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ABSTRACT

Samples of an over-consolidated saturated silty clay,
Keuper marl, and a partially saturated granular material,
Breedon gravel, have been used in a triaxial test programme,
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 subjected
to repeated axial sinusoidal loads. 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 method 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 is



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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NOTATION

pore water pressure parameter
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

change in pore water pressure

stress



xXii

resilient volumetric strain

function foer plastic strain rate at
unit time

general function for plastic strain rate
at unit time

plastic strain

strain rate

octahedral normal strain
strain after T seconds
resilient strain

plastic strain rate at unit time
decay constant

resilient Poisson's ratio
vertical stress

cell pressure

maximum cell pressure
mean cell pressure
initial effective stress
deviator stress

repeated deviator stress
maximum deviator stress
octahedral normal stress
octahedral shear stress
octahedral shear strain

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.



CHAPTER ONE

INTRODUCTION

In many foundations repeated 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 traffiq induced stresses,
the frequencies expected on the soil would be of the order of
10 Hz; however, for the naturaliy 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 cqnsideration of



traffic loading and material characteristics under

these loads. This approach has been made poésible

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 elemeﬂt techniques
providing the resilient characteristics of the components
of the structure 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 form 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 1little 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 research
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 mean 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 obtain a closer 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, therefore, of the work described
in this thesis was material characterisation related to the

development of design methods for flexible pavements.



CHAPTER TWO

REVIEW OF PREVIOUS WORK

2.1 THE STRUCTURAL DESIGN OF FLEXIBLE PAVEMENTS WITH

SPECIAL 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 is
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 néw 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.
(¢) 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 mot exceeded.

The flexible pavement design problem is more complex
as Hveem (1955) showed. He proposed that as well as
designing a pavement against plastic deformation, consider-
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 jterative 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 subsystems. The elastic properties are



considered as part of the traffic associated fatigue
subsystem. The plastic deformation is considered inside
a distortion subsystem. Each of these subsystems is part
of the overall 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 Ee/El where:

a = radius of bearing area
h; = thickness of pavement layer
E, = modulus of subgrade
E. = modulus of pavement



The assumptions made using this theory are, infinite
extent horizontally of the top layer, infinite extent 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
distributed vertical stress acting over a circular
area.

(3) Interfaces are either perfectly smooth 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 overcome 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 some

confidence.



Several studies have been made of pilot scale
pavements by Brown and Pell (1967), Brown and Bush (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
wnbound materials. This resulted in less accurate
predictions because of the increased influence of the non-
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 teéhniques use a
greater amount of computer time, but have the advantage of
being able to incorporate the mnon-linear response of
pavement materials.

Dehlen (1969) and Dehlen and Monismith (1970) used
both linear and mon-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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Taylor (1971) developed a finite element computer
programme for a two-dimensional analysis but found that
a true three-dimensional analysis used a prohibitive
amount of computer storage.

Hicks and Monismith (1972) applied loads to a proto-
type pavement and also to the San Diego test road.
Measured 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 below 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 layer.
(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 108
repetitions of loading.

Dormon and Edwards (1964) 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”4 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 mnominal 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 current lack of information prevents the use of the
plastic 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 at|Intermediate| Coldest
2.8 k/h at 2.8 k/h |at 2.8 k/h

Soil Vertical
formation| stress (kN/m?2) 82.5 60 21.4
(on load
axis) Deviatoric

stress (kN/m2) 75 56.5 18.6

Vertical

compressive

strain x 10°8 680 519 170

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
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engineers as the principal indication of failure and major
reconstruction is undertaken when the rut depth is 20 mm
(Croney, 1972). As a large proportion of this occurs in
the unbound layers some 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 govermed by the
applied stress but in addition the elastic modulus is
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

pneumatic 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.elastic 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 condition 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
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work and a need to extend present laboratory techniques to

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 parameters 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, g,, in the form:
M, = F[(0,)3]

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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5

where K, and K, are constants.

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

invariant, §, in the form:

E = E_(1+86)

where E = the elastic modulus
E0 = the modulus when § = O
= constant
8 = (0,+0,+0,)

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

modulus varies according to:

M X

T = :K.:LO'3

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

B, the sum of the principal stresses in the form:
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Brown and Pell (1967) reported from measurements
taken in a model pavement study that 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
K_R = Kle

Similarly, Allen and Thompson (1973), carrying out a
statistical analysis of data collected from their own
repeated load tests on three different granular materials,
showed that MR = KleKa was a model with high correlation
coefficients.

Lashine et al (1971) showed, however, that the model

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:
K, K
Kl(cl-ca)m (01'03)P?P

e =
R K
Oy *

where ep = resilient strain in vertical direction
(01'Gs)m = mean deviator stress

( - ) = peak to peak deviator stress
©17Ca’p/p = P P

Og = confining pressure
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2.2.3 Resilient Poisson's Ratio

On examining integral transform and finite element
solutions of flexible pavement stress-strain responses,
Hicks (1970) found that reasonable changes in Poisson's
ratio could result in changes in fatigue life 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 (0,/0,) + A (0,/0,)% + Ay (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 to 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
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is concerned it would appear that samples do not have a
"memory" of previous sub-failure loading cycles. Hicks
(1970),investigating the effect of stress sequence,
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
Thomp son (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 estimated

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 modulus. 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 ratio effect.

Allen and Thompson (1973) reported on tests using
constant and cyclic cell pressure. The wvalues 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, 0.15
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.

2.2.7 Density, Saturation and Aggregate Type

Hicks (1970) reported that the resilient modulus is
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greater for samples compacted to higher relative densities
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 Ka in the model:

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

Haynes and Yoder (1963) 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 Yoder (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,
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so the permanent deformation for a given number of cycles
increased. Permanent deformation was still occurring
after 100,000 load repétitions and no equilibrium state
was apparent.

Morgan (1966) concluded that for 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 the permanent strain to the deviator
stress and confining pressure. A rut index (defined as

the sum of the permanent strains occurring in the top and
bottom halves of the base multiplied by 10%) which is
approximately proportional to rut depth in the base 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 SOILS

2.3.1 Introduction

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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2.3.2 Plastic Deformation under Repeated Loading

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

Seed and others have made exhaustive 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 same
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 were 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 repéated 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.
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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

number 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 Flow 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).

P
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Murayama (1970) derives an equation 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 area
of clay, the temperature, the structural condition of the
clay and the free 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-elastic
behaviour. When applied to the results of the AASHO road
test, this equation gives a.measure of agreement.

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 applied. There exists a family of S-shaped

curves each correspbnding to a particular stress level.
Following the analysis due to Murayama and Shibata,
Parr (1972) showed that the plastic strain rate could be

plotted as:

log é;) = log A - )log N Fig. 2.2
€1
where ¢ = plastic strain per cycle
é1 = 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 3} 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
some soils similar to those found by Bishop and Lovenbury
(1969) in their 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 Elastic Properties under Repeated Loading

As well as an irrecoverable or plaétic 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 considerably
greater than the static modulus. Later work by Seed et al
(1965) at lower stresses, however, showed that the resilient
modulus decreased rapidly with increasing deviator stress.
This finding is supported 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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amplitude. Humphries and Wahls (1968) applied an
oscillating torque to cylindrical specimens in a triaxial
cell. Tests performed with Kaolin indicated that the
dynamic shear 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 non-

linear stress-strain behaviour under repeated loading.

2.3.6 Repeated Loading Related to Static Soil Strength

A great 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 moisture content. Lashine (1971) defined
a single loading strength (determined by strain
controlled undrained tests) as Ynax® Under repeated
loading there was a critical .range of stresses (from
O.75qmax to O°8quax) below which applied stresses did not
cause failure, within which the chances of failure and
non-failure were even and above which applied cyclic
stresses would ultimately lead to failure. Later work
by Lashine et al (1971) showed that the above concept was
only applicable to normally consolidated specimens and
that it does not seem possible to easily relate the
repeated load behaviour of over-consolidated specimens to
their single load strength.

In order to relate the behavibur 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
T 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 s0il is finally consolidated.

Tests were carried out by Humphries and Wahls (1968)
on two idealised materials, kaolinite and bentonite.
The effect on the dynamic shear modulus of the effective
stress, the void ratio and the 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 l1limit, the over-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
the 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 an effective stress space gave a
series of lines for different consolidation conditiomns
(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 OCR and neither was taken into account.

Note
Further comprehensive reviews of repeated load

behaviour of cohesive soils may be found in Lashine

(1971), Lashine 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 detailed 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 various authors using different methods of ahalysis.
The two main approaches can be outlined as follows.

Either a model of clay behaviour has been 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

Several researchers have based their proposed
me chanisms of clay behaviour on the work of Eyring, 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 new positions.
Sources of this energy are external 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
each 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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breakage and re-establishment of bonds between clay
particles and viscous resistance to particle movement by
water in voids.

Mitchell (1964) suggested 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 provides a relationship
of all the above factors to the deviator stress. This
relationship also implies that the number of interparticle
contacts is the most significant factor influencing the
magnitude 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 pore 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
theory. Empirical power laws to fit this model were
found to agree 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 rate,

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

t m
E.: = Aea D<—_ti>

where A = strain rate at time t, and D = O (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
is held to be valid irrespective of whether clays are

undisturbed, remoulded, normally consolidated or over-
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consolidated, or tested drained or undrained. Similarly,
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 é = loglk.f(c)] - log t

where 0 = 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:

1
Log, tp = 4G - oP)

where Cé = f(étf’ A, tl’ m)

U

and tf time to failure
However, étf was assumed to be a constant for a given

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

f
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, = 6 x 107° G3(P-0.40) 5 o 42 5-5(D-0.40) ,0.20
where € = axial strain
D = applied stress/failure stress

time (seconds)

t
This last relationship is only applicable to one material.

Bishop and Lovenbury (1969) found that while the
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early part of the strain time plots could be represented
by simple logarithmic or power laws, the period over
which these laws apply closely is limited, for example, 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 (1961) 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 pressures.

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



38

and that creep strain and pore pressure are directly

related.

2.4.5 Relation of Creep to Temperature

It is postulated in the rate process theory that
the activation energy is derived from both extermnal
forces and thermal energy. If this theory is 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 (1964). 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:

dlog

o
1
=

1
o

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

R = gas constant

=
1

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 process.

2.4.6 Yield Values Associated with Creep

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

Geuze and Tan (1953) define a lower yield value
below which elastic behaviour only is observed.
Murayama and Shibata (1961, 1964) define an upper yield
value, 0,0 @as the turning point on the strain rate versus
deviator stress curve (Fig. 2.7). The intercept is
defined as the lower yield wvalue, O,- Belowoo no flow
deformation occurs and below o, 1o 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 extermnal 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
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(Figs. 2.8 and 2.9). This relationship can be
generalised by normalising the applied stress with
respect to the soil strength.

Roscoe et al (1963) considered creep to be a
diffusion process. Equations are derived for 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. 210 Predicted and observed stress paths for undmined tests on Cambridge
Gault Clay (Stress controlled test data, by W.J. Thompson (1962 })

After Roscoe et al (1863)
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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
repeated loading of soils occurs. The tests carried
out on saturated over-consolidated clay afe particularly
relevant to problems currently being encountered in the
extraction of oil from underneath 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 KEUPER MARL TESTS

A large part of the testing of cohesive soils under
repeated loading conditions has been carried out on
partially saturéted compacted soil. If, however, a road
is being built in a cut situation, then the subgrade may
consist of a saturated clay with a geologically imposed
stress history. It 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 its 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 stresses
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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Test Effect?ve. Final Effec#ive

Series OCR Preconsolldatlgn Consolldatlp%
Pressure kN/m Pressure kN/m

KA k4 160 4o

KA 10 koo 4o

KA 20 800 4o

KB 2 440 220

KB 4 480 120

KB 20 660 33

KH 75 . 3000 4o

Table 3.1 Keuper Marl Repeated Load Tests

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

In order to relate the repeated 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
controlled "creep" tests was carried out at the same
stress history conditions as the KA and KH series repeated
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 | gop | Preconsolidation | oon01igation,
* pressure kN/m
CR 1-6 4 160 40
CR 7-12 10 4oo 40
CR 13-18 | 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 between 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 investigated.
For the purposes of establishing the stress history

of clay samples, it is necessary to know the relationship

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
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Fig. 3.1 Relation of keuper marl tests to the voids ratio

and- etfective consolidation pressure.
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Sample No. of rtzzggzrggd (Ol—ob)max
Nos. cycles seconds kNj%z
RPK 1-3 8 1 150
RPK 3-6 8 5 150
RPK 7-9 8 10 150
RPK 10-12 b 1 150
RPK 13-15 b 5 150
RPK 16-18 b 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

Length of '
S;mple No.lof rest period (Gl-caénax

oS- cycrLes seconds kN/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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s 1 Effective
ﬁgp e Consolidation
Se 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 measurement.
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Priziire Deviator Stress
o KN /m? (01—03) kN /m?
50~-150 50-250
50-150 50-450
50-150 50-650
50-150 | 50-250, 50-350, 50-450, 50-550, 50-650
50-250 50-250
50-250 50-650
50-250 50-250, 50-350, 50-450, 50-550, 50-650
Table 3.5 Preliminary Breedon @ravel Tests
Test No. Cell Pressure | Deviator Stress
o, kN/m? (6,-0,) KN/m®
BA 1-3 200-250 0-200
BA 4-6 150-300 "
BA 7-9 50-400 "
BA 10-12 225 n
BA 13-15 250 n
BA 16-18 300 n
BA 18-21 400 n

Table 3.6 Comparison of Constant Cell Pressure

and Cyclic Cell Pressure
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PriZiire Mﬁan. Peag ;f Peak Deviator Stregs
Oq kN/m” kNjhz ﬁ%/mz (0,-0,) 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
50-150 100 ' 100 " " n
100-200 150 100 " " "
50 50 0 0,200, 0-300, 0-400
100 100 0] " n "
225 225 | 0 " n "
300 300 0 " .o "
400 400 0] " " "

Table 3.7 Tests carried out using Lateral
Strain Measurement




&9

CHAPTER FOUR

DESCRIPTION OF EQUIPMENT

4,41 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 equipment has been
written 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
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at the start of each test using a manual screw jack
situated underneath. The deviator stress was applied to

the sample using a double acting hydraulic actuator with a

100 mm stroke.. The flow to the actuator was controlled
by a "Dowty" servo valve. The servo control is described
in Section 4.3. The load could be cycled at frequencies

up to 30 Hz. 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 stress of 700 kN/m®).

The load was measured using a load cell underneath
the triaxial cell. This meant that both friction 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 (LVDT)
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 2" nylon pressure
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tubing to a gate valve on the triaxial cell. Provided
that the system including the triaxial cell was carefully
de-aired to reduce compliance to a minimum, it was
possible to cycle the cell pressure from O to 500 kN/m°

at a frequency of 1 Hz.

4.3 THE ELECTRO-HYDRAULIC SERVO CONTROL EQUIPMENT

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 fed 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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controlled 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
junction (Stirling and Chadwick, 1973).

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

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

dither signal was applied to the summing Jjunction.

4.4 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 base. 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.
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4.4.1 High Pressuré 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/mz
(Fig. 4.5).

The perspex walls were removed and replaced by
anodised aluminium walls 186 mm internal diameter and
12 mm thick. The 12 rbds clamping the cell top together
were replaced by slightly longer silvered steel omnes to
allow the use of full 2" 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 safety
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 3" BSF bolts.

4.4_ 2 Pressure Transducers

The original transducers for monitoring the cell
pPressure were installed inside each cell lid and were
manufactured from aluminium alloy. They were found 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.)
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The existing pore water pressure transducers were
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 measurements were reliable.

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

The original transducer was replaced by new transducers
manufactured from stainless steel pléced on the outside
of the cell (Fig. &.4). 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
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frequency of stress application. Values as high as
250 N were measured.

The two top seals were, therefore, removed. When
the ram was cleaned well in paraffin and then lubricated
with "Vaxiella” o0il, it was found to drop under its own
weight. This level of friction was considered acceptable.

The problem of upward thrust on the ram due to static
and cyclic cell pressure has been solved by applying a
compensating factor to the calculations in the data

analysis.

4.4, 4k Lateral Strain Measurement

In order to satisfactorily characterise the behaviour
of partially saturated granular materials under cyclic
cell pressure, it is necessary to measure the lateral
strain as well as the vertical strain. It was decided to
use strain coils for this purpose (Fig. 4.6). A
description of their development and method of use may be

found in Appendix B.

4.5 DATA MONITORING EQUIPMENT

Monitoring of the tests was carried out using several
devices (Fig. 4.2). Repeated load tests were monitored
using a digifal voltmeter in combination with a dual trace
oscilloscope. The digital voltmeter had a facility for
holding maximum and minimum voltages. Readings were
recorded to four figures on a prepared data sheet. In

addition, an ultra-violet oscillograph chart recorder was
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used when storage of déta was required. This was ﬁsed
for the beginning of repeated load tests, creep tests
and for monitoring the whole of the strain controlled
tests. Using this facility, it was possible to record
six channels simultaneously on photographic paper.

An automated data collection process was developed
using a 14-channel F.M. tape recorder. This system
incorporated a programmable unit which allowed data to be
recorded for any length of time at preset intervals. Data
from the tape recorder was then analysed using a small

computer. Details of this may be found in Appendix D.

4.6 CONSOLIDATION EQUIPMENT

L,6.1 One-Dimensional Consolidation

The consolidation of Keuper marl was carried out in
two stages. The first stage was one-dimensional
consolidation from a slurry in a mould. The equipment for
this stage is shown in Fig. 4.7, and allows consolidation
at two independent pressures. For Keuper marl, the lowest
pressure which produced a sample which was easy to extrude

and handle was 150 kN/mz.

4.6.2 Over-consolidation Apparatus

In order to reproduce stress history effects on the
clay samples, they were first pre-consolidated at a given
pressure under drained conditions in the triaxial cell and
then allowed to finally consolidate at a '"swell back"

pressure.
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To carry out this process, it was necessary to
have a variable confining pressure in the triaxial cell
and a back pressure on the drainage line to maintain full
saturation. In addition, it ﬁas considered necessary to
monitor the flow of moisture into and out of the samples.

