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ABSTRACT

Samples of an over-~consolidated saturated silty clay,
Keuper marl, and a partially saturated granulsr material,
Breedon gravel, have been used in a triaxial test programmne,
with a view to characterising certain aspects of the material
behaviour for use in a flexible pavement design procedure.

Samples of over-consolidated Keuper marl were subiected
to repeated axial sinusoidal locads. In addition, further
samples were tested under creep loads and standard slow
rate of strain triaxial tests.

The results from these tests are used to relate the
plastic deformation under repeated loads to simple creep
tests and to the standard undrained soil strength test.

In addition, the resilient behaviour is shown to be a function
of the stresses applied to the soil.

The samples of granular material were tested drained
and were subjected to cyclic vertical and horizontal
stresses. The development of a metlhod of lateral strain
measurement allowed a fundamental analysis of the behaviour
of this material under a cyclic lateral stress.

The resilient and permanent deformations occurring
under a cyclic horizontal stress have been related to those
occurring under the simpler situation of a static horizontal
stress.

A review of previous work considers research carried
out on flexible pavement design with special reference to

the role of unbound materials. In addition, an outline 1is



given of studies carried out on creep of clays and repeated
behaviour of clays and granular materials.
The behaviours of the silty clay and the granular material
are analysed in the context of a theoretical pavement structure.
The basic testing apparatus is outlined briefly,
while developments to the apparatus including an automated
computer based data collection system are described in the
form of appendices.
A summary of the test results is given in the conclusions

together with suggestions for further work.
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pore water pressure paramcter
California bearing ratio

voids ratio

Young's modulus

equivalence factor

shear modulus

resilient shear modulus

bulk modulus

resilient bulk modulus

wheel load

resilient modulus
over-consolidation ratio

mean principal stress
equivalent pressure

mean value of repeated mean principal
repeated mean principal stress
maximum mean principal stress
deviator stress

strain controlled sample strength
mean deviator stress

maximum deviator stress
repeated deviator stress
standard wheel load

time in seconds

pore water pressure
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N1ii

VR resilient volwictric strain

a function for plastic strain rate at
unit time

a general functicn for plastic strain rate
at unit time
€p plastic strain
strain rate

€ oot octahedral normal strain
ep strain after T seconds

€R resilient strain

€4 plastic strain rate at unit time
A decay constant

vR resilient Poisson's ratio

o, vertical stress

Oq cell pressure

Oamax maximum cell pressure

O amean mean cell pressure

o '. initial effective stress
3 1

(01—03) deviator stress

(OI_GS)R repeated deviator stress
(Ol—os)max maximum deviator stress

o] octahedral normal stress
oct

T octahedral shear stress
oct

) octahedral shear strain
oct

PR resilient shear strain

Stresses with primes are effective.
The notation used in the review of previous work is that of

the original authors and is defined in the text.



AUTHOR'S NOTE

Figures and tables are placed wherever possible,

directly after their first mention in the text.



CHHAPTER ONE

INTRODUCTION

Ir many foundations repeatcd loads can form a large
part of the live load on the soil. These loads can be
traffic induced in the case of a road pavement, or, for
example, they could be naturally imposed vibrations in
soil strata due to earth tremors or wave forces on structures
currently being constructed for use in the North Sea
(Bjerrum, 1973). In the case of the traffic induced stresses,
the frequencies expected on the soil would be of the order of
10 Hz; however, for the naturally imposed earth tremors or
wave forces, the frequencies are much lower, of the order
of 0.1 ﬁz.

In all of these cases, a greater knowledge of the time
dependent behaviour of soil will help in providing
engineering solutions to the problems encountered.

The research described in this thesis, although it
has wider applications, was carried out'in the context of
the flexible pavement design problem. A comprehensive
review of research related to this problem has, therefore,
been presented in Section:2.1.

Current methods of pavement design are largely
empirical. In order to improve pavement design, Brown
and Pell (1970, 1972) proposed a structural design approach
to the problem. The procedure was similar to that
accepted by engineers when designing steel or reinforced

concrete structures. It involved the consideration of



traffic loadirg and material characteristics under

these loads. This approach has been made possible

by the advent of greater access to powerful digital
computers which allow the analysis of pavement structures
in terms of the applied loads and resultant displacements.
Using either layered elastic or finite elemeﬁt techniques
providing the resilient characteristics of the components
of the stiructure are known, then it can be designed to
limiting stress or strain criteria to prevent fatigue
cracking of the bituminous layer. In addition to cracking,
many pavements fail due to an unnacceptable build up of
irrecoverable deformation, a process commonly known as
rutting. This, in particular, is the most common Tform of
failure in the British Isles. It is, therefore, also
necessary to design pavements against excessive permanent
deformation.

The unbound materials play an important part in the
overall behaviour of the pavement structure. However,
relatively little is known of the resilient and permanent
deformation characteristics of these materials. The
resilient modulus of these materials is currently determined
from a CBR test which is a static test to failure
(Heukelom and Klomp, 1962) while the permanent deformation
in the subgrade is limited by a resilient strain criterion
without any consideration of the type of soil (Dormon and
Metcalf, 1965). An attempt has been made, therefore, in

this work to characterise the resilient behaviour in terms



of the applied stresses and to relate the permanent
deformation to the plastic properties of the soil.

Much repeated load research on clays has been carried
out on remoulded, partially saturated, compacted clays.
This did not allow analysis in terms of effective stresses.
- In addition, many pavement failures occur on saturated
subgrades which, if they are undisturbed clays, would
generally be over-consolidated. A programme of resesrch
has, therefore, been carried out on the effects of repeated
loading on the plastic and elastic properties of an over-
consolidated silty clay. The measurement of wmean values
of pore water pressure has allowed a more fundamental
stress-strain analysis.

In a pavement structure, the unbound materials are
subjected to cyclic horizontal stresses as well as vertical
stresses. A partially saturated granular material whose
stress-strain characteristics have already been documented
by Lashine et al (1971) was tested to determine what effect
a cyclic, horizontal stress has on this material's
behaviour.

A servo-hydraulic loading rig was used to test
samples (Cullingford et al, 1972), which gave flexibility
in the types of load applied, allowing a closer
approximation to some of the loading conditions under a
flexible pavement. In addition, a triaxial apparatus was
used which allowed the variation of both the major and

minor principal stresses on the soil samples. This was



once again in order to c¢btain a cleser representation of
stresses due to vehicle loads.

All of the tests were carried out with a view to
relating the material behaviour where possible to a more
simple laboratory test which could be incorporated into
a design procedure.

The broad objective, there¢fore, of the work described
in this thesis was material characterisation related to the

development of design methods for flexible pavements.



REVIEW OF PREVIOUS WORK

2.1 THE STRUCTURAL DESIGN OF FLEXIBLE PAVEMENTS WITH

SPECTAL REFERENCE TO THE ROLE OF UNBOUND MATERIALS

2.1.1 Pavement Design Schema

Current flexible road pavement design in Britain is
carried out using the Department of the Environment
publication Road Note No. 29 (1971). The design method
is largely empirical, being based on criteria established
from field performance. Predicted traffic is reduced to
equivalent numbers of standard (8200 kg) axles. The
subgrade strength is determined from the CBR value (which
can be an estimated one) . Using this information and a
series of charts the thickness of the pavement layers %
determined.

In recent years, interest has been shown in developing
design methods based on stress analyses of the pavement
structure which use the stress-strain characteristics of
the constituent materials. The advantages of these methods
are that they allow extrapolation to new and unforeseen
situations.

Waters and Shenton (1968) and Heath et al (1972)
outline a procedure using the stress-strain characteristics of
materials for estimating the depth of ballast in
conventional rail track foundations. The basic information

required is:



(a) The applied loading spectra.
(b) The stress or strain distribution through the structure.
(c) The subsoil material parameters under relevant

conditions.

