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Shear Strength of Clays and Safety Factors

as a Function of Time

La Résistance au cisaillement des argiles et les facteurs de sécurité en fonction du temps
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SUMMARY

The concept of intrinsic stress is introduced and the shear
strength of clays is assumed to be a function of this intrinsic
stress, Test results show that the resulting shear-strength para-
meters are independent of the stress history and depend on strain
rate or load duration. The practical application of the concept to
computing the change of safety factors with time is briefly
indicated.

SOMMAIRE

Le principe de tension intrinséque est introduit et la résistance
au cisaillement des argiles est supposée Etre fonction de cette
tension. Les résultats des essais effectués montrent que les
paramétres relatifs a Ja résistance au cisaillement sont indépen-
dants des tensions du passé et dépendent seulement de la vitesse
de déformation ou de la durée de la mise sous charge. Des
applications pratiques du principe au calcul de la variation des
coefficients de sécurité en fonction du temps sont briévement
indiquées.

THE CLASSICAL THEORIES of failure assume that stress condi-
tions alone determine the state of failure of a material
irrespective of the load duration and the stress history and
independent also of the temperature. The Mohr-Coulomb
theory, as a special case, also ignores this influence of time
and energy level. Recently, however, these factors have
received increased attention because their importance can
no longer be overlooked (Murayama and Shibata, 1961;
Vialov and Skibitsky, 1961; De Wet, 1961; Perloff and
Osterberg, 1962; Mitchell, 1964).

That clay soils have time-dependent shear properties has
been recognized for a long time (Vicat, 1833; Terzaghi,
1931), but the profession still frequently approaches prob-
lems of time-dependent stress-strain behaviour of clay soils
as if they could be analysed completely on the basis of the
theory of elasticity or plasticity without regard to the actual
rheological properties. Time effects are often discussed, if
at all, merely on a qualitative basis. One reason for this may
be the complexity resulting when time is considered an addi-
tional variable in any problem. Another reason may be
the difficulty of abandoning old and familiar concepts that
usually are sufficient for most structural materials, and
another the lack of familiarity of most soil engineers with
rheological theory, since its application to problems of soil
mechanics is still developing.

There appears to be general agreement, however, that
saturated clay soils do behave like viscoelastic or viscoplastic
materials. As a consequence, the classical failure theories
(such as the Mohr-Coulomb theory and its effective stress
modification) cannot and do not completely describe the
material behaviour of clay soils. Either they have to be
modified to permit a quantitative assessment of stress his-
tory, temperature, and rate of loading or they have to be
replaced by theories that include these effects.

While in the classical theories one or two material para-
meters such as yield stress or Young’s modulus and Poisson’s
ratio are sufficient to describe the behaviour of an isotropic

material, a larger number of parameters may be required
to express the behaviour of a viscoelastic material, depend-
ing on the rheological model chosen. If, in addition, changes
in the material itself must be considered (because a clay
may change its void ratio or its water content during the
test or during the lifetime of a foundation), the problem is
a rather complicated one.

THE EFFECTIVE STRENGTH PARAMETERS
On the basis of effective stresses the Mohr-Coulomb
theory assumes that the shear strength is given by:

re=¢ + (6 — u)tan ¢’ (1)

Recent improvements in the techniques for measuring
pore pressures in triaxial tests have led to numerous inves-
tigations of these effective strength parameters and most
shear-strength research on clays revolves about the para-
meters of Equation 1. We have argued elsewhere that
perhaps this is not all to the good (Schmid, et al., 1960;
Schmid, 1962). Even with the improved techniques, pore-
pressure measurements still require a careful and slow ex-
perimentation that is possible in a research project but not
very suitable for routine application in construction or
foundation jobs. Also, investigators have reported such
significant variations of pore pressures within test samples
during triaxial tests that the observed values of u have to be
taken with a certain reservation (Blight, 1963; Crawford,
1963). However, the most serious shortcoming of the Mohr-
Coulomb theory, in our opinion, is its failure to include the
effect of stress history or the effect of the variation of void
ratio or water content. Two groups of otherwise identical
soil samples, when subjected to a different consolidation
history, will yield different effective stress parameters and,
as stated also by Hvorslev (1960, p. 256), a proper repre-
sentation of the effective stress Mohr-Coulomb failure
criterion consists of a shear-strength line for normally con-

345



solidated clays plus a family of hysteresis curves for over-
consolidated clays.

THE CONCEPT OF INTRINSIC STRESS

We propose to extend the effective stress concept by
recognizing that any soil particle skeleton arrangement has
a certain number of point contacts with a resulting force
exchange from particle to particle at these contact points.
This force exchange or transmission is an intrinsic pheno-
menon and may only be secondarily related to any exterior
applied stress. It depends mainly on the number and the
area of the particle contacts. The sum total of all the forces
taken over a given nominal area gives a stress which we
define as the intrinsic stress p,. It would be very difficult, if
not impossible, to measure this intrinsic stress directly.
However, we know that in the case of a normally consoli-
dated clay held at the consolidation Joad the intrinsic stress
must be equal to the consolidating pressure.

