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ABSTRACT

Research has been conducted into the fundamental mechanical
properties of a granular material. This has involved the use of
both a repeated load triaxial apparatus and a new hollow cylinder
apparatus, which has required development and modification.
Building on the foundation of earlier research at Nottingham,
models have been developed which predict the stress-strain
behaviour of a dry granular material under any combination of
applied stresses. This includes repeatable elastic behaviour and
the development of irrecoverable plastic strain. The accuracy of
these models has been tested as far as possible using available

test equipment.

The effects of varying particle gradation, degree of compaction,
maximum particle size and mineral type have been explored using a
repeated load triaxial apparatus. The effect of moisture has
also been investigated with respect to both full and partial

saturation.

A computer program (GRANMAT) has been written, which makes use of
the stress-strain equations developed, tO analyse a road pavement
structure consisting of thin bituminous surfacing, granular base
and subgrade. The reliability of the program has been assessed

and areas of necessary improvement indicated.



In-situ testing at a number of road sites is described and
analysed with respect to both the effect of compaction on a
granular road foundation and the use of a number of in-situ test

devices.

Finally, the information gained, in the laboratory and on site,
is brought together in a series of design suggestions for
granular road foundations, with particular reference to results

from the GRANMAT computer program.
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Symbols used in this Thesis:

b parameter describing intermediate principal stress
E elastic modulus (axial stress/axial strain)

in mathematical function

G shear modulus (shear stress/shear strain)

K bulk modulus (mean normal stress/volumetric

strain)

KO initial stress ratio (horizontal stress/vertical
stress)

1 stress path length

In naperian logarithm

mr radial displacement
mv vertical displacement
N number of load applications
P mean normal stress
q axial deviator stress
r radial distance
S mean in-plane stress
"t shear stress on a plane
Z vertical distance
Y shear strain
S change in a quantity
€ strain
© sum of three orthogonal normal stresses
a stress
T shear stress
ﬁf angle of friction

Note: Many letters are also used as constants in equations.



Subscripts used in this Thesis

Superscript used in this Thesi

initial conditions

first principal direction
second principal direction
third principal direction
failure

horizontal

a stress state

a second stress state
mean

maximum

plastic

repeated/radial

shear

tangential
volumetric/vertical

a direction

a direction orthogonal to x

a direction orthogonal to x and y

S

effective (ie subtracting pore
effects)

pressure



CHAPTER ONE

INTRODUCTION

In times past the design philosophy for the majority of man's
constructions was empirical. A building was constructed in a
certain way because the experience of many similar successful
buildings suggested that it was satisfactory. If, one day, a
structure collapsed, then the next time it would be made

stronger. This philosophy was applied to roads also.

However, in recent centuries our knowledge of material
properties, mechanics, statics and mathematics has generally
enabled us to rationalize our approach to design. It has become
less empirical and more analytical. This approach has led to the
construction of metal ships, slim looking bridges and fragile
locking dams, but the business of road building has remained
solidly empirical until very récently. It cannot be argued that
this is due to the additional complexity of a road structure when
our capacity to analyse immensely complex structures such as
aircraft 1is considered; it must rather be that the consequences
of a rut in a road are rather less drastic than a ship sinking, a
dam bursting or a bridge collapsing. However, it makes sense to
apply our twentieth century capabilities to the humble problem of

the road, all the more so since highway reconstruction is



becoming a very expensive and disruptive activity.

The recent Transport and Road Research Laboratory publication LR
1132 (Powell et al 1984) has opened the way in this country to an
analytical approach which many individuals and organisations have
been seeking for a number of years. The structural layers are
designed to have appropriate thicknesses to prevent rutting and
cracking taking place according to design charts based on
laboratory and field data. This parallels design method
proposals put forward at Nottingham (Brown et al 1985) which took
a similar form and are now contained in a design manual produced
by Mobil Oil (1985). However, the approach to foundation design
remains empirical, though the dual purpose of carrying
construction traffic and supporting the finished road is taken

into consideration.

One of the problems which has inhibited the analysis of a road
foundation is the lack of understanding which exists in the way
soils and unbound aggregates behave under load. The theories of
linear elasticity have been so useful and so powerful for so many
materials that the urge to try to use them for soils is almost
irresistable, whereas numerous studies have clearly indicated the
fundamental incorrectness of such an approach. This has led to
enormous 1inaccuracy in the analysis of road foundations and to
the oonsequent shelving of analytical design concepts. More
recently, as will be shown in chapter 2, research has been
undertaken, both into the fundamental mechanisms of granular

material behaviour and also into the way such material behaviour



can be included in the analysis of a road situation. Computer
analysis techniques have been developed utilizing the new
knowledge of material behaviour and various predictive methods

have arisen to model the stresses and strains under a load.

At present, however, much work remains, both in extending our
fundamental knowledge of unbound aggregates and also in enabling
us to assess the properties of a given material. To date,
insufficient work has been done in exploring the importance of
such parameters as particle size distribution, maximum particle
size, state of compaction and méisture content, let alone in
comparing different types of mineral. At present we write
specifications for grading, particle crushing, soundness etc, but
often do not have sufficient logical grounds for adopting the
limits we do. Sometimes, so it appears, the limits are
determined more by what the industry is capable of rather than

what is theoretically justifiable.

The concern, then, that lies behind this project is that all the
many aspects of road foundation behaviour are explored, collated
and brought to light in such a way that the important areas can
be readily identified and attended to. The task has been a very
broad one, which has inevitably meant that many areas have not
been covered in any great depth and that some rely solely on the
reported work of others. None the less, an attempt has been made
to follow every important strand concerning the behaviour of

granular materials in general and road foundations in particular,



and to tie the strands together into a set of design suggestions.
Some of these suggestions will be firm, resting on adequate data;
others will be tentative and require additional research in
specific areas. The aim, however, is to paint as complete a
picture as possible even though the detail may be blurred in
places. ILater work will, it is hoped, £fill in the fine details
once a vision of the whole has been seen, but to attack the

details first is to invite a distorted final picture.

It is hoped that the sequence of chapters in this thesis will
provide a logical path from understanding of granular materials
in general, through the effects of various parameters and the
influence of the foundation on the whole structure, to site
problems and eventually to a discussion of design. This work is,
however, far from the last word on the subject as will be made
clear in chapter 11, where numerous recommendations for further

research are made.



CHAPTER TWO

REVIEW OF GRANULAR MATERTAL TESTING AND MODELLING

Before proceeding to examine the various ways of testing and
mathematically modelling granular material, it is wuseful to
observe the type of stress strain behaviour which commonly
emerges, whatever the test apparatus used. Fig 2.1 traces the
relationship between shear stress and shear strain over a number
of load applications for a gravel tested in a triaxial apparatus.
No scales are shown because it is purely the form of relationship
which is of interest here. It may be seen that the graph
consists of an initial loading curve, followed by a series of
unload-reload loops, all of similar shape, but progressing across
the figure as strain builds up. This strain accumulation is
taking place at an ever decreasing rate as the number of load
applications increases. It appears that there are at least three
distinct areas of behaviour to be investigated, which may or may

not have some interdependency. They are:

(i) The shape of the initial loading curve.

(ii) The characteristic form of the load-unload loop.

(iii) The way in which strain accumulates with increasing

nunber of load applications.
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The first of these, of course, inéludes the behaviour which would
have been exhibited if the load had been allowed to increase to
its peak value (where the material fails) instead of being
subjected to repeated loading. This relationship, termed the
monotonic loading curve, has been very extensively studied by
geotechnical researchers over a number of years. It is the
simplest area of study since no repeated 1load facility is
required in the testing apparatus. However, in the case of a
road foundation layer, it 1is clear that repeated 1loading is
important and must therefore be applied in testing in connection
with this project. 'This chapter will therefore examine briefly
the different laboratory testing devices currently in use,
explaining their capabilities, before proceeding to study the

current state of knowledge of granular materials.

2.1 TESTING DEVICES AVAILABLE

From the example of granular material behaviour in fig 2.1 it can
be seen that the properties are far from linear and that a
sophisticated testing device is therefore desirable. The more
independently controlled stress components which can be applied,
the more complete will be the possible understanding of behaviour
t0 be gained. However, the problems of strain measurement and

general mechanical complexity may then become excessive.

The triaxial apparatus has, for years, been seen as a reasonable
compromise. In it, a cylinder of material is subjected to two

independently controlled stress components, a pressure acting in



every direction through a surrounding compressed fluid and a
vertically acting additional load supplied down a central shaft.
By means of these two components, confining stress and deviator
stress, many simple loading situations can be effectively
simulated. This project has made extensive use of two such
triaxial faciiities incorporating repeated loading capability
and, because of their relative simplicity, they will probably

continue to be used as a fairly standard research tool.

The limitations of the triaxial apparatus are evident in that
only two stress components are varied independently out of a
maximum of six for completely general conditions. Other
‘ relatively simple pieces of equipment are the shear box (eg Pike
1973) and simple shear apparatus (Roscoe 1953). Both of these
also involve two independent stress components, basically shear
and normal stress on a plane, and they can therefore be used in
conjunction with the triaxial apparatus to increase the amount of

information available on a particular material.

To control three or more components of stress 1is more
complicated. The 'true triaxial apparatus' is one possibility,
where two orthogonal horizontal stresses are independently
applied, as well as a vertical stress, to a cube of material.
However, the advance in terms of real situations satisfactorily
simulated is not great. A significant improvement on this is the
directional shear cell (Arthur et al 1977), a fairly recent

innovation. This takes the form of a cube of material,



independently stressed in three orthogonal directions as for the
true triaxial apparatus, but with the additional facility that
shear stress can be applied horizontally to the vertical cube
faces. This is achieved by sets of horizontal strands, attached
to the membranes on the vertical faces. Thus, four independent
stresses are applied, leaving out only two directions of shear.
However, the specimen itself is then inevitably surrounded by a
mass of mechanical equipment and the method used for strain
measurement is to x-ray a grid of lead pellets embedded in the
specimen at thé time of its manufacture. Sensitivity is
therefore greatly reduced and the apparatus is not suitable for

small strain problems, such as that of a road.

Testing of specimens of a hollow cylindrical shape has been
performed for many years on solids such as metals and concrete
and also, occasionally, on soils and granular materials.
However, interest has been growing and a machine for testing such
specimens was constructed a few years ago at Imperial College,
London (Hight et al 1983). Two gains are made by a hollow
cylinder apparatus over a triaxial device. A confining stress
and axial deviator stress can be applied in the same way, but it
is also possible both to apply a torque to the cylindrical shape
and also to vary the préssure in the centre of the cylinder from
the external confining stress. Application of a torque generates
shear stresses on horizontal and vertical planes in the wall of
the c¢ylinder, whereas variation of internal pressure imposes
variation in circumferential stress much greater than variation

in radial stress perpendicular to the wall. It is not quite true



to say that four stress components can be completely
independently varied since the two horizontal stresses are tied
to some extent, but it is nearly true. An advantage of this
piece of equipment is that the specimen is still accessible and
instrumentation can be directly attached enabling accurate strain
measurement. A disadvantage is that some stress non-uniformity
is inevitable, particularly when there is a difference between
internal and external confining stress. These problems have been
thoroughly investigated by Hight et al (1983) in connection with
the Imperial College machine and it was found that, so long as
the ratios of diameter to wall thickness and height to diameter

were sufficiently large, such non-uniformities could be ignored.

Particularly because of the possibility of accurate small strain
measurement, the hollow cylinder apparatus is clearly suited to
the study of a granular material for pavement analysis. It is
therefore fortunate that such a machine has recently been
constructed at Nottingham University (O'Reilly 1985), with
dimension ratios of an even more satisfactory nature than the
Imperial College machine, and with the facility for repeated
loading. It 1is described, as are the triaxial devices used in

this project, in chapter 3.

2.2 MATHEMATICAL MODELLING - ELASTIC BEHAVIOUR

That part of the behaviour exemplified in fig 2.1 which has been

most thoroughly explored in connection with road foundations 1is

10



the repeatable loop formed under cyclic loading. It has been
found, in fact, that it is generally possible to return to a
particular stress path at any stage in a test and see

approximately the same repeatable loop.

Being repeatable, apart from a small accumulated permanent strain
in each cycle, this is termed the elastic (or resilient)
characteristic for that particular stress path. It is clearly
non-linear and shows hysteresis. Nevertheless, it is common, and
under certain circumstances guite acceptable, to use linear
elastic theory as an approximation where the stress changes
involved are relatively small. This may be true in a road
foundation under a thick layer of stiff bitumen or cement bound

material.
A much used and quite simple modification to 1linear elastic
theory is usually known as the K-~theta model (Hicks and Monismith

1971). In it the elastic modulus is related to the stress state

according to a power law as follows:

E =K o) 2.1

elastic modulus

where: E

(0]
]

the sum of any three orthogonal normal stresses

Kl ’ K2,: are constants

11



This equation is quite successful in modelling the type of stress
path in the triaxial apparatus where confining stress is held
constant and deviator stress is cycled, but can give considerable

error under other circumstances.

One feature of the elastic stress strain characteristic is the
hysteresis loop, an indication that energy is being absorbed into
the material, and one way of achieving such behaviour
mathematically is by use of a damping ratio. This concept can
cover more than one fundamental happening; it can relate to
visoous fluid flow within a material, friction or even inertia,
but by use of it a hysterétic behaviour results. Testing using a
resonant column (eg Alarc;on et al 1986) generally involves
analysis using an elastic modulus and damping ratio, but it can
usefully be employed in assessing hollow cylinder data also
(Sousa and Monismith 1987). Mamlouk and Davies (1984) have
developed a pavement analysis program specifically for assessing
dynamic loading where a damping ratio is used for each pavement

layer, including granular material.