Repeated load tests on samples of London clay show a
threshold stress level, above which deformation is continuous.
A limiting elastic strain is associated with this level.
The depth of ballast is calculated using simple elastic
theory such that this level is not exceceded.

The flexible pavement design problem is more complex
as Hveem (1955) showed. He proposed that as well as
designing a pavement against plastic deformation, counsider-
ation should be given to providing a structure with
sufficient stiffness to reduce flexing to an acceptable
value, to protect against fatigue failure.

Brown and Pell (1970, 1972) propose a structural design
approach to the problem. The procedure is similar to that
accepted by engineers when designing steel or reinforced
concrete structures. This involves the consideration of
traffic loading and material characteristics under repeated
loads. A structure is assumed, which then allows the
computation of stresses and strains and their comparison
with the maximum allowable. An iterative process is then
commenced to produce a pavement which is satisfactory both
structurally and economically.

Finn et al (1972) propose a similar procedure using

a series of subsvstems. The elastic properties are



considered as part of the traffic associated fTatigue
subsystem. The plastic deformation is considered inside
a distortion subsystem. Each of these sﬁbsystems is part
of the overail design process.

Many of the parameters used in the design process
cannot be estimated with absolute accuracy, but have an
inherent variability. Darter et al (1973) have derived
theory and concepts for a probabilistic approach to pavement
design which allows the designer to design for a specified

level of reliability. The variations considered are:

(1) Variations within a project.
(2) Variations between design values and the as-built
structure.

(3) The lack of fit of the design models.

2.1.2 Theoretical Analyses of Pavement Structures

The most commonly available analysis in the form of
computer programmes is the linear elastic layer theory.
This theory was first developed by Burmister (1943).

His analysis revealed the controlling influence of two
ratios on the load settlement characteristics of the two
layer system, namely a/h, and E,/E, where:

a = radius of bearing area

h; = thickness of pavement layer
E; = modulus of subgrade

E_, = modulus of pavement



The assumptiouns made using this theory arc, in<inite
extent horizontally of the top layer, infinite extcent both
vertically and horizontally for the subgrade, and continuity
of stresses across the interface. Linear elastic theory
has now been incorporated into multi-layer programmes
such as BISTRO and CHEVRON.

Barksdale and Hicks (1973) outline the assumptions made

in this sort of computer programme. They are:

(1) Each layer is a continuous, isotropic homogeneous
linearly elastic medium of infinite horizontal extent.

(2) Surface loading can be represented by uniformly
disfributed vertical stress acting ovexr a circular
area.

(3) Interfaces are either perfectly Emooth or perfectly
rough.

(4) Each layer is continuously supported by the layer
beneath.

(5) Inertial forces are negligible.

(6) Deformations throughout the system are small.

(7) Temperature effects are neglected.

The modulus of both granular and cohesive soils varies
with the applied stress. This provides a problem in
determing what values to use. This can be overconie by
using an iterative elastic layered solution. Havens et al
(1973) and Brown and Pell (1972) suggest that the state of
knowledge of material characteristics is now at a stage
where layered elastic theory can begin to be used with sonie

confidence.



Several studies have been made of pPilot scale
pavements by Brown and Pell (1967), Brown and Buch (1972)
and Thrower et al (1972). All of which showed that
provided realistic, measured Valﬁes of elastic parameters
were used for each layer, reasonably accurate predictions
of stress and strain levels can be made, using layered
elastic theory. ‘Thrower et al, however, found that at
higher temperatures higher stresses were imposed on the
unbound materials. This resulted in less accurate
predictions because of the increased influence of the ron-
linear behaviour of these materials.

Marek and Dempsey (1972) produced a model for
determining stresses and strains incorporating both layered
elastic theory and functions for temperature. The data
produced by this model was in good agreement with measure-
ments from the AASHO road test.

There are available in addition to elastic layered
analyses more sophisticated finite element techniques.

The computer programmes using these tedhniques use a
greater amount of computer time, but have the advantage of
being able to incorporate the non-linear response of
pavement materials.

Dehlen (1969) and Dehlen and Monismith (1970) used
both linear and non-linear finite element analyses which
led to the conclusion that non-linear material response is
not a disqualification for the use of linear elastic theory
for the practical design of a flexible pavement over a
sandy clay subgrade. Less error was introduced by non-

linearity than by other assumptions made.
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Tayior (i971i) developed a finite element computer
programme for a two-dimensional analysis but found that
a true thrce-dimensional analysis used a prohibitive
amount of computer storage.

Hicks and Monismith (1972) applied locads to a proto-
type pavement and also to the San Diego test road.
Mecasured responses were compared with computed responses
from a multilayer iterative elastic programme and two
finite element programmes. The finite element procedure
provided a closer agreement than did the multilayer
elastic procedure. Similarly, Richards and Gordon {(1972)
used a finite element analysis to include moisture and
stress dependent material properties. Predicted and
observed behaviour were in good agreement.

Although finite element analyses seem to provide
good agreement between computed and measured pavement
responses their use seems Justified only in cases where

their increased sophistication brings economic savings.

2.1.3 Design Criteria for Unbound Materials

As already outlined in Section 1.1.1, Heath et al (1972)
proposed a limiting elastic strain criterion on the sub-
grade for railway track foundation design. This limit
was the elastic stress or strain beleow which the plastic
deformation determined in repeated load laboratory tests
became asymptotic to a limit.

Critical conditions for flexible pavements used by

Dormon and Edwards (1967) in their proposed design method

are.:
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(a)  The horizontal tensile strain at the bottom of the
bituminous bound Jayer.
(b) The vertical compressive stress or elastic strain in

the surface of the subgrade.

The criterion for the compressive strain was based on
that strain calculated to have been withstood satisfactorily
by existing roads. This was set at 6.5 x 10™* for 10%
repetitions of loading. |

Dormon and Edwards (196t) and Dormon and Metcalf (1965)
explain that this criterion was derived by applying elastic
theory to pavements designed by CBR methods, which gave the
maximum vertical compressive strain as 8 - 9 x 10 ¢
irrespective of the type of soil. To allow for increased
traffic intensity 6.5 x 10 % was chosen as the limit for 10°
load applications. Analysis of results from the AASHO road
test showed a relationship between the calculated vertical
compressive strain in the subgrade and the number of load
applications to a given performance level measured by the
Present Serviceability Index (P.S.I.).

Brown and Pell (1972) in outlining the structural
design approach also list design criteria which should be
considered for unbound materials. Granular bases, it is
pointed out, are unable to take more than a nominal amount
of tensile stress. It is hence suggested that the design
criterion for this layer should be the horizontal tensile
| stress and that this should not exceed 0.5 times the

vertical stress plus the horizontal overburden pressure.
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The currvent lack of information prevenits the use of ihe
pPlastic strain accumulated in this layer as a further
criterion. For the subgrade it is suggested that the
Shell criterion as outlined by Dormon and Edwards (1967) be
used, i.e. limiting the vertical strain in the subgrade
according to the number of design load applications.

From tests on a model pavement, Lister (1972) indicated
that the combination of high temperature and wheel load
close to the maximum regularly recorded on British main
roads generatesstresses on the subgrade which approach the

strength of typical clay soils in conventional triaxial

testing, Table 2.1.

Temperature Condition
Location Parameter
in road Hottest atjIntermediate] Coldest
2.8 k/nh at 2.8 k/h jat 2.8 kx/h

Soil Vertical
formation|stress (kN/m=2) 82.5 60 21.4
(on load
axis) Deviatoric
: stress (kN/m=2) 75 56.5 18.6

Vertical

compressive

strain x 10° 680 519 170

Table 2.1 Values of stress and strain parameters likely to
be associated with failure in an asphalt pavement
and its subgrade. After Lister (1972).

It can be seen from this table that the maximum
compressive strain coincides with the limiting criterion put

forward by Dormon and Edwards.