The confining pressure was supplied from a pressure
tank filled with distilled water and pressurised using a
regulated air supply fed to a rubber bladder inside the
tank. The back pressure for the drainage line was also
supplied from a pressure tank maintained at 150 kN/m2 for
most tests. The pressure for this tank was supplied from
a perspex reservoir in which the pressure was maintained
by regulated air which was separated from the water by a
50 mm layer of paraffin. This system was necessary to
allow for a greater volume changes on the drainage line
which a rubber bladder could not cope with.

The flow of moisture on the drainage lines was

monitored by a bank of six volume change indicators (Fig.

4.8).

4.6.3 High Pressure Supply

In addition to the pressure lines already outlined,
it was also necessary to supply a very high pressure for
the KH (high OCR) series of tests. Using air pressure
the safest maximum that could be achieved was 900 kN/m®.
In order to be able to pressurise the cells to an
effective confining pressure of 3000 kN/m®, it was

necessary to supply an additional high pressure 1line.



58

The pressure for this line was supplied by an

"Airhydro Power Unit" (Fig. 4.9). This power unit was

in effect a pressure amplifier and pump combined.

Using a regulated air supply, water was pressurised using

two connected pistons whose areas were in the ratio of 10:1.

Pressure was maintained on the return stroke by a non-

return valve. The pumping action continued until an

equilibrium was reached when the water pressure was ten

times the air pressure. Using this system, it was possible

to maintain the required maximum pressure of 3350 kN/mz T 1%.
The reduction in pressure during the swelling process

was limited to increments equal to the back pressure on

the drainage line. For this series of tests the back

pressure was, therefore, raised to 350 kN/m° to speed up

the consolidation process.
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CHAPTER FIVE

EXPERTMENTAL PROCEDURE -

5.1 CLAY SAMPLE PREPARATION

5.1.1 Slurry Preparation

The material used in the test programme was obtained
from a local brickworks. It was first oven dried, then
crushed in a mill and those particles passing a No. 200
sieve were stored in plastic bins.

A slurry of the clay was prepared by thoroughly mixing
the powdered clay with distilled de-aired water to a
moisture content of approximately twice the liquid limit
(70%) . Enough slurry was prepared at each mixing to produce
three specimens. The mixing was carried out in a "Hobart"

mixer for several hours to produce a uniform slurry.

5.1.2 One-Dimensional Consolidation

The slurry was transfefred to the one-dimensional
consolidation moulds (Fig. 4.7). Each mould was 101.6 mm
in diameter. To ensure sample uniformity and to speed up
the consolidation process sample drainage was allowed from
each end. The consolidétion process took three days. At
the end of this period, the samples were extruded from
the mould into a 102 x 102 mm cylinder. The ends of the
sample were trimmed using a thin wire cheese cutter. The

off-cuts were used for moisture content determination.

5.1.3 Cell Base Preparation




60

base. This was filled with de-aired distilled water.

Then the pore water pressure measuring system was flushed
thoroughly with water until all air was removed. A

blank was inserted at one end and the null indication
equipment (Fig. 4.8) was used to check the compliance of

the system. A compliance of’5 x 107% cm® kKN/m® (Appendix A)
was taken as acceptable. This was equivalent to 0.5 cm
movement of the mercury column for a pressure drop of

500 kN/me. If this value was not obtained, any remaining
air was removed by dissolving it under a pressure of
600'kN/m2 for five or six hours and then flushing the system
under pressure with de-aired water. To prevent the
formation of corrosion gases, the system was then flushed
through with a buffer solution with a pH value of 7. This
solution inhibited corrosion by preventing the formation of
acids in the system. A ceramic probe which had been
boiled for several minutes to remove any air was screwed
into the centre of the bottom platten. Fig. 5.1 shows the
probe in position with the trough removed.

The end plattens wére cleaned, polished, smeared with
silicone grease and a latex disc placed on each one to
reduce sample end restraint to a minimum. Both plattens
were thoroughly flushed under water to remove any trapped

air-.

5.1.4 Clay Sample Mounting

The sides of the sample were lightly scraped with a

spatula to remove any mould grease which might block the
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filter paper drains. The saﬁple was then weighed and
placed on the bottom platten forcing the ceramic pore
pressure probe (6 mm dia. x 10 mm high) into the base of
the sample. The top platten was placed in position and

the filter paper drains were attached to the sintered

bronze drainage rings by means of two latex bands (Fig. 5.2).
A membrane was placed on a vacuum former and slipped over
the sample. A small tube was inserted between the top
platten and the membrane to allow trapped air and water to
escape. When all air had been carefully removed from
between the sample and the membrane, the tube was removed,
and two sealing rings were placed around the plattens at
each end. The top drainage line was connected and the cell

was filled with distilled de-aired water.

5.1.5 Consolidation in the Triaxial Cell

A confining pressure supplied as described in Section
4.6.2 was connected to the cell and the pressure adjusted
to the required preconsolidation pressure. The drainage
connections for the top and bottom plattens were connected
to a back pressure of 150 kN/m® for the low OCR's or
350 kN/mz for the OCR of 75. In the case of the high
pressure consolidation, the vent for the pore water pressure
transducer had to be left open to prevent damage to the
diaphragm. The preconsolidation of the samples was allowed
until volume change had reduced to less than 1 cc per day
measured by the volume change indicators (Fig. 4.8). This

stage usually took from four to six days. The cell pressure
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was then reduced in 150 kN/ma increments to the appropriate
final consolidation pressure. Care was taken that
negative pore water pressures did not develop. Swelling

of the sample usually took from two to three days.

5.2 GRANULAR SAMPLE PREPARATION

5.2.1 Granular Sample Compaction

The granular material used was a crushed rock passing
a 3" sieve. It was carefully sieved and graded to give
a grading curve the same as that one used by Lashine et al
(1971).

Samples were prepared by compaction in a split mould
-using a falling hammer. The standard AASHO method of
compaction was used, the material being compacted in three
layers with 25 blows to each layer. This produced a sample
just wet of the optimum moisture content (OMC). The
samples when removed from fhe split mould were stiff enough

to be handled.

5.2.2 Granular Sample Mounting

The sample from the mould was placed on the prepared
cell base. The top platten was put in position and the
filter paper drains put in place. A latex membrane was
placed on the sample using a vacuum former. For some of
the tests the strain coils were placed on the sample using
the techniques outlined in Appendix B. The top platten
drainage was connected and the cell filled with distilled

water. The samples were allowed to consolidate for several
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hours before testing. The drainage cocks were left open

to atmospheric pressure.

5.3 TESTING PROCEDURES

5.3.1 Repeated Load Tests on Clay

Samples were placed on the loading machine where the
following procedure was carried out. The confining
pressure was reconnected and the cell pressure transducer
screwed onto the small valve on the cell top. The pore
pressure transducer cock was opened and the strain gauge
bridge electrically balanced, the klinger cock was then
closed again and the response of the transducer observed,
and the equilibrium value of the pore water pressure (PWP)
noted.

The cell was moved using the screw jack underneath
until the output from the LVDT comnected to the cell ram
was approximately =zero. The output was noted for a nominal
deviator stress of 2-3 kN/me.

The drainage cocks on the cell were kept closed and
samples were tested undrained. A constant load equal to
the mean value of the repeated load was first applied
followed immediately by the increase of the cyclic
amplitude to the appropriate value. The initial 10-15
cycles were at 1 Hz, then the frequency was increased to
10 Hz aﬁd readingé of the deformation, deviator stress,
cell pressure, and pore water pressure recorded using the

digital volt meter (DVM). The initial stages of the test
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were recorded using the ultra-violet recorder. Readings
were also taken automatically at fixed intervals on a

14-channel F.M. tape recorder.

5.3.2 Repeated Load Tests on Granular Materials

The setting up procedure for the tests on Breedon
gravel was very similar to that follqwed for the clay.

As the samples were partially saturated, they were
tested drained withoﬁt pore water pressure measurement.

If cyclic cell pressure was required, then the
bellofram pistbn was connected via a nylon tube to the
gate valve on the cell base. Care was taken to flush
out any air in the line to maintain compliance at a minimum.

In the case of cyclic cell pressure tests, 100 cycles
of cell pressure were applied to condition the sample

before the application of the vertical deviator stress.

5.4 STRAIN CONTROLLED AND CREEP TESTS
All of the single loading tests were carried out on
the saturated Keuper marl samples. The procedure for
setting up the creep tests was similar to that used for
the repeated load tests. The only difference being that
instead of applying a mean stress first, the full stress
was applied immediately and maintained at as near a constant
level as was possible within the limitations of the equipment.
A series of strain controlled Mstrength" tests was
also carried out. The rate of strain in these tests was

0.075%/min. This was in order to allow pore pressure
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equilibrium in the samples throughout the test. The LVDT
was used as a feedback on the servo loop and a ramp voltage

as the command signal.
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CHAPTER SIX

DISCUSSION OF RESULTS FROM TESTS ON KEUPER MARL

6.1 INTRODUCTION

Tests have been carried out on over-consolidated
saturated Keuper marl to characterise the plastic and
elastic properties. 'Carefully prepared reconstituted
soil was used in order to be able to determine which
parameters are the most important in the study of repeated
load behaviour of over-consolidated clay. The effects of
the stress history, moisture content and consolidation
pressures were studied.

With reference to the accumulation of plastic strain
a model has been developed relating the phenomenon of
creep to repeated loading. In addition, repeated load and
creep behaviours of samples prepared to different stress
histories have been found to fit general models according
to whether the samples are heavily or lightly over-
consolidated.

Elastic behaviour has been found to be dependent on
the applied stresses and to be independent of stress
history or moisture content. Tests using rest periods
as opposed to continuous loading show a large delayed
elastic component of deformation. For the purposes of
pavement design this component should be considered in any
estimate made of modulus under repeated non-continuous

loading.
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6.2 THE MATERIAL

Geologically, Keuper marl consists of a series of red-
brown mudstones and silty mudstones of Triassic age
(Chandler and Davis, 1973). The Keuper marl outcrop
forms two limbs either side of the Pennines which unite
in the Midlands and extend southwest to the Bristol
Channel. Particle size analyses show a variation in the
clay size fraction according to the degree of weathering.

The material used in the test programme was obtained
from a local brickworks. In order to produce consistent
samples only the portion passing a No. 200 sieve was used.
The material was oven dried, crushed in a mill and those
particles passing a No. 200 sieve were stored in plastic
bins.

Standard classification tests performed on the material

yielded the following results:

Specific gravity: 2.74
Liquid limit: 32.0%
Plastic limit: 18.0%

Plasticity index: 14.0%

The particle size distribution, determined by the pipette

method for the material passing the 200 sieve was:

Coarse silt: 48.5%
Medium silt: 14.5%
Fine silt: 19.0%

Clay: 18.0%
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The liquid limit, plastic limit and specific gravity
are the same as those given for a typical marl by Chandler
and Davis (1973). The clay size content is, however,
lower than their value, which may be dué to aggregates
of clay particles forming silt sized particles. This is

a property of unweathered marl.

6.3 RELATIONSHIP BETWEEN CONSOLIDATION PRESSURE AND

MOISTURE CONTENT

Two main series of repeated load tests were carried
out on the Keuper marl. Samples in the first series (KA)
all had a constant initial effective confining pressure
(o' = 40 kN/m®) . While in the second series (KB) the
moisture content was approximately constant. There was
some scatter in the final moisture contents for these
tests resulting in a range of moisture contents from 18.4
to 20.2%. A supplementary series of samples were produced
at an over-consolidation ratio of 75. This was done to
extend the range of OCR's and moisture contents being
investigated. The idealised equilibrium moisture content
versus effective confining pressure relationships for
these tests is shown in Figs. 6.1 and 6.2. The virgin
isotropic consolidation curve was determined by preparing
a series of mnormally consolidated samples. This curve
is in good agreement with those drawn by Cooper (1970)
and Lashine (1971) for the same material. The swelling
curves were drawn as straight lines since no measurements

were taken at intermediate pressures. Cooper (1970),
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however, found that the swelling lines were in facf
non-parallel and curved concave upwards.

From Figs. 6.1 and 6.2 the average valﬁes of
equivalent pressure p, were obtained and are shown on the
figures. P, is defined as the pressure of the point on
the normal or virgin consolidation line which is at the
same specific volume (moisture content) as the sample
itself (Roscoe et al, 1958 and Wroth and Loudon, 1967).
This parameter can be used in the prediction of sample
strength (see Seétion’6.4.2), and in addition allows
samples with different stress histories to be normalised

onto a single stress plane.

6.4 SINGLE LOADING STRAIN CONTROLLED TESTS

Samples were tested undrained with pore water pressure
measurements. The cell pressure was maintained at the
swelling pressure throﬁghout the tests. To allow the
pore pressures to reach equilibrium during the test the
samples were tested at a "slow" rate of strain of
0.076 mm/min. bThis value had been used by Lashine (1971)
when carrying out similar tests. The object of the single
loading tests was to obtain a simple strength criterion to
compare with the behaviour under repeated loading. Pore
water pressure, deformation and strength characteristics

were examined.

6.4.1 Pore Water Pressures

The behaviour of pore water pressure in this type of
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test was examined with respect to longitudinal strain in
two different ways. Firstly, it was compared with the
applied deviator stress by examining the non-dimensional

pore water pressure parameter "A" where:

A = T__+ML_TT (Au = pore water pressure change)

Secondly, the results were presented by dividing the
pore water pressure by the equivalent pressure P,-

The variation in the pore water pressure parameter
"A" is shown in Figs. 6.3 and 6.4. All the samples showed
a steep rise as the load was initially applied. On further
straining the value of "A" tended towards an equilibrium
value.

The contrasting ways in which the pore water pressure
develops is an illustration of the different soil particle
structures. This difference in structure, it will also
be shown, is evident also in the creep and repeated load
behaviour of the soil. The contrast is best shown in
Fig. 6.5 where the pore water pressure is normalised with
respect to the equivalent pressure and plotted against the
longitudinal strain. As the OCR increases, the equilibrium
value of u/pe decreases.

It is possible to divide the samples into two categories;
these are, samples on the "wet" side and samples on the
"dry" side of the critical state (Roscoe et al, 1958).
Samples on the wet side are those which develop positive
pore pressures during shear while those on the dry side

develop negative pore pressures.
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6.4.2 The Stress Invariants p and g

In order to better examine the single loading strength

of samples the following parameters were used:

Deviator stress q = (0,' - oé')

Mean normal effective stress p = %(ol' + 205')

By normalising p and g with respect to P, it is possible
to compare tests carried out at different void ratios.

Fig. 6.6 shows the non-dimensional parameters q/pe and p/pe
plotted against each other and is the projection of all the
plots of g against p onto a single plane. It can be seen
that whatever the starting point all the stress paths
converge on one point, the critical state, at which q/pe

is equal to 0.45 and p/pe equals 0.36 for this particular
soil.

Some strain contours have been plotted on Fig. 6.6.
These follow a similar pattern to those plotted for kaolin
by Wroth and Loﬁdon (1967). It can be seen that those on
the dry side of the critical state converge on a point on
the p/pe axis. The contours on the wet side are, however,
parallel to the p/pe axis. In addition, it can be seen
that a larger proportion of the sample strength is mobilised
to reach a given strain on the wet side than for highly
over-consolidated samples on the dry side.

The development of the terminal value of q/pe is shown
in Fig. 6.7. As the OCR increases, the terminal value is

reached at a higher strain. This terminal value is defined

as q./p -
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The value of qf/pe of 0.45 can be used to calculate
the single loading strength of the material tested for
any value of P.- The actual values obtained from such
tests are compared with the calculated values in Fig. 6.8

and a reasonable correlation is noted.

6.5 PLASTIC DEFORMATION UNDER CREEP AND REPEATED LOADING

The behaviour of samples under creep and repeated
load has been found to be essentially very similar. 'The
two types of behaviour will, therefore, be studied together.
The accumulation of plastic deformation under repeated
loading will be shown to be directly related to flow under
creep conditiomns. In addition, a general model will be
outlined relating both creep and repeated load plastic

deformations to the stress history and sample strength.

6.5.1 Undrained Stress Paths and Development of Pore
water pressure .

Stress paths for repeated load and single loading
tésts are compared in Fig. 6.9. The points represent the
repeated load tests and are at values of q/pe in which
q = q . The tests would, in fact, move through an
area of stress space represented by a parallogram enclosed
by the lines representing Ynax and q = 0, and with sides
of slope equal to a third, since p = q/3 + o,'.

Comparison of the repeated load stress paths with
those for strain controlled tests indicates that the

equilibrium value of pore water pressure under repeated
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loading is greater for a given value of g than that attained
in strain controlled tests. A similar conclusion was
reached by Roscoe et al (1963) when comparing creep and
strain controlled tests. They suggest that the time
effects in any creep of soil are associated ﬁith a
diffusion process. Lacerda and Houston (1973), carrying
out stress relaxation tests, found the variation of pore
pressure during the relaxation period is very small, lending
support to the hypothesis that the magnitude of pore
pressures depend exclusively on the amount of strain.

The variation of pore pressure parameter "A" with the
number of cycles of applied load is shown in Figs. 6.10 and

6.11, where A = Au/(01'03) It can be seen that an

max"

equilibrium value of pore water pressure is not reached
untii/between 10® and 10 cycles. For a very lightly over-
consolidated clay, the maximum value of "AY increases with
increasing deviator stress.

Undrained stress paths for creep and repeated loading
are shown in Fig. 6.12. Comparison of the paths for an
OCR of 10 shows that higher peak values of pore pressure
are reached under creep conditioms. However, in general,
the stress paths are very similar.

Typical variations of pore pressure parameter "A"
under creep and repeated load conditions are shown for an
OCR of 10 in Figs. 6.13 to 6.15. It can be seen that for
each value of applied deviator stress, the behaviour of

the pore water pressure under repeated load and creep is

very similar.
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6.5.2 Accumulation of Plastic Strain

Figs. 6.16 to 6.22 show the variation of plastic
strain with the number of cycles for different stress levels
and stress histories. A series of creep tests was
carried out on samples with the same stress histories as
the KA and KH repeated load tests (i.e. initial effective
0g' = 40 KN/m®). The variation of the plastic strain
with time for these tests is shown in Figs. 6.23 to 6.26.
The accumulated strain under creep stresses is, as would
be expected, similar to that under repeated stresses.