The approach taken at Nottingham in the past has been to ignore
the shape of the hysteresis loop and to consider a secant
stiffness; ie the total strain between end points of a stress
path, ignoring intermediate states. It has also been considered
useful to separate behaviour into shear and volumetric
components. Thus, equations have been developed, first by Boyce

(1976) then by Pappin (1979), by which shear and volumetric

12



strain have been expressed in terms of the triaxial stress
parameters. The equations relate to triaxial tests carried out
on a carboniferous 1limestone road base material and those

developed by Pappin are as follows:

S 2
e, =A S pP'" (1 -C (g/p') )] 2.2
[ ‘ 2 2 E -
= (S ] . / ] 1 .
oo =p s[am] . e Py et 2.3
where: eyr € are elastic volumetric, shear strain
s

§ means 'change in'
p!' = mean normal effective stress (confining stress +

1
3 deviator stress)

q = axial deviator stress

subscript 'r' = 'repeated'; ie difference between
maximum and minimum values

subscript 'm' = 'mean'

A,B,C,D,E are constants

Equations 2.2 and 2.3 have formed the basis for elastic material
modelling at Nottingham since. Indeed they have found favour
with other workers worldwide (Uzan 1985, Sweere et al 1987) and
they form the starting point from which the present work has

sought to develop. The basic components may be stated thus:

(a) Volumetric strain is non-linearly dependent on change in

mean normal effective stress.



(b) Shear strain depends on change in a shear stress ratio.

(c) Volumetric strain has a dilatent term depending on shear

stress ratio.
(d) Shear strain contains a stress path length dependency.

A simplification has been proposed by Mayhew (1983) to the shear
strain equation on the basis of a series of triaxial tests on two
materials. It takes the form:

: B
= Aa[ ) ']
Es g.p

where: A, B are constants

Accuracy of prediction is undoubtedly reduced by this
simplification, but the additional ease of computation generated

may justify this.

O'Reilly (1985) used Pappin's equations and discovered that it
was possible not only to predict the total shear strain for a
given cyclic stress path, but also to satisfactorily predict the
entire hysteresis loop. This represented a major piece of
evidence to support the form of Pappin's model and would not be
possible if Mayhew's simplification were accepted. However, it
was not possible to do the same for volumetric strain without
some amendment to the model. His technique will be referred to

in section 4.2.



2.3 MATHEMATICAL MODELLING - PLASTIC BEHAVIOUR

Of the behaviour revealed by fig 2.1 both the monotonic loading
curve and the accumulation of strain under cyclic load would come
under the description of plastic behaviour. However, from the
standpoint of road analysis, it is definitely the latter which is
more significant and w};ich is referred to here, although chapter

4 will suggest that the two are in fact linked.

Many researchers have noted the tendency of a granular material
to develop plastic strain under repeated load and have dbserved
some general trends. Barksdale (1972) has observed that the
strain appears to accumulate according to the logarithm of number
of 1load applications, but Brown (1974) reports that the strain
rate can suddenly start to increase again, leading to failure.
However, there is a lack of adequate modelling techniques
currently in existence. Lentz (1979) also observed the
logarithmic dependence of strain on number of cycles and
developed an equation relating such plastic strain to the shape
of the monotonic loading curve using a regression technique.
Another approach is to postulate a movable plastic boundary to an
elastic stress strain region (eg McVay and Taesiri 1985),
allowing  Thysteresis and plastic strain development to be

modelled.

15



At Nottingham, Pappin (1979) performed a few tests to investigate
accumulated plastic strain and noted that, with one exception,
all his shear strain results could be described using the same

function of number of cycles. The equation he suggested was:

2.8
€ = fn (N) x1x (g/p") 2.4
sp max

where: £ = plastic shear strain

=
]

stress path length in p', g space

N = number of load applications

It may be seen that, besides the function, which was actually a
power function, strain is related to the maximum value of a shear
stress ratio achieved during the stress path and to the stress
path length. Both these dependencies are fairly logical and the
data was satisfactorily modelled by such means, except in one
case where the strain accumulation rate began to increase to
failure after a few thousand load applications. The modelling of
the first one hundred cycles of load was also poor and therefore
ignored, and no satisfactory way was found of predicting plastic

volumetric strain.

Shaw (1980) suggested that the difference in mean normal
effective stress p' between the point on the stress path closest
to failure and the failure value was of critical importance, but

his data was not sufficiently extensive to prove this.

16



2.4 PAVEMENT ANALYSIS

The most commonly used type of analysis in assessing pavements
makes use of multi-layer linear elastic theory. This requires
the provision of a constant Elastic Modulus and Poisson's Ratio
for each pavement layer including granular base and subgrade, a
clear source of inaccuracy. However, in situations where the
granular layer is relatively insignificant it has been shown (eg
Brown and Pell 1967) that such analysis can give quite good
results. An example of this type of program is BISTRO (Peutz et

al 1968).

One area of great disagreement between a linear analysis and
observed fact can be seen at the base of a granular layer where
tensile stresses are predicted horizontally, whereas it is well
known that granular material is incapable of sustaining
significant tension. Various techniques have been tried from the
insertion of 'no tension' criteria (eg Doddihal and Pandey 1984)
to layer subdivision, some of which have led to improvements in
stress and strain prediction, but it has been understood for a
long time that only total depérture from linear theory will ever
produce consistently realistic results. SENOL (Brown and Pappin
1982) was written with the aim of meeting this need. It is a
finite element analysis program using non-linear bulk and shear
moduli in the granular material. These moduli are based on
equations 2.2 and 2.3 above which Pappin proposed. The results
from SENOL are promising and show quite good correlation between

measured and computed stresses and strains, although there are

17



still convergence problems if the unsurfaced condition is

analysed.

Another program of the same type as SENOL is DIANA which is
currently under development at Delft Technical University in the
Netherlands (Sweere et al 1987). A rather different approach is
taken by Barksdale et al (1982) whose program GAPPS7 is based on
a slightly different set of stress strain equations, but also
non-linear and realistic. He includes a capability for computing

irrecoverable plastic deformation.

It is clear that the problem of accurate analysis of pavements
including granular material is one that is still not completely
solved. This is true of a purely elastic analysis, particularly
for the unsurfaced condition, but is even more so for the problem

of rut prediction.

18



CHAPTER THREE

APPARATUS DESCRIPTION

Since the majority of the work undertaken during this project was
in the laboratory, this chapter is devoted to describing the
major pieces of apparatus used. However, since much of the
equipment was 'inherited' from previous researchers, reference
will be made to earlier full descriptions and the various
additions and modifications made during this project will be

described in more detail.

3.1 TRIAXIAL APPARATUS

As mentioned in chapter 2, the triaxial apparatus has for years
been the most important single device for investigating the
stress strain characteristics of soils and granular materials,
particularly in connection with repeated loading. A triaxial
facility for repeated load testing of 150mm diameter specimens
has been in use at Nottingham for over a decade and has been
extensively used for this project. It was also decided, in the
interests of speed, to use a 75mm diameter facility, making use
of apparatus already in existence for the testing of fine gfained
soils, but amending the instrumentation. These two devices are

described below.

19



3.1.1 150mm Diameter Facility

This machine was constructed in the mid 1970's at Nottingham for
the purpose of testing granular materials. A detailed record may
be found in Boyce (1976). It is capable of cycling both deviator
and confining stresses. Fig 3.1 shows the general arrangement in

some detall and Plates 1 and 2 are photographs of it.

Confining stress 1is applied through the medium of silicone o0il
and recorded by a pressure cell within the fluid. Cyclic loads
are achieved by the use of a piston connected to a servo-
hydraulic ram, the pressure being controlled by feedback from the
pressure cell. A small correction is necessary at very low
confining stresses for the difference in level between the centre
of the specimen and the pressure cell, and also for the membrane

stretched over the specimen.

Deviator stress is applied axially, again by means of a servo-
hydraulic control system, through a loading ram incorporating a
strain gauged load cell onto the top platen. Negative deviator
stress is obtained by use of a shear pin connection at the top of
the loading ram and sealed evacuated cavities between the top
platen and the loading ram, and between the bottom platen and the
mounting block. The load is maintained by feedback from the load
cell. Again, minor corrections have to be applied for self
weight of top platen and specimen and, also, for the area of the
load ram shaft over which confining stress does not act. For

cyclic loading a signal generator is used, allowing sinusoidal,
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square or triangular wave forms of frequencies between .00lHz and

100Hz.

Deformation measurements are made from four brass studs embedded
in the sides of the specimen during preparation and into which
threaded rods are then screwed. The reason for this is that
unquantifiable strains occur at each specimen platen interface
and strain determination is therefore confined to the central
portion of the specimen. Axial deformations are measured using
linear variable differential transformers (ILVDTs) mounted between
the two pairs of threaded rods 150mm apart, one either side of
the specimen to obtain an averaged strain. Radial deformations
are given by araldite hoops incorporating strain gauges, also
attached via the threaded rods to the brass studs. Two hoops are

considered sufficient to give a good averaged strain.

Stress strain relationships are recorded on an x-y plotter
through a device for automatically averaging the two axial and
radial deformation readings and also combining them to give
volumetric and shear strains directly. Sensitivity is of the

order of 10 microstrain.

Pore pressure can also be measured by means of a strain gauged
pressure cell situated outside the triaxial cell, connected
through the base and a short copper tube to the bottom platen and
thence to the specimen itself. To introduce water into a

specimen, a tube from a reservoir of de-aired water can be
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connected, through either the top or bottom platen. The
reservoir can also be pressurized if desired to provide back

pressure.

Specimen manufacture is achieved by compacting the material into
a cylindrical mould of the appropriate size. Firstly a latex
rubber membrane is attached by an 'O' ring to the bottom platen,
then stretched up the inside of the mould and held at the top by
a temporary extension piece. A vacuum applied through the wall
of the mould ensures that the membrane lies flat against it. The
brass studs described above will already have been attached to
the membrane at this stage: they are made up of two pieces which
screw together clamping the membrane between them. Once the
mould is set up the material is placed and compacted, either
using a vibrating table and small surcharge or, more commonly in
this work, by hand tamping. Five layers are normally used. The
extension piece is then taken off and the top platen attached,
again using an 'O' ring to secure the membrane. The specimen can
next be placed in the apparatus, a vacuum applied internally
through one of the platens and the mould removed. It is commonly
found that the process of compaction has punctured the membrane
and it 1is therefore standard practice to add another at this
stage to ensure no leakage. Finally the threaded rods and
instruments described above are attached and the specimen is

ready to be tested.
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3.1.2 75mm Diameter Facility

This piece of apparatus (Plate 3) is very similar in principle to
the larger one, differing in that there is no facility to cycle
confining stress automatically. It makes use of a basic triaxial
cell several of which have been used for a number of years in
tests on clays (eg Overy 1982). Air is the confining medium and
pressure is applied through a valve from a high pressure air
line. Deviator stress is again applied by a servo-hydraulic

system and monitored by a load cell.

Strain measurements are also similar. ILVDT's are used over an
80mm gauge length and a smaller pair of strain gauged araldite
hoops has been made to suit the smaller specimen size. The
instruments are again connected to studs clamped to the membrane.
Specimen manufacture follows the same pattern as above except

that no second membrane has been found to be necessary.

3.2 HOLLOW CYLINDER APPARATUS

The Nottingham facility was designed by O'Reilly (1985) and he
gives a full description of its design and construction.
However, this project was the first to use it and some
modifications have been made as a result of early experience with
it. Also, the method of strain measurement was introduced under
this project. A summary of its current specifications and

initial use is given by O'Reilly et al (1987).
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Plates 4 and 5 show the apparatus and instrumentation details.
Fig 3.2 shows a cross—-section through it and gives the dimensions
and genéral loading arrangements. It is believed to be the
largest repeated load device of its kind in the world at present.
'Confining stress', as applied to a triaxial specimen, is not
possible since there is no external cell. Instead, a manually
controllable vacuum is applied to the pores of the granular
material through the bottom platen, giving an upper limit of
about 80kPa. A port through the top plate enables the pressure
in the central void to be varied either above or below
atmospheric, thereby varying the circumferential stress far more
than the radial stress, although some additional non-uniformity
is set up. The axial and torque loading system consists of two
servo-hydraulic actuators, one vertical, one horizontal and
attached to a lever arm. Some redesign has been done, including
the development of a new slip coupling (fig 3.3), allowing axial
load and torque to be applied down the same shaft. The stroke of
both actuators is 100mm, giving generous capacity for vertical
straining but restricting the angle of twist of the top platen to
+ 12° which gives about + 6% maximum torsional shear strain in

the specimen.

Stress oontrol is given by feedback from a load cell, situated
immediately above the top plate. This has also been redesigned
and is shown in fig 3.4. Tests have so far shown no
interdependency between the axial and torque readings from the

cell, although some drift is evident, requiring checking at
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intervals during a test. The strain measurement system which has
been devised makes use of the equipment already in use in
triaxial testing. Again, brass studs are used, clamped to the
membrane and embedded in the specimen on both internal and
external faces. Circumferential strain, which is equivalent to
the strain across a diameter, is measured by a pair of strain
gauged araldite hoops mounted internally between studs at
diametrically opposite locations. The two hoops are positioned
9OC) apart so as to enable a reasonable average strain to be
determined even if the specimen deforms in a rather irregular
manner. Radial strain, ie wvariation in wall thickness, is
measured by pairs of inductive strain coils, such as are also
used for in-situ measurement in the ground (Brown and Brodrick
1977). The coils are glued to the inner and outer membranes at
points immediately opposite each other and the current‘induced in
one coil as a result of a larger AC current applied to the other
depends on their separation. A maximum sensitivity of 25
microstrain is possible. Axial strain is measured by two
external vertically mounted IVDT's with 150mm gauge lengths, on
opposite sides of the specimen to allow for uneven straining. The
remaining strain to be measured is the torsional shear which is
given by two LVDTs mounted at 45° to the vertical on the outside
of the specimen using a 100mm gauge length. This 45o strain
contains components of vertical and circumferential which have to

be subtracted to leave the torsional shear strain.

