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Rate effects on residual strength of clays
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A. M . P.W e da ge - D ep artm ent o f C ivil Engineering , University o f Perad eniya, Sri Lanka

ABSTRACT: This paper summarizes the outcome of a series of residual strength tests carried out on a clay-shale at different displacement
rates. The tested high plastic clay-shale shows relatively low residual friction angle under normal laboratory test rates. There is an
increase of 3.4 - 3.5% of the residual shear strength when the displacement rate is increased by ten times. The existing literature on rate
effects is reviewed. Judging from the existing literature, a broad correlation between plasticity of clay and rate effects is obtained. Rate
effects show a nearly linear increase with the plasticity of clay.

1 INTRODUCTION

above mentioned observations on low to medium plastic clays are
somewhat contradictory of the test results discussed in the next
paragraphs.
Bucher (1975), as reported by Lupini et al. (1981) used two
strain-controlled ring shear devices of different design and
reversal shear box tests to study the influence of stress history,
stress level, shear rate and temperature on residual friction angle.
He found that changing the shear displacement rate from
1 .5 * 10 * 2 mm/min. to 15 mm/min. increased the residual strength
of a clay with Plasticity Index of 27% by 24%. La Gatta (1970)
used a strain-controlled rotary shear apparatus testing either a disc
or an annular specimen of varied height. He found that specimen
preparation and stress history did not influence the residual
strength. He also found that increasing shear displacement rate
from 0.6* 10'2 mm/min. to 60*10"^ mm/min., increased the
residual strength of Cucaracha Shale (Liquid Limit of 63%,
Plasticity Index of 20% and clay fraction of 48%) by 3.5%.
Lupini et al. (1981) tested a large number of natural soils in the
ring shear apparatus. Their results showed that the residual shear
behavior changes as the clay content of the cohesive soil
increases. With some soils, the residual strength can be sensitive
to the rate at which the soil is sheared. This effect has been
explored by Lupini et al. (1981) , who showed that increases in
strain rate can cause increases in strength in the soil, with some
brittleness becoming apparent when the strain rates are
subsequently reduced. It would seem that the viscous drag forces
on the particles as they are sheared tend to prevent their complete
alignment. Lupini et al. (1981) termed this turbulent shear to
distinguish it from the sliding shear at low strain rates. For the
strain rate there is a threshold below which the effect is
negligible.
Salt (1988) reported on extensive ring shear tests on clayey
sandy silts from New-Zealand with Liquid Limit of 39% and
Plasticity Index of 19%. He found a 2.2 to 3.6% shear strength
increase for a tenfold increase in displacement rate. Van
Genuchten (1988) tested a varved clay from the La Mure area in
the French Alps and found a minimum increase of 5.75%

The residual strength of cohesive soils is of importance in
geotechnical engineering. The concept of residual strength has
contributed enormously to the understanding of the behavior of
soils subjected to large displacements under both drained and
undrained conditions. It plays a major role in the behavior of old
landslides, in the assessment of engineering properties of soil
deposits which contain pre-existing shear surfaces and in the
assessment of the risk of progressive failure in stability problems
in general.
The approach to the residual state of an overconsolidated soil
can be considered as taking place in two stages. First, after peak
strength is passed, the strength decreases to the critical state value
due to an increase in water content. Then, strength decreases at
large displacements due to reorientation of clay particles parallel
to the direction of shearing. The strength of the soil once this
condition has been reached, will be a minimum and is termed the
residual strength. The friction angle corresponding to this
strength is the residual friction angle <j>r.
When undertaking construction on moving ground, particularly
when movements are themselves induced by construction
operations, a criterion of allowable velocity is useful (List, 1991).
However, such criteria are entirely based on experience and have
no theoretical background. Conventional approaches in analyzing
stability problems or landslides consider only limiting stability
conditions and no account is taken of the actual motions of the
soil. In an attempt to analyze such cases where movement is
involved, an understanding of rate effects (velocity) on residual
strength is important. This paper presents a summary of previous
studies on rate effects and new results from a series of laboratory
experiments conducted on a sheared clay-shale.

2 PREVIOUS LABORATORY STUDIES
Skempton and Petley (1967) in performing shear box tests on
samples of London Clay and Edale Shale at shearing rates varying
between 0.05 and 140 mm/day, showed that the residual strength
of these materials increased by up to 1% to 2% per logarithm
increase in rate of shearing. Experiments by Skempton and
Petley (1967) on London Clay showed that the residual strength
decreases very slightly with decreasing rates of shear; but for
most practical purposes the effect can be neglected, even if the
rate is reduced by two orders of magnitude. This result has been
confirmed by Kenney (1967) for a wide range of clays. The

T

(■^j- = 1.0575) for a jump of 25 in the velocities in direct shear
tests whereas for the same clay, the ring shear tests of
Nieuwenhuis (1991) showed an average increase of 4.0%
T

( — =1.04) for a jump of 10 in the velocities.

