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SUMMARY: The effects of strain rate, strain rate history, aging and
thixotropy on the stress-strain and strength behavior of a natural clay
has been studied. Results from tests with a variety of time loading
histories are correlated using current rate of deformation as the
unifying time variable.
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ABSTRACT

Time dependence of undrained stress-strain and strength behavior of
a natural, sensitive marine clay has been investigated with particular
reference to the effects of strain rate, strain rate history, aging and
thixotropy. Triaxial samples, identically consolidated, were sheared
under a variety of time loading histories in order to simulate various
deformation rate histories. The stress-strain and strength results
from these tests were correlated using the hypothesis that stress is a
function of current strain and strain rate only. It is shown that a
stiffer stress-strain response and an increase in undrained strength
results from an increase in rate of strain, length of aging and thixotropic

hardening. However, the failure in terms of effective stresses is found

to be independent of time effects of any kind whatsoever.



TIME-DEPENDENT BEHAVIOR OF AN UNDISTURBED CLAY
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INTRODUCTION

Both strength and deformation behavior of clays is time-dependent.
Several investigators (1,2,3,6,8,9,15,16,18) have shown that the undrained
strength measured in the laboratory during the conventional shear tests depends
on the speed of testing; the increase in strength with speed of testing being
more pronounced in clays with higher plasticity index. Similar time effects
are observed during creep loading, where deformation increases under constant
applied stresses and the rupture 1ife decreases as the level of creep stress
increases (7,8,11,14,17). In general, the stress-strain and strength response
of a clay is a function of the time history of loading or deformation. No
attempt has so far been made to correlate stress-strain-strength behavior
from test results with different time deformatiqn histories.

Bjerrum (4) pointed out the importance of time effects in the interpre-
tation of field vane strength data. He showed that, the vane strength must
be corrected for rate effects for accurate prediction of end of construction
failures. Reduction in undrained strength due to creep effects was apparently
the cause for the failure of an underwater slope (10). It is clear that the
rate effects on undrained strength are of considerable practical importance.

Aging and thixotropic hardening are other forms of time effects which
influence the undrained shear behavior (5,12). Aging refers to the length of
time for which a clay sample is left to consolidate before shear. Thixotropic

hardening is the build up of shear resistance under a prolonged rest period
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at constant composition (13). Natural clay deposits are aged and thixo-
tropically hardened for several years. It is therefore important to determine
the influence of these variables for a rational assessment of the field
undrained strength and stress-strain response.

The study reported herein is concerned with the influence of rate of
deformation and other time effects on the undrained stress-strain and strength
characteristics of an undisturbed, saturated, sensitive marine clay. Normally
consolidated samples of this clay were sheared under triaxial test conditions
using a variety of deformation or loading rate histories. The type of tests
carried out consisted of conventional constant rate of strain shear, constant
stress creep, variable stress creep and constant rate of loading shear among
others. The stress-strain and strength results from these tests were
correlated by introducing rate of deformation as a unifying variable. Further-
more, the effect of aging and thixotropic strength gain was studied, though

on a limited scale.

EXPERIMENTATION

A local undisturbed clay (called Haney Clay) was used for this study.
Haney clay is believed to have been deposited in a marine environment and
later subjected to partial leaching due to surface infiltration. It is a
grey silty clay with liquid limit = 44%, plastic limit = 26%, maximum past
pressure about 3.5 kg/cm? (340 kPa) and a sensitivity from 6 to 10. The clay
was block sampled from an open pit and all the test samples were trimmed from
blocks obtained from the same horizon. This ensured the least variation among
individual samples.

A11 test samples were normally consolidated under an all round pressure
of approximately 5.25 kg/em? (515 kPa). Consolidation was allowed for a

period of 36 hours except in the series of samples tested for effects of



aging, where consolidation time up to 48 days was used. Samples were left
undrained for 12 hours under the consolidation stresses prior to shear loading.
Most of the pore pressure generated due to the arrest of secondary consolida-
tion was developed during this undrained period and thus the. pore pressure
measured during the shearing stage was not influenced by secondary compression
effects. Later in the study some tests were carried out on samples consolidated
under an all round pressure of 6.25 kg/cm? (615 kPa) in order to investigate

the existence of normalised shear behavior.