The system at present makes use of the same analogue control unit

and signal generator as the 75mm diameter triaxial facility,
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giving sinusoidal, square or triangular waveform output with
variable phase difference between axial and torque stress. Data

was generally recorded using an x-y plotter.

Specimen manufacture follows a similar principle to the triaxial
case except that the shape is rather more complex. Outer and
immer circular moulds form the shape of the specimen and
membranes are attached to the bottom platen by 'O' rings,
stretched up to the top of the moulds and held in position by
vacuum 1in the case of the outer membrane. The material is then
added and compacted by manual tamping using a large number of
thin layers. Once complete, the top platen is placed in position
and the two membranes stretched over it and clamped to it. The
arrangement for attaching the inner membrane to both top and
bottom platens is complicated, involving the tightening together
of two conical faces with the membrane between them. Next, a
vacuum 1is applied to the material through the bottom platen and
the moulds are removed. The outer mould is in three segments
which come apart; the inner mould has been designed to fold in on
itself so that it can then be lifted out through the centre of

the top platen.

This leaves the specimen in a state where the instruments can be
attached, the top plate added and the loading shaft connected up

for testing.
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3.3 MINIATURE PAVEMENT TESTER

A description is included of this apparatus because it has been
designed and built as part of this project although no useful
results have yet been obtained. The theory behind it will be
explained in chapter 5 (section 5.4.4), but the design brief was
to construct a device such that a tenth scale wheel travelling at
one hundredth of typical vehicle velocity could apply one tenth
of the typical contact stress to a miniature pavement. In fact,
the eventual solution (Plate 6) had four parallel wheels which
could be individually loaded and an infinitely wvariable speed
control up to a certain maximum value. The full scale quantities

simulated and the scaled values used are shown in table 3.1.

The apparatus consists of a traveller, not unlike that of a
gantry crane which runs on square box section rails at either
side of the miniature test pavement. The general layout and some
details are shown in fig 3.5. Drive is transmitted from an
electric motor to one wheel on either rail and adequate grip is
ensured by clamping against another small wheel along the
underside of the rail. Microswitches are activated by the
traveller at the end of each pass and the motor is reversed by a
relay, allowing continuous operation. By these means a thousand
passes can be achieved in just over an hour. A variable resistor
aliows the speed of travel to be controlled manually with an
upper limit imposed by the relay reaction time in combination

with an increasing tendency towards derailment at high speeds.
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Table 3.1 Details of Miniature Pavement Tester Specification

Quantity Full Scale Miniature
Wheel Diameter 600 mm 60 mm
Load 10~-60 kN 10-60 N
Contact Pressure 400~1000 kPa 40-100 kPa
Speed of Travel 0-30m/sec (67 mph) 0-0.3m/sec
Wheel Separation 1.5m 150mm
Length of Run 12m 1.2m
Decision: Dimensions(d) x f
Consequence: Dead load stress x
Other etresses(cg x f
(+pore pressures
Areas(4) x £
Porces(F) x £ (F=oa)
Permeability(k) x £° (koea)
Water flow rate(Q) =x £h (q=kAo/d)
Pulse duration(T) x 1/f (T=d3/Q)
Velocity(v) x £° (v=d/T)
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The wheels which actually apply load to the pavement are attached
to a mounting frame and connected by a hinge to the traveller, so
that complete freedom of vertical movement is allowed. Load is
applied in the form of weights placed on trays, also hinged to
the traveller, and resting on a foam rubber suspension pad
attached to the top of each wheel mounting frame. The suspension
pad absorbs much of the potential shocks due to unevenness of the
pavement. The wheels themselves consist of miniature rubbery
plastic tyres on a machined metal hub with foam rubber compressed
into the space between hub and tyre to simulate the effect of air
pressurization. Although the pressure distribution may be
somewhat different from that under a real tyre, the contact area

was of approximately the desired size.

The apparatus has been commissioned; two miniature pavements
consisting of various thicknesses and densities of 4mm down
crushed granite overlying clay have been constructed and tested
to at least a thousand load applications. A problem was found
initially in that, because of friction in the wheel bearings, the
wheels acted as ploughs and created deep furrows in the granular
material. The solution which has been adopted so far is to apply
an emulsion paint to the surface, rather like a surface dressing,
which absorbs horizontal friction forces because of its tensile
properties, but transmits virtually all the wvertical forces
because of its flexibility. This has resulted in controlled rut
development which has been observed to increase roughly according

to the logarithm of the number of passes. This ties in with the
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general observations of granular material behaviour made in

section 2.3, and lends some confidence to use of the apparatus.

The potential for use is clear in that construction of a pavement
is a relatively quick process. Four wheels allow either
variation in applied load or pavement variation to be made and
the useful pavement length (1.2m) allows at least three different
sections to be tested at one time. So far, the only measurement
which it has been possible to make is rut depth, but it may be
possible to develop instruments of a sufficiently small size to
record the accumulation of deformation below the surface also.

Chapter 11 will refer to possible future use.
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CHAPTER FOUR

DRY GRANULAR MATERIAI, BEHAVIOUR

In order to make progress in understanding the behaviour and
design of a granular road foundation, it 1is necessary to
establish equations which realistically describe the mechanical
properties which it exhibits. Several such equations have been
referred to in chapter 2, all of which have their own particular
advantages. Most have been derived from the results of triaxial
tests. This project has had the benefit of the use of a hollow
cylinder apparatus (ref. section 3.2) and it has, therefore, been
possible to examine such equations in a new and very searching

light.

As was mentioned 1in chapter 2, there are three areas of the
mechanical behaviour of granular materials that require study;
namely, elastic response, monotonic behaviour and accumulation of
strain under cyclic loading. In this chapter, the latter two
will Ye combined under the general heading of plastic behaviour
(section 4.3) and will be discussed after a thorough examination

of elastic modelling.
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4.1 A NEW ELASTIC STRESS—-STRAIN MODEL

When a granular material is straining, there are clearly several
sorts of motion taking place, involving inter-particle slippage,
rotation and possibly even fracture. However, this needs to be
simplified. During elastic straining from one stress state to
another, the particles change from being 'locked' in one
position, in the first stress state, and rearrange themselves by
translating and rotating slightly to become locked in a second
position, in the second stress state. No large movements can
generally be detected but, by means of this small rearrangement,
stresses are transmitted along totally different lines through
the material. Some contacts will have opened up slightly, some
small gaps will have closed and now form stress transmitting

contacts.

If all the particles were completely hard and rigid, then the
situation described above would be dependent totally on its
geometry. Two geometric properties can be seen as of possible
significance; particle shape and surface roughness. The
roughness clearly limits the amount of slippage between particles
that can take place, while the general shape determines how well

they can be packed together. Being purely geometric properties,
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any oonstants governing resultant stress-strain behaviour would
be dimensionless, and the relevant stress parameters would also
have to be expressed as dimensionless quantities, presumably
stress ratios. The equation proposed by Pappin (1979) governing
shear strain is a relationship of this form, being expressed in
terms of the ratio q/p (eq 2.3), although his equation for
volumetric strain is not (eg 2.2). (Note: p will be used in
this chapter rather than p' since the conditions considered are
dry and the two are therefore identical). It is the belief
expressed here that equations of this type, including
dimensionless stress ratios, should form the ocore of any
realistic stress-strain model for granular material, ie that the
geometric properties of the material are of first importance;

mineral stiffness is secondary.

However, it is undoubtedly not true that any aggregate particle
can be considered as completely rigid. Therefore, the reasoning
developed in the ©previous paragraph will require some
qualification. If total rigidity were assumed and stress ratios
were the only parameters permitted, then the strain in passing
from stress state A to stress state B would be the same as that
from stress state 2A (all stresses doubled) to 2B. The stress
change in the latter case, however, is twice that in the former,
meaning that the changes in all particle contact forces would
also be twice as great. Of course, if rigidity is assumed, this
is no problem but, if not, this will clearly result in different

behaviour being observed for the two stress paths. It would seem
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likely that a path involving greater stress change would allow
more strain, since it would demand more particle deformation at
the contacts. This, indeed, corresponds to the stress path
length term which Pappin proposed in his elastic shear strain
equation (eg 2.3), although none was included for volumetric

strain.

The following sub-sections detail the development of a new
elastic behavioural model for granular material, which is based
on the above general ideas, together with evidence from

laboratory testing.

4.1.1 Shear Behaviour

In the same way as has been done by several workers at Nottingham
University (eg Boyce (1976), Pappin (1979)), it was decided to
continue to separate strain into its shear and wvolumetric
components, since it appeared to be both a successful and logical
move. However, the problem which required addressing, when
considering shear behaviour, was that of expressing it in a way

suitable for use under completely general stress conditions. Two
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alternative systems immediately presented themselves; that of
stress and strain invariants, together with a set of angles to
describe the directions of principal stress and strain and,
possibly, a 'b value' (Symes et al 1984) to describe the
intermediate principal stress; alternatively there was the system
of normal and shear stresses and strains on a set of three
mutually orthogonal axes. The former system has gained favour
with a number of researchers involved in investigating general
stress space, particularly principal stress rotation, and has
allowed such concepts as the influence of the angle of principal
stress rotation and the influence of the 'b value' to be explored
(Symes et al 1984, Wong and Arthur 1985). Problems arise,
however, 1in that the directions of principal stress and strain
are not normally the same and any relationship taking this into
account is likely to be very complex. The system of relating
everything to a set of fixed orthogonal axes is simpler in
concept but may, by its simplicity, lead to error. However, in
the interests of simplicity, particularly in terms of application
to computer analysis of a pavement structure, it was decided to

pursue the 'fixed axes' system and to check its viability.

Early results from the hollow cylinder apparatus gave
encouragement when the following two points were noticed in

relation to elastic strain.
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(a) Triaxial shear strain, that 1is vertical strain less
horizontal strain, responded to changes in the triaxial
stress parameters of confining stress and axial deviator
stress as expected. However, any shear stress superimposed
on horizontal and vertical planes (due to torsional
loading), whether static or varying, had a seemingly
negligible effect on the triaxial shear strain, although it

did, of course, induce shear in other directions.

(b) Shear strain within the 'plane' of the wall of the specimem
appeared completely unaffected by the magnitude of the out-

of-plane principal stress.

These results came from early tests on Mid-Ross sand, involving a
very limited programme and at a stage when the apparatus was
suffering from a number of minor electrical problems, resulting
in poor stress control. No numbers are, therefore, included at

this stage, simply the two above cbservations.

If observation (b) is valid then it is necessary to develop in-
plane stress parameters, rather than to use p and g, which take
account of out-of-plane stresses. Yet, it is clear that the
equation proposed by Pappin, using the ratio gq/p, has been shown
to give quite acceptable results and, indeed, is now used by
other researchers. Any new parameter should not, therefore,

differ greatly from g/p under triaxial conditions.
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Stresses within a plane can be conveniently represented by use of
a Mohr Circle plot. Fig 4.1 shows a typical in-plane stress state
in this way, where oy and 0y are principal stresses. Each
point on the circle represents the shear and normal stresses in a
particular direction. Now, for the case of triaxial stresses and
strains, the direction of maximum shear strain is constrained to
coincide with the direction of maximum shear stress represented
by point A in fig 4.1. Therefore, the shear stress ratio t/s
(see fig 4.1), relating to that direction, might be considered a
useful dimensionless parameter, or possibly 2t/s to give a direct
comparison with g/p. However, it was noticed that use of this

parameter gave significant underestimates of shear strain at high

stress ratios, ie near failure.

Considering fig 4.1 again, although point A represents the
direction of maximum shear stress, it does not represent the
maximum shear stress ratio. Also, although maximum shear strain
occurs in the same direction as for stress, there is shear strain
occurring in every other direction except on the principal axes.
It was, therefore, decided to obtain a parameter by averaging the
shear stress ratios around a Mohr Circle. Such a parameter could

therefore be written:
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To illustrate the difference between the above parameter and the
others considered, ie g/p and 2t/s, fig 4.2 maps out their
respective values on a p,qg plot, assuming triaxial stress

conditions. The following points can be drawn from the figure:

(i) All three parameters give similar values at low stress
ratios.
(ii) The 1n (01/03 ) parameter generally lies between

the other two except at high stress ratios where it
begins to exceed q/p. The 2t/s parameter is
consistently lowest, particularly so at high stress

ratios.
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(iii) The In (01/03 ) parameter tends to infinity as the 1:3
line is reached; ie the line where 03 passes from
compressive to tensile. Both the other two give finite

values with tensile o3 .

From the above comparison it may be stated with confidence that
use of In (01/03 ) as a shear stress parameter will not generate
very different results from use of g/p under triaxial conditions.
It fulfils the requirement of being an in-plane parameter ana
appears more realistic than 2t/s. It also has the logically
desirable property of indicating infinite strain as an impossible
tensile stress state is reached. It has, therefore, been chosen

for inclusion into the new elastic shear strain model.

So far, discussion has centred on triaxial conditions. However,
the Mohr Circle in fig 4.1 could just as easily represent
conditions of simple shear, simulated in the hollow cylinder
apparatus by application of torsional load with zero axial
deviator stress. Point A then represents the situation on a
horizontal plane, and eq 4.2 can be used for the appropriate
shear stress parameter. Now, according to observation (a),
earlier in this section, torsional 1loading has negligible
influence on triaxial shear, even though the vertical and

horizontal stresses may no longer be principal. It may,
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therefore, be permissible to superpose the effects of triaxial
and torsional loading, treating each as if the other did not

exist. The only exception would be if triaxial loading altered

the value of 's' in eq 4.2 for the torsional shear stress
parameter. Thus, two separate equations might be written for

shear in a plane relative to fixed axes, say x and y, as follows:

E.X - Ey = fn (ln(cx/cy ) 4.4
'S + t
2y =fn (In _s_}_cy_—txy ) 4.5
i Xy Xy
where: G_,0 are normal stresses in directions x and y
Xy
s =(oc +0g) /2
X Y

Xy
txy is the shear stress perpendicular to
directions x and y

gx,ey are strains in directions x and y

Vxy is the shear strain relating to the direction

of tyy
The function (fn) in equations 4.4 and 4.5 will be the same.