Nieuwenhuis

(1991) studied rate effects in the ring shear apparatus with speeds
from 0.2 to 3.0 mm/hr. He ascribed the rate effects to both the
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development of negative excess pore pressure in
overconsolidated varved clays and to truly viscous behavior.

the

3 CONSTITUTIVE MODELS
Davis et al. (1993) studied a strength velocity relationship
exhibiting both velocity weakening and velocity strengthening for
different ranges of slip velocity. They discussed the effects of
non-rigid motions of the sliding mass and results suggest overall
stability will be unchanged from the simpler single rigid-block
analysis commonly used. They assumed the frictional strength of
the sliding mass has some generalized velocity dependence and
shear strength r is given by
R ate o f d isp la cem en t 8 (m m /d ay )

- g [tan^ + /(v )]

(1)

where / is some function of relative velocity. They used the
following form of the function / ( v ) :
/( v ) = -/*(— ) exp(-— )
v»
V.
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Figure 1 Strength ratio vs. rate o f displacement (after
Bracegirdle et al., 1992)

(2)

where fi is a material constant and vfl is a reference velocity.
The negative sign on the right hand side of this equation results in
velocity weakening for values v smaller than v„ and velocity
strengthening for v greater than vR. The function /( v ) has a
minimum value when v= vR.
This general weakeningstrengthening behavior exhibited by equation 2 is typical for
certain soils and rocks Davis et al. (1993). The minimum
strength occurs when v= vR. Similar weakening-strengthening
behavior was suggested by Hvorslev (1960) with regard to clay,
and has been observed by Lemos (1986), and Davis et al. (1990).
Davis et al. (1990) used a non-linear model to fit experimental
results. They assumed there exists a threshold relative velocity
vR below which stable creep cannot occur. This relative velocity
is the smallest non-zero creep velocity possible. They also
assumed the Mohr-Coulomb strength criterion to be applicable.
For the static state,

tan^
A = ■

mob

- tan^

<t>n is the residual shear strength at the effective onset of
movement. They compared their results with previous laboratory
data (Figure 1).

The observations of Van Genuchten (1988) suggested a
logarithmic relation between — and — instead of the linear
ro
vo
Newtonian relation used earlier. Nieuwenhuis (1991) proposed
the following relation combining his observations and Van
Genuchten’s observations.
In— = 57.5751n—

v = 0 and — <tan^r

This equation includes the contribution of all rate effects,
negative excess pore pressures and true viscosity, v is the
deformation rate in mm/hr.

—r exceeds the static strength , tan <f>r ,
a

then creep will occur and the creep velocity must exceed the
threshold value.
Then,
T
V
v > 0 a n d —r = tan ^ , +/?log—
a
v„

4 LABORATORY TESTING PROGRAM OF RESIDUAL
STRENGTH

(4 )

Preliminary classification tests had been performed on this clay
(clearwater formation from Alberta). The soil can be classified as
high plasticity, CH, according to the Unified Soil Classification
system. The Liquid Limit, Plasticity Index and clay size fraction
of the clay are 135, 107 and 49% respectively. The natural
moisture content of the clay is 23%.
Six series of tests were carried out in a set of direct shear boxes
with specimens 6.05 cm square in plan and 2.525 cm thick.
Three of them were conducted with an effective normal stress of
100 kPa and the rest were loaded to 500 kPa. Under each normal
stress, one intact specimen was tested and two specimens with
shear surfaces were tested. Each specimen was subjected to three
different deformation rates 0.7, 1.0 and 7.0 mm/day. Each
specimen was first tested with 7.0 mm/day until the residual
strength was reached. To minimize the disturbances due to
reversal of shear direction after completing forward traverse, with
a displacement of about 8 mm, the box was pushed back to ils

here p plays the role of dimensionless viscosity.
The following relationships between i/>mob (shear strength)
and 8 (rate of shearing) were obtained by Bracegirdle et al.( 1992)
using their results and the observations of Lupini et al. (1981)
and Lemos (1986) when performing tests on Kaolin in the ring
shear apparatus.
8 = <S„ exp(cA fi)

(7 )