A simple empirical relationship between the strain
accumulated under creep and that accumulated under repeated
loading was examined. Figs. 6.27 to 6.29 show the plastic
strain after 5000 seconds at non-failure stresses for creep
and repeated load tests. After this length of time the
strain accumulated under repeated load is approximately
half the value accumulated under a creep load. If the
permanent strain after 5000 seéonds is plotted against the
bounded integral of the stress-time plot from O to 5000
seconds, then both types of test fall on the same line with
some scatter, Fig. 6.30.

It is not possible, however, to extrapolate this
relationship for times greatly in excess of that considered.
Since, for most engineering purposes, it is necessary to
be able to predict the plastic deformation accumulated
over several decades of time, a more detailed analysis is

clearly required.
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lines is plotted in Fig. 6.46 for both creep and repeated
loading. Only points in the area of engineering interest
have been shown. This area is where sub-failure stresses
can cause the accumulation of considerable plastic strain
over a period of time. If the applied stresses are
greater than those in this zone, then creep rupture occurs,
if they are less, then the strain rates rapidly decrease
to negligible proportions. Extension of the relationship
at each end of the range considered would, therefore,
result in an "S" shaped curve (Section 2.4.3, Fig. 2.8).
Feda et al (1973) found that this curve could be approximated
by a Gauss-Laplace error function. The analysis in later
sections, however, will only consider those points lying
on the straight line portion of this curve. Examination
of Fig. 6.46 shows that the.points plotted for repeated
load tests lie below those plotted for creep tests.

Tests carried out on lightly over-consolidated samples
(wet side) can be analysed in a similar manner; however,
it is found that the slope of the log strain rate versus
log time plot has a mean value of -0.87 (as opposed to -1
for the dry side). These lines are plotted in Figs. 6.47

to 6.50.

6.5.4 Relationship between Creep and Repeated Loading

If it is postulated that sine wave loading can be
represented by an infinite number of creep stress increments,
then, by using an approximate numerical summation, it
should be possible to relate the strain rate under creep

to that under repeated loading.
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Fig. 6.51 shows an approximate sine function
represented by ten straight line sectiomns. The mean
proportion of the total stress mobilised for each section
is indicated in the figure.

Figs. 6.52 to 6.54 show the relationship between
the creep strain rate after 10® secs and the applied
deviator stress for different OCR's. It is assumed that
after, for example, 10° seconds, the strain rate during a
cycle of repeated loading will vary continuously from zero
to that value of creep strain rate appropriate to the
maximum applied deviator stress. By averaging the creep
strain rates for the ten stress increments shown in Fig.
6.51, for different maximum deviator stresses the lines
shown in Figs. 6.52 to 6.54 for repeated loading were
drawn (see Table 6.1). The experimental points plotted for
repeated load tests show some measure of agreement with the
derived lines. It is evident from this that behaviour
under repeated loading can be considered as an extension of
the static creep phenomenon.

6.5.5 Prediction of Accumulated Strain under Repeated
Loading from Creep Data

The relationship between strain rate and time shown
in Figs. 6.38 to 6.44 and 6.47 to 6.50, can be expressed

in the following form:

log é =q - 3 log T (6.1)

where ¢ = strain rate, ¢ per second

=
Il

time - seconds
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aq = strain rate at unit time

) = gradient of the log ¢ versus log T plot and is
constant for both creep and repeated load tests
on samples having the same stress history. It
is defined as the decay constant.

The constant ")" can be obtained from a creep test,
but the parameter "g" is not a constant since it depends
on applied stress, the stress history, and the type of
loading. To obtain a value for "g" it is necessary to carry
out creep tests over a range of deviator stresses. By
projecting the strain rate versus time plots back to unit
time a function for "g" may be obtained of the following

¥

form (see Fig. 6.45):

@ =B+ Clo, - 0g) (6.2)
where ¢ = log (strain rate at unit time)
= log él
B = a constant dependent on the material and the

stress history

C gradient of the line

1

(01—03) = applied deviator stress

Having obtained the above relationship for creep tests
it is then possible to derive the function for "g" under
repeated load conditions using the technique outlined in
Section 6.5.%4. This was done for OCR's of 4, 10 and 20.

The functions obtained for "q" or log éi are given below.

OCR = 4
Creep: a = log_ €, = 0.045(01—03) - 9.2 (6.3)
Repeated load: d.z log 51 = 0.036(0;;0;) - 9.5 (6.4)
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OCR = 10

Creep: a = log, é; = 0.0345(0,-0,) - 8.5 (6.5)
Repeated load: o = log_ &, = 0.029(c,-0,) - 9.2 (6.6)
OCR_= 20

Creep: a = log g, = 0.045(01-03) -9 (6.7)
Repeated load: ¢ = log él = 0.0385(01—03) - 9.5 (6.8)

Equation 6.1 can be rewritten as:
;= e%.77h (6.9)
where o = f(o)

Integrating equation (6.9) gives:

T T
I ® s4rT = r ® d.TN g7 (6.10)
T, ‘T,
| e 1-) 1-)
EI,--[\a = GTI + T)LCTE - Tl ) (6.11)

This equation allows the prediction of the strain
accumulated after T; secs providing eTl, 12 and the function
for g are known.

For the tests which were carried out, reliable data
for plastic strain could not be obtained until several
seconds had elapsed. Hence, the simple empirical relation-
ship outlined in Section 6.5.2 was used to compute the
plastic strain during the first 100 seconds. This
relationship was that the repeated load strain is

approximately half the creep strain in the early stages of
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the test. Figs. 6.55 to 6.58 indicate the accuracy of
this assumption.

Using equation (6.11) and data from creep tests,
predictions were made of plastic strain in repeated load
tests after 10®° cycles (Table 6.2).

6.5.5(a) Comparison between predicted and actual values
of plastic strain

A comparison between predicted and actual values of
total strain after 10® seconds or 10% cycles of repeated
load is given in Fig. 6.59. It can be seen that there
is some considerable deviation of the points from the line
drawn for a correct prediction. Some measure of this
deviation can be made by assuming that it is systematic.
By carrying out a linear regression of the dependent
variable (the predicted strain) onto the axis for the
independent variable (the actual strain) a regression line

was drawn of the form:
vy =a_ + a.x (6.12)

The values of the coefficients were as follows:

a = 0.4

o

a, = 1.11
Coefficient of correlation = 0.73

The deviations of the predicted values from the line of
regression were computed. A second assumption was made
that the deviation of these values was normally distributed

about the regression line, and hence the mean, the standard
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deviation and the variance were calculated. These were:

Mean = 0.0068
Standard deviation = 1.15

Variance = 1.33

For values of strain up to 6%, the "prediction correct"
line lies within a standard deviation of the regression
line. The regression liné also suggests that the
predicted values of plastic strain are systematically
11 per cent plus a small constant larger than the actual

values.

6.5.6 A General Model of the Accumulation of Plastic Strain

Strain controlled tests have been examined in terms
of the stress invariants p and q and the equivalent pressure
P, (Section 6.4.2). It was also shown that a sample
strength could be defined in terms of the equivalent
pressure p by the use of the invariant qf/pe'

Analysis of creep and repeated load tests has shown
that it is possible to express the strain rate at a given

time in terms of a function involving the parameters q and

pe or qf.

By normalising the deviator stress with respect to

o=

P, two unique lines were obtained for the variation of the
strain rate at a given time (Fig. 6.60). These two lines
are for samples consolidated either to the wet or dry sides
of the critical state (see Section 6.4.1). Separate
consideration will be given below to tests falling into

these two categéries.
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In order to determine the stress history of site
samples, it is necessary to estimate the preconsolidation
pressure; methods for doing this have been developed by
Casagrande (1936), Burmister (1942) and Schmertmann (1955)

and are outlined in Appendix E.

6.5.6(a) Model for repeated load tests on the "dry" side

The variation of the strain rate after 104 seconds
is plotted against the normalised maximum deviator stress
Upax [OT Tepeated load tests in Fig. 6.61. Using the data

tabulated in Table 6.3 a line of regression was fitted to

these tests.

The equation for this line was:

_1
log é104 = 0-706-qmax.pe 2 - 18.4 (6.13)

(coefficient of correlation = 0.93)

A similar equation was obtained for creep tests (Table

6.4, Fig. 6.62):

_1
= 0.77%.q.p_ % - 18.2 (6.14)
(coefficient of correlation = 0.92)

Using the summation technique outlined in Section 6.5.4
a theoretical repeated loading line was derived from
equétion (6.14) and is shown in Fig. 6.63. It can be
seen that for the general case, this line does not coincide
with the regression line plotted through the repeated load

tests.
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OCR | p_ a |a//p | ¢ @ 10% secs
20 | 500 | 50| 2.236 6.1x10" 8
20 | 500 | 100 | 4.472 2.8x1077
20 | 500 | 120 | 5.367 5.2x1077
20 | 500 | 150 | 6.708 8.0x1077
10 | 320 | 80 | 4.47 4.0x1077
10 | 320 | 70| 3.9 1.0x10"7
10 | 320 | 50| 2.79 5.1x1078
20 | 445 | 75| 3.54 7.5x10° %
20 | 445 | 100 | 4.73 3.5x1077
20 | 445 | 120 | 5.67 4.2x1077
75 | 920 | 125 | 4.09 1.8x1077
75 | 920 | 150 | 4.94 4.8x1077

Table 6.3 Strain rates for repeated
load tests "dry" side

Equation (6.9) can be rewritten for the general case,

as
I
¢ = o LT (6.15)
where o' = f(q, pe)
and A» = 1 (for the dry side)

Integrating With'respect to T:

T, WL
J ® sar = & I oA ogr (6.16)
T T -
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OCR | p_ a |al/p | ¢ @ 10* secs
75 | 920 [150 | 4.94 4.2x1077
75 | 920 75| 2.45 7.0x10" 8
20 | 500 | 46| 2.05 1.1x1077
20 | 500 | 68| 3.04 2.0x1077
20 | 500 [ 90| 4.02 4.0x1077
20 [ 500 | 95| 4.25 4.0x107"7
10 | 320 | 30| 1.68 3.0x10° 8
10 } 320 | 50| 2.79 9.5x10 °®
10 | 320 | 68| 3.81 . 2.3%1077
Table 6.4 Strain rates for creep

For the special

exp(q') = él

tests "dry" side

case of )} = 1:

+

1}

ea'°(l°ge T, - log Tl) (6.17)

strain rate after 1 second

Equations (6.13) and (6.14) can be rewritten for the

T = 1 sec situation to give the following expressions for
al
- _1
Repeated load: = O.7O6.q.pe 2 - 9.2 (6.18)
1
Creep: = O.774.q.pe 2 - 9.0 (6.19)

Using equations (6.17) and (6.18) computations were

made of the predicted accumulated strain from 10° to 10°
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seconds (10? to 10° cycles) (Table 6.5). Some data

from Lashine et al (1971) is included. Using the
statistical techniques explained in Section 6.5.5(a), a
comparison was made between the predicted and actual

values of strain. Assuming a systematic error using

this method of prediction, the line for a correct prediction
lies within a standard deviation of the error for wvalues

of strain up to 8% (Fig. 6.64).

The coefficients for the regression line were:

ao = 0.295
a, = 1.1
Coefficient of correlation = 0.87
The mean error from the regression line = 0.001%

Standard deviation = 1.10%4

Variance = 1.21

An attempt has been made to predict the total plastic
strains for repeated load data, where creep tests have been
carried out under the same conditions. This was done by
using the value of strain for the first 100 seconds given
by Figs. 6.55 to 6.58 and the accumulated strain from the
general model (Table 6.6). A measure of the prediction is
given in Fig. 6.65.

The coefficients for the regression line were:

a
o

ai = 1.16

-0.036

Coefficient of correlation = 0.935
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6.5.3 Rate of Accumuléfion of Plaétic Strain

For purposes of studying the variation of strain-
rate with time the samples are divided into two categories.
These are: (1) samples falling on the wet side of the
critical state, and (2) those falling on the dry side.

Figs. 6.31 to 6.37 show the variation of the logarithm
of the strain-rate with the logarithm of time, for samples
on the dry side, for both creep and repeated load tests.

Lashine (1973) suggested that for repeated load tests,
if the slope of the strain rate vs time plot (on log-log
axes) was greater than a certain value, rupture would occur
in a finite period of time. Finn and Shead (1973) give
a similar finding for creep tests. They plotted the locus
of the turning points of the strain rate-time plots for
samples subjected to stresses causing rupture in a finite
time. They found this locus to be parallel to the lines
for sub-failure stresses. If any test tended towards this
locus, then rupture occurred after a finite period of time.
It is not the author's intention to study samples which fell
in this zone, but rather to characterise the behaviour of
the samples subjected to sub-failure stresses.

There are a number of possible reasons for the scatter
of results exhibited in Figs. 6.31 to 6.37. As outlined
in the description of the equipment, it was not always
possible to maintain a constant stress for either repeated
load or creep tests due to drift of the null position of
the servo valve. In addition, as shown by Mitchell (1964),

Campanella et al (1968) and Parr (1972), temperature has a
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considerable effect on creep behaviour. Although tests
were carried out in a room where the temperature was
confrolled, variations up to iBOC could occur.

It has, in addition, been shown by Ter-Stepanian
(1973) that during creep of remoulded clay samples, plastic
deformation can occur in a "jump-like"™ fashion due to the
replacement of less durable random structures by oriented
ones. Parr (1972), testing undisturbed fissured samples
of London clay under very closely controlled conditions,
found considerable instabilities during the accumulation of
plastic strain. Bishop and Lovenbury (1969), testing
drained samples of London élay, considered limited
instabilities to be a significant characteristic of
undisturbed clays under repeated loading.

The mean slopes of the variation of the logarithm of
strain rate with the logarithm of time were found to be
the same for both the creep and the repeated load tests.

Lines of the same slope were fitted by eye to all the

experimental points. The slope which seemed to give the
best fit in the majority of cases was equal to -1. These
lines are shown in Figs. 6.38 to 6.44. It can be seen

from these lines that at a given time the strain-rate is
a function of the applied stress..

By plotting the variation of strain rate against the
maximum deviator stress a series of parallel lines is
obtained at different times (Fig. 6..45). This is
similar to that plotted by Singh and Mitchell (1968) and

Holzer et al (1972), Fig. 2.5. A typical set of these
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Test No.| ocr|Actual ey initial|®p STEIREFEY op total
ey predicted o/ /o, model predicted
KA13 10 | 0.13 0.1 0.19 0.29
KA1k 10 0.05 0.1 0.17 0.27
KA15 10 | 0.59 0.25 0.49 0.74
KA16 10 | 0.85 0.25 0.49 0.74
KA17 10 3.47 1.0 - -
KA18 10 1.24 0.4 1.56 1.96
KA1802 10 |Failed - 34 Failed
KA20 20 | 0.59 0.3 0.35 0.65
KA 19 20 0.53 0.3 0.35 0.65
KA21 20 2.20 0.9 1.63 2.53
KA22 20 1.78 0.8 1.97 2.77
KA23 20 {Failed 2.0 14.9 Failed
KA24 20 | 7.77 2.1 7.9 10.0
KA25 20 6.59 2.1 7.9 10.0
KA31R 10 3.04 0.5 - 1.76 2.26
KA31 10 | 2.1 1.0 1.0 2.0
KA33R 20 3.49 1.4 3.06 4.46

Table 6.6 Predicted and Actual Total Strains

for the "Dry'" Side
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The mean error from the regression line = 0.005
Standard deviation = 1.09

Variance = 1.20

Considering first the prediction of accumulated strain,
Fig. 6.64, it can be seen that the systematic deviation
from a true prediction is of the order of 10% plus a small
constant value. When a further step is added and the
total strain is predicted, this systematic deviation
increases to 16%. Providing the assumption of normal
distribution is a correct one, then 64% of the predicted
values of total strain for the dry side will be within 16%
of the actual value + 4.09% and for the accumulated strain
64% of the predicted values will lie within 10% of the
actual value ¥ 1.1%.

It was not found possible to quantify the degree to
which the variability was due to experimental error or to

inherent variability of the material behaviour.

6.5.6(b) Model for repeated load tests on the "wet" side

A similar model to that already explained for the
"dry" side was developed for samples on the wet side of
the critical state. The variation of the strain rate with
the stress parameter q.pe—? is shown in Fig. 6.66 for both
creep and repeated load tests (see Tables 6.7 and 6.8).

The functions governing ' (see equation (6.15)) are given

"below:

o=

- 8.78 (6.20)

Repeated load: ¢ 0.254 q.pe__

)=

- 8.78 (6.21)

Creep: o' = 0.485 q.pe—



10 : . :
o REPEATED DAD TESTS
KEUPER MARL OCR | R
WET SIDE OF © L | 425
. CRITICAL STATE A > | 208
10° — CREEP AND REPEATED — . 120
LOAD TESTS =
+ | Wet side tests
Lashine (1971)
CREEP TESTS
10"
o [OCR 4 PRu=140
O
&
@
D- -
a 10
w
2 <
5 ng’/ Neok
I L
g -6 , @ &
0p] &
¥ +
: +
+ A 048 q |
- © . 0-48575 -16-8
10 /// Creep 6104 ce Jﬁel
| o &
. (254 = 16.8)
Repeated load €, =e Fe
8 |
16 |
2 L 6 8 10 12 14

Fig. 6.66 \Variation of strain rate with normalised deviabor

] lo

stress at 104 secs for wet side

(creep and repeated load tests ).




OCR P, q q/[pe g @ 10% secs
4 425 | 100 4.85 1.6x1077
4 425 | 150 7.27 3.6x10°7
4 425 1 175 8.48 1.1x10°°

2 | 405|150 | 7.45 2.0x1077
2 405 | 190 9.44 6.6x10" 7
L | 140 | 50| 4.23 1.0x10" "7
4 | 140 | 75| 6.3k 2.7x1077
4 140 | 80 6.76 6.2x10 7
2 | 555 | 152 | 6.45 2.5x10 7 *
2 | 555|193 8.19 4.ox1077 *

4 628 | 155 6.18 2.0x10 7 *
L | 628|200 7.98 2.9x10 " *
4 628 | 272 | 10.85 4,1x10” 7 *

* Lashine et al (1971)

Table 6.7 Strain rates for repeated
load tests "wet" side

OCR | p a | a//p, ¢ @ 10* secs
4 140 | 30 2.54 1.8x1077
4 140 50 4.23 3.7x1077
4 140 | 65 5.49 7.9x1077

Table 6.8 Strain rates for creep
tests "wet" side

92
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Fig. 6.67 compares the derived theoretical repeated
load line with the actual creep and repeated load lines.
It can be seen that in this case as opposed to the case
for the "dry" side, the theoretical line lies above the
actual line.