This system for dealing with shear means that, under general
stress conditions, there will be six separate senses of shear to
consider, two in each _of three orthogonal planes. Such a system
lends itself to computational procedures where a fixed grid of

points or elements is being considered.
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The next questions to answer are: firstly, the nature of the
function in equations 4.4 and 4.5 and, secondly, the form of any
additional elements to take account of stress path length, which
Pappin observed to be significant. Fig 4.3 shows the results for
shear strain from a triaxial test on a specimen of crushed
dolomitic limestone. Several stress paths were applied and all
the results shown relate to paths with constant confining stress
and cyclic axial deviator stress. As can be seen, each point
plotted relates shear strain to change in the shear stress
parameter 1In (0»1/03 ) and the scales used are logarithmic. It is
evident that, in the main, the points lie neatly on a set of
parallel straight 1lines, distinguished by the magnitude of
deviator stress change 6q and that, in this case, the lines are
at 45° . 1implying a linear relationship. Closer inspection also
reveals that lines relating to deviator stress changes a factor
of two different from each other (eg 50 and 100, 150 and 300) are
approximately .equally spaced, implying that the multiplier in
such a linear relationship is proportional to a power of deviator
stress change. In fact, an equation of that form describing the

results is given in the insert on fig 4.3.

However, fig 4.3 relates to triaxial coﬁditions and to one sort
of stress path. In general, this research has found that the
relationship between shear strain and the shear stress parameter
In ( 01/03 ) is not necessarily linear; it may require a power

which could be either more or less than one. It has also been
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found that the stress path length should not only take account of
shear stress change, as by using §q but also normal stress.
This, indeed, was recognized by Pappin in the form of his stress
path length factor.  From an- empirical rather than theoretical
standpoint, observations have led to the use of §t +% §s as a
seemingly appropriate stress path length for shear. Under more
general stress conditions this stress path length term will be
different for the two shear terms in egs 4.4 and 4.5.: The §S
part will be the same, but the §t will be that which is
appropriate to each component of shear, as if the other component
was not there, in just the same way és was proposed for the two
shear stress ratio parameters. Thus the two equations, relative

to fixed axes x and y become:

€ ey = A. [ 5]_n(ox/0y):| B [% 5(O'X-_—O'y) + %G(O'x-_l-o'y)J ° 4.6

(] + t B 1 o]
2y, =A.|6in | st +7 8(c o ):I
Xy Xy Xy

_—y
Sxy

where: 101 1 Eor Ey and ny are as defined for egs

%% Sxy' Yxy' %x
4.4 and 4.5.

A, B and C are material constants

§ indicates 'change in'

The stress path length components required are actually the
absolute values, since a negative stress path length has no

meaning.
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The above equations appear complex, but, when it is recognized
that three constants are sufficient to predict elastic shear
movement under the most general stress conditions, then it may be
seen that, for solutions to complicated problems, these equations
allow very simple computation. However, a knowledge of shear
strain is not sufficient on its own and the following sub-—

sections develop a model for volumetric stain on similar lines.

4.1.2 Volumetric Behaviour (Isotropic)

In this sub-section, it is elastic volumetric straining under
purely isotropic stress conditions that is considered; ie no
shear 1is taking place. Under such conditions there is clearly
only one stress parameter to vary and that is mean normal stress
p- In the equation proposed by Pappin (eq 2.2), it was variation
in p taken to a power less than one that was used to describe the
behaviour. However, if the desirability of a non-dimensional
stress parameter, proposed earlier, is pursued, then it is

necessary to develop a rather different equation.

If the stiffness, or ratio of stress change to strain change, is
dependent on the level of stress, p, then an equation of very

general form may be written as follows:

.= . 6
€ fn (p). 6p

where: QV = volumetric strain
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If a non-dimensional format were to be a requirement, then the
function fn (p) would have to become A/p, where A is a constant,

and the equation could then be written:

e, = A op/P
integrating _
between if 1l
e = — dp
states v . P
i and j: i
eV=Aln (Pj/Pi) =AS§Inp 4.8

The train of reasoning leading to equation 4.8 is based solely on
an over-riding requirement for a non—-dimensional format to be
observed, which may, of course, be an erroneous step. Fig 4.4 is
therefore included, showing the results of a series of thirteen
isotropic stress paths, performed in a triaxial apparatus on a
specimen of crushed dolomitic limestone. The stress parameter

lpfpj/pj;), or 6In(p), 1is plotted against volumetric strain on

logarithmic scales. The points can be repx‘éﬁsented by a

series of parallel straight lines, distinguished by the absolute
magnitude of stress change ¢6p , 1in much the same way as in fig
4.3 for shear strain. In fact, the lines can be described using
an equation of very similar format to that shown on fig 4.3, and
the equation is included in the insert to fig 4.4. In general

terms, it is of the form:

B C
e, =A (5 Inp . (sp) 4.9

where: A,B and C are constants (not those in eq. 4.6 and 4.7).
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Further evidence will be presented in section 4.2 for the
validity of this equation but, at this stage, it is sufficient to
say that it both fits the desired format of a non-dimensional
term with a stress path length factor and also appears to fit the

data so far.

4.1.3 Volumetric Behaviour (with shear)

Conditions of stress are not, of course, usually isotropic and it
is common knowledge that, as a granular material shears, it

generally dilates; that is, it exhibits negative volumetric

strain. This fact was recognized by Pappin (eq 2.2), who amended

his volumetric stress parameter accordingly, using (q/p )2 as the
appropriate shear parameter. The logic behind this sguared term
can be seen in that it allows positive and negative shear to have
the same effect on volumetric change. It has also been shown by
Pappin to give reasonably good results under triaxial stress

conditions.

In this research it was decided to separate out the volumetric
strains due to change in mean normal stress and those due to
shearing action, sumning two equations to obtain the overall

volumetric strain. The approach taken was, therefore, to compute
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constants pertaining to the equation for isotropic stress
conditions and, then, to use that equation to work out a set of
theoretical volumetric strains for stress paths including non-
zero shear. The difference between actual measured volumetric
strain and the theoretical was then taken to be due to shearing
action. - This procedure was followed for the results from the
specimen of dolomitic limestone referred to earlier. Since
Pappin had used (q/p)2 successfully in modifying his equation, it
was decided to make use of the square of the shear stress
parameter ln(0'1/03) in forming a new equation for volumetric
strain due to shearing action. Fig 4.5 shows a plot of dilatént
volumetric strain against change in (ln(cl/63) )2 for the

dolomitic limestone, again plotted on logarithmic scales.

There 1is certainly more scatter in these results than was
apparent in figs 4.3 and 4.4, probably because the difference
between two numbers is being plotted. However, they tend to lie
on a line, and there appears, in this case, to be no stress path
length dependency. The equation of the line is given in the
insert to fig 4.5. Given the combined uncertainties of strain
measurement and the isotropic strain model, it is considered that
fig 4.5 demonstrates a reasonably firm relationship between the
component of volumetric strain due to shear and the suggested

2
parameter § (1n(o,/03)) . The absence of any stress path length
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dependency appears to be a usual but not invariable feature. The
full elastic volumetric strain equation for triaxial conditions

thus becomes:

C

B 2 E
ey = A (81n p) . (6p) — D(G((ln(cl/03)) )) 4.10

where: A,B,C,D,E are constants

To extend eq 4.10 to more general stress conditions, it was
necessary to study results from the hollow cylinder apparatus,
where it appeared that the correct course of action was to sum
components of volumetric strain due to each 'sense' of shear.
There would, therefore, in general stress space be six
components, made up of two from each of the three orthogonal
planes, in the same way that shear itself was split into six
components. Eg 4.10 would be rewritten:

s+t2 E
marn AD ) 4.11

B C 6
e =A (8§ In p) (p) " - D E (§{((In
v . b s

This, then, 1is the general volumetric strain equation proposed
here as part of a new elastic stress~strain model, together with

the shear equation developed in sub-section 4.1.1. Only limited
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evidence has so far been presented to demonstrate the suitability
of the model, but this will be corrected in section 4.2, where it
is compared with Pappin's equations and also with the Ko model
(see section 2.2). 1In potential, it has the advantage that it is
designed to cover every possible stress condition, whereas Pappin
had to apply corrections to his equations, first to take account
of triaxial extension space and then to cater for general
conditions. It is also of a form convenient to use in computer
analysis. The following section will attempt to demonstrate its

predictive capabilities.
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4.2  ELASTIC BEHAVIOUR — CORREIATION WITH LABORATORY TEST DATA

Having discussed the theoretical reasoning behind the choice of
stress—strain model in the previous section, evidence is now
presented to test its accuracy against other models currently in
use. The data used here comes from two laboratory testing
devices, the triaxial apparatus (described in section 3.1) and
the hollow cylinder apparatus (section 3.2), together
representing the 1limit of present capabilities in element

testing.

4.2.1 Triaxial Data

In his research, Pappin tested his behavioural model for dry
carboniferous limestone against an extensive series of stress
paths from the repeated load triaxial apparatus, giving
reasonably good agreement between measured and predicted values.
As an initial check on the model developed in this thesis, it
was, therefore, considered appropriate to compare its performance
with Pappin's using the same data. Parameters were, therefore,
chosen to fit the data as well as possible, resulting in the

following equations:

.31 X
80 6(Inp). 6p - 84 8((In(oy/05))%)

™
n

25

™
I

1.37 1l .
82 (6(ln(01/03))) . (8t + 38s)
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where: €1 €1 Pr Oys 031 Sy t and § are as already defined.
v s

Fig 4.6 1is a diagram in p,q space of the stress paths covered.
The same 'net' of paths was applied, with minor wvariations, at
five different levels of 'average' mean normal stress, as shown.
Since the paths lie at various angles, extend into both triaxial
extension and compression space, and cover a wide range of mean
normal stress levels, it is considered that the fullest possible

range of straight line paths has been explored.

Fig 4.7 1is a plot of predicted against measured volumetric
strain; it shows the predictions both from the new model and from
Pappin's model. The two are clearly of comparable accuracy and,
in fact, the standard deviations of the predictions about the
measured values are 25.7 microstrain (new model) and 33.2
microstrain (Pappin), giving a slight advantage to the new model.
Similarly, fig 4.8 shows the shear strain results, where shear
strain is defined as two thirds the difference between axial and
radial strain, according to strain invariant theory, as used by
Pappin. Again, very similar levels of accuracy are achieved.
The standard deviations are 21.7 microstrain (new model) and 22.8

microstrain (Pappin).
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From the above, it is clear that the new model performs as well
as, or slightly better than, the Pappin model over the
comprehensive range of triaxial stress paths covered. 1In fact, a
more detailed analysis reveals that the main area of improvement
is in paths extending into triaxial extension, an area where
Pappin found it necessary to adjust the levels of stress ratio

q/p by appealing to the Mohr Coulomb failure criterion.

4.2.2 Hollow Cylinder Data

A more severe test of model applicability has recently been
provided by results from the hollow cylinder apparatus. During
the course of this research, only two materials have been tested
in the apparatus, Mid-Ross sand from Scotland and a 4 mm down
crushed granite from Bardon Hill quarry in Leicestershire. It is
the latter which has been much more extensively tested, including
a series of 278 stress paths, mostly involving rotation of
principal stresses, and it is these which lend themselves to

testing the predictions of behavioural models.

Details of the apparatus, specimen preparation, instrumentation
and data acquisition have been given in section 3.2. This

section will examine the results.
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The stress paths ocovered and resultant strains are given in
Appendix A, but have not been plotted out because they are too
numerous. Testing was carried out at three levels of confining
stress and two stress paths were also performed where confining
stress was varied. Unfortunately the apparatus at present is
unsuited to variation of confining stress which is a very slow
manually controlled process and no more such paths were therefore

included.

In Appendix A it may be seen that a number of paths where
torsional shear stress is zero were performed. These, in effect,
simulate triaxial stress conditions.. Model parameters were
therefore chosen to fit these particular results (21 paths) as
well as possible and, then, tested against all 278 paths. Three
models were compared: the new model, the Pappin model and the

Ko model.

The equations obtained were as follows: (strain in microstrain)

] .82 .
New Model: ¢ = 260 (s In p) 8 -8p 25—615((ln(01/c3))2). (st+ 36s) 28
— .:!-. -4
e, =194 § In (0,/05). (8t + 3 6s)
- .30
Pappin: e, = 600 Sp" " (1 - 0.08 (q/P)z)
_ 2. 2, .47
eg = 950 8(@/P). V(R + g Yo )

K6: Elastic Stiffness = .046 .'61'5 MPa

Poisson's Ratio = .35

where all symbols have been previously defined.
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As explained in the previous section, the new model splits shear
behaviour into separate planes and directions within a plane.
Principal stress rotation therefore <causes no special
computational problems. On the other hand, Pappin's equation for
shear strain involves the invariant ¢, which has direction
varying as the principal stresses rotate. It also includes a
stress path length term involving change in g. The procedure
used here in computing predicted strains follows that adopted by
Pappin for use in the SENOL computer program and described in his
PhD thesis (Pappin 1979). In effect, the true invariant q is
used but adjusted, again following a Mohr Coulomb failure
equivalency, and the shear on horizontal and vertical planes is
ignored when considering direction of q. The KO model is, of
course, much simpler and is not complicated by principal stress

rotation.