(3 )

a

On the other hand, if

(6)

tan^

(5 )

c and R are constants. 8, is a low rate of shearing effectively
corresponding to the static condition. (Bracegirdle et al.(1992)
used 8 , = 0 .0 1 m m/day)
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original position while having the normal stress released, and then
sheared again. The process was repeated until the strength of the
clay had dropped to a steady residual value. Then single travels
were performed at other rates. This technique is admittedly not
perfect. After each reversal a small peak is often observed, and
there is some danger of slurring the clay on the slip surface.
Ideally the displacements should be applied continuously in one
direction.
A Bromhead ring shear apparatus was used for testing
undisturbed clay specimens. The annular soil specimen (5 mm
thick with inner and outer diameters of 70 mm and 100 mm
respectively) is confined radially between concentric rings. It is
compressed vertically between porous bronze loading platens by
means of a lever loading system and dead weights. The details of
the apparatus are reported in Bromhead (1979). The core-cutter
method of preparation, which is found to be satisfactory for stiff
fissured clays, was used. Considerable difficulties in obtaining
undisturbed ring shear specimens were experienced because of
the high stiffiiess of the clay. Two series of tests were carried out
for intact clay samples under normal stresses 100 kPa and 500
kPa. A third series was carried out at 500 kPa on a shear surface,
which is created by slowly rotating the top platen in the direction
of shear. In each series, three deformation rates were applied:
7.0, 1.0 and 0.185 mm/day. Tests were continued until a
stationary value of shear stress was reached. Details of the tests
are found in Wedage (1995).

Figure 2 Coefficient of friction vs. shear strain rate
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5 DISCUSSION OF RESULTS

Edale Shale
(Skempton A Petley. 1967)
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In order to present the results in dimensionless form, rate of
deformation as observed from the tests has to be transferred to
rate of shear strain. To convert the rate of deformation to the rate

Plasticity index (%)

Figure 3 Correlation of rate effects to Plasticity Index

of shear strain (u , => £ „ ) a uniform strain condition throughout
the sample is assumed. However, this assumption could lead to
an overestimation of strain rate, since the majority of shear occurs
close to the top surface of the ring shear sample or at the middle
in the direct shear test sample.
Summarized results of the coefficient of friction vs. logarithm

minimum rate as £pa and if
is taken as 0.001/day, then the
residual friction angle for the tested clay-shale can be expressed

(base 10) of shear strain rate £„ are plotted in Figure 2. It can be
seen from the figure that there is a scatter among the direct shear
test data, whereas the ring shear test data fit to a smooth curve. A
best fit curve is plotted for the direct shear test data considering
the rate effects shown in the ring shear test results too. The
coefficient of friction vs. shear strain rate plot shows linear
approximations for the range of strain rates considered. In
general, results from the ring shear test give a lower bound to the
friction angle under each normal stress value.
Similar
observations have been reported by Bishop et al. (1971),
Bromhead (1979) and Stark and Eid (1994). Higher values of
residual friction angle measured from the direct shear box may be
due to relatively short travel length in one direction without
interruption and due to disturbance as a result of reversal. Nonlinearity of the residual strength envelope is observed here, based
on the differences in friction angle under each normal stress.
It is noted from the result that a slope of approximately 0.0021

tan m = tan (

l + 61n —

(8)

£o

in which </>0 is 6.6° and 1.5° for ring shear and direct shear
respectively, b is 0.0186 for ring shear test and is 0.0162 for
direct shear test.
There appears to be a rough correlation between the Plasticity
Index and rate effects (Figure 3). The test rates available for
Cucaracha shale and silts of New Zealand are somewhat higher
than those available for London Clay, Edale Shale and Clearwater
Formation.
These correlation are tentative and enough data
points are not available to reach a final conclusion. Edale shale
has the lowest LL and Ip shows a minimum percentage increase
in strength per logarithmic increase in shear displacement rate.
The Clearwater Formation shows higher rate effects which is in
accordance with its higher LL and Ip. Salt's figures for the clayey
sandy silts and La Gatta's figures for Cucaracha Shale show
higher rate effects, which represent higher test rates than the slow
tests discussed in this study. Plasticity data for the varved clay
tested by Niewenhuis are not available; this limits the comparison
with other clays. Nevertheless, rate effects show a nearly linear
increase with the plasticity of the clay.

is observed from all the data of ta n / vs. lne £>. This means
when the shear strain rate is increased by 10 times, there is an
increase of 3.4-3.5% in the residual strength for the range of
strain rates from 0.02 /day to 0.7 /day. For the condition of pure
shear as occurred in these tests the strain rate invariant ( e p ) can
be expressed in terms of the shear strain rate (£ > ) alone. If
^ = J12
—ej'J £?‘<
J then, £p = £ .

Considering the static friction angle as

-

'

.

5

and corresponding
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