In Britain, permanent deformation is accepted by



engineeirs as ithe principal indication of failure and major
reconstructiocn is undertaken when the rut depth is 20 mm
(Croney, 1972). As a large proportion of this occurs in
the unbound layers scme prediction of rutting in the

subgrade should ultimately be a design criterion.

2.1.4 Unbound Material Parameters In Situ

The elastic analysis for design purposes requires a
measure of the elastic material parameters. For this
reason a great deal of attention has been paid to
characterising these for the unbound pavement layers.
Robnett and Thompson (1973) report that results from the
WASHO and AASHO full scale road tests indicate that the
subgrade contributes 60-70% of the pavement deflection at
the surface. In addition, Dehlen (1969) showed that
pavements tested by plate tests showed stress softening
or stiffening characteristics depending on the proportions
of the stiffening or softening materials in the pavement.

The elastic parameters are largely governed by the
applied stress but in addition the elastic modulus 1is
affected in situ by a number of environmental conditions.

Nash (1958) found that the strength of laboratory
samples of clay subjected to repeated loading reduced as
the saturation increased. Seed et al (1962) also found
that the modulus of a compacted clay varied with the water
content and method of compaction. It was also reported that
the resilient characteristics of a soil compacted with

pneunatic rollers in the field are very similar to those
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of laboratory samples prepared by kneading compaction.
Heukelom and Klomp (1962) reported that the modulus of the
subgrade decreases with increasing moisture content and
increases with increasing compactive effort. Croney and
Bulman (1972) show that the eclastic modulus of a moisture
sensitive heavy clay can be sik or seven times greater in
an arid environment than in a shallow water table.
Similarly, Dehlen (1969), testing undisturbed and compacted
clay samples, showed that the resilient modulus increased
with an increase in soil suction. Richards (1970) and
Richards and Gordon (1972) show that the resilient modulus
is related to soil suction and that this is related to the
moisture content of the soil. Hicks and Monismith (1972)
reported a measured 40% decrease in modulus for a granular
layer for a change from a partially saturated conditiocon to
a saturated one. Bergan and Monismith (1973) reported a
significant seasonal change of the modulus in cold regions.
Freeze-thaw cycles seeming to reduce the measured moduli.
The elastic modulus is currently often measured in situ
using the soil CBR value. This is done using the simple

relationship:

E 100 x CBR kg/cm?

Heukelom and Klomp (1962)
It is not considered, however, that this static
test is a good measure of the resilient characteristics of
the unbound materials. Pell and Brown (1972) suggest that

there is a need for the correlation of laboratory and field



work and a need to extend present laboratory tech

make them more relevant to the design problem.

2.2 REPEATED LOAD BEHAVIOUR OF GRANULAR SOILS

2.2.1 Introduction

Repeated load studies of granular materials have been
mainly concerned with the characterisation of both the
resilient and plastic material behaviour. The effects of
stress configuration, aggregate type and grading, relative
densities, and degrees of saturation, have all been
documented.

The most widely studied of the above paramesters has
been the effect of applied stresses. Model functions have
been developed to fit the data, which show that the resilient

response is non-linearly stress dependent.

2.2.2 Models of Resilient Behaviour

Williams (1963) carried out tests on a sand and a
limestone gravel. The elastic modulus was found to be a

function of the cell pressure, 05, in the form:
MR = F[(o‘a) ]

Moore, Britton and Scrivner (1970) testing a crushed
limestone base material, showed that the resilient modulus
in the vertical direction could be expressed as a function

of the cell pressure in the form:
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where K1 and K, are constants.

Huang (1968) used a similar relationship 1in his
analysis of the stresses and displacements in non-linear
s01l media, this relates the modulus to the stress

invariant, §, in the form:

E = E_(1+pg)

where E = the elastic modulus
EO = the modulus when § = O
= constant
6 = (0,+05+0,)

Kallas and Riley (1967) reported tests on gravel base
and sub-base materials which show that the resilient

modulus varies according to:

K
Mr = K103

This relationship is the commonly accepted one for
defining the resilient behaviour of granular materials and was
originally formulated by Biarez (1962).

Hicks (1970) and Hicks and Monismith (1971) showed
that the resilient modulus can be related to either g, or

8, the sum of the principal stresses in the form:

K.a
MR = K103

and MR = K, 8
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Brown and Pell (1967) reported from measurements
taken in a model pavement study thatl the resilient
modulus for the granular layer was a function of the first
stress invariant (this is the same as £) and that this
function took the same form as that reported by Hicks.

Barksdale (1972) (1), using a repeated load test to
evaluate base course materials, found the resilient

response followed the relationship put forward by Hicks of:

- K,

r = K0

Similarly, Allen and Thompson (1973), carrying out a
statistical analysis of data ccllected from their own
repeated load tests on three different granular materials,

%

showed that MR = Kle was a model with high correlation
coefficients.

Lashine et al (1971) showed, however, that the model
M. =K.o

was only applicable to the special case of the mean
deviator stress being equal to half the amplitude, otherwise

the stress-strain relationship should be written:

L K,
X, (0,-04)n (0, -05)pFp
€R ~ X,
Oa
where ER = resilient strain in vertical direction
(ol—os)m -~ mean deviator stress
(01’03)p/p = peak to peak deviator stress

o. = confining pressure
o
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2.2.3 Recsilient Poisson's Ratio

On examining integral transform and finite elemnent
solutions of flexible pavement stress-strain responses,
Hicks (1970) found that recascnable changes in Poisson's
ratio could result in changes in fatigue 1life of the order
of 50%. He found that Poisson's ratio increased with
decreasing horizontal stress and increasing repeated axial

stress, which could be put in the form:
v=A + A(o,/0,) + & (0,/0,)% + A (0, /0,)°

Allen and Thompson reported on repeated load tests
using both constant and repeated confining pressure.
They showed that expressing the resilient Poisson's ratio
as a function of (01/03) in a similar manner to Hicks,
gave the best fit to the experimental data. Under constant
cell pressure the Poisson's ratio increased markedly with
the principal stress ratio, values exceeding 0.5. However,
under repeated cell pressure the Poisson's ratio was
observed tc be virtually constant with values in the region
of 0.4 to 0.5.

Morgan (1966) found that resilient Poisson's ratio
values were in the range 0.2 to 0.4 but that they did not
appear to be related to the confining pressure, deviator

stress or number of stress applications.

2.2.4 Loading History

As far as the resilient behaviour of granular materials



19

1s concerned it would appear that samples do not have a
"memory" of previous sub-failure loading cycles. Hicks
(1970),investigating the effect of stress Seguence,
revealed that as long as the stresses were representative
of those found in an actual pavement system, one specimen
may be used to measure the resilient response at all
stress levels and that these different stress levels could
be applied in any sequence.

A preliminary test series carried out by Allen and
Thompson (1973) showed that the effects of stress history
on resilient response was negligible.

Dehlen (1969) found, however, that the resilient
modulus of granular materials did depend somewhat on stress
history, but that the resilient response of sénds and clays
subjected to complex stress histories could be estimatied

adequately after 50 to 100 load repetitions.

2.2.5 Cyclic Cell Pressure

In order to better simulate the in situ stress
conditions, it is possible to cycle the confining stress
as well as the deviator stress in the triaxial apparatus.

Preliminary tests carried out by Lashine et al (1971)
seemed to show a softening effect on the resilient modulus
of cyclic cell pressure. Measurements, however, were
only made of vertical deformation of the samples, with the
result that the resilient modulus defined as the deviator

stress divided by the vertical strain was in no way
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analagous to Young's mcdulus. The definition given
above takes no account of the increased cyclic stress in
the vertical direction due to the confining pressure
component nor of the Poisson's ratic effect.