The results are presented in the same form as for the earlier
triaxial data, as predicted against measured values. They are
split into volumetric strain (figs 4.9, 4.10 and 4.11) and shear
strain (figs 4.12, 4.13 and 4.14). The latter includes both
triaxial shear strain (vertical strain less horizontal strain)
and torsional (that induced by shear stresses on horizontal and
vertical planes). These shears are not invariants; they are
components of shear in the plane of the wall of the specimen. On
all six plots the points relating to purely triaxial stress

conditions are highlighted.
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A glance is sufficient to show that for volumetric strain the
Ko model is not very satisfactory, whereas both the new model and
Pappin's are much better, although the new model is distinctly
more accurate, particularly in the negative strain region.
Standard deviations from measured values are -39.2 microstrain
(new model), 48.8 microstrain (Pappin) and 64.2 microstrain (Ko).
For shear the results are more dramatic. The new model is by far
the best of the three and, in fact, Pappin's model is less good
than the K© predictions. Standard deviations are 88.2
microstrain (new model), 205.2 microstrain (Kg ) and 289.1
microstrain (Pappin). However, it is noticeable that the results
relating to triaxial stress conditions are, once again, just as
good for the Pappin model as for the new one, indicating that the

improvement is in paths where principal stresses rotate.

Thus, it 1is possible to assess the relative performances of
different models. However, a judgement on the absolute
performance is more difficult, since it is complicated by all the
built-in uncertainties, both in the normal variability of a
particulate material and, also, in the errors possible in strain
instrumentation and stress measurement. One known source of
error stems from the 'slack' in the hollow cylinder apparatus
torque system at zero torsional load, which leads to deviations

in stress path where torque passes from positive to negative.

73



At this stage, therefore, no absolute judgement is given; it is
sufficient to note that the new model appears to cope adequately
with principal stress rotation. However, the following sub-
section describes some very complex stress paths which have been
used to explore as far as is presently possible the capabilities

of the model.

4.2.3 Complex Stress Path Data

Although it has been demonstrated that the proposed model is
capable of predicting strains over a range of stress paths, it
will be noticed that all those covered so far have been straight
line paths; ie there has been no out-of-phase variation of
stresses. However, in many real situations, certainly in the
case of a road foundation, this will not be the case. Clearly,
the number of possible stress combinations which could be
explored is infinite, even within the limitations of the triaxial
and hollow cylinder apparatus, and it was therefore decided to
analyse relatively few paths in some depth to ascertain whether
it appeared probable that the model is more generally applicable
than to straight line paths alone. One test in particular was
intended to simulate as closely as possible the stress situation

in a road foundation under a moving wheel.
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It was noticed by 0'Reilly (1985) that it was possible to use a
stress—-strain model of the form proposed by Pappin to predict not
only the total strain between the end points of a path, but also
the whole shape of the stress strain hysteresis 1loop. The
procedure suggested is shown diagrammatically in fig 4.15. To
find the strain at a stress level B (see fig) on the way from A
to C it is simply equivalent to that for the stress path A B. On
returning from C to A, the strain at B is given by that for the
stress path C B. In this way it is possible to describe a
hysteresis loop, which was shown by O'Reilly to match the actual
measured response very well. Similarly, in the present work, it
has been found that the new model 1is equally capable of
predicting the shape of the hysteresis loop in general, although
there are some paths, particularly those containing a large
amount of volumetric strain due to shearing action, where the
prediction is less good. Fig 4.16 shows a selection of stress—
strain plots for straight line stress paths taken from hollow
cylinder data, where the predicted hysteresis loop can be
directly compared to the measured one. The stress paths are
plotted as axial deviator stress against torsional stress, ie
shear stress on horizontal and vertical planes. As can be seen,

the strain predictions are generally very satisfactory.

When dealing with complex stress paths, where stresses are varied
out of phase with each other it is difficult to define the
beginning and end of the path, since it depends which direction

of strain is to be considered. In the 1limit, two stress
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variables could be cycled 9f out of phase to produce a circular
path if one stress were to be plotted against another. This
section does, in fact, include such paths. The only way,
therefore, to observe adequately the accuracy or otherwise of the
predicted strain behaviour is to trace out the entire stress
strain relationship, both measured and predicted curves,
following the procedure shown to be satisfactory for straight
line paths. Since, in general, a number of variables is
involved, it was decided to plot all the relevant strains against
one stress parameter. Fig 4.17 shows a selection of five stress
paths, intended to be representative of the range of possible
camplex paths which the hollow cylinder apparatus is capable of
applying. A glance shows that the predictions are remarkably

good for almost all the strains involved.

The conclusion from the above evidence is that the model proposed
here for elastic strain is capable of giving acceptably accurate
predictions of strain for even the most complicai:ed stress
situations which laboratory testing devices can apply. Of
particular interest is path 5 in fig 4.17, which is intended as a
simulation of the type of stressing which occurs under a road,

where the predictions are once more good. This 1is a strong
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indication that the model is suitable for incorporation into a

pavement analysis program.

4.3 PLASTIC BEHAVIOUR

The foregoing sections have concentrated on that part of granular
material Tbehaviour describing its elastic stiffness under
repeated loading, clearly a very important aspect, governing the
ability of a road foundation material to spread load. However,
the second area of behaviour of critical importance concerns the
accumulation of deformation within a material under cyclic
loading, an area that was demonstrated by the example given at
the beginning of chapter 2 and discussed there in relation to

previous work on the subject.

Investigation of plastic strain accumulation poses more of a
problem than that of elastic strain, since plastic behaviour
appears to be greatly affected by previous straining of the
specimen. This implies that each specimen will normally only
yield plastic strain results from one stress path. Application
of a second stress path will produce strains, but they will
generally be affected by what has gone before. However, in an
attempt to demonstrate some of the parameters influencing plastic
shear strain accumulation, a specimen of dolomitic limestone was
subjected to a number of different cyclic stress paths in a

repeated load triaxial apparatus. Fig 4.18 shows the results as
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deviator stress plotted against shear strain. The coonfining
stress was kept constant. It will be noticed that the behaviour
appears inextricably linked to the monotonic loading curve, which
is repeatedly rejoined each time the deviator stress is
increased. It is also evident that, comparing stress paths of
equal length, those with a greater maximum deviator stress
experience faster straining. Finally, it is equally clear that
paths of greater length produce greater straining, though they
may have the same maximum deviator stress. Reference to the
section on plastic straining in chapter 2 shows that both these
latter observations are fully in accord with the equation
proposed by Pappin (eg 2.4), relating plastic shear strain to

number of stress cycles.

4.3.1 Method of Investigation

Because of the potentially very time-consuming nature of this
problem it was decided not to launch a full investigation into
plastic strain until observation of early results provided clues
as to the correct approach to be taken. Attempts were made to
link the shape of the hysteresis loop in elastic behaviour with
plastic strain accumulation rate, based on the assumption that
the energy loss represented by the loop has to be the source of

the plastic strain. However, this line was rejected when it was
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realised that elastic stress-—-strain loops of similar size coﬁld
be drawn from every part of stress space, from the very safest
regions to the brink of failure, whereas the plastic strains
arising would be very different. Another obvious anomaly was
that volumetric hysteresis loops showing a negative energy loss
component  were commonly associated with positive plastic
volumetric strains. To complete the case, chapter 5 will present
results which show that elastic behaviour including the
hysteresis loop is almost unaffected by the state of compaction
of a material, whereas the plastic strain under cyclic loading is

greatly affected.

Attention was therefore focussed again on the proposal made by
Pappin for shear strain (eq 2.4). One aspect of his relationship
which appeared slightly unsatisfactory was the fact that it was
not asymptotic to failure: ie if the value of stress ratio g/p
equalled the value at failure, the equation would still predict a
finite plastic strain. Further testing revealed that the shear
strain accumulation rate for one specimen on a stress cycle close
to failure began to decrease initially, stabilised and then
increased again. When plotted out it was noticed that the trough
in strain accumulation rate coincided with the strain at which

the monotonic loading curve peaked. This led to the suggestion
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that the slope of the monotonic curve at a particular strain may
be directly related to the shear strain accumulation rate and
further examination of other results confirmed that this was a
promising avenue to explore, rather than a stress ratio parameter

such as q/p.

The other element in Pappin's equation which seemed open to
question was the function of the number of cycles. Early
observations suggested that a logarithmic function was usually

appropriate for at least the first 1000 cycles, of the form:

e=KiIn (N) +K 4.12

where: plastic strain

™
]

=2
Il

number of cycles

K, K' are constants

However, a series of tests performed on Mid-Ross sand involved
variation in frequency of stress cycling from 0.1 Hz to 3 Hz and
significant variation in shear strain accumulation rate with
frequency was noticed. This presented problems in plotting the
results since the constant K in eq 4.12 varied. Appeal was
therefore made to a form of plot often used in assessing creep
test results on various materials, a strain rate against strain
graph. If eq 4.12 is differentiated with respect to N then the

following results:
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de _ K
dN N
de
therefore: In (5\1) =InK-1InN
=InK- (¢ -K)/K 4.13

Hence, 1if eq 4.12 holds theh so does 4.13 and a plot of the
logarithm of strain rate (de/dN ) against strain should yield a
straight line. The advantages of such a plot are in two areas.
When points of similar frequency are plotted and joined in a test
where the frequency has been varied, then a set of parallel lines
results. Also, it enables more than one plastic strain test to
be performed and meaningfully assessed on the same specimen,
assuming that earlier straining has no effect on the strain rate
- strain characteristic. Fig 4.19 shows an assortment of test
results on different materials and over different stress paths
which demonstrates the use of the plot and the two advantages
listed above. It can be seen that not all of them show straight
line relationships, but they may none the less represent material

characteristics.

The oObservations and developments listed above enabled a more
comprehensive testing programme to be developed with the aim of
producing a plastic shear strain model involving stress paths
other than those from the triaxial apparatus. It was also
anticipated that volumetric strain could be studied using a

similar approach.
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4.3.2 Monotonic Loading Curves

With reference to fig 4.18, it is clear that, quite apart from
any influence on strain accumulation rate, the first cycle of
load 1is, in fact, part of the monotonic loading curve, if no
strain has already taken place. It is, therefore, important to
have a model which describes that loading curve. Various
mathematical formulations have been used for shear strain (eg
Duncan and Chang 1970), including power relationships.
Consideration was also given to an elliptical formulation which
appeared to model the curve quite well. However, the equation
adopted was chosen for its apparently logical arrangement. It is

as follows:

gf =L (0o_—0) 4.14
de £
S
where: o = applied stress
€g = shear strain
Of = failure stress
L = constant

In the above, the slope of the curve is seen to be directly
dependent on the nearness of the stress to failure, reaching zero
as failure 1is reached. The obvious inaccuracy lies in the
complete lack of post-peak strength loss but, since this area is
of no practical importance in relation to road behaviour under
multicyclic loading, this was felt to be no disadvantage.

Integrating and rewriting eq 4.14 gives the following:
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a

Whilst it will be appreciated that the purpose of this thesis on
pavement foundation design is not to model monotonic behaviour,
it 1is, none the less, an important factor contributing to
modelling plastic straining under cyclic load. It would,
therefore, be unfortunate if predictions based on the above
equation were substantially in error. Fig 4.20 has been
included, therefore, to compare measured monotonic shear
behaviour with the predictions and it can be seen that, in these
cases, they are visually quite acceptable. Determination of the
constant L is slightly awkward. The "peak" strain (strain at
maximum stress) cannot be used since the equation, being
asymptotic at failure, predicts an infinite strain at maximum
stress. For these plots, the point where the stress is 80% of
failure has been arbitrarily chosen as the point, together with

the origin, where predicted and measured values coincide.

In consideration of plastic volumetric strain, it will also be
necessary to make reference to the slope of the monotonic loading
line and a model for it has also to be chosen. The equation
commonly in use when considering consolidation of clays and other
particulate materials (eg Schofield and Wroth 1968) is
logarithmic and of the same form as that used in this thesis for

elastic behaviour, ie:

e, = § (In (p))
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where: ey = volumetric strain
P = mean normal effective stress
S means change in

A few monotonic volumetric compression tests were performed
during the course of the present work, which confirmed that, even
on 1initial 1loading, the stiffness increased with increasing
stress level, Dbut not to the extent of the logarithmic relation
above. It was, therefore, decided, as an approximation, to use a
straight line relationship. Fig 4.21 gives an indication of the
errors involved in this assumption. This implied that the slope
of the monotonic curve was a constant and that plastic volumetric
strain under cyclic loading would, therefore, be unaffected by

stress level.

4.3.3 Development of Shear Model

Having established the background equations, it is necessary to
go through a few mathematical steps and to make a few assumptions
in order to produce a plastic shear strain model in usable
format. Equation 4.12 was noticed to be approximately correct in
describing plastic strain accumulation. However, the observation
has also been made that strain accumulation rate seems to be
directly related to the slope of the monotonic curve at that
strain. It is, therefore, proposed that, for shear, the quantity
K 1in equations 4.12 and 4.13 should be replaced by a gquantity

inversely proportional to L(og =0), the monotonic curve slope
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from eq 4.14. The equation actually proposed to replace equation

4.12 is:

€

where:

differentiating:

but from eg 4.15:

combining:

therefore:

integrating from
1st to Nth cycle:

where: €

:NOW, ESO

S L(cf—c)

Z.cf

In N) + K

]
Z, K are constants

de Z.0
s - £
d(In(N)) L (og = 0)
o] L ¢
-
Of o
de Z L ¢
S =_ € s
d(ln(vy)) L
e deg=7 4 (In@)
i =L €50 =L €g Z
— (e - e ) =-I__,. In N

can be substituted reusing eq 4.17:

“L € 0.~ 69
S _ . max
Tl ]

where: o]

therefore: €

£

is the maximum stress of the stress path

=-+In|——— - ZIn ()

4.16

is the strain at lst cycle (monotonic strain)

4.18



Equation 4.18 is the form proposed in this research for cyclic
plastic shear strain, although it still requires some slight
modification. It can be seen that there are four constants
involved. L and o come from a knowledge of the monotonic curve
and S rax is a function of the stress path involved, leaving
Z to be determined. Now, it has been shown from fig 4.18 that
straining appears to depend - -partly on stress path length, as
found by Pappin (eq 2.4). It is, therefore, necessary to replace
Z by a term directly related to stress path length and the
formulation of stress path length chosen is the same as that used
in the elastic equation, ie 5t+%65 (section 4.1.1). Equation

4,18 therefore becomes:

1 9 ~ max 1 1
ES = - Eln[(Tf———) - Ml (st + 365) In (N) 4,19

where: L, Ml are constants

It is, of course, acknowledged that many assumptions have been
made in taking the above mathematical steps, with limited
supporting eviaence. However, in section 4.4 it will be seen
whether the model is capable of making reasonable predictions by
comparison with test data. Firstly, a model for plastic

volumetric strain needs to be developed.
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4.3.4 Development of Volumetric Model

In the same way as for shear strain, the quantity K in egq 4.12
should be replaced by the slope of the monotonic loading curve.
However, it was proposed in section 4.3.2 to use a straight line
as an approximation to the actual curve for volumetric strain,
and K can therefore remain as a constant, leaving only stress

path length to be taken account of.