The value of ) used for the wet side was 0.87. By
substituting ' for ¢ in equation (6.11) the accumulated
plastic strain between 10%® and 10° cycles was predicted
for repeated loading (Table 6.9, Fig. 6.68). As for the
dry side, data from Lashine et al (1971) is included and
shows good agreement with the author's tests. The
regression line through the points shown in Fig. 6.68,
for the range considered, lies very close to the line for
a correct prediction. The author does not consider that
there is any significant systematic deviation from the

model proposed.

6.5.7 Plastic Strain Related to Sample Strength

It has already been shown in Section 6.4.2 that the
equivalent pressure P, is directly related to the sample
strength Ade obtained from a strain controlled test. The
functions for o' used in the prediction models for both
"dry" and "wet" sides can, therefore, be considered as
functions of q and qQpe

If the normalised stress paths and strain contours
for strain controlled tests plotted in Fig. 6.6 are
examined, it can be seen that for a given mobilised

roportion of the strain is less on the "wet' than on
prop adp
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the "dry" side. It would, therefore, be expected that
under repeated load conditions the accumulated strain
and, therefore, the strain rate at any given time, would
also be less for the wet side. Fig. 6.60 shows that for
the tests carried out that this was in fact the case.

The sample strength is not, however, an independent
variable since it depends on the voids ratio of the clay.
p, can be considered as a measure of the voids ratio and
is, therefore, a more fundamental parameter than the sample

strength.

6.5.8 The Effect of Rest Periods on the Accumulation of
Plastic Strain :

Many engineering situations involving repeated ioading
of soil have rest periods interspersed between trains of
load pulses. A series of tests was, therefore, carried
out on the Keuper marl to determine the effects of the
length of the rest periods and the number of load pulses
between rest periods.

It is necessary to re-examine the concept of resilient
modulus since rest period loading indicated a considerable
delayed elastic response existed for the saturated marl.

The variation of plastic strain with number of cycies
for lightly over-consolidated marl takes the same form
undgr rest period loading as it does under continuous
loading (see Figs. 6.69 to 6.71). The length of rest
period or the number of cycles between rest periods do not
cause any consistent trend as far as the accumulation of

plastic strain is concerned.
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For the purposes of comparison of rest period loading
with continuous loading the strain rate was plotted against
the loading time on a log-log basis (Figs. 6.72 to 6.74).
Comparison of the strain rates for samples on the “"wet"™
side suggests that there is a slight tendency for rest
period loading to cause an increase in the strain rate
(and hence the strain) as most of the points lie above
the line for continuous loading; the difference is not,
however, considered to be significant.

In addition to carrying out tests on a lightly over-

" consolidated marl on the wet side a liﬁited nhumber of tests
were carried out on samples consolidateh to the dry side.
Strains accumulated on these samples are tabulated in
Table 6.10. The loading for these tests consisted of
eight maximum deviator stress pulses of 75 KN/m® followed
by differing lengths of rest period. Strain rates for
rest period loading generally lie between the lines drawn
for continuous loading at maximum deviator stresses of

70 kN/m° and 80 kN/m° (Figs. 6.75 to 6.77). There was

no significant change in the strain rates for rest periods
of different lengths. Similar findings are reported by
Newland (1971) who, when investigating a normally
consolidated clay, showed that the imposition of a rest
period in a "creep" test gave no real effect in terms of

the plastic strain developed with time.
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6.6 RECOVERABLE DEFORMATION UNDER REPEATED LOADING

When using layered elastic or finite element computer
analyses of flexible pavement structures, it is essential
to be able to characterise the resilient properties of the
subgrade. The current state of knowledge only allows an
estimate of the resilient modulus of the unbound materials
to be made from a CBR tést which is a static test to
failure.

It will be shown that for a saturated Keuper marl
the resilient deformation is essentially independent of
the voids ratio or stress history but is a function of the
applied stresses.

Tests using rest period loading have shown a large
delayed elastic component which should be allowed for when
resilient moduli are being estimated for pavement design

purposes.

6.6.1 Resilient Modulus

The resilient modulus is a term that has been commonly
adopted to define the stiffness of materials under repeated
loading. It 1is defined as the ratio of the amplitude of
‘the deviator stress to the amplitude of the vertical strain
.on the sample.

The resilient modulus varies with both stress and time.
Values of resilient modulus have been plotted against the
number of cycles for some typical tests in Figs. 6.78 to 6.80.
The variation of the modulus with time depends on the OCR.

For an OCR of 2 there is a considerable decrease in
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resilient modulus with time. As.the OCR increases, the
decrease becomes less marked until for a highly over-
consolidated clay (Fig. 6.80) theré is no marked change

at all. It is suggested the decrease in the modulus is
due to a decrease in the effective confining stress. This
would be far greater for the lightly over-consolidated
samplés where high pore water pressures are developed
compared with the highly over-consolidated samples where
virtually no change in pore pressure occurs under repeated
load conditions (see Fig. 6.10). In contrast to the
stiffening effect of the confining stress, it can be seen
that an increase in the deviator stress has a softening
effect. Lashine et al (1971) carried out a series of
tests which seemed to indicate that the resilient modulus
decreased as the OCR increased (Fig. 6.81). However, when
the KA series of tests (carried out at a constant initial
effective confining stress of 40 kN/mQ) are plotted on

the same axes, it can be seen that all’ three OCR's lie on
the same curve. Fig. 6.82 shows the variation of the
resilient modulus with the deviator stress for a constant
initial confining stress. By replotting the results of
Lashine et al (1971) it can be shown that for a given
deviator stress the resilient modulus varies directly with
the confining stress (Fig. 6.83). By normalising the
deviator stress with respect to the initial effective
confining stress, it can be seen that both these results

and those from the present tests lie approximately on the
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same curve (Fig. 6.84). It is noted, however, that
Lashine's experimental points lie above the present énes and
this is considered to be due to modifications carried out

on the'triaxial cell to reduce friction in the loading ram
and hence obtaining a truer measure of sample stiffness.

It is, therefore, maintained that the resilient modulus
is thus shown to be independent of the OCR and is a function
of the applied stresses. This is supported by Parry and
Amerasinghe (1973) who showed that the recoverable portion
of the shear strain for isotropically consolidated specimens
is independent of the stress history. Similarly, Humphries
and Wahls (1968) found the OCR to be insignificant in the
determination of the dynamic shear modulus of kaolinite.

It was found that the effective pressure was the dominant
factor.

Defining 031' as the initial effective confining stress
and excluding Lashine's experimental data, then the resilient

modulus can be expressed as follows:

-0.6
(0,005

M_ = 50.5 (6.22)

R G .
3i
Fig. 6.85

A coefficient of correlation of 0.844 was obtained for this
relationship.

The tests at an OCR of 75 were carried out to determine
any effects that there might be due to changes in moisture
content by increasing the range of moisture contents studied.
These tests, however, lie on the same line as the others.

It can, therefore, be concluded that the moisture content is
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not a significant parameter in the determination of the
repeated elastic modulus.

Much of soils testing relative to the pavement design
problem has been carried out using repeated load tests on
partially saturated clays. Fdr these materials it has been
found that the resilient modulus is a function of the deviator
stress and the soil suction. The suctions of partially
saturated clays tend to have very high values and can be
considered as a measure of the initial effecéive confining
stress. Results from Dehlen (1969) plotted on the same
axes as Fig. 6.85 give a line of similar slope (Brown, 1974}
(2). Richards (1970) has also shown the soil suction to be
an important determinant of the resilient modulus.

6.6.2 The Effect of Rest Periods on the Recoverable
Deformation

Two kinds of recoverable deformation are discernable
during rest period loading. One component is purély
elastic and the other is delayed elastic.

The delayed elastic component exists for both lightly
over-consolidated and more heavily over-consgolidated clays.
Some idea of the relative magnitude of the delayed component
of deformation can be obtained from Fig. 6.86, thch shows
typical traces from the load cell, LVDT and pore water
pressure transducer.

Figs. 6.87 and 6.88 show the variation of the total
modulus (determined from the total recoverable strain) and
the purely elastic modulus for OCR's of 2 and 10. The two

different moduli were computed from data recorded using an
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ultra-violet recorder. For the lightly over—consolidéted
samples the total modulus is between BQ% and 85% of the
purely elastic-modulus for most of the test. In the case
of the more heavily over-consolidated sample, the total
modulus is between 75% and 80% of the elastic modulus.

Fig. 6.89 shows the variation of the total modulus
with humber of cycles, for varying lengths of rest period
and 8 load cycles between each rest. These results do
not show any significant difference for different lengths
of rest period. Examination of u.v. traces showed that
over 95% of the delayed elastic recovery occurred in less
than one second. The shortest rest period used was omne
second, which would explain why no measurable difference
was noted between the different lengths of rest period used.
Krizek et al (1971), carrying out strain controlled
relaxation tests on clay samples, showed 99% of the
relaxation occurred in 1 second. Fig. 6.90 shows a similar
behaviour for lightly over-consolidated samples. Again,
the results do not seem to show any discernible difference
for different lengths of rest period.

A comparison of the effect of the application of
different numbers of cycles between rest periods showed a
marked softening in terms of the total modulus as the number
of cycles decreased (Fig. 6.91). It is, therefore,
suggested that the delayed elastic component of deformation
is dependent on the number of continuous cycles, decreasing
as the number of continuous cycles increases.

The total modulus can be as small as 50% of the purely
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elastic modulus. Pneumatic repeated load testing equipment

as used by Seed and others (Seed and Fead, 1959) does not

apply a continuous cyclic load and would, therefore, give

values of total modulus and not purely elastic modulus.
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CHAPTER SEVEN

TESTS ON BREEDON GRAVEL

7.1 INTRODUCTION

The tests on the granular material consisted of two
phases. The first being a preliminary investigation of
the effect of the sequence of loading on the resilient
and permanent deformations. The second phase was an
investigation into the effects of cyclic cell pressure.
In order to compare the resilient deformations under
cyélic cell pressures with those measured under constant
cell pressures, it was necessary to develop a method of
measuring lateral strains. This was done usihg strain

coils and their method of use is described in Appendix B.

7.2 THE MATERIAL

A crushed stone aggregate passing a %” sieve, supplied
by the Breedon and Cloud Hill Gravel Company was used for
all the tests. The grading curve for the material (Fig. 7.1)
shows that it lies within the grading limits of material
used extensively by British Rail in their track foundations
(Meldon Dust).

The moisture content/dry density relationship was
determined using both modified and standard AASHO compaction,
(Fig. 7.2). With the latter the optimum moisture content
was found to be 6% and the maximum dry density 2280 kg/m°.

Using the standard AASHO compaction, the optimum moisture
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content was found to be 6.5% at a dry density of
2227 kg/m°.

It was decided to use the standard AASHO compaction
at a moisture content of 7-7.5% as this gave samples which
were stiff enough to handle. This coincides with the
shaded zone on Fig. 7.2 in the region just wet of optimum.

The specific gravity of the particles was measured
and found to be 2.72. Control moisture contents taken
during compaction and after testing showed the moisture
content to be in the region of 7.5% % 0.5%. The dry
densities of the samples after compaction were found to

be 2219 kg/m® ¥ 16 kg/m®.

7.3 DEFINITION OF RESILIENT MODULUS

The greater part of repeated load soil testing carried
out to date has been done under triaxial test conditions,
but with only the vertical stress being cycled. A
definition of resilient modulus MR has evolved from this
as:

(o,-04)g

My = ——2F (7.1)

R

Il

the repeated component of the deviator

where (01_03&1 stress

the resilient vertical strain.

and ER
As is illustrated in Fig. 7.3, under constant cell
pressure conditions, the amplitude of the vertical stress
component (oi) is the same as the amplitude of the

deviator stress (01_05)' The resilient modulus is,

therefore, analogous to Young's modulus.
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In the case of cyclic cell pressure, however, the
amplitude of the vertical stress is not the same as the
amplitude of the deviator stress and care must be taken in
ﬁroperly defining the modulus, Fig. 7.4.

Assuming that the material behaves isotropically,
and considering only the cyclic components of stress and
strain, then MR can be calculated from the folloﬁing
equations in which it has been regarded as analogous to

Young's modulus.
For the vertical direction:
e} o)
M, = %+ - 2y -2 (7.2)
Rel

and for the horizontal direction:

e} 9 c
M_=ZJa _ _1_+—3> .3)
R - VR . 2, (7.3

Equating (7.2) and (7.3) gives the resilient Poisson's
ratio as:

0,€3 — Og€,q

o = (7.4)
R 20565 - 64101 + 0g) ’
and the resilient modulus as:
M, = 03 = 0adloy * 205) (7.5)
R~ ¢, (o, "+ g5) - 2650, ’

7.4 PRELIMINARY TEST RESULTS

A preliminary test series was carried out to determine
the effect of increasing stress sequences on both the.
resilient and permanent deformations, under cyclic cell

pressure conditions. This test series was carried out
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before the lateral strain measurement equipment had been
fully developed.

The test’ series showed that the resilient properties
can be accurately measured using sequences of sub-failure
stresses. Permanent deformation, however, is dependent
on the load sequence. Lashine et al (1971) showed that
the resilient behaviour reached an equilibrium after
approximately 10% cycles of loading. Hence all resilient
properties considered are after the equilibrium condition
has been reached.

Because there were no lateral strain measurements for
this test series, it was necessary to assume a value of
resilient Poisson's ratio of 0.35. Using this, values of
resilient modulus were compared for incremental and single
stage loading. Fig. 7.5 shows that points for single
stage loading lie on the incremental loading curve. This
means.that for the purposes of determining resilient
characteristics it is only necessary to test a small number
of samples with sequences of varying load.

Considering now the accumulation of permanent strain,
tests were carried out at two cyclic cell pressures for
different deviator stress. Figs. 7.6 and 7.7 show the
accumulation of plastic strain with the number of cycles
of applied stress. It can be seen that an equilibrium
value of permanent strain is reached after approximately 104
cycles.

A comparison of the permanent strains under sequential

loading with those accumulated under single stage loading
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is given in Figs. 7.8 and 7.9. Application of the
maximum deviatdr stress without a conditioning sequence
causes a great increase in the permanent strain. It is
thought that under a relatively small deviator stress a
reorientation of the particles occurs, to form a more
stable structure which is better able to resist the higher
deviator stresses. Under a larger deviator stress this
reorientation still occurs but because of the initially
unstable structure large permanent strains occur, before an
equilibrium is reached.

For the purposes of the comparison of permanent strain
data then, the loading sequences applied to a sample are
important. It was decided, therefore, only to use data

from single stage loading for permanent strain characterisation.

7.5 THE EFFECTS OF CYCLIC CELL PRESSURE

For the purposes of pavement design, it is necessary
to characterise both the permanent and resilient strains.
Tests were carried out for both to determine whether a level
of constant confining stress existed which was equivalent
to a given cyclic stress and could hence be used in a
materials testing procedure involving equipment without the
facility for cycling the cell pressure.

An equivalent constant confining stress was found to
exist for permanent strain. However, when the resilient
properties are considered in terms of the resilient modulus
and the resilient Poisson;s ratio an apparent difference in

behaviour between the constant and cyclic cases was found.
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A more fundamental analysis, however, revealed a continuity

of behaviour for the two cases.

7¢5.1 Permanent Strain

For the purposes of characterising the effects of
different types of confining stress one level of cyclic
deviator stress was applied. In each case this stress
was cycled from zero to a maximum value so that the mean
was always half the maximum.

For a constant confining stress a linear relationship
exists between the permanent strain and the deviator stress
normalised with respect to the confining stress (Lashine et al,
1971). It was shown that this relationship still holds in
the case of cyclic cell pressure if the normalising parameter
is taken as the mean value of the confining stress (Fig.

7.10) .

7.5.2 Resilient Modulus and Poisson's Ratio

For the purpose of linear elastic analysis of pavement
structures, it is necessary to have values for both the
resilient modulus MR and the resilient Poisson's ratio, VR'

It has already been shown by Hicks (1970) and others
that the resilient modulus is dependent on both the
confining and deviator stresses. By examining the behaviour
under a constant deviator stress it is possible to examine
the effect of the mean level and repeated component of the

cyclic cell pressure. The resilient modulus for cyclic

confining stress tests was computed as shown in Section 7.3.
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The variation of resilient modulus with confining stress
for all types of test is shown invFig. 7.11. This figure
shows that it is the mean value of the confining stress
which is the determinant of the resilient modulus for a
given deviator stress. The amplitude of the repeated
component of the cell pressure did not have any-
quantifiable effect on the modulus.

Pavement analyses are sensitive to the value of
Poisson's ratio (Hicks, 1970) and it is, therefore,
important to evaluate it under cyclic cell pressure
conditions.

Under a static confining stress (Fig. 7.12) the
resilient Poisson's ratio varies ffom less than 0.1 to
values in excess of 0.5 where dilation of the samples was
occurring. The resilieﬁt Poisson's ratio was shown to be
a linear function of the principal stress ratio when plotted
on a logarithmic basis. A similar relationship was found
by Allen and Thompson (1973).

The resilient Poisson's ratio from tests with cyclic
confining stress was also plotted as a function of the
principal stress ratio over the same range of stress ratios
as for tests with a constant confining stress. However,
Fig. 7.13 shows that it is found to be virtually constant,

most points lying in the region between 0.2 and O.1.

7.5.3 Repeated Loading Stress Paths

In order to better understand the behaviour of the

material it has been examined in terms of the repeated
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stress paths using the invariants p and g where:

the deviator stress: q = (01 - og) (7.6)

and the mean normal stress:

p =0t B — 9s) | (7.7)

These two parameters are normally defined in terms of
effective stresses but as the tests were drained and the
strains of major interest were those after some 10® cycles,
total stresses can be equated to effective stresses. "g'
is directly proportional to the octahedral shear stress

which is defined as:

2

Tict ='%[(01 - 05)2 + (Gé - 04) 4 (o, - ol)z] (7.8)

Scott (1965)

which for the triaxial test reduces to:

Toot = 5 (o) - 05) (7.9)

oct

In addition, p is the same as the octahedral normal

stress:

O-OC'tb= %(01 + Ca + 03) (7-10)

For the special case of the deviator stress cycling
from zefo, any repeated stress path can be defined using

three parameters, Fig. 7.1k. These are:

PR - the repeated mean normal stress,

ap - the repeated deviator stress,

Pn - the mean value of the mean normal stress.