Allen and Thompson (1973) reported on tests using
constant and cyclic cell pressure. The values of
resilient modulus computed from the cyclic cell pressure
tests were less than those computed from constant cell
pressure tests. Also, as already reported in Section 2.2.3,
values of Poisson's ratio were much reduced under cyclic

cell pressure conditions.

2.2.6 Frequency and Duration of Load Application

Hicks conducted tests at stress durations of 0.1, G.15
and 0.25 seconds and found no change in the resilient
modulus or Poisson's ratio. Similarly, Lashine et al
(1971) also showed that the frequency in the range 1 Hz
to 10 Hz had little effect on the resilient properties of
a granular material. Allen and Thompson (1973), in their
preliminary test series, showed that the effects of
frequency were negligible.

Williams (1963), testing a sand and a limestone gravel
with durations of load application from .03 sec to 300 sec,

reported that the duration of load application had little

effect on the modulus.

A 3
5.2.7 Density, Saturation and Aggregate Type

Hicks (1970) reported that the resilient modulus is
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greater for samples compacted to higher relative densitics
and subjected to identical stresses. The results of Allen
and Thompson (1973) indicate a similar trend. They also
considered the effect of the density on the parameters K.

and Ké in the model:

K1 showed a tendency to increase with density while K
showed a tendency to decrease.

Haynes and Yoder (1953) found that the resilient moduli
of gravels and crushed stone were decreased by an increase
in the degree of saturation. This effect was more marked
for the gravels. Hicks (1970) also found that an increase
in the degree of saturation adversely affected the resilient
properties of granular materials.

Hicks reported that the resilient modulus increased
with the particle angularity or surface roughness. Allen
and Thompson demonstrated from their tests that, in general,
a crushed stone yields higher values of resilient modulus

than a gravel.

2.2.8 Permanent Deformation Properties of Granular Materials

For the purposes of flexible pavement design it is
necessary to be able to quantify the plastic deformation
occurring in any granular layer which is present.

Haynes and Yo der (1963) made a study of base course
materials used in the AASHO road test using a repeated load

triaxial test. As the saturation of the samples increased,



so the permanent deformation for a given number of cycles
increased. Permanent deformation was still occurring
after 100,000 load repetitions and no equilibrium state
was apparent.

Morgan (1966) concluded that Tor sand permanent
deformation continues to accumulate even after two million
cycles of load application although the accumulation is
considered to become negligible (1% per 10°% cycles).

Lashine et al (1971), contrary to the findings of
others, found that an equilibrium value of permanent strain
was reached after 10®° cycles of load application. The
finite strain developed was a function of the ratio of the
deviator stress to the confining pressure. Drainage
conditions, despite the fact that the samples were partially
saturated, were found to have a major influence on the
permanent strain properties. There is a marked increase.
of permanent deformation in undrained tests compared to
drained. This is almost certainly due to the development
of pore water pressures and hence a reduction of the effective
confining stress.

Shackel (1972) related the cumulative permanent strain
to the ratio of octahedral shear to normal stresses. This
is similar to the findings of Lashine but uses instead two
stress invariants.

Barksdale (1972) (1) and (2) found that a hyperbolic
relationship derived by Kondner (1963) could be fitted to

the permanent stress-strain curves for granular materials.
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This function relates ihe pevinanent strain to the devictor
stress and confining pressure. A rut index (defined as
the sum of the 3 : . . B,

e permanent strains occurring in the top and
bottom halves of the base multiplied b}r _1_05) which is
approximately proportional to rut depth in the basec was
proposed for evaluating the relative rutting characteristics

of base materials.

Note

Further reviews of recent work on granular materials
may be found in Allen and Thompson (1973) and Boyce et al

(1974).

2.3 REPEATED LOAD BEHAVIOUR OF COHESIVE SOJILS

2.3.1 IJTntroduction

The repeated load behaviour of cohesive soils was
first studied in the context of the pavement design problem
by Seed et al (1955). This study and subsequent ones,
Seed and McNeill (1956 and 1957) showed that deformation
characteristics determined by normally accepted tests are
not necessarily indicative of soil deformation under repeated

loading conditions.

.

Since then repeated load behaviour has been examined
in terms of rheological models, Kawakami and Ogawa (1965)(1,2
energy and hysteresis, Taylor and Bacchus (1969) or
predictive equations using rate process theories or empirical

data, Glynn and Kirwan (1969), Lashine (1971).
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<.3.2 Piastic Deformaiion under Repeated Lecading

Cohesive soils under the application of repeated loads
suffer an irrecoverable or plastic strain.

Seed and others have made exbaustive investigations
of the effects of the various loading parameters on the
Plastic deformation of partially saturated compacted clay
specimens. Seed et al {1955) found the stress required
to reach a given strain was lower under repeated loading
than under normal unconfined compression. A general
relationship was formulated between the strain after one
cycle and after any number of applications of the samc
stress.

Tests were carried out cycling the confining pressure
in phase with the deviator stress by Seed and McNeill (1957)
and Seed and Fead (1959). Under these conditions the
cumulative axial strain was greater than that accruing
under a repeated deviator stress and constant radial stress.

The effects of the loading history wifR examined by
Seed and Chan (1958). They found that by applying a series
of conditioning stress pulses for 10,000 applications then
applying a larger repeated stress, the permanent strain
was reduced compared with applying a small number of
conditioning stress pulses. It was maintained that this
is not due to densification but to some structural rearrange-
ment of the particles. It was also found that the more
highly saturated samples exhibited a degree of thixotropy,
evidenced by an increased resistance to permanent deformation

when long rest periods were allowed.



2.3.3 Yield Stress Concepts

Larew and Leonards (1962), testing partially saturated
compacted soils, found a critical level of applied stress
above which the strain rate eventually increased, leading
to shear failure. A similar concept of the existence
of a threshold stress was proposed by Lashine (1971).

Glynn and Kirwan (1969) postulate the existence of both a
lower yield stress below which no plastic deformation
develops and upper yield or threshold stress above which
rupture rapidly occurs. Parr (1972), however, found no
evidence of the existence of a lower yield stress. Kawakami
and Ogawa (1965) (1) and (2), testing a compacted clay,
defined the yield stress as the stress at which the strain
rate rapidly increased under the influence of increasing
stress increments. The estimation of the yield stress was
carried out after a given number of applications of
repeated load. They found, as did Seed and Chan, that

for compacted clay, repeated loading causes a hardening
effect, and that the yield stress increases with the
nuniber of load applications. Waters and Shenton (1968),
testing London clay, discovered a threshold stress below
which samples subjected to repeated loads reached a finite

plastic strain limit.

2.3.4 Plastic IF'low Concepts

Deformation under repeated loading can be considered
as plastic flow and hence can be examined in terms of the
rate process theory as it has been in the case of behaviour

under creep stress conditions (Section 2.4.2).

’
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Murayama (1970) derives an equaticn using the rate
process theory to predict the time to flow failure of clay
under repeated loads. The equation, however, includes
parameters related to the number of bonds per unit arca
of clay, the temperature, the structural condition of the
clay and the frec energy of activation of the absorbed
water. These are all difficult to evaluate in practice.

Glynn (1968) and Glynn and Kirwan {1969) developed
the work of Murayama and Shibata to derive a relationship
to predict the plastic displacement. This relationship
assumes the resilient modulus is an index of the non-eclasiic
behaviour. When applied to the results of the AASHO road

test, this equation gives a measure of agreement.

a
[

Lashine (1971) found that deformation under repeated
load at subfailure stresses follows a similar pattern to
that experienced under the transient phase of creep.

If it is possible to relate the stress-strain-time
behaviour of repeated loading to that of creep, then one
would expect to find a continuous function relating
behaviour across the whole time spectrum. Konder and
Krizek (1964) used a compliance function to formulate the
static and dynamic response of a cohesive soil. The
compliance is defined as the ratio of the strain at a
given time to the applied stress level, normalised with
respect to the unconfined compressive strength. Fig. 2.1

shows this function plotted for a single stress level,

against the logarithm of the length of time for which the
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load is appliied. There exists a family of S-shaped
curves each corresponding to a particular stress level.