For study of rate effects, a variety of time histories of loading (Fig. 1)
were imposed on identical sample in order to include various types of deforma-
tion rate effects. Constant stress creep rupture loading (1) results in an
intially decreasing deformation rate which ijs later followed by an accelera-
ting rate of loading to rupture. Subfailure level creep loading gives a
continuously decreasing deformation rate. Deformation rate history imposed
in constant load creep (2) is similar to that in constant stress creep. A
continuously increasing rate history with time was imposed in constant rate
of loading shear (3). Conventional constant rate of strain shear (4) imposes
a constant deformation rate history. Some types of loading,e.g. step creep (5)
and step change in constant rate of strain (6) were also carried out in order
to simulate a discontinuity in deformation rate history.

In order to study the effect of aging, a series of samples was consolidated
for periods ranging from 1.5 days to 48 days. They were subsequently sheared
under conventional constant rate of strain.

A set of samples was subjected to subfailure creep loadings. When the
deformation had essentially ceased, they were left undisturbed for an extended
length of time, after which a constant rate of deformation was imposed to

induce failure. These tests were designed to demonstrate the thixotropic

hardening effects.
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A1l measurements were done electronically and the test data were auto-
matically recorded on a digital magnetic tape using a high speed Vidar Digital Data
Aquisition System. High speed automatic recording (10 channels per second) is
particularly useful to enable accurate measurements especially when the
sample deformation rates are high. The test program was carried out in a
constant temperature environment (maximum temperature variation + 0.25°C) in
order to eliminate the influence of temperature on deformation rates and pore

pressure measurements.

TEST RESULTS

Constant rate of strain:

The influence of variation in the constant rate of strain on the resulting
stress strain response is shown in Fig. 2. Curves for only a few typical
strain rates are shown. The deviator stress q = (01—03)/oic has been nor-
malized with respect to the consolidation pressure. Fig. 2 shows that
the stress-strain relation for Haney Clay is dependent on the rate
of strain. The peak deviator stress at the fastest rate was as much as 30%
larger than the corresponding value at the slowest rate. It is interesting
that the axial strain at peak deviator stress was essentially independent of
the rate of strain and was in the neighbourhood of 2.5 to 3%. Similar results
have been reported for undisturbed Mexico City Clay (1).

Fig. 3 shows the variation of undfained strength, Gy > with rate of
strain. (Constant stress creep results will be discussed Tater). There was es-
sentially a linear increase in undrained strength with the log of strain rate in
the region of higher rates. However, in the domain of Tow strain rates, a
lower 1imit of undrained strength (commonly called upper yield) was approached

and a further reduction in rate did not result in additional loss in strength.
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Rate dependence of undrained strength of saturated clays has been
reported by many investigators (1,2,3,6,8,9,15,16,18). In most cases the
strength increased by 5 to 10 percent for an 10 fold increase in rate of
testing and the phénoménon was observed in both normally and overconsolidated
clays, undisturbed or remolded. The Haney clay tested showed a high
increase in strength (approximately 10 percent per log cycle of strain rate)
in the region of higher strain rates. Similar results were reported by Berre and

Bjerrum (2) for an undisturbed Norwegian clay.

Constant stress creep:

The constant stress creep behavior of Haney clay under isotropic
triaxial test conditions hes been reported earlier (7). However, since a
different ‘'batch' of clay was used in the present study, a new series of
tests was carried out in order to be consistent with the data from other
types of tests. The results of this new series (Fig. 4) were essentially
identical to those reported in the earlier publication (7).

The development of axial strain with time at various levels of creep
stress, q, is shown in Fig. 4. For stress levels q = 0.518 and larger, the
samples progressively strained with time until eventual rupture. Under
stress levels g = 0.500 and lower, a continuously decreasing deformation rate
was noted until an elapsed time up to 2 to 3 weeks when the tests were
terminated. The time history of deformation rates (axial strain rate) in
this series of creep tests is illustrated in Fig. 5, which was derived by
differentiating strain time plots of Fig. 4. For samples which eventually
failed, the deformation rate initially decreased until a minimum value was
reached before its subsequent acceleration leading to rupture. Samples which

did not rupture showed a continuous decreasing deformation rate with time.
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Fig. 6 shows the variation of rupture Tife (time from the initiation
of creep until final collapse) with creep stress. The data also includes
the results of tests with higher consolidation stresses. It may be seen
that the use of normalized creep stress g, instead of the deviator stress,
0,=04s results in a unique relationship between creep stress and rupture
1ife which is independent of the consolidation pressure.