Fig. 7.14  Definition of the repeated stress path.
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If the stress path did not cycle ffom q = 0, then a
fourth parameter would be needed, say Qo the mean deviator
stress (Boyce et al, 1974).

The stress paths for the constant confining stress
tests are a series of parallel lines of slqpe equal to 3
(Fig. 7.15).

If the confining stress is cycled in phase with the
deviator stress, then the stress paths take the form of
those illustrated in Fig. 7.16. The slopes of these vary

according to the ratio of dp to PR

7.5.4 Volumetric and Shear Strains

In order to characterise the stress-strain behaviour
of the two types of test it is necessary to consider two
further parameters; these are, the resilient volumetric

and shear strains which are defined as follows:

Resilient volumetric strain: vp = e, + 2¢, (7.11)
Resilient shear strain: ep ='§€2 (e, ~ e,) (7.12)

The volumetric strain is three times the octahedral

normal strain which is defined as:

e = 3(e, + ey *+ e5) (7.13)

oct

The resilient shear strain, as defined is derived from

€R,

the definition of octahedral shear strain, Dot where:

oot = 2 (ey - ) ¥ oy = 607 * (o5 = 6,07 ] (7.14)

Scott (1965)
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which, for the special case of the triaxial test, reduces

to:
2/2
oot = 52 (&) - e5) (7.15)
Compressive strains are defined as positive. The

bulk modulus is defined as:

o
K = —oct (7.16)

3'eoct

and the shear modulus is defined as:

T
G = o<t (7.17)

Poct
From these definitions follow the definitions of

resilient bulk modulus:

Pr
Kp = = (7.18)
R
and resilient shear modulus:
2 9
G, = L2 R (7.19)
R 3 eR

By establishing equations (7.18) and (7.19) in terms
of thé volumetric octahedral strain and stress and the
octahedral shearing strain and stress, the volumetric and
shearing components are separated from each other.

The behaviour of the bulk modulus and shear modulus is
best examined in terms of simple stress-strain relationships.
Previous work by Lashine et al (1971) has shown that both
the cyclic and mean components of stress affect stress-

strain relationships for this material. A unique stress-
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strain relationship was found to exist if v_ was plotted

R
against pp normalised with respect to p (Fig. 7.17).

It can be seen from this curve that, except where dilation

is occurring with the resultant negative volumetfic strains,
the relationship is continuous and points for both constant
and cyclic confining stresses lie on the same curve.

There does not seem to be any systematic effect due to the
value of dp*

The tests carried out under constant confining stress
all lie on the lower portion of the curve. This fact, it
will be shown, is significant when considering Poisson's
ratio. The slope of this line is a measure of the volumetric
compliance which is the same as the reciprocal of the bulk
modulus. As pﬁ'increases, the bulk modulus decreases and
as p_ increases, the bulk modulus increases. This trend
can be seen on Fig. 7.16. This result is similar to that
found by Lashine et al (1971) for the resilient modulus,
where a stiffening occurred as the mean level of the deviator
stress was increased and a softening occurred as the
amplitude was increased.

A similar relationship can be plotted of resilient
shear strain against normalised deviator stress (Fig. 7.18),
(Tables 7.1 and 7.2). In a similar fashion to the
relationship for resilient volumetric strain, the resilient
shear strain increases as the ratio qR/pm increases. It
is not, however, affected by the level of the repeated mean
normal stress (pR). Once again, tests carried out with a

cyclic confining stress lie on the same curve as those with
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a constant confining stress. The two points where
excessively high shear strains occur coincide with the
wayward points on Fig. 7.17 for samples which were dilating.
It should, however, be noted that the range of shear
strains is similar for both types of test. The gradient
of this curve is a measure of the shear cémpliance. It
can be seen that as ag increases there is a slight decrease
in the shear modulus and that as P increases, there is an
increase.

As the shear strain increases to values greatly in
excess of the volumetric strain, there is a marked increase
in Poisson's ratio (Fig. 7.19). Considering the case of
a constant confining stress, Poisson' ratio would be
expected to increase as the shear strains increase (while,
as already shown, the volumetric strains remain virtually
constant). It can be seen that a marked increase in
Poisson's ratio occurs only under conditions when the
shear strains become high relative to the volumetric
strains and that this situation did not occur when the

cell pressure was cycled.
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ag . Volumetric Shear strain

Pu |uN/m?® | PR/Pm | 9R/Pn (mi§:§:i§;in) (microstrain)
84 188 0.75 2.2 -203 3371
131 186 | 0.47 1.4 707 1274
183 185 | 0.34 1.0 538 1147
254 178 0.23 0.6 428 587
320 181 | 0.19 0.55 399 484
420 177 | 0.1k 0.42 381 629
Lhs | 272 | 0.20 0.61 622 739
460 365 | 0.26 0.79 471 729
361 368 | 0.34 1.0 623 878
270 280 | 0.34 1.1 512 706
284 370 | 0.43 1.3 589 982
198 272 0.46 1.3 584 908
146 275 0.42 1.9 692 1229
215 375 | 0.58 1.75 859 1222
164 371 | 0.75 2.26 612 1804

99| 286 | 0.96 2.9 588 2454
116 372 1.07 3.2 -401 3609
346 278 | 0.27 0.8 571 633

Table 7.1 Values of Resilient Parameters for Constant

Confining Pressure
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9p | Volumetric | gpear strain

Po | un/m? | PR/Pm | %/ P (mi;?ﬁ:figin) (microstrain)
255 185 | 0.43 0.72 743 670

269 274 0.51 1.02 714 749
285 375 | 0.60 1.32 687 828
252 173 | 0.81 0.69 1034 632
270 | 272 | 0.89 1.0 1177 791

286 368 | 0.95 1.29 1325 961

248 169 1.6 0.68 2654 927

267 | 265 | 1.62 1.0 2983 1160
284 | 357 1.65 1.25 3086 1226

179 177 0.88 1.0 1156 753

185 [ 270 1.03 1.45 1393 994
208 371 1.05 1.78 1411 1149

129 182 1.22 1. 41 1838 1147

135 | 276 | 1.4 2.04 1998 1420

160 369 1.38 2.3 2104 1627

84 188 2.0 2.24 3228 1697

93 | 274 | 2.0 2.94 3369 2076

108 | 370 | 1.91 3. k2 3798 2664

Table 7.2 Values of Resilient Parameters for Cyclic

Confining Pressure
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CHAPTER EIGHT

UNBOUND MATERIAL BEHAVIOUR IN THE

PAVEMENT SYSTEM

8.1 INTRODUCTION

An attempt has been made to incorporate the materials
tested in this study into a theoretical pavement structure.
Three layer structures have been considered, with
the Keuper marl as a subgrade, Breedon gravel as a sub-base
and a single bituminous bound layer consisting of a dense

bitumen macadam (Fig. 8.1).

Pavement systems were selected for two design lives;
10° and 107 standard axles. -These systems were then
analysed at three‘different temperatures. The stresses
and strains were computed using a layered elastic computer
programme known as BISTRO (Peutz et al, 1968).

Using the computed stresses, an estimate has been made
of the accumulation of permanent deformation for the
complete structures considering subgrades of different

stress histories.

8.2 THE CONCEPT OF A STANDARD AXLE

Wheel loads of varying types and configuration can
be reduced to an equivalent number of standard axles.
The standard axle most generally used in 8.2 tonnes.
The concept of a standard axle assumes that a given vehicle

load L, can be reduced in terms of damage to a pavement
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structure to F applications of a standard wheel load S,

such that:

The power of n found by most investigators is about

4 (Peattie, 1974).

factors for different classes of axle load.

seen that the damage caused by light vehicles
Fig. 8.2 shows the equivalence factor plotted

axle load on a semi-logarithmic scale.

This

Table 8.1 lists typical equivalence

It can be
is negligible.
against the

graph is

similar and can be considered analogous to those plotted

for Keuper marl of strain rate against some stress function.

Therefore, as far as clays are concerned, the concept of a

'standard axle is a useful tool in any determination of

plastic strain.

Axle load Equivalence

class - tonnes factor F
0 - 1.81 0.0002
1.81 - 3.63 0.001
3.63 - 5.4k 0.09
5.44 = 7.26 0.35
7.26 - 9.07 1.00
9.07 - 10.89 2.30
10.89 - 12.70 4.540
12.70 - 14.52 7 .60
14.52 - 16.33 12.1

Over 16.33 22.8

‘Table 8.1 Equivalence Factors
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‘Analyses were carried out for 10® and 107 standard
axles.

A single wheel configuration wﬁs used since other
configurations are not likely to have much effect at depth
(Peattie, 1974). The radius of the loaded area was assumed
to be 0.16 m and the pressure acting on this area is hence

500 kN/m”®.

8.3 MATERIALS IN THE PAVEMENT STRUCTURE

8.3.1 Bituminous Layer

A single bituminous layer only was considered in the
theoretical pavement systems. A dense bitumen macadam
was chosen on which tests have been carried out to allow
some prediction of permanent strain (Snaith, 1973).

The properties of this layer are affected by both
temperature and vehicle speed. The stiffness of the
bituminous layer was determined using the method given by
Brown (1974) (1) for a vehicle speed of 30 kph and three
temperatures of 20, 30 and 40°c. The stiffnesses for the
different layer thicknesses and temperatures are given in
Table 8.2.

A Poisson's ratio of 0.4 was chosen for this layer.

8.3.2 Breedon Gravel

Although this material would not be used in a road as
a sub-base, it was chosen for the second layer because
some data is available on the permanent and resilient

stress-strain characteristics.
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The modulus of this material is stress dependent
and hence an initial estimate of 150 MN/m® was made for
the value of modulus. Using this value a first analysis
of the pavement structure was made using BISTRO which
gave an approximate stress distribution. The modulus of
granular materials is primarily dependent on the horizontal
stress (Hicks, 1970, Lashine, 1971). Using data given
by Lashine (1971), and the mean value of horizontal stress,
taking into account the overburden pressure, the modulus of
the Breedon gravel was re-estimated to be 60 MN/mz.

As the principal stress ratio for this layer is
relatively high, large shear strains would be expected and

hence a value of Poisson's ratio of 0.3 was chosen (Fig. 7.19).

8.3.3 KXeuper Marl

The modulus of this layer is governed by the ratio of
shear stress to the horizontal stress (Fig. 6.85). In situ
the value of horizontal stress would depend on the height
of the water table and the value of soil suction. For the
purposes of this exercise, the marl is considered to be
saturated and the horizontal stress is the same as the over-
burden pressure (estimated as 10 kN/m°). An initial
estimate of the modulus was made of 60 MN/m®. The first
BISTRO analysis showed that the ratio of the deviator
stress to the effective confining stress was 2 or more and

hence a value of 25 MN/m° was chosen for the modulus (Fig. 6.8%4)

Three hypothetical stress histories were postulated,
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having OCR's of 3, 10 and 160 at a constant effective
swelling pressure of 10 kN/m® (Fig. 8.3). The OCR of 3
is on the "wet" side, while those of 10 and 160 are on
the "dry" side.

Since the modulus of the marl is dependent only on
stréSs level, then the three stress histories will have
the same modulus for a given vehicle load but different
permanent deformation characteristics.

The Poisson's ratio for this layer was estimated to

be 0.4.

8.4 RESILIENT STRAIN CRITERIA

- Some pavement design methods (Dormon and Edwards,
1964, Brown, 1974) use limiting values of resilient strain
in the asphalt and the subgrade as design criteria.

These limiting values have-been evaluated for the two
pavement structures, and are later compared with the‘

calculated values in the pavement structures.

8.4.1 Tensile Strain in the Bituminous Layer

A fatigue line specifying the maximum allowable
strain in the bituminous layer can be determined knowing
the percentage volume of binder and the initial ring and
ball softening point of the bitumen, using data given by
Cooper and Pell (1974).

For the dense bitumen macadam, the values were as

follows:
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10® applications: 140 g strain

107 applications: 75 u strain

8.4.2 Compressive Strain in the Subgrade

The criterion used by Brown (1974) for British roads
was adopted. The following allowable resilient strains

on the subgrade are given:

10° applications: 450 ; strain

107 applications: 240 y strain

8.5 DESIGN PROCEDURE AND EVALUATION

Using Road Note No. 29 pavement structures to be
evaluated were designed for 10®° and 107 applications of
load and a subgrade CBR of 5%. The depth of the granular
layer chosen in both cases was 200 mm. The basecourse
and roadbase were combined in one layer which was 150 mm
and 250 mm for 10° and 107 applications respectively.

This procedure does not allow for the effect of
temperature or loading time on the asphalt layer, which

are considered below in the elastic analysis.

8.5.1 Layered Elastic Analysis

Each thickness of the asphalt layer was considered
at three different temperatures, making a total of six
pavement systems.

Using the BISTRO programme, analyses were carried out
of these pavement systems. The data required was as

follows:
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(a) Thickness of each layer (except subgrade).
(b) The stiffness of each layer.

(c) The Poisson's ratio of each layer.

The tensile strains ét the bottom of the asphalt
layer have been given in Table 8.2, together with the
compressive strains in the subgrade. Comparison with
the allowable values shows that system 1 is slightly
under-designed while the strains in system 2 are virtually
the same as the allowable values. However, the systems at
higher temperatures give strains greatly in excess of the
‘allowable values. |

The distribution of the vertical and radial stresses
generated by a standard axle load in the unbound layers is
given in Figs. 8.4 to 8.9. These show that the radial
stresses generated by the wheel load in the granular layers
are tensile, but except for systems 5 and 6 these tensile
stresses are never greater than the criterion proposed by
Brown and Pell (1972) of a half the vertical stress added
to the overburden pressure.

The traffic associated lateral stress for marl is very
small and hence the confining stress is virtually constant
and can be considered as being equal to the overburden
pressure, which would be approximately iO kN /m” . The
value chosen of 25 MN/mz for the modulus is, therefore, a
reasonable one as the ratio of the deviator stress to the
confining pressure is on the whole greater than 1 (see

Fig. 6.84).
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8.5.2 The Accumulation of Permanent Strain in the Pavement
Structure

The permanent strains in the subgrade were computed
using equations 6.17 to 6.21. For these it was necessary
to know the traffic generated vertical stress, and the
equivalent pressure P,- As the traffic stress varies with
depth it was necessary to split the subgrade into sub-layers
and consider the mean vertical stress in each of these
sub-layers. Table 8.3 lists the stresses in the sub-layers
and the resultant deformations. The thickness of sub-layer
chosen varied according to the rate of change of stress
through the subgrade. The function used for the strain
rate was assumed to apply at low stress which may have
resulted in a slight overestimate of permanent strain in
some cases.

Estimates of permanent strain in the granular layer
were made using Fig. 7.10. The lateral stress considered
was the approximate net value taking into accounf the over-
burden pressure. These were, however, oﬁly approximate
as littie is known of the effects of tensile stresses in
the bottom of this layer. For temperatures of 40°c
these tensile strains existed throughout the layer and,
therefore, no estimate could be made of the permanent
strains.

The permanent strains in the bituminous iayer were
estimated from data given by Snaith (1973). These are
also only approximate since no data is available for the

behaviour of this particular material under the high
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Sﬁggizyzi ocR P, a , ) Sub-laygr_ Total

- KkN/m? |kN/m? q/fpe €p/) defo:;‘nnrlnatlon deforr‘nnr;atlon
System 1 10° applications 20°C

325 25 |12.5 |2.5 .76 2.47

325 25 9 1.8 .63 2.05

1000 25 4.5 j0.9 .50 5.00 9.5

325 10 80 [12.5 |1.3 <31 1.00

325 10 80 9 1.0 .23 0.75

1000 10 80 4.5 0.5 .16 1.6 3.35

325 160 | 500 }12.5 |0.56 .17 0.55

325 160 | 500 9 0.4 .15 0.49

1000 160 | 500 4.5 (0.2 .13 1.3 2.34
System 2 107 applications 20°C

275 25 6.0 |1.2 .79 2.17

275 25 5.0 |1.0 .75 2.06

1000 25 [ 2.5 [0.5 .66 6.6 10.83

275 10| 80 | 6.0 |0.67 .22 0.6

275 10{ 80 5.0 |0.55 .20 0.55

1000 10 80 2.5 [0.27 .16 1.6 2.75

275 }160{ 500 6.0 {0.67 .16 0.4k

275 160| 500 5.0 [0.22 .16 0.4k

1000 160| 500 2.5 10.11 .15 1.5 2.38
System 3 10° applications 30°C

100 25 |24 4.8 1.36 1.36

250 25 |17 3.4 .95 2.37

300 25 {11 2.2 .70 2.1

1000 25 4.5 10.9 .5 5.0 10.83

100 10; 80 |24 2.6 .76 0.76

250 10 80 |17 1.9 LAk 1.1

300 10 80 |11 1.2 .27 .81

1000 10 80 4.5 0.5 .16 1.6 4,27

100 160| 500 |24 1.07 .25 0.25

250 160| 500 |17 0.76 .19 0.475

300 160§ 500 |11 o¢49 .16 0.48

1000 160} 500 4.5 0.2 .13 1.3 2.50

Table 8.3 Permanent Strains in the Subgrade
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Sgggizygg ocR P . _| sub-layer Total
" um i kN/m?| kN/m Q//Pe epA defoiﬁftlon defozxftlon
System 4 107 applications = 30°C

275 3 25 | 10 0.2 .97 2.66

275 25 8 1.6 .88 2.42

1000 25 4 0.8 .71 7.1 12.18
275 10 80 | 10 1.1 <3 0.825

275 10 80 8 0.89 .26 0.715

1000 10 80 4 0.4k .18 1.8 3.34
275 160 | 500 | 10 0.4k .18 0.49

275 160| 500 | 8 0.35 .17 0.46

1000 |150| 500 | 4 0.17 | .15 1.5 2.45

System 5 10° design applications 40°c

100 25 1 37 7.4 .26 2.6

250 25 | 25 5 1.43 3.5

300 25 | 15 3 .86 2.58
1000 25 5 1 .52 5.2 13.88
100 10 80 | 37 4,1 2.1 2.1

250 10 80 | 25 2.7 .83 2.0

300 10 80 | 15 1.6 .37 1.1

1000 10 80 5 0.5 .17 1.7 6.9
100 160 | 500 | 37 1.6 .37 0.37

250 160 | 500 | 25 1.1 .25 0.62

300 160 | 500 | 15 0.67 .18 0.54

1000 160 | 500 5 0.22 .13 1.3 2.83

System 6 107 design applications  40°C

275 25 | 18 3.6 1.45 3.98

275 25 | 11 2.2 1.02 2.8
1000 25 5 1 .75 7.5 14.28
275 10 80 | 18 2 .57 1.56

275 10 80 | 11 1.2 .32 0.88

1000 10| 80 5 0.55 .20 2.0 L. 4l
275 160 | 500 | 18 0.8 2k 0.66

275 160 | 500 | 11 0.49 .19 0.52
1000 160 | 500 5 0.22 .16 | 1.6 2.78

Table 8.3 (contd.)