Following the analysis due to Murayama and Shibata,
Parr (1972) showed that the plastic strain rate could bhe

plotted as:

1og({L> = log A - }log N Fig. 2.2
€1
wherc ¢ = plastic strain per cycle
él = plastic strain after 1 cycle

log A = constant
= decay constant (-1 for his tests)

N = number of cycles of load application

Integration of the above equation enables a prediction
of the plastic strain after N cycles providing the strain
and strain rate after one cycle and the constant ) are
known. Lashine (1973), plotting his results, arrives at a
similar predictive equation. He also found that the decay
constant 3 varied with the applied repeated stress to
sample strength ratio.

Although the plastic strain can be quantified in the
manner shown above, there seems to exist instabilities for

and h:ﬁfbwq(chl)
some soils similar to those found by Bishop in - work on
creep. Seed et al (1955) found that sample failure could
suddenly occur after a large number of load applications.

Parr (1972) also found this occurring when testing

undisturbed samples of London clay.
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2.3.5 IElasiic Propertiez under Repeaved Luading

As well as an irreccverable or plastic strain there
exists under conditions of repeated loading an elastic or
resilient strain. Seed et al (1955) defined a resilient
modulus, analogous to Young's modulus, as the ratio of the
repeated deviator stress to the recoverable or resilient
strain. This modulus was stress dependent, increasing
with increasing deviator stress and it was consideiably
greater than the static modulus. Later work by Secd et al
(1965) at lower stresses, however, showed that the resilient
modulus decrecased rapidly with increasing deviator stress.
This finding is supportlted by the findings of other
researchers whose work on the stress-strain behaviour of
soils is outlined below.

Larew and Leonards (1962), working on compacted clay,
found that the resilient strain increased with increasing
compactive effort. Ahmed and Larew (1962) showed that
the resilient modulus decreased with increasing moisture
content. Kawakami and Ogawa (1963), also working on
compacted clay, found that the resilient modulus decreased
with increasing repeated stress.

Converse (1961) carried out tests on San Francisco Bay
mud, using an oscillating shear box. Higher strain
amplitudes resulted in lower shearing moduli. Taylor and
Bacchus (1969) carried out cyclic strain controlled triaxial
tests on a clay prepared from a slurry. The moduli

obtained from these tests reduced with increasing strain
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ampliitude. Humphries and wahls (1968 appiied an
oscillating terque to cylindrical specimens in a triaxial
cell. Tests performed with Kaolin indicated that the
dynamic =zhear modulus decreased with increasing stress
amplitude. Lashine (1971), examining the dynamic stress-
strain relationship of normally consolidated Keuper marl,
showed that a softening effect was found to take place
with increasing amplitude of cyclic stress, but that the
mean stress had a hardening effect.

There is clearly overwhelming evidence for both

saturated and partially saturated cohesive soils, of noun-

lJinear stress-strain behaviour under repeated loading.

2.3.6 Repeated Loading Related to Static Soil Strength

A greal deal of work has been carried out either
attempting to relate the repeated loading behaviour to a
static soil strength test or measuring the reduction in
soil strength due to repeated loading.

Larew and Leonards (1962) defined a critical level of
applied repeated stress above which the slope of the
plastic strain against number of cycles curve turns concave
upwards. The ratio of this stress level to the static
strength is taken as a measure of the reduction in strength
due to repeated loading. This ratio was found to be a
minimum at or near the optimum moisture content.

Konder and Krizek (1964), in their formulation of a
compliance function (see Section 2.3.4), used the unconfined

compressive strength as a normalising parameter to allow
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for changes in woisture content. Lashine (iS$71i) Jdefined
a single loading strength (determined by strain
controlled undrained tests) as a. .- Under repeated
loading there was a critical range of siresses (from
O.75qmaX to O,SquaX) below which applied stresses did not
cause failure, within which the chances of failure and
non-failure were cven and above which applied cyclic
stresses would ultimately lead to failure. Later work
by Lashine et al (1971) showed that the abovc concept was
only applicable to normally consolidated specimens and
that it does not seem possible to easily relate the
rePeated ioad behaviour of over-consclidated specimens to
their single load strength.

In order to relate the behaviour of a sample under
dynamic loading to its behaviour under single loading,
Parr (1972) defined a stress ratio, S, as follows:

peak to peak dynamic stress applied to sample
predicted single loading strength of the sample

For S less than 0.55 there was little likelihood of
sample failure, for S between 0.55 and 0.85, not all
samples failed, for S greater than 0.85 all of the samples
failed within 10° cycles.

2.3.7 The Effect of Stress History on the Repeated Load
Properties of Cohesive Soils

The stress history of cohesive soils can be measured
in the form of an over-consolidation ratio. This is

defined as the ratio of the preconsolidation pressure to
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the pressure at which the =0il is finally consclidatced.

Tests were carried out by Humphries and Wahls (1968)
on two idealised materials, kaolinite and bentonite.
Thie effect on the dynamic shear modulus of the coffective
stress, the void ratio andAthe over-consolidation ratio
was evaluated by linear regression methods. It was
found that for the kaolinite the effective pressure was
the dominant factor and the over-consolidation ratio was
found to be insignificant. In the case of the bentonite
which had a much higher liquid limit, the ovei-consolidation
ratio was a little more significant but was still
considered to be of little importance. Taylor and Bacchus
carried out cyclic strain controlled tests at various
amplitudes of strain. Plotting the shear stress against
he mean effective principal stress for each test gives an
envelope for the peak shear stress (Fig. 2.3). For over-
. consolidated clay, a series of envelopes is found
converging to the normally consolidated case. Sangrey,
Henkel and Esrig (1969) carried out cyclic loading tests,
each cycle being of ten hours' duration. Under low
stresses, an equilibrium position was reached. Plotting
these positions in aﬁ effective stress space gave a
series of lines for different consolidation conditions
(Fig. 2.4).

Lashine et al (1971) derived a relationship between
the resilient modulus, the applied deviator stress, and

the over-consolidation ratio (OCR). However, both
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the moisture content and the effective confining stress

varied with the CCR and necither was taken irto account.

Note
Further comprehensive reviews of repecated load
behaviour of cohesive soils may be found in Lashine

(1971), lLashine et al (1971), Parr (1972) and Shackel

(1973).

2.4 CREEP BEHAVIOUR OF COHESIVE SOILS

2.4,1 Introduction

Several researchers into the repeated load properties
of clay (Glynn and Kirwan, 1969, Murayama, 1970, and
Lashine, 1971) have established that stress-strain-time
behaviour under sustained loads follows a similar pattern
to that experienced under cyclic loading. For this
reason, a detaiied study has been made of work carried
out on the creep behaviour of cohesive soils. A typical
deformation-time curve of a clay under the application of
a constant stress shows two main stages, (1) an instantaneous
strain, and (2) a retarded or creep strain. The study of
the creep behaviour of cohesive soils has been carried out
by wvarious authors using different methods of ahalysis.
The two main approaches can be outlined as follows.

Either a model of clay behaviour has bezn developed,

followed by the analysis of empirical data to check the
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applicability of the model, or experimental data has
been analysed on a phenomenological basis to give
predictive equations connecting the various measured

parameters.

2.4.2 Models of Creep Behaviour

Scveral researchers have based their proposed
mechanisms of clay behaviour on the work of EFyring, who
in Glasstone et al (1941), outlines a rate process theory
for the viscosity of liquids. Using statistical
mechanics, it is postulated that an activation energy is
required for the local loosening of particles from their
equilibrium positions and displacement to mnew positions.
Sources of this energy are extermal forces and the thermal
energy contained in the material. Developing this
theory, Murayama and Shibata (1961, 1964) assumed the
viscosity of clay to be a structural viscosity based on
the frequency of the mutual exchange of position between
eéch water molecule and its void in a bond material
containing soil particles.