Stress path length for volumetric strain, however, is not
straight-forward. It has been noticed in tests involving the
hollow cylinder apparatus that rotation of principal stress has a
sometimes dramatic effect on accumulation of volumetric strain
(O'Reilly et al 1987), and the formulation for stress path length
has to take account of this. Similar experiments involving
principal stress rotation have been done using the Directional
Shear Cell at University College London (Wong & Arthur 1985) and
have found that very significant compressive volumetric strain
can take place with no variation in mean normal stress, only
rotation of principal stresses. Unfortunately the amowmnt of
evidence collected so far in this project is insufficient to be
very confident of any proposal made, but it would seem that the
stress path length should be the total summation of stress change
in every direction. In a system of fixed axes, such as that used
in the elastic model, this requires more than simply the change

in each of three orthogonal normal stresses; it needs to take

9L



account of shear perpendicular to those stresses. In fact, it is
proposed that twice each shear stress change is added to the sum
of the changes in three orthogonal normal stresses. This is
mainly based on evidence from hollow cylinder tests, but has the
logical basis that changing the maximum shear stress on a Mohr
Circle plot (eg fig 4.1l) imposes this change on both the
principal stresses also. The result‘ is that, for x, y, z axes,
the stress path length for plastic wvolumetric strain is as

follows:

Stress Path Length = ¢ + + +6t a4
g O + Goy GGZ 2(6tXy S%X + 5512)

where the absolute value of each stress change is taken.

The equation for plastic cyclic volumetric strain therefore

becomes (from eq 4.12):

1
e =— (I8 +2 I6t) In (N) + K 4,20
VoM,
[
where: MZ' K are constants.

However, it will be noticed that there is no possibility from eq
4.20 that plastic volumetric strain could ever be negative, but
it has on occasions been found to be so. Observations have led
to the conclusion that a proportion of the plastic shear strain
should be subtracted from eq 4.20 to take account of dilation due
to shearing action. From an empirical rather than theoretical

'standpoiht, it has been decided that a factor of one half is
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appropriate. Equation 4.20 thus becomes:

g = 360 + 2 Z6t) In (N) - & €g + K- 4.21

1
vom
One further amendment is required to eg 4.21: that is that the
constant K' 1is ignored. The reason for this is that, unlike
shear strain, volumetric strain does not appear to be tied to the
monotonic curve in any way. To put it another way, the material
'remembers' how far it has gone in shear, but °'forgets'
volumetrically, as soon as a few different stress paths have been
applied. K' is, therefore, impossible to determine generally; it
depends on stress history. The final plastic volumetric strain

equation is thus:

1
£ =

v@‘

280 +2 16t) In (N) - % e 4.22

4,3.5 Frequency Effects

It was mentioned in sub-section 4.3.1 that accumulation of
plastic strain has been found to be frequency dependent. The
only firm data available to this research is contained in fig
4.19, which suggests an approximate dependency such that a
tenfold frequency increase may lead to a halving of strain rate
This order of magnitude has also been observed in recent tests on
crushed carboniferous limestone but should still be taken as
approximate only. The implication is that the constants Ml (eq
4.19) and M2 (eq 4.22) are frequency dependent and that this

should be borne in mind when using data from laboratory tests in
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pavement analysis.

4.4 PILASTIC BEHAVIOUR - CORRELATION WITH LABORATORY TEST DATA

Although a large number of repeated load tests has been done on
many different materials, a series was performed specifically to
aid the development of a plastic strain model on a 4mm down
crushed granite, the same material as was used for proving the
elastic model in section 4.2. The reason, as for the elastic
testing, for the choice of this material was that it was small

enough to enable hollow cylinder specimens to be prepared.

In all, 15 tests were performed, 9 in a triaxial cell and 6 in
the hollow cylinder apparatus, on various stress paths. Density
of specimen was deliberately varied, so that the failure criteria
varied, thereby providing a broader test of model applicability.
This meant that each specimen had to be taken to failure to
determine the failure criteria applicable. Constants were chosen

to give the best possible fit to the data, as follows:

L = 46
Ml = 6.4 MPa
250 MPa

Xp
1l
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Unfortunately the dependency of monotonic volumetric behaviour on
density was not recorded and the value of M2 quoted could not be
taken as appropriate for tests at low density. The first large
source of error noted was in the strain expected after the first
cycle. The measured and expected shear and volumetric strains,
as well as the stress paths, are given in table 4.1, which shows
that, particularly for volumetric strain, errors can be quite
large. This is not seen as surprising, however, nor worrying.
It was stated in sub-section 4.3.4 that the material appeared to
'forget' where it had reached in volumetric strain and no attempt
was therefore made to model the first c¢ycle correctly. The
predictions for shear, it will be noticed, are consistently too
high, which is almost certainly due to the fact that some
straining took place during initial coupling up of the apparatus
to the specimen. In fact, for test no. 11 in the hollow cylinder
apparatus, the zero reading for the plastic strain test was taken
after an elastic test programme had been performed, giving rise
to a completely false first cycle prediction. In figs 4.22 and
4,23 it was, therefore, decided to compare the measured and

predicted strains after the first cycle.

Fig 4.22 (a) and (b) shows some of the predictions for shear
strain. Visual inspection is sufficient to show that they are
of reasonable accuracy (error<.3%).It is clearly possible to
follow the steepening curves applicable to some stress paths,
very close to failure. Predictions for volumetric strain (fig

4.23) are not so good {errors as high as 1.2%). The
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Table 4.1 Plastic Strain Predictions after One Ioad
Application for Granitic Sand
Test Stress Principal Volumetric Strain (%) Shear Strain (%)
Number Path Stress Ratio| (1 Application) (1 Application)
(kPa) at Failure Measured Predicted Measured Predicted
1 cell=50:9=0-150 7.00 -.23 -.50 .82 1.51
2 cell=50:g=0~150 7.58 .04 ~.44 .67 1.32
3 cell=50:g=0-115 5.80 .31 ~.47 .94 1.42
4 cell=100:g=0-295 7.26 .25 -.46 1.01 1.39
5 cell=25:g= 0-80 7.92 -.11 -.45 .40 1.35
6 cell=50:9=78-156 8.00 -.05 -.43 .97 1.28
7 cell=50:q=80-240 8.20 0 -.79 1.95 2.39
8 cell=50:g=140-300 8.46 -.20 -1.18 3.23 3.55
9 cell=50:g=170-330 8.60 -.15 -1.47 4.28 4.4]1
10 cell=50:Ax.Dev=0-160 7.50 -.03 -.49 .82 1.47
T =-21-421
11 cell=50:Ax .Dev=0-160 7.50 0 -.49 .36 1.47
T=0
12 Cell=65:Ax.Dev=0 7.50 .09 -.75 .54 2.26
= 0-40
13 Cell=50:Ax.Dev=0 7.50 .20 0 - -
T = -35-+35
14 Cell= 65:Ax.Dev=0~-80 7.50 .04 -.15 .21 .46
T =0
15 Cell=65:Av.Dev=0~-80 7.50 .20 0 - -
T = —40—+40
Key: Cell = Confining stress (Triaxial) or Internal vacuum (Hollow Cylinder)
g = Deviator stress (Triaxial)
AX.Dev = Axial Deviator Stress (Hollow Cylinder) =

% ~ °h

Torsional Shear Stress (Hollow Cylinder)

where Ax1a1 Dev1ator and Torsional Shear Stress are cycled together they are 90 out

of phase
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proportional difference between test nos. 10 and 11 is modelled
fairly well, simply by virtue of the increased stress path length
for no. 10. It was this difference which first led to the
realization that rotation of principal stresses has to be taken
into account and the stress path length formulation used appears
to be successful in doing this. In fact, the stress paths
involving principal stress rotation have been highlighted in fig
4,23 with an asterisk and it can be seen that they are modelled

as well as any other.

As has been stated, figs 4.22 and 4.23 show only a selection from
the 15 tests performed, due to lack of available space. Those
not plotted are not, in general, worse in prediction than those
shown, but they group around the low strain region for both shear

and volumetric behaviour.

It has been noticed, however, that several specimens of other
materials do not conform quite so satisfactorily to the pattern
shown above. In particular, it has frequently been found that
the shear strain increase curve (fig 4.22) flattens off after lO3
or lO4 cycles, an occurrence not possible to model using the
equations proposed here. This was certainly noticed by Pappin
and is reflected in the function of number of cycles which he
proposed. On the other hand, the steepening behaviour shown here
(eg test no. 9) has also been observed (eg Brown 1974), including
one of Pappin's specimens which approached failure. The

conclusion is that use of the equations proposed here should be

made with caution but that they are likely to give a useful guide
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to plastic strain development under cyclic load.

4.5 SUMMARY

This chapter has dealt in some depth with proposals for new

stress strain models for both elastic and plastic behaviour.

The models are formulated by splitting strain into shear and
volumetric components, and by considering stresses and strains

relative to a set of three orthogonal axes.

The basis and reasoning behind the choice of models have been

thoroughly worked through.

For both elastic and plastic models, comparisons are presented
between the predictions made using the equations developed and
measured strains from both the repeated load triaxial and hollow
cylinder apparatus. The match between predicted and measured
strain has been found to be quite good. In the case of elastic
modelling the new model is seen to be considerably superior to
two other formulations presently in use. No direct comparison is

made with any other plastic model.

In conclusion, a workable model of elastic and plastic stress
strain Dbehaviour has been developed for generalised stress

conditions. Its further use is described in chapter 7.
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CHAPTER FIVE
EFFECT OF MATERTAL VARIABLES

Chapter 4 has established a framework of elastic stress~strain
relationships, and plastic strain equations, which have been
shown to correlate quite satisfactorily wifh results from
laboratory element testing for a limited number of different
materials. This chapter will concentrate on determining the
effect, on both elastic and plastic behaviour, of variations in
the aggregate used. The variations covered will be the shape of
the grading curve and the compactive state, for a particular type
of crushed roék, the typical particle size and, finally, the type
and source of aggregate. All tests will, at this stage, be dry

however.

The aim of this investigation into the influence of these various
material parameters 1is to determine the relative importance of
each one in affecting each area of granular material behaviour
and to demonstrate the findings in as simple a way as possible.
It should, therefore, be evident by the end of the chapter just
how important compaction is, what the effect of transgressing
grading limits might be, and the relative merits, for example, of
soft and hard rock aggregates, all in the dry state.
Presentation of results will necessitate a considerable
simplifying of the equations derived in chapter 4, although the

constants pertaining to those equations will also be presented.
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Also, the testing of such a large number of different materials
requires a short, yet productive, test programme. The chapter
will, therefore, start by describing a standard test routine and
the logic behind it and will then proceed to present the results

relating to each variable in turn.

5.1 STANDARD TEST ROUTINE

For a large number of tests, some on aggregates with particles as
large as 40mm, the only suitable mechanical test available is the
repeated load triaxial. Both the 150mm and 75mm diameter
facilities have been used, as described in chapter 3. Specimens
were not necessarily prepared in an identical manner,
particularly where variation of compactive effort was to be
studied, but in every case the mode of compaction was tamping by
hand.€ once each specimen was set up and instrumented, following
the procedure in chapter 3, it was then subjected to the

following programme of tests.

(a) Elastic tests on a series of 20 stress paths; as shown in
fig 5.1. They are shown in p,q space, since such a system
lends itself to the triaxial situation; p and g have been
defined in section 2.2. It may be seen that 10 of the paths

involve no deviator stress, whilst 10 do.

(b) Repeated 1load plastic testing on one stress path, more

severe than any yet experienced, being cycling of the

@ This does not apply to the dolomitic limestone used as an
example in Chapter L, which was compacted on a vibrating
table.
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deviator stress between 2zero and 200kPa at a confining

stress of 50kPa, and at a frequency of 1 Hz.

(c) Raising the deviator stress slowly, at 50kPa confining
stress, until ocontinuous straining is occurring with no

further deviator stress increase.

(d) Raising the deviator stress slowly, at nominally zena@

confining stress, until continuous straining is occurring

with no further deviator stress increase.

At every stage of testing, strain output is recorded from the
axial and radial strain transducers, and converted to volumetric
and shear strain. These strains are outputted directly onto an
XY plotter, to record the elastic behaviour in phase (a) and the
monotonic loading curves from phases (c¢) and (d). The voltage
output from the transducers is also recorded by hand during

phases (b), (c¢) and (d), and later converted to strain.

5.2 USE OF RESULTS

The above routine was developed so as to allow the determination
of all the constants relating to the behavioural equations
developed 1in chapter 4 but to require less than a day for each
specimen to be set up, tested and dismantled. It is also easily
possible to obtain a simplified set of behavioural parameters.

The derivation of these numbers is described below.