Permanent Strains in the Subgrade
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Depth of pe q _ »Sub—}ay?ri Total.
sub-i;yer OCR KN /m? kﬁ}mz q[[pe ep% defozgftloﬂ defoiﬁftlon
System 3 10° applications 30°¢

100 25 |24 4.8 .91 0.91

250 25 |17 3.4 .63 1.58

300 25 |11 2.2 A7 1.41

1000 25 4.5 0.9 .34 3.4 7.3

100 10 80 |24 2.6 .61 0.61

250 10 80 |17 1.9 .35 0.88

300 10 80 |11 1.2 .21 0.63

1000 10 80 4.5 0.5 .13 1.3 3.4

100 160 | 500 |24 1.07 .20 0.2

250 160 | 500 {17 0.76 .16 0.4

300 160| 500 |11 0.49 .13 0.39

1000 160 | 500 4.5 (0.2 .11 1.1 2.1
System 4 10% applications 30°¢c

275 25 |10 2 .45 1.24

275 25 8 1.6 Y] 1.1

1000 25 4 0.8 .33 3.3 5.6

275 10 80 |10 1.1 .2 0.55

275 10 80 8 0.89 .17 0.47

1000 10| 8o | & 0.44 | .12 1.2 2.22

275 160} 500 |10 0.44 .13 0.36

275 160 | 500 8 0.35 .12 0.33

1000 160 | 500 4 0.17 .1 1.0 1.69

Table 8.3 (contd.) Permanent Strains in the Subgrade
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ciliayer foca| Pe.| o ¢ |ty |eemotet,
7 mmY OCR KN /m? | kN /m® q/fpe epA defogﬁftlon defozﬁftlon

System 5 10,000 applications  40°C
100 25 | 37 7.4 1.1 1.1
250 25 |25 5 .6 1.5
300 25 |15 3 .36 1.1
1000 25 5 1 .21 2.1 5.8
100 10 80 |37 b.1 1.28 1.28
250 10| 80 }25 2.7 .5 1.25
300 10 80 | 15 1.6 .23 .69
1000 10 80 5 0.5 .1 1.0 4,22
100 160 | 500 |37 1.6 .2 0.2
250 160 | 500 |25 1.1 .15 0.37
300 160 | 500 | 15 0.67 .11 0.33
1000 160 | 500 5 0.22 .08 0.8

System 6 10,000 applications  40°C
275 25 |18 3.6 b2 1.15
275 25 |11 2.2 .30 0.83
1000 25 5 1.0 .22 2.2 k.18
275 10 80 {18 2.0 .29 0.8
275 10 80 |11 1.2 .16 0.4k
1000 | 10| 80 | 5 0.55 | .1 1.0 2.2k
275 160 | 500 |18 0.8 .12 0.33 |
275 160 | 500 |11 0.49 .09 0.25
1000 160 | 500 5 0.22 .08 0.8 1.38

Table 8.3 (contd.)

Permanent Strains in the Subgrade
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tensile stresses experienced in the lower half of this
layer.

A comparison of the deformations accumulated in the
individual layers is given in Table 8.4. For all
temperatures of the asphalt layer, the contribution of
the subgrade is very dependent on the stress history.

Under British climatic conditions one would not
expect temperatures of 300C or QOOC for the design life
of a pavement. Computations were, therefore, also made
for these temperatures of the deformation accumulated after
10° and 10% load applications respectively.

The heavily over-consolidated marl, which would be
equivalent to an unweathered "cut" situation, suffers small
deformations even at relatively high temperatures when the
asphalt layer would afford the least protection.

In practice, it is more likely, however, that the
geological stress history will have been weathered out of
the soil and that it would only be lightly over-consolidated,
possibly due to the removal of an overburden. At a
temperature of 20°C which is not untypical of temperatures
in the asphalt layer under British conditions, then a
subgrade of this stress history contributes approximately
50% of the deformation during the design life.

At higher temperatures the asphalt deforms much more
while fhe subgrade deforms by virtually the same amount.
Even at very high temperatures of 40°C the increase in
deformation of the subgrade over the design life is only

30-40%. One would only expect temperatures of 3OOC or
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40°C during a small proportion of the design life and
during these periods it is the deformation of the asphalt
which becomes important.

The granular layer used in the hypothetical structure
contributes as much as 60% of the total deformatién in the
pavement. A more accurate evaluation of the behaviour of
this material is, however, required, in particular at

gradings more typical of those found in a road.

8.5.3 Performance in Terms of Failure Criteria

The term "design life" applied to a road pavement
implies a failure condition. Performance criteria have
been developed from in-service roads (Croney, 1972). Two
criteria can be defined, one corresponding to failure or
the state at which major structural repair is required and
the second is a critical condition at which overlaying
would ensure continued satisfactory perforﬁance. The
failure criterion for British Pavements is taken as a total
deformation of 25 mm (or a rut depth of 20 mm) . The
critical condition can be taken as a total deformation of
20 mm or a rut depth of 15 mm.

In terms of the design criteria outlined in Section 8.4,
pavement system 1 was slightly under-designed while system 2
was virtually correct. Both of these reached a critical
total deformation for the poorest subgrade and a temperature
of 20°C.

Table 8.4 shows, however, that relatively small numbers

of axle loads (10%) at a higher temperature of 30°C can
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bring a pavement to a critical condition if the subgrade

has a high moisture content and is lightly over-consolidated.
Failure conditions occur after the design number of

applications at a temperature of 300C. This temperature

would not, however, be likely to exist for the design life

of a pavement under the conditions of a British climate.

8.6 A STRUCTURAL DESIGN PROCEDURE

Providing an estimate can be made of the traffic
loading and temperature spectrum for the design life of
the pavement, together with the necessary material
characteristics, then a structural design approach for
pavements could be adopted, similar to that proposed by
Brown and Pell (1972).

The criteria which could be used would be a limiting
tensile strain in fhe base of the asphalt layer (to prevent
fatigue cracking) and a limiting permanent deformation of
the structure during the design life.

Using an iterative procedure the preliminary designs
given in Section 8.5 could be improved according to both
engineering and economic criteria.

The engineering criteria for the unbound materials
would require simple laboratory repeated load tests to
determine their resilient properties and creep tests on
the subgrade material to determine its permanent deformation

characteristics.
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CHAPTER NINE

CONCLUSIONS AND RECOMMENDATIONS FOR

FURTHER WORK

CONCLUSIONS ARISING FROM THE TESTS ON KEUPER MARL

The objectives of the work on this material were to

characterise the plastic and elastic properties of an over-

consolidated clay subjected torepeated loading and to

attempt to relate these properties to a general model of

behaviour, while allowing their characterisation whenever

possible by simple laboratory tests.

9.1.1

(1)

(2)

Strain Controlled Tests

There is a steep rise in the pore pressure parameter
A" for the start of all the tests, this rise being
the steepest for heavily over-consolidated clays.
If the pore water pressure "u" is normalised with
respect to the equivalent pressure Pg» then the
equilibrium value of u/pe decreases as the OCR increases.
It is possible to divide the samples tested into two
categories, those with OCR's of 10, 20 and 75 are on
the "dry" side and those of OCR's of 2 and 4 are on
he "wet' side.
the plots of g against p are projected onto a
v plane by normalising them with respect to Pgs
tever the starting point the stress paths all
n one point at which q/pe is equal to 0.45

als 0.36.
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(4) The terminal value of q/pe is reached at a higher
strain as the OCR increases. The value of qf/pe =
0.45 is a constant and can be used to calculate the
single loading strength for any value of Pg-

(5) Considerable pore pressure gradients exist in lightly
over-consolidated samples during strain controlled
testing, evidenced by the fact that the equilibrium
value of pore water pressure under creep loading is
greater for a given value of g than that attained

under strain controlled conditions.

9.1.2 Creep and Repeated Loading Tests

The behaviour of clay under these two types of loading
has been shown to be very similar, and can be compared in

many respects.

9.1.2(a) Pore water pressure

(1) During repeated loading an equilibrium value of pore
water pressure is not reached until between 10%® and
10% cycles.

(2) The behaviour of the pore water pressure under creep
and repeated loading is very similar although the
peak values under creep tend to be higher than under

repeated loading.

9.1.2(b) Accumulation of plastic strain

(1) A simple empirical relationship exists during the
early stages of a test between the strain accumulated

under creep and that accumulated under repeated loading.
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For times up to 5000 seconds the strain accumulated
under continuous sinusoidal loading is approximately
half the value accumulated under a creep load.

(2) For sub-failure stresses the logarithm of the strain
rate is directly proportional to the logarithm of
time, the slope can be defined as a decay constant
and is the same for creep or repeated load tests of
the same stress history. For samples on the '"dry"
side of critical state this decay constant is equal to
-1; for the "wet'" side it is equal to -0.87.

(3) For a given stress history and a given time, there
are unique relationships between the strain rate
and the applied stress, depending on whether the
stress is static or repeated.‘

(4) If it is assumed that a repeated stress can be
approximated by a finite number of static stress
levels, then it is possible to derive a relationship
between the strain rate and the deviator stress for
the repeated load situation from creep tests. When
this process is carried out some measure of agreement
is found between individual experimental points and
the theoretical line.

(5) Using the relationships between creep and repeated
loading it is possible to approximately predict strains
accumulated during repeated loading from creep data.

(6) For creep and repeated loading tests it is possible

to express the strain rate at a given time in terms of



(7)

(8)
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a function of the deviator stress g and the equivalent
pressure p . General relationships have been
developed for creep and repeated load tests, these
depend on whether a sample is on the "wet" or Mdry"

side of critical state, and take the form:

- !
e = &% T)‘
where é = strain rate
T = time
% = decay constant
a' = f(qi pe)

By integrating the above relationship between limits,
it is possible to predict the accumulated plastic
strain.

The ratio of the single loading strength ae to the
equivalent preséure P, is a constant. The strain
rate can, therefore, be expressed as a function of ¢
and Ape The sample strength is not, however, an
independent variable since it depends on the voids
ratio of the clay. P, can be considered as a measure
of the voids ratio and is, therefore, a more
fundamental parameter than the sample strength.

Rest period loading of lightly over-consolidated
samples causes a slight increase in the strain rate
and hence the strain accumulated after a given number
of cycles. This trend is not, however, evident for

the more heavily over-consolidated samples.
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9.1.2(¢c) Recoverable deformation

(1)

(2)

(3)

(k&)

(5)

There is a marked decrease in the resilient modulus
with the number of load applications for lightly
over-consolidated marl. This decrease becomes less
marked as the OCR increases. It is thought that
this phenomenon is due to the decrease in effective
confining stress during a test.

An equilibrium value of resilient modulus is reached
for all OCR's after approximately 10° cycles.

The resilient modulus is independent of moisture
content and stress history for saturated Keuper marl.
There is a hyperbolic relationship between the
resilient modulus and the ratio of the deviator stress
to the initial effective confining stress.

Two kinds of recoverable deformation are discernable
during rest period loading. One is purely elastic
and the other is delayed elastic. The largest part
of the delayed elastic recovery occurs in less than
one second.

A total modulus can be defined by including the
delayed elastic component. A comparison of the
effect of the application of different numbers of
cycles between rest periods showed a marked softening
in terms of the total modulus as the number of cycles

decreased.
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CONCLUSIONS ARISING FROM THE TESTS ON BREEDON GRAVEL

This material was tested with the objective of

determining the effect on the resilient and permanent

strain properties of a cyclic confining stress.

9.2.1

(1)

(2)

9.2.2

(1)

(2)

(3)

(4)

Permanent Strain

The.total irrecoverable strain under repeated loading
is reduced by about 50% at a given level of deviator
stress if the load is applied gradually by an
increasing load sequence.

There is a single direct relationship between the
permanent strain and the deviator stress nmormalised
with respect to the mean level of confining stress

for both cyclic and constant confining stresses.

Resilient Properties

Testing samples under increasing sequences of stress
does not alter the resilient properties of the material
at equilibrium compared with testing individual

samples at each level of stress.

For a constant cyclic deviator stress level, it is

the mean value of the confining stress which is the
determinant of the resilient modulus.

Under a static confining stress the resilient Poisson's
ratio varies from less than 0.1 to values in excess of
0.5, and is a function of the principal stress ratio.
For a cyclic confining stress the Poisson's ratio is

virtually constant at between 0.2 and 0.1.



(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)
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The stress paths in the p, q plane for a constant
confining stress are a series of parallel lines of
slope equal to 3.

Under a cyclic confining stress the slopes of the
stress paths vary according to the ratio of aR to
Pgr-

The volumetric and shearing components of stress and
strain can be considered separately by analyses

using octahedral, volumetric and shearing, stresses

"and strains.

Analysis of the data in terms of volumetric and shear
strains shows the behaviour under constant

and cyclic confining pressures to be part of a single
stress dependent function.

Discontinuities in the stress-strain behaviour occur

under conditions of dilation.

The resilient volumetric strain increases as the

ratio pR/pm increases. It is not, however, affected
by the level of the repeated octahedral shear stress,
ap-

As Pp increases, the bulk modulus decreases and as

P increases, the bulk modulus increases.

The resilient shear strain increases as the ratio qR/pm
increases, and is independent of the amplitude of the
repeated mean normal stress, PRr-

As ag increases, there is a decrease in the resilient

shear modulus and as P increases there is a stiffening.
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(1)

(2) .

(3)

9.5k
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EQUIPMENT PERFORMANCE

The loading apparatus allowed a flexibility in types
of load application which is unique to servo-hydraulic
systems. The stability of the applied stresses was
not, however, good; it is believed that this was due
to a mechanical drift of the null position in the
servo valves.

A method was developed of automated data acquisition
using a 14 channel F.M. tape fecorder. The use of
this kind of data acquisition system is justified for
large numbers of tests of the same type.

The use of the inductive strain coils allowed the
lateral strains under a cyclic cell pressure to be
accurately measured. These coils could, in addition,

operate in any kind of cell fluid.

RECOMMENDATIONS FOR FURTHER WORK

9.4.1 Keuper Marl

(1)

(2)

In order to extend the creep relationship for plastic
deformation to partially saturated compacted subgrades,
it is recommended that creep and repeated load tests
be carried out on this type of material.

Although a qualitative measure of the delayed elastic
response oOf saturated marl has been made, it is
recommended that further tests be carried out to

quantify this portion of the total elastic deformation.



(3)

(4)

(5)
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Further tests at both low and high but sub-failure
stresses should be carried out to determine the shape
of the € versus g function over a larger range.

This would be conducive to a more fundamental under-
standing of the creep properties of this material.

To do this would require the development of a triaxial
cell with extremely low ram friction and in addition

a very stable loading system.

A study of cumulative damage under creep and repeated
loading could be carried out using block loading of
the different levelsof load. This work could lead

to the application of random loading to samples which
is a model closer to the engineering applications of
this type of work.

The use of the inductive strain coils should allow the
measurement of lateral strains on samples of saturated
marl. This would allow the evaluation of volumetric

and shear strains under both repeated and creep loading.

9.4.2 Breedon Gravel

(1)

Saturated samples of Breedon gravel could be produced
using porous end platens. The sample length would,
however, have to be increased because of the end effects
involved. The advantages of saturated samples would,
however, be that an analysis could be made in terms of
effective‘stresses, as the material has a coarse grading

it should be possible to measure dynamic pore pressures.
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(2)

(3)

(4)
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Equipment

The pore pressure system sﬁffered from problems due
to corrosion which were not wholly overcome. A
more thorough plating of the system would probably
overcome this problem.

A more accurate measurement of vertical strain would
be obtained by measurement of deformation directly
on the sample. A system using inductive strain coils
would allow this to be done.

It is recommended that the electronic servo-control
equipment be modified to overcome the drift of the
null position of the servo valve.

The variation of both the resilient and permanent
deformation of samples is usually examined on a
logarithmic time base. A modification of the data
recording equipment would allow readings to‘be taken

at logarithmic intervals.
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APPENDIX A

DESIGN OF PORE WATER PRESSURE AND CELL

PRESSURE TRANSDUCERS

A.1 DIAPHRAGM DESIGN

It was decided to standardise the type of diaphragm
used in both pore water pressure and cell pressure
transducers. A stainless steel diaphragm 0.635 mm thick,
rigidly clamped at a radius of 10.7 mm, was chosen. Two

criteria were considered:

(a) Volume change - this must be a minimum in order to
maintain the compliance of the pore pressure system
at a minimum.

(b) Elastic limit - in order that no drift should occur
in the transducers, the diaphragms should not be

loaded past their elastic limit.

A.1.1 Volume Change

For a rigidly edge-supported diaphragm, the deformation

y is given by Timoshenko (1952) as:

y = grp(a®-x")?
3
where D = —Et—T
12(1-v®)
E = Young's modulus (21.4 x 107 kN/m2 for stainless
steel) '

V = Poisson's ratio (0.283)
a = radius
t = thickness

P = pressure
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The volume displacement V is given by:

a
V:J 2‘|‘|’X‘de
o
e 2 .22
= 32D J x(a”-x")dx
o

2mpa® (1-v°)

V =

33Et3

If the 1limit for distortion is taken as the minimum value
noted in previousvwork (Parr, 1972), then Vﬁax = 4.76x107% mm®
per kN/m®. Then, for p = 1 kN/m®, a = 10.7 mm, t = .635 mm
then V = 4.72x107% mm® per kN/m°. This is an acceptable

value.