A rheological model was developed, Fig. 2.5,
containing both elastic and viscous elements, the latter
representing the structural viscosity.

The equations developed from this model agreed with
experimental data from drained creep tests carried out
on Osaka clay.

A similar theory was put forward by Geuze(1963) who

postulated that the creep mechanism was due to the
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breaiage and re-establishiient of bonds Letwoen clay
particles and viscous resistance to particle movementi by
water in voids.

Mitchell (1964) suggestced that the shearing
resistance of a soil at a given void ratio should be a
function of the frictional and cohesive properties of
the soil, effective stress, structure, rate of strain and
temperature. By applying the theory of rate processes,
an expression was derived which prevides a relationship
cf all the above factors to the deviator stress. This
relaticnship also implies that the number of interparticle
contacts is the most significant factor influencing the
nagnitude of cohesion.

Christensen and Wu (1964) considered.strain under
shear stress to be the result of slip at particle contacts
and that this slip was assumed to obey the rate process
theory. The behaviour of this rheological model agrees
with experimental results from undrained creep tests.
Experiments were also carried out using dry clay
specimens which suggested that absorbed water is not the
primary soufce of visco-elastic behaviour.

A different mechanism is proposed by Barden (1969).
This mechanism is illustrated in Fig. 2.6. The model is
based on a system of micropores and macropores. In this
mechanism, the primary stage of creep behaviour is the
dissipation of pbre pressures in the macropores followed

by the secondary compression which is the draining of
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the micropores. The behaviour of the dashpot in this
system can still be characterised by the rate process
thcory. Empirical power laws to fit this model were
found to agrec with experimental findings from tests on

clay and peat.

2.4.3 Prediction of Creep Behaviour

Creep strain rates generally decrease with time under
sub-failure stress conditions. After a period of time,
creep may cease, continue at a decreasing rate, or start
increasing. It is desirable to be able to predict
future creep movements.

Singh and Mitchell (1968) proposed the following
general function for soils which expresses the strain rvate,

&, as a function of time, t, and sustained deviator stress, D:

t..m
. aD/” ™1
e = Ae 1
where A = strain rate at time t, and D = 0 (projected value)
a = value of the slope of the linear portion of a
plot of logarithmic strain rate versus deviator
stress
t, = unit time
m = slope of the logarithmic strain rate versus

logarithmic time.

Fig. 2.8 shows the relationship between ¢ and D for a
given time after the start of creep. This can Be extended
to a series of curves for different times (Fig. 2.9, Holzer
et al, 1972).

This equation was derived from experimental data and
i< held to be valid irrcspective of whether clays arec

undisturbed, remoulded, normally consolidated or over-
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consolidated, c¢1r tested drained or undrained. Siniilaily,
Parr (1972), from experiments on undisturbed samples of
London clay, shows that the strain rate is a function of

the applied stress and time of the form:
log ¢ = loglk.f(0o)] - log t

where o = applied stress.

This type of equation was further developed by Singh
and Mitchell (1969). The time to failure or creep rupture

of a given soil is given by:

where C, = f(étf, A, t., m)

and £ time to failure

f
However, étf was assumed to be a constant for a given

soil and must be known in order to evaluate t_. under any

£
conditions.
From undrained creep tests carried out on normally

consolidated Keuper marl, Lashine (1971) derived an equation

describing the stress-strain-time behaviour under creep

conditions. This was:

— - e - Y D—. .
€t=6x103e3(D040) 5.5x102655(040)t020
where et = axial strain

D = applied stress/failure stress

t

H

time (seconds)
This last relationship is only applicable to one material.

Bishop and Lovenbury (1969) found that while the



early part of the strcin time plots could be reprecented
by simple logarithmic or power laws, the period over
which these laws apply closely is limited, for cxample, to
100-200 days for London clay. Limited instabilities
occurred after this which were considered to be a
significant characteristic of some undisturbed clays.
Saito and Uezawa (19061) found that the product of
the creep rupture life and the strain rate was constant
and equal to 214. This, it was claimed, was independent

of the type of soil and method of testing.

2.4.4 Relation of Creep to Pore Water Pressure

During undrained creep, excess pore water pressures
are generated. Holzer et al (1972) made a study of how
the excess pore water pressure is related to the mechanism
for undrained creep. Pore water pressure under the
application of a constant stress consists of two components.
The first is an instantaneous increase which is a function
of the applied stress, the second is a slow steady increase.
This second component is a function of the amount of
secondary consolidation which has taken place. The
shear strains during undrained creep are directly related
to the gradual increase in excess pore pressurese.
Shen et al (1973) showed that pore pressure build up was
related to the initial period of consolidation.

Walker (1969) used a theoretical analysis based on
the theories of Roscoe et al (1963) to suggest that creep

of pore pressure is proportional to mean effective stress
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and that creep sitrain and pore pressure are directly

related.
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It is postulated in the rate process theory that
the activation energy is derived from both external
forces and thermal energy. If this theory 1is applicable,
then undrained creep should be a temperature dependent
phenomenon.

Murayama and Shibata (1961) confirmed that the strain
rate was directly related to the temperature. An
apparatus for creep tests with temperature control was
developed by Mitchell and Campanella (19604). Using this
apparatus, a study was carried out showing that creep was
temperature dependent. A temperature increase leads to
a significant decrease in effective stresses and an
increase in strain rate.

Considering creep as caused by energy activation,

Campanella et al (1968) theorised that:

Hme
1
=

dlog

1
o

where E = the experimental activation energy, f(R,T,¢)

R = gas‘constant

=3
I

absolute temperature

strain rate

Me

Experimental data confirmed the above relationship,
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lending support to the postulate that Creep is a

thermally activated procecss.

2.4.6 Yield Values Associated with Creep

Several rescearchers have defined yield values
delimiting the different types of behaviour of soil
under a constant applied stress.

Geuze and Tan (1953) define a lower yieid value
below which elastic behaviour only is observed.

Murayama and Shibata (1961, 1964) define an upper yicld
value, Oyn® 25 the turning point on the strain rate versus
deviator stress curve (Fig. 2.7). The intercept is
defined as the lower yield value, O,° BelOW'OO no flow
deformation occurs and belowcu no failure occurs.

Lohnes et al (1972) carried out in situ creep tests
in bore holes using a vane apparatus. The yield stress
was defined as the stress below which no creep occurs
and was determined by extrapolation of the strain rate

versus shear stress plot back to zero.

2.4.7 Creep Related to Soil Strength and Stress Space

Acceptance of the rate process theory as applied to
creep behaviour involves the implication that the
application of external forces will affect the rate of
creep.

Singh and Mitchell (1968, 1969), who apply the rate
process theory to their analysis, have shown experimentally

that the strain rate is a function of the applied stress



Figs. 2.8 and 2.9). This rclotionship can be
generalised by normalising the applied stress with
respect to the soil strength.

Roscoe et al (1963} considered creccp to be a
diffusion process. Equations are derived foir the shape
of the state paths and it is shown that the effective
stress states of the samples at the end of a period of
creep correspond with states reached under "slow" stress
controlled tests (Fig. 2.10). Arulandan et al (1971)
successfully used the equation derived for "slow'" tests
to predict the values to which the mean normal effective
stress falls during creep. It was also shown that the
normal strength, failure during creep, and strength after
creep all fell on the critical state line when projected

onto the same stress plane.
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Fig. 2.9 Axial strain rate versus principal stress difference
during undrained creep a different times during creep .

