion 
process, and deviatoric creep was introduced 
into the numerical simulations (Pyrah et al 
1985) .

Analyses which take into account both 
consolidation and creep are in closer agreement 
with the experimental results than those based 
on consolidation alone. Comparing the 
experimental results with the numerical 
simulations suggests that for a stress control 
test creep is the more significant factor, while 
for strain control, although creep still has an 
influence, consolidation is more important.

4. INTERPRETATION OF LABORATORY SCALE TEST 
RESULTS

Secant shear modulus values were obtained from 
the laboratory expansion curves over the range 
lift-off to a cavity volume strain of }4%, and 
are reported in Table 1 for tests on kaolin. As 
predicted in the numerical study, as the rate of 
testing decreases so does the initial slope of 
the expansion curve and this is reflected in the 
lower values of shear modulus deduced from the 
slower tests. This is true for both stress and 
strain control tests although the quicker 
application of pressure during a strain control 
test produces shorter times to %% volume strain 
and consequently higher values of shear modulus 
(Fig 2) .
Mair and Wood (1987) recommend determining the 

undrained strength from the limit pressure 
obtained by extrapolating the cavity pressure/ln 
(AV/V) curve to AV/V = 1. The deduced strengths 
for kaolin using this approach are shown in 
Table 1 together with the time to reach 10% 
radial strain (AV/V = 17.5%). The rate of 
testing is seen to influence the deduced 
strength for both stress and strain control 
tests although the effect is different for each 
type of test. For stress control the quicker 
the load is applied the higher is the derived 
strength, while for strain control the faster 
the test the lower the strength. The reasons 
for this are unclear but, as suggested by the 
numerical simulations, consolidation effects 
appear to be the main influence in strain 
control tests whilst creep is the predominant 
factor in stress control tests.

1 5 4
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Figure 2. Variation of shear modulus with time 
for AV/V = Wt

To appreciate the difference between stress 
and strain control tests it is useful to examine 
the change of cavity pressure and cavity strain 
with time, Fig 3. Even if the time for each 
test is the same the variation of stress and 
strain will be different.

The initial rise in cavity pressure is much 
more rapid in strain control tests and therefore 
the build up of pore water pressures in the 
surrounding soil is much quicker. It is 
logical, therefore, to expect more consolidation 
with this type of test as there is a longer time 
for pore pressures to equalize. For stress 
control tests the cavity pressure, and hence 
pore pressures, develop much more slowly and the 
high pore pressure gradients are in existence 
for a relatively much shorter period.
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Figure 3. Variation of pressure and strain with 
time in stress and strain control tests
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5. FULL SCALE TESTS

The above results are for laboratory scale 
simulations and, because of the relatively short 
drainage path, the influence of consolidation 
may be exaggerated. To study time dependent 
influences at full scale 80mm dia. SBP tests 
are being carried out in a triaxial calibration 
chamber as shown in Fig 4. The SBP monitors 
strain with three feeler arms at the mid height 
of the pressuremeter and pore pressures are 
measured by a pair of diametrically opposite 
differential transducers fitted 40mm above the 
strain arms.

When preparing the calibration chamber 
miniature pore water pressure transducers are 
positioned in the desired locations above the 
calibration chamber base plate. A rigid 
cylinder 1.7m high and 0.8m diameter is fitted 
to the base plate, and then filled with kaolin 
slurry mixed at 1.5 x LL. This is consolidated 
one dimensionally using top and bottom drainage. 
When the height of the slurry has reduced to 
about 1 .0 m, and the excess pore water pressure 
at its centre dissipated sufficiently to ensure 
the clay bed will support is own weight for a 
short time, the rigid cylinder is removed. An 
outer rubber membrane and top plate with 
pressure membrane are fitted to allow the 
application of a triaxial stress system.

In the first series of tests the SBP is bored 
into the soil at this stage and the clay 
consolidated around it using equal vertical and 
horizontal stresses. This attempts to simulate 
perfect insertion of the SBP with minimal 
disturbance. Consolidation under this isotropic 
stress system is considered complete when a 
minimum of 90% of the initial excess pore water 
pressure at the mid height of the clay has 
dissipated.

drai nage

Figure 4. Calibration chamber with SBP in 
position
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Figure 5. SBP data : 1%/min. test on kaolin

The expansion test is carried out from zero 
cavity pressure and, in addition to monitoring 
all of the SBP transducers, the pore water 
pressures in the clay mass are recorded. The 
positions of these pore water pressure 
transducers are checked during dismantling of 
the chamber.

Fig 5 shows the pressuremeter curve and 
responses of the SBP pore pressure cells. It 
will be noted that the measured pore water 
pressures are different. A calibration chamber 
test in which the cell pressure was varied and 
the pore pressure response recorded suggest time 
lags of the order of minutes for the SBP pore 
pressure cells, casting doubt on the validity of 
pore pressures measured by current commercially 
available pressuremeters.

Fig 6  shows the pore water pressures set up 
within the clay bed at the various miniature 
pore pressure transducer positions. These 
transducers were found to have response times of 
5-10 secs in the calibration chamber.
Examination of the curves for PP5 and PP6  at the 
mid height of the sample shows that similar 
radial gradients exist at large scale as in the 
small scale laboratory simulations. It will 
also be noted from the curves of PP5, PP4 and 
PP3 that there appears to be a vertical 
gradient of excess pore water pressure in the 
clay surrounding the central portion of the 
pressuremeter. This suggests that local 
consolidation may not only occur radially, but 
may also occur vertically as a consequence of 
the pressuremeter not expanding as a perfect 
cylinder.

Figure 6 . Excess pore water pressure measured 
h mm above the calibration chamber base, r mm 
from the cavity axis : 1 %/min. test on kaolin

Figs 5 and 6 show typical results for one 
test, but similar responses of the pressuremeter 
pore pressure cells and clay bed pore pressure 
gradients have been found in all tests carried 
out so far, the magnitudes of the pore water 
pressures varying with the test procedure and 
rate used.

CONCLUSIONS

1) Laboratory scale tests have confirmed that 
radial pore pressure gradients are set up 
in clay surrounding an expanding cavity and 
that some radial consolidation occurs 
during a test.

2) Numerical studies have indicated that 
consolidation alone cannot explain 
differences in results of tests carried out 
using different procedures, but 
incorporation of deviatoric creep in the 
soil model leads to better predictions.

3) Derived strength and modulus values are 
affected by method and rate of expansion, 
with consolidation being more influential 
in strain control tests and creep having 
the major effect in stress control tests.

4) Pressuremeter tests carried out in a 
calibration chamber confirm the influence 
of time dependent phenomena and also 
suggest the possibility of vertical 
consolidation away from the mid height of 
the pressuremeter.
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