@ Nominally zeroc implies no fluid pressure and a loose fitting

membrane.
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5.2.1

Elastic Behaviour

The results from phase (a) of the test routine are analysed in

three stages:

(1)

(ii)

Volumetric strains for the 10 paths involving no deviator
stress (fig 5.1) are plotted against change in 1In(p), on
logarithmic scales. Fig 5.2 is an example of such a plot,
taking results for a sand andvgravel. It can be seen that
a set of equally spaced straight lines has been drawn,
described by the magnitude of the change in p, and
equation (1) shown inserted on the plot .. describes the
family of lines mathematically; this equation is of the
form proposed in chapter 4 for compressive volumetric
strain (eq 4.9). However, for the purposes of this chapter
a simpler relationship is demanded, and also shown in fig
5.2 is a 45 ° dashed line, representing a best fit linear
relationship between volumetric strain and change in
ln (p). ©Equation (2) in the insert describes this line
and the constant, in this case 500, is a type of non-linear
inverse volumetric stiffness. Its inverse multiplied by
1000 will therefore be used as a compressive volumetric

stiffness indicator.

The shear strains from the 10 paths involving non-zero
deviator stress (fig 5.1) are then plotted against change

in 1n( o,/ op)s where o, is the vertical stress and O is
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(iii)

the horizontal stress. Fig 5.3 shows the results for the
same sand and gravel and, again, a set of equally spaced
straight lines has been drawn. This time each 1line is
described by the stress path length parameter,ét—*%és,
(where t=%(0y- Op) and s = %( ot Oh)), and equation (1) in
the insert to fig 5.3 describes the family of lines drawn,
following the form of eq 4.6. As for compressive
volumetric behaviour, a 45° best fit straight line is also
shown and described mathematically by equation (2). This
results in a single constant, the inverse of which
multiplied by 1000 is used here as a measure of shear

stiffness.

Finally, the volumetric strains predicted by equation (1)
in fig 5.2 are computed for the second 10 stress paths,
those involving non-zero deviator stress. The differences
between the computed values and those measured are then
taken and plotted against the change in the square of
lnp (0, /0,). This results in a graph such as that shown
in fig 5.4 for the same sand and gravel. By this stage
there is likely to be a certain amount of cumulative error,
giving rise to a certain unpredictability in the form of
results, but a straight line or family of straight lines
can again be drawn, together with a best fit 45° straight
line (shown dashed). Equations (1) and (2) in the insert
then describe the full and simplified Ybehaviours

respectively, in relation to volumetric strain due to
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shearing action. The inverse of the constant in equation
(2) multiplied by 1000 is used as a measure of the

stiffness of the material volumetrically under shear.

5.2.2 Plastic Behaviour

To obtain the material constants used in chapter 4 to describe

plastic behaviour, several steps are necessary:

(i)

(ii)

The results from test phases (c¢) and (d) are combined to
describe a Mohr Coulomb failure line, shown in fig 5.5 for
the sand and gravel, plotted as (0, -0p) against O . The
intercept determined from phase (d), is commonly small, and
the ratio o,/ oy at failure relating to 50kPa confining
stress may thus be used as a simple strength indicator or,
alternatively, a ¢ value (friction angle) <can be

calculated.

The constant L in eq 4.15 is found by referring to the
strain readings relating to the monotonic failure test in
phase (c). It was found in chapter 4 that, if 80% of the
failure stress was taken as the point at which eq 4.15 was
constrained to give the correct shear strain, then the
curve described by egq 4.15 would fit the data
satisfactorily. This process produces a unique value for

the constant L.
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(iii) The final constant required to describe cumulative plastic
shear strain is M, in eq 4.19. This is determined by
taking the strain at 1000 cycles of load from phase (b) and
choosing M'1 such that eq 4.19 gives that value, using the

values of o¢ (failure stress) and L already obtained.

(iv) Plastic volumetric strain requires only one other constant,
M, in equation 4.22, and this is simply determined by

matching the measured volumetric strain at 1000 cycles.

Derivation of a simple quantity describing the susceptibility of
a material to plastic straining under cyclic load is not easy,

since a combination of parameters is involved. Thus, this

chapter will use the plastic shear strain developed between the

first and thousandth cycles of load in phase (b) of the testing,
although, for some of the weaker specimens, this figure will have
to be extrapolated since some tests were stopped early due to
excessive straining. Use 1is also made in section 5.5 of the
number of cycles to failure predicted by the plastic shear strain
equation using the stresses in phase (b). It should be noted
however that neither quantity gives a complete picture of plastic

strain susceptibility.

5.3 EFFECT OF GRADING CURVE SHAPE AND DEGREE OF COMPACTION

This section details results from tests on a series of 21
specimens of dry dolomitic limestone, performed in the 75mm

diameter triaxial apparatus (ref section 3.1.2). Apparatus size
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(desirable in the interests of speed) placed an upper limit on
the particle sizes which could be used and, in fact, all gradings
tested had a maximum particle size of 10mm. Fig 5.6 shows the
seven gradings tested. It can be seen that they form a family of

curves described by the general formula shown in fig 5.6,

differing only in the value assigned to the parameter 'n'.
Alteration of this parameter achieves a spread of gradings from
virtually single sized to very broadly graded. The only deviation
from the theoretical gradings which was necessary was due to the
fact that the proportions of size fractions less than 75 microns
remained fixed, with a smallest particle size of around 1 micron.
The logic behind the choice of gradings is that a property of the
general formula in fig 5.6 is that the ratio of percentages
passing any two size fractions, say d and 4/2, remains constant
whatever d. This is likely to be approximately the case in a
material being crushed; ie if half the 20mm particles are crushed
to smaller sizes, it is likely that half the emerging 1O0mm
particles will be also, if they undergo the same process.
Whether this argument is approximately valid or not, it is none
the 1less true that the shape of the DTp type 1 grading envelope
(Department of Transport 1986) for sub-base materials could be
approximately represented by a curve of this family with n = 0.5
and d]LI)= 40mm.

At each of the seven gradings, it was decided to make up three
specimens at very different levels of compaction. These were

zero, 150 1light blows per layer and 150 heavy blows per layer
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(both over 5 layers). Compaction was manual, giving rise to the

possibility of some inconsistency in applied effort.

The dry densities achieved are plotted in figure 5.7. The first
point to notice is that they all lie on smooth parallel curves
and show little sign of any unexpected results due to
inconsistent compaction. Otherwise the general form of fig 5.7
is not surprising. The difference in density between the
different levels of compaction is fairly constant over the whole
range of gradings. Generally, as the grading becomes broader the
achieved densities increase, although there may be an optimum
point at around n = .3, possibly due to deviation from the

theoretical grading curves at the fine end.

Each specimen was subjected to the test routine described in
section 5.1, except for the omission of part (d) for some
specimens, and analysed according to thé method outlined in
section 5.2. The results will be discussed here, firstly in

relation to elastic behaviour, then plastic.

5.3.1 Elastic Behaviour

Fig 5.8 shows plots of the variation of the three simplified
elastic stiffness indicators described in section 5.2.1 against
the grading parameter 'n'. (Constants for the full stress strain
equations are given in Appendix B). Not surprisingly, there is
some scatter but two quite interesting conclusions can none the

less be made. Firstly, it 1is evident that the state of
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compaction has almost no influence at all, although some slight
trend for the denser material to be stiffer may be seen in fig
5.8 (b) for shear stiffness. This is particularly interesting
since the range of compactive efforts extends to =zero. The
amount of plastic wvolumetric strain which took place during
elastic testing was monitored and never exceeded 1%, which is
certainly far from sufficient to bridge the density dJdifferences

shown in fig 5.7. Thus, this result is considered genuine.

The second conclusion is that the influence of grading is
relatively slight, insignificant in fact in fig 5.8 (a) for
compressive volumetric stiffness. Furthermore, the trend in fig
5.8 (b) and (c) is for the more uniform gradings to be stiffer,
possibly up to a factor 1.5 to 1.8 between the two ends of the
grading  spectrum. The implication is that there is no
relationship between voids content and elastic stiffness. To put
it another way: packing fines into an aggregate will not improve

its elastic stiffness; it may well reduce it.

In fact, both these conclusions were also made by Hicks (1970)
after his tests on crushed rock, although his range of density
and grading was much smaller. However he did observe that the
effect of density on a partially crushed gravel was rather
greater, indicating a possible material dependence in these

relationships.
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5.3.2 Plastic Behaviour

Fig 5.9 (a), (b) and (c) present the simplified parameters for
shear strength and plastic straining under repeated loading
descriped in section 5.2.2. (Constants for the full equations are
given in Appendix B). Shear strength is shown in fig 5.9 (a) as
a principal stress ratio (Gv/gh ). It can be seen that the
effect of compaction is dominant, but that the more uniform
gradings tend to be weaker as well. An optimum grading is hard
to pick out, but it would certainly be toward the broadly graded
end of the range. This effect is reinforced by the values of
unconfined failure stress, determined in phase (d), section 5.1,
which are plotted in fig 5.9 (b) for the heavily compacted
specimens only. The test was not performed on the other

specimens.

The parameter used as a simple indicator of resistance to cyclic
plastic strain (ref. section 5.2.2) is plotted in fig 5.9 (c¢)
Scatter is very much evident but still allows trends to be seen.
Degree of compaction is clearly once more the dominant factor,
the low values, indicating better resistance to straining, being
for the heavily compacted specimens. The grading trend is
complex but, for heavily compacted material, it appears that

grading has little influence.

One point which is missing from the graphs, because it
represented completely different behaviour from that of every

other specimen, is that for the densely compacted specimen with
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an n = .25 grading. As soon as the plastic strain cyclic stress
path was applied, the specimen became rapidly less stiff and
exhibited large plastic strains, such that the test had to be
stopped. The exact reason for this is not known but it may
relate to the importance of what has been termed a
'characteristic threshold' (Luong 1985), which, if transgressed
repeatedly, leads to rapid failure. The only obvious difference
between the results for this particular specimen and the others
was that the plastic volumetric strain under repeated loading was
negative, ie dilatent, whereas it was positive for all the
others, and this may, in fact, be the trigger for the formation
of failure planes. However, whatever the exact mechanism, the
result underlines a possible danger in using an aggregate with

very high fines content.

5.3.3 Summary

Several interesting facts have emerged above, which are
summarised here. Compaction is seen as having almost no effect
on elastic behaviour, but as being a dominant factor in reducing
plastic strain and increasing shear strength. Grading has a
relatively slight effect on elastic behaviour, the more uniform
material being stiffer, but a more pronounced one on shear
strength, where the more broadly graded material is stronger.
The effect on plastic strain is not clear. It should be
remembered that all the above results are for a dry material, and

that the total picture may need amending when the effects of
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water are included. This is seen in chapter 6.

5.4 EFFECT OF PARTICLE SIZE

One source of confusion in understanding granular material
behaviour is that such a material is not really a continuuﬁ? but
rather a mass of individual particles, each with its own unique
properties of shape, roughness etc. This presents two possible
problems. The first is that, as the number of particles across
a specimen dimension, or through a pavement layer, becomes small,
the approximation of the material to a continuum becomes less
realistic. This may affect both elastic stiffness and plastic
behaviour. The second problem is slightly different, being that
different sized particles of a particular mineral may have
different shape and surface properties. This second problem is,

of course, likely to be material dependent.

Generally these questions do not arise in element testing of
materials. A material is delivered from site and tested in an
apparatus coonsidered large enough for such effects to be
negligible, ie such that the material may be treated as a
continuum. However, testing of large material such as rock-fill
demands answers to these questions. Work done by
Marachi et al (1972) demonstréted that, if a rock-fill material
was scaled down and the specimen size scaled down with it, then
the monotonic loading curve would be similar to that for the full
scale material in an appropriately larger specimen. In fact the

shear strength was slightly greater for the smaller material.

@ Mathematical models of behaviour generally assume a granular

material to be a continuum,
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The stresses applied were the same. However, no repeated load

testing was done.

Since the problem was seen as being an important one in enabling
an improved understanding of granular material, three series of
tests were performed in the triaxial apparatus to try to isolate
the parameters relating to particle size effects. The test
routines used were generally different from that described in
section 5.1. This section will report briefly on each test

series before summarising the findings as far as possible.

5.4.1 Tests on Single Sized Material

Accurate scaling of a graded aggregate containing fines requires
the separation and recombining of all size fractions including
those 1less than 75 microns. Since it is a time consuming
procedure to achieve this for such small particles, the accuracy
of scaling is often compromised in this area. However, single
sized material presents no such problems, allowing a size range
of at least two orders of magnitude to be explored. Several tests
were, therefore, carried out on these materials in anticipation

that the findings could also be applied to a graded aggregate.

It has been mentioned already that differences in shape and
surface roughness between various size fractions are likely to be
material dependent effects. Thus, four different types of

aggregate have been investigated, namely granite, dolomitic
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limestone, crushed concrete and steel slag, in the expectation
that any trends common to all four are likely to apply equally to
other minerals. Testing was performed in the 75 mm diameter
triaxial apparatus on dry specimens which were each compacted
using nominally the same compactive effort, that is 150 blows per
layer over five layers. Blows were applied manually and it is
possible that this may lead to some inconsistency. Either three
or four size fractions were tested for each aggregate type,

ranging from 75 microns, the smallest sieve size used, to 14mm.

The achieved compaction is illustrated in fig 5.10 which gives
the results in tefms of percentage of solid rock. This removes
the discrepancies due to the different specific gravities of the
four minerals. The results are interesting in that two of the
four materials show a trend of decreasing density with decreasing
particle size, whereas the trend for dolomitic 1limestone is
reversed and that for steel slag is unclear. It can also be seen
that some of the materials pack to a higher solid rock percentage
than others. This 1is most noticeable at the fine end of the
spectrum. The results serve as a strong indicator that different

size fractions have significantly different average shapes.