A.1.2 Elastic Limit

The maximum radial stress for a rigidly edge-supported

diaphragm is given by Roarke (1964) as:

_ 3pa®

Ora = Lt?

For stainless steel, the yield stress is 3.7x10° kN/m®,
taking the elastic limit as 3.0x10° and assuming this most
not be exceeded by p = 1100 kN/m®, then the minimum thickness

must be:
t = 0.28 mm

this criterion is satisfied.
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A.2 STRAIN GAUGE DESIGN

The diaphragms were gauged with Redshaw 20 mm
diaphragm gauges. These had a full wheatstone bridge
configuration having a nominal arm resistance of 220 ().
The applied bridge voltage was 6 volts and the current
through the arms was, therefore, 13 mA. This is small
enough to allow heat dissipation, prevent oxidation of the

gauge and give long term stability.

A.3 PORE WATER PRESSURE TRANSDUCER

The assembled pore water pressure transducer is shown
in Fig. A.1, and in cross section in Fig. A.2. By making
sure that all the conmnections were tightly bedded onto
flat surfaces, a continuous passage from the ceramic probe
to the diaphragm without air traps was ensured. In this
way, the compliance was reduced to 5 x 10 6 cm® /kN/m®.
This compares very well with the value already calculated
above.

The calibrations for each transducer are given in

Table Ac 1.

A.4 CELL PRESSURE TRANSDUCER

The cell pressure transducer was manufactured from
brass hexagonal bar in two halves. A standard strain
gauged stainless steel diaphragm as described above was
clamped between the two halves using six 2 BA bolts.

The cable entry was sealed using a 5/32 enots fitting.

The base of the transducer was threaded to allow it to be
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screwed onto the valves on top of the triaxial cells.
A bleed was let into this bottom chamber to allow the
transducer to be de-aired.

The calibrated outputs of the two transducers are

given in Table A.2.

Cell Base - Output
No. mV /kN /m”
1 8.66
2 6.4
3 5.02
4 7.21
5 6.0
6 7.84

Table A.1 Calibrations of Pore Water Pressure

Transducers
. ' Output
Rig. No. mV/kN /m>
1 5.95
2 5.82

Table A.2 Calibration of Cell Pressure
Transducers
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APPENDIX B

LATERAL STRAIN MEASUREMENT

B.1 INTRODUCTION

In order to be able to evaluate material behaviour
under a cyclic confining pressure it is necessary to measure
both the vertical and lateral strains. The vertical strain
was measured using a conventional LVDT arrangement on the
loading ram. For the purposes of lateral strain measure-
ment on a granular material the use of LVDT's is unpracticable.
In addition, the use of water as a confining fluid made
their use difficult. A decision was made, therefore, to
use inductive strain.coils which do not depend on a very
accurate location on the soil sample and in addition allow

the use of water as a confining fluid.

B.2 DESCRIPTION OF INDUCTIVE COIL STRAIN MEASURING SYSTEM

The strain coil system consists of two components,
(a) a pair of sensors and (b) an external instrument package.
The sensors, each of which is a disc shaped coil, are placed
in near parallel and co-axial alignment. The sensors used
were 25 mm in diameter. The separation of the sensors is
related to the eletro—magnefic coupling between the two.
By means of an inductance bridge an output voltage as a
function of strain may be obtained since a change in spacing
from the initial spacing produces a bridge unbalance.

The coils can operate at any spacing between 1 and 4

times their diameter. The effects of rotational or
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transverse movement are negligible.

The geometry of the samples did not allow direct
measurement of strain across the centre section of the
sample, since to do this it was necessary to generate a
flux field which was cut by the movement of the end platen,
thus causing wild fluctuations in the output.

A system of measurement was, therefore, devised whereby
a colil which was attached to the sample was coupled with a
stationary coil mounted outside the cell wall (Fig. B.1).

It was found during routine calibration tests that there

was considerable lateral translation of the sample and hence
it was necessary to have a balancing pair of coils on the
opposite side of the sample (Fig. 4.6). By connecting the
inner coils on the sample in parallel and doing the same
with the two outside coils any lateral translation
automatically cancelled itself out.

The steel bands uéed to reinforce the perspex cell
walls were removed as they were in the flux field. It was
found that the presence of the cell top clamping rods at
each side had no effect on the output.

The water in the cell was found to have no effect on
the sensitivity of the coils (Table B.1). This was
verified by carrying out calibrations with the coils clamped
to a perspex dummy specimen, with and without water in the

triaxial cell.

B.3 SETTING UP PROCEDURE

After the Breedon gravel samples were placed on the
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Water in triaxial cell

Air in triaxial cell

Movement
of coil
thouV

Output
Volts

(increasing)

Output
Volts

(decreasing)

Output
Volts

(increasing)

Output
Volts

(decreasing)

0 0.00 0.01 0.00 0.07
1 0.46 0.50 0.38 0.55
2 0.89 0.98 0.84 1.03
3 1.4 1.41 1.29 1.53
4 1.91 1.93 1.78 2.05
5 2,41 2.36 2.24 2.53
6 2.83 2.89 2.80 2.96
7 3.38 3.h1 3.32 3.48
8 3.89 3.92 3.87 3.97
9 b,khq 4,46 b, lh 4,52
10 4.90 4.96 5.04 4.98
20 9.91 9.99 9.95 9.95
30 13.12 12.11
Table B.1 Calibration of Strain Coils with and without Water -

Using a Perspex Dummy Specimen
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cell base two perspex threaded coil holders were attached
directly onto the specimen diametrically opposte each

other, and held lightly in position by rubber bands.

The holders were shaped to a 101 mm radius to fit the

sample and covered a surface area of approximately 1000 sqg.mm.
The filter paper drains were then put in position and a

latex membrane was carefully placed over the sample. The

membrane was punctured to allow the threaded portion of the

holder to protrude. The membrane was then sealed by being
clamped with a rubber "O" ring. The strain coils were
then attached to the holders. The external coils were

mounted to allow adjustment both vertically and horizontally.
These were then accurately lined up with the coils attached
to the sample. The cell top was placed in position and

the cell filled with water. This done the coils were
calibrated by using the micrometer adjustments on the external
colls. For testing purposes, the coils were maintained

at a separation of two diameters. The coil separation was
adjusted for each reading by moving the external coils in
unison until an approximately zero output was obtained

from the inductive bridge. This procedure allowed the

coils to be used at their maximum sensitivity for resilient
purposes, while the range of permanent strain was limited

only by the travel of the micrometer.

B.4 PERFORMANCE EVALUATION

Readings were taken using a u.v. recorder. This gave

a band of noise equivalent to 2.5 microns at the systems
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maximum sensitivity. It was possible to resolve strain
readings to 5 microstrain, a typical resilient strain
reading would be of the order of 100 microstrain.

Calibrations before and after tests gave repeatable results.
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APPENDIX C

EQUIPMENT CALIBRATION

C.1 DISPLACEMENT CALIBRATION

The LVDT's were calibrated using a micrometer device.
The input voltage was set so that the sensitivities were
300 mV/mm.

As all LVDT readings for vertical displacement were
taken on the triaxial cell loading ram instead of on the
sample, it was necessary to correct for the displacement of
the loading system.

A dummy aluminium specimen was set up in the triaxial
cell with lubricated membranes on the end platens. This
was then loaded vertically both statically and dynamically
and the output from the LVDT measured. The results given
in Tables C.1 and C.2 are the mean values of four tests.

The corrections necessary to the LVDT output were as follows:

Static: 0.122 mV/kN/m”®

Dynamic: 0.0106 mV/kN/m®

Repeated load tests at various frequencies between 1 and
10 Hz with the dummy specimen showed no appreciable frequency

effect.

C.2 STRESS CALIBRATION

The load cells on each rig were calibrated using
accurate weights and the bridge supply voltage was adjusted

such that the sensitivities were exactly 10 mV/kN/m”.
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A thermistor device coupléd to the LVDT was used to
increase the load on a sample as the area of the sample
increased, hence maintaining a constant stress. The
calibration readings for this stress control system are

given in Table C.3.

Deviator Stress LVDT Output

kN /m° mV

0 0

50 6

100 12

200 25 .

300 37

400 50

500 60

600 73

Table C.1 Static Deformation of System

Deviator Stress LVDT Output
kN /m®> mV
0- 80 0-16
0-220 0-28
0-350 0-%40
0-465 0-50
0-680 0-73
0-810 0-84

Table C.2 Dynamic Deformation of System




Stress control Theoretical
Movement of
voltage output | voltage output
LVDT mm
volts volts
0] 1.0 1.0
2.5 1.015 1.026
5.0 1.040 1.053
7.5 1.063 1.081
10.0 1.100 1.111
12.5 1.140 1.143
15.0 1.172 1.176
17.5 1.214 1.212
20.0 1.252 1.250
22.5 1.280 1.290
25.0 1.328 1.333

Table C.3

Stress Control Calibration

C3
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APPENDIX D

DATA ACQUISITION AND ANALYSIS FACILITIES

D.1 INTRODUCTION

An automatic data recording facility was developed
to take advantage of a high speed Analogue to Digital (A/D)
converter linked to a 16K PDP11 computer. This appendix
contains a detailed description of these facilities,
together with Fortran software developed for use with this
computer installation.

Data collection and processing is shown in block

diagram form in Fig. D.1.

D.2 TAPE RECORDER AND DIGITAL SEQUENTIAL PROGRAMMER (DSP)

The automated acqusition of data from the testing
rigs was carried out using a 14 chammel F.M. tape recorder
(Fig. D.2). This was sufficient to record two tests
running concurrently.

Eleven channels were used for recording the output
from the two rigs (Table D.1). In order to be able to
record the completé‘range of LVDT output and at the same
time record resilient deflections with accuracy, it was
necessary to split the output of the LVDT into two components.
The signal was fed through a high pass filter for one channel
(thus eliminating the D.C. component) and for the other it
was fed effectively through an amplifier with unity gain.

A digital sequential programmer was incorporated into

a remote control unit to operate the tape recorder (Figs.
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arsociag Signal Rig
1 Load 1
2 Cell Pressure 1
3 LVDT x 1 1
L Pore Water Pressure 1
5 Load 2
6 Cell Pressure 2
7 LVDT x 1 2
8 - Pore Water Pressure 2
9 LVDT (Filtered) 1
10 LVDT (Filtered) 2
14 Sampling Pulse and Voice -

Table D.1 Arrangement of Channels on Tape Recorder

D.3 and D.4). This allows tests to be recorded at regular
intervals over the full 24 hour period. The programmer
can be set to sample data at intervals of from 10 to
100,000 cycles.

There are five preselections on the programmer each of
which can be set to initiate an operation after a set number
of signal pulses (or cycles). The operations which are

controlled are as follows:

(1) RUN Starts tape drive.
(2) RUN/RECORD Starts recording data.

(3) STPG ON Sampling trigger pulse generator om.
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(4) sTPG OFF Sampling trigger pulse generator off.

(5) sTOP Stops tape drive.

The sampling pulsé is required by the A/D converter
to initiate multiplexed sampling of the data channels which
are being fed in. The pulse frequency can be set at 15, 30,
75, 150, 300 or 750 Hz. In practice for creep, strain
controlled and repeated load tests carried out at 1 Hz, the
pulse was set at 75 Hz. For tests performed at 10 Hz, the
pulse was set at 750 Hz. These settings allowed the

collection of 75 readings per second or per cycle.

D.3 THE COMPUTER INSTALLATION

The computer installation used was a DEC PDP11/15
16K computer. The peripherals attached to this computer
were a teletype console, a high speed tape reader and
punch, a line printer, a disc drive, and a high speed A/D
converter (Fig. D.5).

The software for the operating system is contained
on the disc. This software allows for the editing,
compiling and linking of Fortran programmes. In addition,
software is available allowing easy transfer of files
between peripherals.

Fig. D.6 shows the F.M. tape recorder used to replay
the data through the A/D converter. A program YWAS5SHOTY
described below was written which, provided recording had
been carried out in a regular fashion, allowed data to be

automatically stored omn the disc for further analysis at a
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later stage. Data was replayed from 5 channels
simultaneously for repeated load tests (4 channels for
creep and strain controlled tests).

As soon as all the data from a particular test
was stored on the disc, it was then analysed using another
Fortran programme "DYNLOD", again described at the end of
this appendix.

A linear relationship was assumed between the voltage
output from the rigs and the digital values stored on the

disc. This relationship was expressed in the form:

V=a\N + b

where V = volts o/p

N = digital values stored by A/D converter
a = constant

b = constant

The values of "a' and "b" for each channel are given in

Table D.2.
Channel a b
1 0.003244 0.104
2 0.003698 ~-0.119
3 0.002351 | -0.048
4 0.002300 0.008
5 0.003198 0.156
6 0.003613 -0.053
7 0.002365 | -0.040
8 0.002312 -0.050
9 0.00705 -0.008
10 0.00701 -0.015

Table D.2 Calibration Constants for Tape Recorded Data
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D.4 PROGRAMMES USED FOR DATA ANALYSIS

A5 SHOT

This programme was used to store data on disc from
the magnetic tape using the A/D converter. An assembly
language subroutine is used to enable data to be converted
at a very high speed (Middleton, 1974). Care had to be
taken when using this programme that the amount of data to
be converted was not larger than the file to which it was
to be allocated, because under certain circumstances, it
was possible to overwrite the disc operating system. The
reason for this was that much of the protection had been
remo&ed to increase the speed of transfer to data. A

listing of the programme is given below.

CREEP

This programme analyses data recorded and stored on
disc ffom creep and strain controlled tests. It contains
an averaging routine to reduce the stored data which is

then processed and printed out on the line printer.

DYNLOD

This programme was used for the reduction and analysis
of data stored on disc from dynamic tests. Because of the
limitations of core storage, it was necessary to write this
programme using overlay techniques. To do this, the part
of the core reserved for programmes is split into two
sections. The top section contains the resident programme
which is made as small as possible and remains in the core

while the programme is being run. To the resident
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programme are linked other programmes which are stored
on disc. These programmes or overlays are called from
the disc as required and stored in the core below the
resident programme.

As each overlay is called, it overwrites any overlay
which has been previously used. The overlays are written
and compiled as separate programmes and then linked to the
main programme. The programme path is shown in Fig. D.8,
and a full listing»is also given below with some
explanatory notes. In addition, the operating procedure

for linking overlays is given overleaf.



DYNLOD

PRINT

DYNLOD

DKRED

>- DYNLOD

REGRES
Performs loop for
number of separate

records of data

PRINT

DYNLOD

A\

END

D7 -

Core Resident Programme

Prints Data heading on
Line Printer

Enables data reading from
disc file

Reads disc file

Reduces raw data by averaging
routines or by fitting maxima
and minima to sine waves
using regression techniques.

Processes data and prints
this on line printer

Fig. D.7 Programme path for analysis of repeated load data

stored on disc
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OPERATING PROCEDURE FOR LINKING OVERLAYS

LINK~ 11 V0074

PASS 1 .- ' o
#DYNL OD:LP.;DY DVNTOD<DYNLODJQND}L;EALLTBE1;IT/L/U/E

PASS 2 ' Address of low limit of »
DYNLOD obﬁalned from load
.map: 070072

LINK-11 VOO7A

PASS 1 :

g ﬁPRINT<DYNLOD STB;DRINI/T O7OO7O;EAELIBE1;13/T/U/E
TRANSFER ADDRESS: 061044_ _ High limit of overlay in
LOW LIMIT:_ 061044 core set Just below resident

HIGH LIMIT: 070070 . o
S - " programme at 070070
PASS 2 -

L:NK-IE V0074

PASS 1
#DKRED<DYNLOD» STBs DKRED/ T O70070;DEFIV;EAELIBE1;IJ/L/U/D

ThANSFhR ADDRESS: 066512
LOW LIMIT: 066512
HIGH LIMIT: 070070

PASS 2

LINK-11 V0074

PASS 1
_#REGR?S<DYNLOD STB;REGPES/CC/T O70070;EAELIB[I,1]/L/U/?

TRANSFER ADDRLSS: 056552
LOW LIMIT:_ 056552
HIGH LIMIT: 070070

PASS 2.

LINK~11 V0074 -
" PASS 1
#1C
K1
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Crer¥

100

200

101

OO0 — oW

201

16

17
19
191

300

18
10
1

12

14
20
21
210
211

™ T
— -
s W

215

A53HOY

PROGRIf 70 pO A To D -CoMyERSION AND STORE _ b
DATA At plsc - _ : 9_'

COMMO:y; /GRPI/HPTSNCHNL#NCYC2IDAYNBLK?2 IND,
1GAIN,RSTAT,PTCNT,CYCNT

JHTEGEFR GAJHsRSTAT,PTCHT,CYCNT
WRITE(6,100)

FORMAT(/,* RECORDsw [4r2/)

READ(4,200)NCYC

FORMA%(14)

NPTS=556

NCHNLz5

ANCHN; sNCHNL ) |
S1ZE=pPTS*ANCHNL*1iCYC ' ) size of storage chec
IF(SIyE=3840000)3,322 )

WRiTE 65101

FORMAT(//’ DATA SPACE REQUESTED 1S T0O LARGE?>
177 MaXIMUM #O OF DATA PQINTS Is 26112%/)

GOTO | '

CONTINUE

GAIN=16

cAaLL joc

DO A 70 D CONVERS[ON AND STORE RESULTS oi DISC

WRITE (6,201
FORMAT(/2 TYPE CO TO CoNTINUVUE?»/)

PAUSE

CALL aDa ' AD6 is an assembly
NENT=n language subroutine for
CONTIwUE A/D conversion

caLk nEHCYC

RCNT3uCHT*I

1F(NCyT=NCyc)17,18,18

IF(RSTAT)19,19,18

TIM=0

TIMET rie] )
IF(TlualT#12000,260T0 19y ) riming loop
WRITE(6s300)NCNT

FORMAT(/? NUMBER oF RECORDS STORED’»/
22155 4)

GOTO 16

CONTINLUE

GO TO(10,11,12513;14)1R3TAT

WRITEs60210)

GO TO0 21

WRITE (6211

Go TQ 20

WRITE(6s212)

GO T0 20

WRITE(62213)

60 TO 20

WRITEt62215)

WRITE 6221 4)CYCNT,PTCNT

CONTINUE

FORMAT(//° ALL DATA CONVERTED”:2/)

FORMAy (/77 TIME Oyl N ApC LQOP?,/)
FORMA7(//’ TIMING ERROR [N CONVERTER?.
177 PgRoBABLE CAUSE OF ERROR DATA TGO FAST?,»/)
FORMAT(//% pISC TRANSFER NOT COMPLETE BEFORE NEW CYCLE?:/)
FORMA=(/* NO» OF CYCLES CApPTURED?:15,

1/* Np. oF POINTS CAPTYRED#:15»

2777 TYFE ca TO CoNTINUE#»//)
FORMAT(//#? ADC STATUS NoT CLEAN AT START OF ADC’,//)

END
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CREEP
PRUOGRAMME FOR CREEP TESTs ON CLAY _
THIS pROGRAMME ANALYSES DATA STORED ON pIsSc
FROM waAGNETIC TAPE
DIMENSION IDAT(10);AMEAN(10);KDAT(4:256) o
WR1TE(62 100 '

FORMAT( s/4 TYPF TEST NOg¢e RIG NQOes NOs OF RECORDS,
1 CYCLE NTERVAL?’,/2’ PYP NOes .