After Holzer et al (1972 )
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Fig.2,10 Predicted and observed stress paths for undmined tests on Ccmbridge_

Gault Clay (Stress controlled test data, by W.J. Thompson (1962 ))

After Roscoe et ai (1963)



CHAPTER THREE

OUTLINE OF THE TESTING PROGRAMME

3.1 INTRODUCTION

The programme of tests outlined in this chapter was
developed largely with reference to the pavement design
problem already referred to in Chapter 1 and in the
review of previous work.

The work is, however, relevant to other fields where
repcated loading of soils occurs. The tests carried
out on saturated over-consolidated clay are particularly
relevant to problems currently being encountered in the
extraction of 0il from underncath the North Sea (Bjerrum,
1973) .

The author was not concerned in establishing failure
criteria as normally understood in the field of soil
mechanics. Rather, tests were carried out to assess
both the response of the unbound materials under repeated
loading and the relation of this wherever possible to a
simple laboratory test.

The resilient properties of the unbound materials in
a pavement structure are required for incorporation into
linear elastic or finite element analyses. In addition,
the permanent deformation of these materials needs to be

characterised in order to predict rutting in a road pavement.
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3.2 XKEUPER MARL TESTS

A large part of the testing of cohesive soils under
repeated loading conditions has been carried out on
partially saturated compacted soil. If, however, a rcad
is being built in a cut situation, then the subgrade may
consist of a saturated clay with a geologically imposcd
stress history. Jt is admitted by the author that
usually the water table in the subgrade varies seasonally,
but it has been shown by Lister (1972) that the greatest
deformation occurs when the water table is at 1ts highest,
and the subgrade, therefore, at its maximum saturation.
Gravity structures at present being constructed for use in
the North Sea will rest on saturated over-consolidated clays
and during heavy storms they will transmit cyclic strcsses
to these clays.

The consolidation history of an undisturbed clay
determines its final moisture content and its behaviour
under an applied stress.

The effects, therefore, of three parameters were
studied. These parameters were the voids ratio or
moisture content, the effective final consolidation
pressure and the over-consolidation ratio (OCR). This
was carried out with two series of tests, KA and KB.

These are shown diagrammatically in Fig. 3.1 and are in
addition listed in Table 3.1. A supplementary series
of tests (KH) was carried out to extend the range of voids

ratios and OCR's considered. At each particular
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Fig. 3.1 Relation of keuper marl tests to the voids ratio

and' etfective consolidation pressure.




—
Te st Effective Final Effective
Sories OCR | Preconsolidation Consolidation
Series 5 2
Pressure kN/m Pressure kN/i° ,

KA Ut 160 40

KA 10 400 4o

KA 20 800 40

KB 2 Lo 220

KB 4 480 120

KB 20 660 33

KH 75 30C0 40

Table 3.1 Keuper Marl Repeated Load Tests

consolidation history a series of tests at different
deviater
repeated wertieal stresses was performed.

In order to relate the repcated load behaviour to a
simple test, two other types of test were carried out.
Strain controlled undrained tests were used to give a
measure of the sample single loading strength. Several
authors (Parr, 1972, Lashine, 1971) have attempted to
relate repeated load behaviour or strength to this form
of single loading test. In addition, a series of stress

was
controlled "creep" tests wese carried out at the same
stress history conditions as the KA and KH series repeated
Y
load tests (Table 3.2). The data from these tests was
used to relate repeated loading behaviour to this more

simple form of test.

It is quite rare in practice for a soil to be subjected
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Sample OCR Preconsolidation Ef?al
Nos. * pressure kN/mg Conso*ldatlong
pressure kN/m
CR 1-6 I 160 40
CR 13-181! 20 800 40
KH 7-9 75 3000 40

Table 3.2 Keuper Marl Creep Tests

to continuous cyclic loading. It was, therefore, decided
to assess the effect of imposed rest periods belween trains
of continuous load cycles {(Tables 3.3(a) and (b)). As
shown in the tables, both the length of rest period and
the number of load pulses between rests were investigeated.
For the purposes of establishing the stress history
of clay samples, it is necessary to know the relationshiyp
between the moisture content and the consolidation pressure
for virgin consolidated samples. Six samples were,

therefore, normally consolidated and used purely for

moisture content determination (Table 3.4).

3.3 BREEDON GRAVEL TESTS

Traffic loads, in addition to imposing repeated
vertical stresses, also give rise to repeated horizontal
stresses. These can be reproduced under triaxial test

conditions by cycling the confining stress.
Lashine et al (1971) carried out extensive tests to

determine the stress-strain behaviour of partially saturated



Sample No. of Leﬁgth ?f I(O -0, ) ,jw
Nos. cycles rest period KN mgmdx
seconéiWMWMHM“w %
RPK 1-3 8 1 i;;>€
RPK 3-6 8 5 150
RPK 7-9 8 10 150
RPK 10-12 b 1 150
RPK 13-15 4 5 150
RPK 16-18 ! 10 150
RPK 19-21 1 1 150
OCR = 2
Preconsolidation pressure = 440 kN/m®
Final consolidation pressure = 220 kN/m®
Table 3.3(a) Rest Period Tests - Over-consolidated

Keuper Marl - Wet Side

Sample ?3&122 rgzngZrigd (OE;EfLPaX

: seconds m

RPK 28-30 8 1 75

RPK 31-33 8 5 75

RPK 34-36 8 10 75

OCR = 10

Preconsolidation pressure = 400 kN/m"

Final consolidation pressure = 40 kN/m°

Table 3.3(b)

Rest Period Tests

- Over-consolidated

Keuper Marl - Dry Side
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G Effective

Sample . . .

No s. Consolidation
Pressure kN/m® |

NC 1, 2 200

NC 3, 4 400

NC 5, 6 600

Table 3.4 Tests to Determine Virgin Isotropic
Consolidation Curve

compacted Breedon gravel under repeated loading. It was
considered that the influence of cyclic confining pressure
would be more marked on a partially saturated granular
material. Tests using a cyclic confining stress were,
therefore, confined to this material.

In order to obtain meaningful data under a cyclic
confining stress, it was necessary to develop equipment to
measure lateral strain. This is described in Appendix B.

A preliminary test series (Table 3.5) was carried out
to determine the effects of loading history on both resilient
and permanent deformation properties. Information from
these tests showed that it was possible to apply sequences
of loading to a small number of samples to determine the
resilient stress-strain behaviour. This was not possible,
however, for the characterisation of permanent deformation.
Therefore, the main series of tests was carried out as
outlined in Tables 3.6 and 3.7. Data for the study of
permanent deformation was obtained from tests both with

and without lateral strain measuremcnt.



Priziire Deviator Stress
o, kN/m® (0,-0,) KN/m®
50-150 50-250 o
50-150 50-450
50-150 50-650
50-150 50-250, 50-350, 50-450, 50-550, 50-650
50:;50 50-250
50-250 50-650
50-250 50-250, 50-350, 50-450, 50-550, 50-650
Table 3.5 Preliminary Breedon Gravel Tests
Test No. Cell Pressure | Deviator Sﬁrefs
0, kN/m? (0,-0,) kN/m®
BA 1-3 200-250 0-200
BA 4-6 150-300 "
BA 7-9 50-400 n
BA 10-12 225 "
BA 13-15 250 "
BA 16-18 300 "
BA 18-21 koo "

Table 3.6 Comparison of Constant Cell Pressure

and Cyclic Cell Pressure




it T M et s A e iyt

L8

Cell Mean Pg;k to Peak
Pressure o c. R Deviator Stress
Ogq kN /in® kNjhz ﬁk/mz (01-03) kN /m”
200-250 225 50 0-200, 0-300, 0-400
150-300 225 150 n ' '
50-400 225 350 " " "
0-100 50 100 0-200, 0-300, 0-400
56-150 1QO 100 " " 1"
100-200 150 100 " " "
50 50 0 0, 200, 0-300, 0-400
100 100 0 " " "
225 225 0 " " "
300 300 o " .M "
koo hoo 0 " " "
Table 3.7 Tests carried out using Lateral

Strain Measurement




CHAPTER FOUR

DESCRIPTION OF EQUIPMENT

4.1 INTRODUCTION

A brief description is given in this chapter of the
testing apparatus. A large part of the details of
modifications and developments in the equipwent has been
writien in the form of Appendices.