Fig. 6, in effect, represents the process of reduction of undrained
strength with time. A given level of stress cannot be sustained by the soil
for more than a fixed time without undergoing collapse. However, the shape
of the stress-rupture life relationship tends to be asymtotic to the time
axis, indicating the existence of an upper yield strength below which creep
rupture will not occur. If it is assumed that the sample with q = 0.500
(which did not rupture in about 3 weeks) will never rupture, then the upper
yield strength value would 1ie between this q = 0.500 value and the next
higher va?ue of q = 0.518, under which creep rupture occurred in the Tongest
observed time in the laboratory. It is also interesting that when the minimum
strain raies, Emin® and corresponding stress levels, g, given in Fig. 5 are
plotted on Fig. 3, they correspond blose]y with the results of constant rate

of strain tests and the same value of upper yield strength is predicted.

This comparison will be discussed further in a later section.

Constant Load Creep:

Constant load creep represents creep under stresses decreasing with time.
Test samples in this series of tests were instantaneously loaded with pre-
determined loads which were held constant with time. As the deformation
progressed, the sample area increased, thereby resulting in a continuous

decrease in creep stress.
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The deformation time behavior under constant 1oad creep (Fig. 7) was
essentially similar to that under constant stress creep (Fig. 4), except that
for the same magnitude of initial creep stress, qg» deformation proceeded
more slowly in constant load creep than in constant stress creep. The
smaller deformations at any given time was a direct consequence of creep
stresses decreasing with time. For initial stress Tevels G = 0.540 and
larger, the samples progressively strained with time until rupture. There
was, however, no catastrophic collapse of the specimens as observed under
constant stress creep. Any tendency for the deformation rate to accelerate
was partially counteracted by an opposite effect due to a decrease in creep stress
as the cross-sectional area of the sample increased. Under initial stress
levels g = 0.532 and lower, a continuously decreasing deformation rate was
observed until elapsed times upto 2 weeks when the tests were terminated.

The time history of axial strain rate is illustrated in Fig. 8. Sam-
ples which eventually failed, demonstrated a characteristic decreasing
strain rate until a minimum was reached before its subsequent acceleration
leading to rupture. A continuously decreasing strain rate with time was
observed with samples creeping under subfailure stresses. Thus, the time
history of deformation rates in constant load creep was also similar to that
under constant stress creep.

The rupture life as a function of initial creep stress level is shown
in Fig. 9, which also includes results from tests with higher consolidation
stresses. It may be seen that the relationship between q and rupture life
is independent of the magnitude of initial consolidation stress. Rupture
1ife progressively increases with decreasing dy- No upper yield strength is
implied by the poorly defined asymptotic g, value, because the stress value

used is the initial and not the actual stress at rupture.
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Constant Rate of Loading:

Samples were loaded in this series of tests by linearly increasing
the axial force with time. This continuous loading is different from the
usual incremental loading shear tests in which samples are loaded with
fixed increments of loads at constant time intervals. Constant rate of load-
ing imparts to the samples a continuous strain rate history whereas incre-
mental Toading causes discontinous strain rate history.

The effect of rate of loading on the stress-strain response is shown in
Fig. 10. The faster the rate of loading the higher was the stress-strain
curve and consequently the larger the undrained strength. A comparison of
Fig. 10 with Fig. 2 shows a characteristic smaller post peak drop in shear
stresses under constant rate of 1oading than under constant rate of strain
loading. After the occurrence of peak, the strain rate is continuously
increasing in the constant rate of loading test (Fig. 10) but is constant in
the other (Fig. 2). Thus the smaller loss in post peak resistance under
constant rate of loading appears to be a consequence of continuously increasing
strain rates at all levels of post peak strains.

The effect of rate of loading on the undrained strength, Gy (peaks of
stress-strain curves in Fig. 10) is illustrated in Fig. 11. There was a
Tinear increase in undrained strength when rate of loading varied over 4
orders of magnitude. This increase in undrained strength was approximately
7% for 10 fold increase in rate of loading. Fig. 11 also shows that the
relationship was independent of the magnitude of consolidation stress. The
loading rates shown in Fig. 11 do not appear to be slow enough to indicate

an upper yield strength value.
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