Conversely, we may assume that in overconsolidated
clays that do not recover their original void ratio upon
unloading, the intrinsic stress p; that remains locked into
the particle skeleton corresponds to the equivalent consolida-
tion pressure on the virgin compression curve. For example,
if a soil is consolidated along a virgin compression line o—a
(Fig. 1) and is then unloaded (rebound branch a-b), the
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FIG. 1. Water content vs. consolidating pressure.

soil will have a water content (or void ratio) corresponding
to point b. The equivalent consolidating pressure and, hence,
the intrinsic stress at that void ratio would be given by
point ¢ on the virgin compression line. Accordingly, for
normally consolidated clays the intrinsic stress is equal to
the effective stress at zero pore pressure.

Since the most important effect of any stress history is
usually a residual void ratio change, the concept of the
intrinsic stress automatically takes into account this history.

SHEAR STRENGTH AND ITS TIME DEPENDENCE
To express the shear strength as a function of the intrinsic
stress we note that, according to our definition, the intrinsic
stress is equivalent to what in ordinary materials is con-
sidered the interior cohesion. It is therefore natural to express
the shear strength as a function of this intrinsic stress:

V(o — oy) = pu* = p;tan ¢ @)

T =
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where pn* and ¢* would be analogous to a coefficient ot
friction and a friction angle on an intrinsic stress basis.
Since the virgin compression line expresses the relation-
ship between water content and intrinsic stress, we may
write:
pi=a-e" Do) 3)
and combined with Equation 2:

Bloy —oy) =7, =p% - a- e~ Piw we) = ge—Diw-wg) (4)

where e denotes the base of the Napierian logarithm.
Thus (4) predicts a linear relationship between the loga-
rithm of the shear strength and the water content. Since
void ratio and water content for saturated clays are directly
related: e = w - G, Equation 4 also predicts a linear rela-
tion between the logarithm of the shear strength and the
void ratio. Experimentally this relationship does indeed
exist and has been reported by a number of investigators,
among them Rutledge (1947), Casagrande (1950), Calhoon
(1954), Leonards (1955), Schmid (1960).

The two parameters of Equation 4 that thus describe the
shear strength are the coefficients 4 and D. Coefficient A4 is
a reference shear strength depending on the reference water
content w,. We suggest to choose the water content at the
plastic limit for w,. Since the remoulded shear strength at
the plastic limit of a soil is constant, the resulting value of

| 5

| S 10
2
In (vl—v'al [kg/cm ]

FIG. 2. Water content vs. shear strength for various times to
failure.

A would be simultaneously a measure of the sensitivity to
remoulding. Coefficient D is the slope of the failure line in
the diagram showing water content versus the logarithm of
the shear strength (Fig. 2).

It was pointed out earlier that if the shear strength of a
clay soil is time-dependent, the parameters 4 and D should
be functions of the load duration or the strain rate. The
slower the strain rate or the longer the load duration, the
smaller will be the shearing strength. Thus, the point A4
should move to the left as the load duration or the time to
failure f increases (Fig. 2). The failure lines also may show
a different slope.

This time dependence of 4 and D has indeed been found.
Figs. 3 and 4 show the results of triaxial tests carried out by
the junior author on load-controlled testing stands. Two
clays, one predominantly kaolinite (Grantham) and one



illite (Grundite), were tested. The test specimens were pre-
pared in the laboratory from a common batch of saturated
clay and were consolidated in the triaxial cells under
different confining pressures. The specimens were then sub-
jected to shear stresses while drainage was prevented. The
stress was applied in uniform load increments that were held
constant throughout the load interval. In order to make the
total time to failure proportional to the load interval as well
as for practical reasons, we chose stress increments that
would cause failure after approximately ten load increments.
To accomplish this, the ultimate strength was either esti-
mated or found by a pilot test. The shear strength was taken
to be the highest stress a specimen could withstand during an
entire load interval. We attempted to increase the length of
the load intervals always by one order of magnitude. How-
ever, for practical reasons, the following load intervals were
chosen: 10 seconds, one minute, 10 minutes, 90 minutes.
The results are shown in Figs. 3 and 4.

Even though there is some scatter, the data clearly show
that parameters 4 and D are functions of the load interval
or of the total time to failure. The scatter is more pro-
nounced in the Grantham clay than in the Grundite mainly
because the Grantham clay was tested first and we had less
skill and experience in choosing the proper stress increments.
Thus, the number of stress increments and load intervals
varied widely from a low of 6 to a high of 18. For the
Grundite clay, 90 per cent of all test specimens failed after
10 = 1 load intervals.