The basic equipment consisting of the triaxial cells
and loading rigs was not developed by the author.

Details of the design of the loading frame, and triaxial
cell may be found in Lashine et al (1970) and Lashine (1971).
The development of the electrohydraulic servo control
equipment is described in Lashine (1971), Cullingford et al
(1972) and Parr (1972). Many aspects of the existing
apparatus were, however, found to be unsatisfactory and
improvements and modifications were carried out to enable
the carrying out of the testing programme already outlined.
In addition, an automated data recording system was
developed which allowed the use of a small computer for
analysis of analogue data stored on magnetic tape (Appendix

D).

4.2 TESTING RIGS

Two identical testing frames with associated electronic
control equipment (Fig. 4.2) were used. Fig. 4.1 shows a
triaxial cell in position with the load being applied to a

soil sample. The vertical position of the cell was adjusted



Loading rig with triaxial cell in position.
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Fig. 41






-—
c
@
=

2
)
o
@
o
B

©
| .
Q
O
@
| .

8"
c
o

Control

1g.4.2







50

al lhe start of cach test using a mallual screw Jjack
situated underneath. The deviator stress was applied to

. | . e . .
the sample using a double acting hydraulic actuator with a

100 mm stroke. The flow to thsz actuateor was controlled
T ; - . .

by a "DowtyY servo valve. The servo control is described

in Section 4.3. The load could be cycled at frequencics

up to 30 Iiz. The load range depended on the frequency,
but at 1 Hz it was possible to apply a peak 8.5 kN to <the
sample (equivalent to a siress of 700 kN/m%).

The load was measured using a load cell underneath
the triaxial cell. This meant that both frictionrr on the
triaxial cell loading ram and the thrust of the confining
pressure on the ram were being included in the measured
applied load. Corrections were made for both of these.

The static confining pressure was supplied by
distilled water from a tank pressurised using regulated
air. The air was contained in a rubber bladder inside
the tank.

The vertical deformation of the sample was measured
using a linear variable differential transformer (LvVDT)
with a range of 50 mm. The deformation measured included
the deformation of the system and corrections were made
for this (Appendix C).

In addition to being able to cycle the deviator
stress, there was also the facility for cycling the
confining stress. This was carried out using a smaller
hydraulic actuator which was connected to a bellofram

piston. This piston was connected via 3" nylon pressure
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tubing to a gate valve on the itriaxial cell. Pirovided
that the system including the triaxial cell was carefuvlly
de~aired to reduce compliance to a winimum, it was
possible to cycle the cell pressure from C to 500 kN/m®

at a frequency of 1 Hz.

4.3 THE ELECTRO-HYDRAULIC SERVO CONTROL EQUIDMENT

The basic electro-hydraulic servo control loop is
shown in Fig. 4.3. An input command signal, together
with feedback from the load cell or the LVDT is fed into
a summing function. The resulting error signal is ied to
the servo valve which in turn adjusts the flow to the
hydraulic actuator. The valve operates about a null
position, no flow occurring into or out of the hydraulic
ram to coincide with a zero error signal. In addition to
the basic control loop there has been incorporated a stress
control. The output from the LVDT is fed to a thermistor
which in turn controls the gain of an amplifier in this
subsidiary control loop. The result is that as the
output from the LVDT increases, a compensation is made in
the load to allow for the increased area of the sample.

As can be seen, depending on the type of input,
command signal and control feedback, repeated load,
constant stress or constant rate of strain tests can be
carried out.

A problem encountered during the testing was drift
of the null position of the servo valve as the temperature

varied. This is a mechanical phenomenon, but it can be
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Fig. 4.3 Basic electro hydraulic servo control loop.

After Parr

(1972 )



contrdlled electronically by allowing the null position of
the signal to the servo valve to drift while keeping the
mean of the error signal equal to zero at the summing
junctior. (Stiriting and Chadwick, 1973).

A similar servo control loop was used to contrcl the
cyclic confining pressure. The phase of this loop could
be controlled independently of the vertical stress.

To help overcome ffiction in both the servo valve and
the hydraulic actuator, a very high frequency (700 Hz)

dither signal was applied to the summing junction.

L.4 THE TRIAXIAL CELL

Six triaxial cells were used for the clay testing
programmes. This gave sufficient time for consolidation
of each sample to a particular stress history, while
allowing full use to be made of the loading rigs. A
typical triaxial cell used for most tests is illustrated
in Fig. 4.4. Each cell consisted of a perspex walled 1id
and a basef The connections on the base were for
confining pressure and end drainage from the top and base
plattens. The bottom platten was fixed to the cell base
while the top platten was loose. Each platten had a
polished stainless steel face and drainage of the samples
was allowed through porous sintered bronze rings connected
to separate drainage lines. Several modifications were
made to the cells to allow certain tests to be performed

and these are described below.



™ jate valve for cell

tmnsducer

pressure cycling

Fia 44 Triaxial testing cell.
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L.L.1 Jligh Pressure Cell

In order to produce samples of a high over-
consolidation ratio (OCR) it was necessary to modify the
perspex walled cell to allow pressurisation to 3000 kN/m?
(Fig. b4.5).

The perspex walls were removed and replaced by
anodised aluminium walls 180 mm internal diameter and
12 mm thick. The 12 rods clamping the cell top together
were replaced by slightly longer silvercd steel cnes to
allow the use of full %" BSF nuts instead of the half nuts
already fitted. A sheér test was carried out of the
thread on these rods which gave an adequate factor of safely
against failure. In addition, the six clamps attaching
the 1id to the cell base were redesigned to give a greater

load bearing area, and to allow the use of %" BSF bolts.

4.4,.2 Pressure Transducers

The original transducers for monitoring the cell
pressure were installed inside each cell 1lid and were
manufactured from aluminium alloy. They were fcund to be
badly corroded and were prone to leakage under pressure.
New transducers were, therefore, manufactured from brass
and stainless steel and located outside the cell 1lid as
shown in Fig. 4.4. A stainless steel diaphragm was
clamped between the two brass halves of the transducer.
The transducer body screwed onto a valve located on top of

the triaxial cell. (Further details may be found in

Appendix A.)



Fia. .5 High pressure triaxial cell.







The existing pore waler pressure transducers wore
located beneath the cell base and were found to be
unsatisfactory for several reasons. Their sensitivity
was very low and there was a large air trap where the
klinger cock used for venting the system was screwed into
the base. Despite all attempts at de~airing the system,
it was difficult to reduce the compliance to a level
where pore water pressure measuremenits were relisble.

The position of the gauges also rendered them licble to
damage and damp.

The original transducer was replaced by new tiansducers
manufactured from stainless steel pléced on the outsidc
of the cell (Fig. 4.0L). By careful design of the
connectors the compliance of the system was reduced to an

acceptable value (see Appendix A).

4.4.3 Elimination of Friction .

The triaxial cell as originally designed incorporated
a pressure equalisation device intended to eliminate the
upward thrust exerted on the ram by the cell pressure.
This had been thought necessary because the load cell was
located outside the triaxial cell. The device, however,
needed three tightly fitting seals on the ram. Although
this compensated for the upward thrust of the cell pressure,
it created an even larger problem because of the high
friction on the ram. The friction force varied according
to the surface condition of the ram, the state of

deformation of the sample (i.e. position) and also with



55

frequéﬁcy of stress application. Values as high as
250 N were measured.

The twc top seals were, therefore, removed. When
the ram was cleaned well in paraffin and then lubiicated
with "Vaxiella' oil, it was found to drop under its own
weight. This level of friction was considered a