1PWP INIp, LVDT INIT %:/7)

NSECS=0 o
READ(b;,ol)NTSTchH:NRIN,INSECS;NP;IPWPI;LVDT

WRITE(5s103)NTST o

FORMAT(14)
CFORMAT(714) L
FORMAT(//2» NSECS DEVIATOR STRAN PYP DE

ILTAPyP A EFFcELL - CELL 7,7)
WRITE(5,102) o ' '
TO READ plsC FILE .

M=256

L=1024 )
cAaLL 5ETFIL(3:'ADCDAT0“ ?5712%DK 720,102565155:0)
CALL pEFIN (31NRIN:L;U Nch> : '
NREC={ ,

0O 5 p=l,NRIN

READ(3INRcc)((KDAT(J)K):J=114)1KSIJ256)
D0 4 J=zy,10 o )
AMEANCJ) =0 -

. CONTiNUg

po 2 K~1,ll
A”EAN(J)—KDAT(J;K)*AHEAN(J)
CONTINUE
AJEAN(J)-A”EAN(J)/M
.CONTINUg
GOTO(e,7)2NCH
5163"(3.698{AHEAN(2)*119')/6 »72
DEVE(0s3244+ANEANI 1) +1004)#((101e6=({2,3518AMEAN{(3).48,
1)/300))/10161~0,035245163
STR=((2,351%aMEAN(3)=484+)~,122%DEV)/30480
PWP-(Z,aoo*AHEAN(4)+8-)
- 6070 f0
SIG3=(3,613%34MEAN(2)=53)/60¢14
STR=((2,3065%3MEAN(3)=40e)=,122%DEV)/30480
DEV-(0~3244 AMEAN(l)+10-4)&<(101a6~(<2-365*AMEAN(3) 40¢

)

DO 3 Jz{,4 o ,_; Averaging Routine
)
)

1)/300))/101+6)~040352%51G3

PwP=(2,312%AMEAN(4)=500)
INSERT ApPROPRIATE CALBRATION BELOW
MILLIvoLTS/KN/NETRE SQUARED :
JIF(NP,EQ, 1 3PWP|{=PKP/Besgb

IF{NPeEN.21PuPl=PuP/bo4 _ . .



OO0 0O

50
300
101
51

D11

DYnLOp

RESIDENT PROGRAMME FOR ANALYSIS OF REPEATED

LOADING pATA STORED QN DISC . o e

5 CHANNEL VERSION '

DIMENSION KDAT(5,256)spAT(10)
COMMON/BI/KDAT) y2rK/B2/ AMAX, AMIN/BS/DAT

1/B6/ JuMpsRIN, STRB»Q2, NCH, INSECS;NP;IPHPI LVDT:N:NREC
DATA A2,B2/°YES?22NO?/
GOT0 51

w?xTE(s;SO)F
FORMAT(F10,0)
WRITE(62300)
FORUMAT(//7? 72/
WRITE(62101)As]
FORMAT(A3214)

CONTINYE

STRB=z=g

CALL [ INKC'PRINTeLDA?)
Capk LINK('DKRED+LDA?)

NREC=} -

DO 3 pnzl,NRIN :
READ(atNREc)((KDAT(J;K);J=115):K=1,256)
CaLbl | (NK({2*REGRESsLDA’ Y. -

JU?‘iP:PI .

CALL L INK{/PRINTSLDA?)

CONTINYE

CALL EnDFL(3)

END

Dummy format statements used
to load line printer driver
routines into resident
programme :

The above programme is the core residenﬂ programme ..
Linked to it are a series bf'overiays which are all

called via the resident programme using the 'CALL LINK'

‘statement. The listings for the overlays are givéh

below.
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OVERLAY ?pRINT? Linked to DYNLOD
THIS gVERLAY PRINTS OUT PROCESSED DATA
DIMENgSION DAT(10)
COMWON/Bs/DATlab/JUMP:NR;N,STRB Q2
1»NCH, [NGECSsHP, IPWPI»LVDT,N,NREC
DATA Az:BZ/!YES')’NO ’y
IF(JUpegQ,~-1)60TO 2
WRITE(s,100)
100 FORMAT(//»2 15 THERE PP MEASUREMENT?»/)
' READ(g,101)0!
101} FORMAT(A3) a
: IF(Q1 ,gQ,B2)G0T0 |
Q2=-1 . :
WRITE(62102)
102 FORMAT(//22 TYPE TEST NOe» RIG NOsy NO, OF RECQRDS, .
1CYCLE INTERVAL,?»/52 PWP NOes PWP INITLLVDT INIT IN 142,/)
READ(g, 103)NTST,NCRsNRIN, INSECSI NP, IPYPI,LYDT
103 FORMAT(714y
WRITE(5+109)NTST"
109 FORMAT(14) e
WRITE(5+99) : '
- 99 FGRMAT(//97 CYCLES QEVIATOR STRRAT ELSTR PrRMSTR
: | MR S16G3 EFFC A PwpP DELPUWP
2 CRITP”/) ' : ) : _
: © 6070 2
| HRITE(61104)
Q2=1 : : .
106 FORMAT(//22 CYCLES DEVIATOR STRRAT ELSTR
. 1 PERMSTR MR SIG3 2,/ :
READ (g, 105)NTST»NCHINRIN, INSECS,LYDT
105 FORMAT(514) : _
104, FORMAT(//22 TYPE TEST 30,2 RIG NOe» NO. OF RECQRDS,
1CYCLE INTERVAL, LVDT [NIT 2,71
WRITE(52109)NTST
WRITE(52106)
2 CONTINUE
IF(JUupegG,1)G60T7T0Q 10
. GOTO(g, 7 )2 NCH
6 SIG3=(30698#DAT(3)~119,)/5,95.
DEV=(Qe3244%(DATL1)-DAT(2)))#((101+6~
1((203512DAT(5)~484)/300,))/7101:+6)
STR=((2¢35]#DAT(5)~480e)=0 .122*<003244*DAT<1)>10.4)>/304ao,
PWP=(2,300%pAT(7)+8s)
RSTR=((0,705%{DAT(9)=DAT(10)3)
1-(0eg105%92pEV))/30480,
: GO0T0 g8
-7 SIG3=(306132DAT(3)~530)/5082
STR=((29365#DAT(5)~400)~00122%#(0s3]198%DAT(12+15:6))/30480»
DEV=((0,3193%(DATCLI)=DAT(22))#((101:6~0(24365
1#DAT(5)=40,)/30021))/1014.6)
RSTR=((0,701#{DAT(9)=DAT(10)))~(0+010592DEY))/30480,
PUP=(2,3124DAT(7)~50e)
8 IF(NP,gQ,1)PHP1=PYP/8eb6 -
IF{NPLEQ,2)PiPLI=P¥P/ 604
TF(NP,cQ.31 0P| =PHP/5002
IF(NP,,gQ,4)PWHP1zPUP/ 7621
IF(NP,gQ 5)pHPLl=PUP/ b
IF(NP,EQ,6)piP1=PHP/ 7084
CYCTINSECS#N
C STRAINRATE MICROSTRAIN/CYCLE
' STRRAT=z((STR-STRB)I/INSECS)*1000000,
STRB=gTR

OO0



107

108
10

D13
PRINT (CONTD.) -

RESILJENT MODULUS MN/METRE SQUARED
RM-DEv/(RSTD‘lOOOa)
EFFC=(slg3.puPl)

P=(DEv+3%EFFC)/3

RESILIENT MICROSTRAIN
RSTR=RsTR#1000000

STR1=gTR=1pn

IF(92,6T,0)60T0 9

'DELPhp (pWp~-1PWPI1)/(PHR/PYHP])

A=DELpPWP/DEY

WRITE(5,107)y CYCs»DEVsSTRRATSRSTR»S3TRY»
1RM?»S{G3,EFFCsA»PHPLsDELPYHPIP
FORMAT(FaaO,llFIOn3)

GOTO ;0 _
WRXTE(DJIOs)CYC,DEV;STRRAT RSTR»STR1,RM,S1g3
FORMNAT(F9eq, 6F1093) : -
COMTINUYE

CALL RETURW

END o

DKRED o - - Linked to DYNLOD
OVERLAY 7O READ DISC FLE

DIMENGJON KDAT(52256)2pAT(10)
COMMON/By/KDAT»JsK/B2/AMAX, AMIN/BS/DAT

‘1/B§/JUHP NRIN;sTRBfGZ,NcH;INSECS:NP;IPWPI LVDT:N;NREC
M=256 _

L=1289

CALL SETFIL(3"ADCDAT- »=12'DK %,0210256+155,0)
CALL pgF N (3:NRIH:L;U,NPEc)

caLl peTuRw

END

The above programme called 'DKRED' definés the name of
the file on which the data has been stored 'ADCDAT',
the area of the disc where it may be found and the

amount of store to be accessed.
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Linked to DYNLOD

REGREg
LINEAR ReGRESSIGN OVERLAY
DIMENGION DAT(10)+KDAT(5,256)
cquoN/Bl/KDAT,J;K/B?/A1AX AMIN/BS/DAT
Do 4 ,=1,5
CaptL LI”REG
Jiz2E .
J2z=2#%,
DAT<J1)-A”AX
DATCJ2)y=AMIN

CONTINUE

DAT(3,:=0

DAT(7)=0

DO 5 k=1,256

DAT(3yzKpDAT(2:K)+DAT(3)
DAT(7)_KDAT(4:K)+DAT(7)

CONTInuE .

DAT(73y=DAT(7)/256

DAT(33y=DAT(3)7256

DAT(4):O'

CaLl RgTURy

END

SUBROYTINE LINREG

DIENSTON ﬁDAT(5:256):IDATl(ZSO):IDATZ(ZQO)
COHMOH/BI/KDAT,J,K/BZ/AMAX AMIN/B3/TOT
L=0

IF(TO7}1-7072)3,98,4.

3,985 4 MAX,UNDECIDEDsMIN

LO0OK FQR MaAxIMuM SET

TOTl=70T2 .

CALL T1goTalL .
IF(K+3,EQe256)60T0 100

T0T2=707 -
IF(T071+-707213,974+6

Kl=K-g

K2=K=

DO 7 k=Kyrsk2

L=L+1 ‘
IF(KDAT(U?K)oGT41000)NOISE=] )
IF(KDAT(U?K)oLT4~1000)H0ISE=] )
IDATI(L)-KDAT(J'K) )
CONTIHNUE

K= K2+1

IF(MOySE, EQ.I)L L =8

GOTO 4

M=0
K=1
" CALL ToTAL . -
IF(K+3,EQn256)GOTO 100 .. This subroutine looks
TOTl=710T T for maximum and minimum
. CALL TtoTalbL . . -~ .. sets of data readings
1F(K+3,Ego256)60T0 100 "~ .  and stores them.-
T0T2=7107 ' -

Check for transients
in data readings
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" REGRES (CONTD.)

LOOK fFoR HMpnNIMuM SET
T0T1=1pT2

cAaLL ToTaAlL
IF(K+3,EQe256)60T0 100
TOT2=70T
IF(TOT1~T072)9:96:4

”CEVE:O

KlzK~g
I\Z‘.:K—l
DO 10 g=g!l,k2
SM* ] -
IF(KDAT(JrK).GT.IOOO)NQIsE-l
IF(KDAT(J:K).LT.-]OOO)NOISE 1
1DAT2 (1) =KpaT(UsK)
CONTINUE
K= K2+1
IF{NOISE,EQe])li=H~8
60703
EVALUATION OF MAX AND MIN

CCALL maXMINCIDATLaLsAMAX)

CALL WaXMINCIDAT2:MsAMIN)

RETURY

END | o o L
SUBROUTINE TOTAL , . This subroutine adds sets
DIMENS1ON KDAT(52256) of data for the purposes
COMMON/BY/KDAT,JsK/B3/T0T ~ of comparison to ascertain
NOISEzp . maxima or minima. '
TOT=0 -

Kl:K .

K2=K+y

DO 1 k=Kyprk2

1F(KDATCU?7K)eGTe 1ooo>Nost_1 | " _
IF(RDATC(ysK) el Te~1000)O0SE=] L N

TOT= T0T+KDAT(J;K)

CONTINUE

TOT=TgT/8

K= K2-3 .

IF(K+3,EQe256)60T0 2

IF(NOISE,EQe1)G0TO 99

CONTINUE. o

RETURpy o ;,ffefvﬂ o

END L

SUBROUTINE MAXMIN(IDAT NyAM) . S S
DIMENGION [DAT(250) o . This subroutine fits a
AM=0 : : L _-'second order curve to
N4=0 : . _ : the maximum or minimum
Nlz=N/g I . . .. sets of points and

DO 1 p=1,Np . _ .. computes the maximum -
N2=(8yx)=7 e = or minimum value of this:
N3z N2*7 : e : curve.,

X=0 - : S B

Y=0

XY=0

X2y=0

DO -2 pyzlizen3

X=x+]

Y=Y+IpaT(N)

XY=zXYo (XaeIpAT(N)?

X2Y=X2y+{XxxXx*=IDATI(N))
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'REGRES (CONTD.)

CONTINYE

ALPHAz8sa8Xy~36esY

DELTAz8s5X2yY=-Y®204ds 7

- B=((ALPHA/3024+)~(DELTA/285604+))/06005229
A= (ALpHA=(336+%B))/3024. '
C=Y/8.a%25,5~Bx4e5

IF(=B/(2%AR))325:4

1IF(9+p,(2%2113,5:+5

N4=N4,

GOTO .

AMz(Bapg )/ asA)=(BEB)/(2¥A)+C+AM

CONTIyyE , _ .

IF(NIaN4)T 627

AM=0 :
. GOTO g
AMz AN N
RETURYy
END -

VT =hrd )
FY iyt s
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APPENDIX E

ESTIMATION OF PRECONSOLIDATION PRESSURE

AND IN SITU CONSOLIDATION CURVE

There are three methods of estimating the in situ
virgin consolidation curve. The starting point for all
of these methods is the use of the oedometer test or
confined compression test.

A sample of the soil is compressed one dimensionally,
while drainage is allowed from each end. The volume
change is measured for each pressure increment and the void
ratio is plotted against the log of the pressure.

The void ratio:

<

Vv Volume of wvoids

e = = =

T Volume of soil solids

n

is directly related to the moisture content for a saturated

soil by the relationshipg

where m = moisture content

Gs

specific gravity of soil solids

From the void ratio-log (pressure) curve obtained in
the laboratory, there are the following methods of
estimating the preconsolidation pressure and the in situ

consolidation curve:

(1) Casagrande (1936) suggested the following procedure.

The point of minimum curvature T, as illustrated in
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Fig. E.1, is estimated. A line is drawn parallel
to the pressure axis and another line is drawn
tangential to‘T. The angle between these two
lines is bisected and a third line drawn. The
intersection of this line with the back projection
of the straight line portion of the virgin
consolidation curve gives the value of the pre-
consolidation pressure.

(2) Burmister (1942, 1951) proposed an alternative
procedure whereby, as soon as the straight line
portion of the e versus log p curve is approached,
the sample is rebounded (Fig. E.2) and then reloaded.
The triangle (shown shaded) formed by the rebound
and reloading curve is then shifted up onto the first
loading curve. The preconsolidation pressure P,
is defined‘by the intersection of the apex of the
triangle with the straight line portion of the curve.

(3) The third procedure was proposed by Schmertmann
(1955) and is illustrated in Fig. E.3. The loading
rebound and reloading procedure is the same as in
Burmister's procedure. From the point (eo,po) a
line is drawn parallel to the mean slope of the
rebound curve. A point on this line is selected as
the assumed value of P, and a line is drawn from
this point to intersect the laboratory curve at
0.42 e . The assumed virgin curve is plotted
against log (pressure). This procedure is repeated

for several assumed positions of P, and the position
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Fig.E 1. Estimation of Preconsolidation Pressure ( Casagrande )

Voids ratio e
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Log pressure o'

FigE.2 Estimation of Preconsolidation Pressure { Burmister)
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Fig.E.3 Estimation of Preconsolidation Pressure ( Schmertmann )
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to produce the most symmetrical curve of Ae versus

log (pressure) is selected.



REFERENCES TO APPENDICES

Burmister, D.M. (1942), "Laboratory investigation of
soils at Flushing Meadow Park", Trans. ASCE, Vol. 107,

p- 187.

Burmister, D.M. (1951), "The application of controlled
test methods in consolidation testing'", Symp. on

Consolidation Testing of Soils, ASTM, STP, No. 126, p. 83.

Casagrande, A. (1936), "The determination of the pre-
consolidation load and its practical significance', Proc.
1st Int. Conf. Soil Mech. and Found. Eng. (Cambridge,

Mass.), p. 60.

Middleton, V. (1974), "General purpose ADC package for a
university environment!, DEC Users Society, European

Convention, Zurich.

Parr, G.B. (1972), ""Some aspects of the behaviour of
London clay under repeated loading', Ph.D. Thesis, University

of Nottingham.

Roarke, R.J. (1964), "Formulae for stress and strain',

McGraw-Hill.

Schmertmann, J.M. (1955), "The undisturbed consolidation

of clay", Trans. ASCE, Vol. 120, p. 1201.

Timoshenko, S. (1952), "Strength of materials, Part II",

Van Nostrand, 2nd ed.