Tests on Grundite clay at various constant strain rates by
Perloff and Osterberg (1962) were evaluated on the same
basis and also show a clear dependence of 4 on the strain
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FIG. 3. Water content vs. shear strength for different load inter-
vals on Grantham clay.
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FIG. 4. Water content vs. shear strength for different load inter-
vals of Grundite clay.

rate (Fig. 5). The data of Perloff and Osterberg seem to
indicate that the value of D changes very little, if at all, and
that perhaps the only time-dependent parameter is the value
A. This may be so for certain soils. It certainly would make
the problem much simpler. This will have to be investigated
further, however. At any rate, the time dependence of the
shear-strength parameters appears to be established and there
are many interesting possible relationships that should be
explored by further research. The important conclusions,
however, that may be drawn from our tests are the following.

1. At any water content there exists a level of shear stress
that can be safely sustained without excessive deformations
or failure within a reasonable time span.

2. Beyond this safe level, however, there is not one
unique shear strength but a range of values that represent
shear strengths as a function of the time the stress must be
carried. The longer a stress must be sustained, the lower it
must be or, conversely, the higher the load, the sooner
failure will occur. This time dependence, incidentally, is not
unique to clays but has also been observed in other materials
such as plastics, timber, and metals at elevated temperatures.

3. The load duration effect is normally not considered in
conventional soil testing but further development and appli-
cation of this method can lead to the quantitative analysis of
the creep of slopes and of problems where failure occurs
after the end of construction. So far a method for the
quantitative analysis of such problems does not exist.
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FIG. 5. Water content vs. shear strength for different strain
rates on Grundite clay (after Perloff and Osterberg).

PRACTICAL APPLICATION

Frequently foundation failures occur after the end of
construction and after the full load has been on a soil for
some time.

According to the effective stress concept, the shear
strength should be lowest immediately after the load applica-
tion because then the pore pressure, u, is a maximum. As
time proceeds, the pore pressure dissipates and the shearing
strength increases. If these considerations reflect the actual
situation, any failure should occur at the end of construction
as soon as the full load is applied. Quite often, however,
failure occurs a considerable time after the full load is
applied. Thus, at least in some cases, there must be
phenomena at work that cause the safety factor to decrease
with time.

We can now compute the safety factor at any time.
Consider for example the foundation problem shown in
Fig. 6 where a trapezoidal load is applied at the surface of a
clay layer. The instantaneous safety factor for the critical
failure surface can be computed by conventional methods.

Liddiadility %

74

a N\ -

Z  ASSUMED FAILURE
SURFACE

FIG. 6. Typical problem of time-dependent shear-
strength analysis.
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However, at any time ¢ > O this safety factor may have
changed. If we use the Mohr-Coulomb effective stress
method, it can only have increased since for ¢ > 0 pore pres-
sures must be less and thus the shear strength must be
higher. If, however, we use the method presented above,
assuming shear-strength properties as they are shown in
Fig. 2, the following reasoning is possible.

Any soil element along the assumed failure surface is
subject to two influences; on the one hand the consolidation
(or decay of pore water pressure) due to the normal stresses
and, on the other hand, the decrease in shearing strength
due to the load duration. Consolidation causes a decrease in
the water content and thus an increase in strength. But
consolidation requires time which, in turn, causes a decrease
in strength. The question is whether the strength increase
due to consolidation is balanced or overcompensated by the
strength decrease due to the load duration.

If, in Fig. 2, we are initially at point 4, and we consider
consolidation only, we would move along the failure line
down and towards the right. Considering the time effect
alone (no change in w), we would move along a horizontal
line towards the left. The vector sum of these movements
determines whether the net result is an increase or a decrease
of the shear strength. For a practical evaluation, one would
have to consider a series of elements on a failure surface
such as the one shown at depth z in Fig. 6 and compute for
each of them, at given times f,, f5, fy, etc., the degree of
consolidation and the change in water content and compare
the strength for that time from Fig. 2 with the applied stress.
Thus, for a series of points, the safety factor may be found
for any time ¢; and can be integrated over the failure surface.

Admittedly, this requires a good deal of computation.
With modern computers this is no longer a serious difficulty
and programmes for some problems are in the process of
development. Even so, the determination of the time varia-
tion of safety factors certainly will remain an intricate prob-
lem for some time and many facets still have to be investi-
gated. The exact variation of 4 and D, for example, will
have to be explored. Since very long time tests would be
required to come into the time scale of field problems,
possible methods of extrapolating short time tests to get long
time variations of the parameters 4 and D will have to be
found. Since the method proposed expresses shear strength
in terms of water content or void ratio, greater emphasis is
necessarily placed on the accurate determination of these
properties and their variability.

CONCLUSIONS
The time dependence of the shear strength of clay soils
is demonstrated and a relatively simple method is shown to
assess this time dependence quantitatively. Actual tests show
the variation of the shear-strength parameters 4 and D with
the strain rate or with the load duration. However, these
parameters promise to be independent of the stress history.
The concepts developed make it possible to compute the
variation of safety factors with time although it requires a
great amount of computation. Extensive research will be
required and may result in improved and shorter methods of
testing.
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