The procedure chosen for these tests was a very simple one, since
it was oonsidered more important to cover a large number of
specimens than to study each in depth. Two cyclic stress paths
were applied, varying the confining stress with =zero deviator
stress. 'Thereafter the confining stress was held constant at

50kPa and three paths involving cyclic deviator stress applied.
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These five results enabled an idea of the elastic properties to
be obtained. At the same confining stress a cyclic plastic
strain test was done, the deviator stress cycling from zero to
150kPa 1000 times. Finally, each specimen was brought to failure
by increasing the deviator stress, again at 50kPa confining
stress. It was assumed from the results shown in Fig 5.9 (b)
that all uniform materials would have a negligible unconfined
compressive strength, and that a failure ratio could therefore be
deduced directly. Unfortunately, there was a certain amount of
deviation from the above test procedure. In particular, the
tests on dolomitic limestone, although they involved a more
comprehensive elastic test programme, did not include any cyclic
plastic strain test. Also, the cyclic plastic strain test on 150
micron granite was performed on a less damaging stress path

because of the material's weakness.

Since the number of elastic stress path tests was insufficient
to obtain a full behavioural model, it was decided to work out an
Elastic Modulus for each path and to compute an average as an

indicator of material stiffness.

The plastic strain indicator chosen was the shear strain between
the 1st and 1000th cycles. These two indicators and the
principal stress ratio at failure are plotted in fig 5.11 (a),
(b) and (c). Although the number of tests performed was limited
and some scatter 1is evident, there are certain trends which

emerge, as follows:
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(a) Elastic stiffness decreases with decreasing particle size,

typically by about 25% for a tenfold size decrease.

(b) Shear strength decreases with decreasing particle size,

typically by 15% for a tenfold size decrease.

(c) Cyclic plastic strain seems to remain fairly constant,

although one result indicates otherwise.

The above points are approximately valid for the four minerals
tested, giving a strong indication that they may be more
generally applicable. In fact, testing carried out recently at
Nottingham University on carboniferous limestone and granite
(graded aggregate) has shown very similar trends. This was on

material with a maximum particle size between 10 and 40 mm.

These tests, however, do not indicate whether it is purely the
particle size which affects strength, stiffness and plastic
strain or whether it is the ratio of particle size to apparatus
size. The following sub-section details experiments designed to

answer this question.

5.4.2 Tests on Graded Dolomitic Limestone

As soon as it became apparent that size effects might be of
significance, a series of triaxial tests was devised to explore

the influence not only of particle size but also of apparatus
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size. The tests were performed on dolomitic limestone and the
full size grading chosen was rather coarser than is allowed for a
DITp type 1 material. Fig 5.12 shows the range of gradings

explored, a one twentieth size material being the smallest used.

Three sizes of triaxial specimen were used, the 150mm and 75mm
diameter devices described in chapter 3 and a small 37.5mm cell.
Unfortunately strain measurement for this last apparatus was

limited to measuring the vertical movement of the loading ram.

Test routines varied from specimen to specimen, since, at the
time, it was not clear which aspects of behaviour could be most
profitably explored. However, a confining stress of 50kPa was
used throughout, except for the one twentieth size material where
all stresses were reduced by a factor of ten. Deviator stress
was raised in stages, and repeated cycling carried out at various
levels, yielding an elastic response and also accumulation of
plastic strain. Finally, the deviator stress was raised until

its peak level was reached.

The intention at the time was to compact all the specimens to the
same density in order to ensure maximum compatibility. Moisture
was therefore added to some in order to assist compaction, since
its possible effect in inducing negative pore pressure (ref
chapter 6) was not yet fully realised. This introduces another
variable which may render interpretation more questionable. None

the less, the results are plotted in figs 5.13 and 5.14.
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Fig 5.13 shows the elastic shear strain from two stress paths
plotted against the size of the aggregate. Density and moisture
content differences are ignored( since section 5.3 has already
demonstrated the insensitivity of elastic behaviour to density
variation and it is thought that any negative pore pressures
would be small (ref section 6.2). It can be seen that apparatus
size to aggregate size ratio appears to have no significaﬁt
influence on elastic stiffness but that, as already shown in the
previous sub-section, size of aggregate does: namely, smaller
particles show more strain for a given stress path. Included are
the results for the one twentieth size material at one tenth the
stresses used for the other specimens. Not surprisingly, the
strain measured 1is less than might be expected 1if the same
stresses had been used because of the stress path length

dependency typical of a granular material (ref section 4.1).

In fig 5.14, the principal stress ratio at failure and plastic
strain between the first and thousandth cycles for stress path A
(fig 5.13) are plotted against density . In neither case is the
interpretation completely clear but, in the case of stress ratio
at failure, (fig 5.14 (a)), it appears that it is the ratio of
apparatus size to aggregate.size which is of more significance
than aggregate size alone. This conclusion becomes particularly
likely 1if the corrections to moisture affected specimens
suggested in the figure are made. Again the result for the one
twentieth size material at one tenth stress is included and is
seen to lie in the same band as the half size material at full

stress, tested in the same apparatus. The results for plastic
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strain under cyclic loading are rather more confused. Indeed it
is not possible to draw any conclusions because of the scatter of

results.

In summary, the conclusions from this test series are as follows:

(a) Elastic stiffness decreases with decreasing aggregate size,

but is unaffected by apparatus size.

(b) Shear strength is controlled by the ratio of apparatus size

to aggregate size, smaller ratios giving greater strengths.
(c) If, however, stresses are scaled down in proportion to
aggregate size then shear strength, expressed as a stress

ratio, remains unchanged.

5.4.3 Comparison with Delft University Tests

In a parallel research contract to the one described in this
thesis, at Delft University in The Netherlands, a repeated load
triaxial facility has been developed for testing specimens 400mm
in diameter and 800mm high. An opportunity for comparing results
from that apparatus with the 150mm diameter Nottingham facility
was therefore sought and it was arranged to test two materials, a
carboniferous limestone from the UK and a crushed concrete from
Holland, in both devices. The testing at Delft was part of a

series of tests, mainly on marginal materials, the results of
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which are contained in Sweere et al (1987).

The test routine used was the standard Delft routine which
involved cycling the deviator stress to progressively higher
levels at a series of constant confining stresses and recording
the elastic strains. Table 5.1 gives the stress paths used and
the strains recorded for each material in both test facilities.
It can be seen that there are some differences between the two
sets of results but that, on average, the shear strains are
comparable. The crushed concrete results are generally closer
together, possibly because the grading control was better. In
fact, the Nottingham crushed concrete results for shear average
at 92.3% of those from Delft, whereas the limestone results
average at 109.1%. This level of difference is not seen as
significant, particularly since, in one case, the difference is
positive and in the other negative, and the conclusion is that
the same elastic shear stiffness is seen in both sizes of

specimen.

The volumetric strain results are, however, completely different.
The Delft tests showed a far greater dilatent strain for the
limestone and a greatly reduced strain for the crushed concrete.
These differences are disturbing and far greater than normal
error margins would allow but, since they are in opposite
directions, it is hard to draw any conclusions. All that can be
said is that, though they highlight serious discrepancies, they

do not indicate any influence of apparatus size.
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5.4.4 Conclusions

Combining the three test series above, it is consistently clear
that elastic behaviour is a material property and is independent
of the size of apparatus used, although there will clearly be a
great deal of scatter in the results if the ratio of apparatus to
aggregate size becomes too small. It is also apparent from the
first two test series that stiffness tends to decrease with
decreasing particle size. Typically this appears to be about a

25% stiffness reduction for a tenfold size decrease.

The dolomitic limestone series indicates that shear strength is
not an independent material property but that it depends on the
apparatus used. Thus, it 1is the ratio of apparatus size to
aggregate size which is the controlling factor. This in no way
contradicts the finding in the first series that smaller particle
sizes give reduced shear strength when tested in the same size
apparatus. The relationship which emerges is that a tenfold
increase in apparatus size to aggregate size ratio gives

approximately 15% reduction in principal stress ratio at failure.

The implications from the tests described in this section may be
seen in two areas. The first is that it is advantageous in road
construction to use as large an aggregate as possible to obtain
the best stiffness and strength properties. The second is that
any attempted scale model of a road layer must take account of

the way ‘size affects different aspects of behaviour. Such a
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model has already been described in Chapter 3 where it was stated
that scaled down aggregate was being used in a reduced layer
thickness under reduced stresses. The stiffness would therefore
be less than the full size material but, because of the reduced
stress path lengths involved, the strains may be similar.
Strength, depending on ratio of particle size to layer thickness,
would be unchanged. The model may, therefore, be a satisfactory

simulation of the real situation.

5.5 EFFECT OF MINERAL TYPE

Although the test results quoted .in chapter 4 and in earlier
sections of this chapter have involved a number of different
materials, there has as yet been no study of the influence of
mineral type on the mechanical properties of an aggregate. 'This
section, therefore, lists tests on several materials which could
be used in road construction, many of them crushed rock at
gradings within or near the DIp Type 1 grading envelope, but
including some sands and gravels and other less commonly used
materials. The aim was to cover as wide as possible a range of
materials, particularly embracing different particle shapes and
surface properties. Each material was subjected to a short
visual and microscopic examination to establish the detailed
make-up of its surface, as well as to categorise the shapes of
different size fractions. A simple test was also performed to
establish a ranking of surface friction properties. The test
involved a particle, usually of approximately 20mm size, being

loaded by a 2kg weight onto a rough surface, and the force
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required to induce sliding being measured. This then yielded a
friction angle. The materials investigated are listed in table
5.2 together with results of the microscopic examination,
particle shape categorisation and measured friction angle,
although it will be noticed that no information is given on two
of the materials, which were not available at the time of the
examination and friction test. The gradings are given in fig
5.15, where any not shown lie wholly within the DTp Type 1

limits.

Triaxial testing was carried out in the 150mm diameter apparatus
on specimens compacted using nominally the same compactive
effort, that is 150 blows per layer over 5 layers. Most
specimens were dry; some were wet and, in those cases, the
results were amended using the effective stress principle (ref
chapter 6) to take account of negative pore pressures due to
suction. The test routine used was that described in section 5.1
and the results were analysed according to the method in section

5.2.

Full results are given in Appendix B but, in this section, it is
the simplified parameters suggested in section 5.2 which are used
as a quick means of comparing the different minerals. Firstly,
elastic behavioural parameters, compressive volumetric, shear and
shear induced volumetric, are given in fig 5.16 (a) (b) and (c)
respectively. As can be seen, the materials are ranked, the

stiffest to the left, and the genus of material is shown by the
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Table 5.2 Description of Materials Tested
. . @
Material Shape Surface Roughness Friction
(Source) Angle
Large Small Iarge Small
Particles Particles Particles Particles
<

1. Carboniferous Angular Sub-rounded to| Fairly Fairly 32
Limestone Sub-angular Rough Rough
(Dene-Derbyshire)

2. Carboniferous Angular Sub-angular Slightly Fairly 38°
Limestone Rough Rough
(ex A610 Kimberley
Nottinghamshire)

3. Carboniferous - - - - -
Limestone
(Chipping Sodbury-

Gloucestershire)
o

4. Carboniferous Sub- Sub-rounded Slightly Slightly 39
Limestone angular Rough Rough
(ex Wakefield Haul
Road - Yorkshire)

5. Dolomitic Angular Sub-rounded to| Fairly  Slightly | 33°
Limestone Sub-angular Smooth Rough
(Whitwell-

Nottinghamshire)
o

6. Oolitic Limestone | Sub- . Rounded to Fairly Smooth 38
(ex A52 Friskney- | rounded to  Sub-rounded Rough
Lincolnshire) Sub-angular

7. Oolitic Limestone | Sub-angular Rounded Slightly Smooth 40°
(ex A52 Bicker- Rough
Lincolnshire)

8. Granite Sub-angular Sub-angular to| Fairly Fairly 27°
(Mountsorrel- to Angular Angular Smooth Smooth
Ieicestershire)

9. Crushed Concrete - — - - -
(Nor folk)

10. Crushed Concrete Sub-angular Sub-rounded to| Rough Fairly 28°
(The Netherlands) Sub-angular Smooth




Table 5.2 (cont)

1Lk

Material Shape Surface Roughness Frictf%n
(source) Angle
Large Small Large Small
Particles Particles Particles Particles

11. Steel Slag Sub-angular Angular Very Fairly 35°
(Scunthorpe- Angular Rough Rough
Hunberside)

12. Sandstone Sub-rounded Sub~-rounded Very Very 30°
(Norfolk) to Rough Rough

Sub-angular

13. Sand & Gravel Rounded to  Rounded to Smooth  Smooth 25°
(Attenborough- Sub-rounded Sub-rounded
Nottinghamshire)

14. Sand & Gravel Angular Rounded to Fairly  Smooth 38°
(South Wales) Sub-rounded Rough

15. Sand & Gravel Rounded to  Sub-rounded Smooth Fairly 24°
(Wymondham~— Sub-angular Smooth
Norfolk)

o

16. Sand & Gravel Angular to Rounded Smooth Smooth 26
(ex A52 Friskney- | Very Angular
Lincolnshire)

17. Sand - Sub-rounded - Fairly -
(Mid Ross - Smooth
Scotland)

18. Granitic Sand — Sub-angular to — Slightly -
(Bardon Hill- Angular Rough
Leicestershire)

@ Note: Friction angle refers to the test described in the text rather
than any other material property.
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Fig.516 Simplified Elastic Performance Indicators for Different
Materials
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shading used. Of the three graphs, it is (a) and (b) which are
the most meangingful. It is immediately apparent that
carboniferous limestone is a consistently stiff material with
dolomitic limestone and steel slag also in the top few. Oolitic
limestone is stiff volumetrically but not in shear. Crushed
concrete is of average to poor stiffness, as is the sandstone.
Granigg“and those materials classed as gravel are generally poor,
although the material from South Wales is satisfactory: the two

sands are consistently of very low stiffness.

Fig 5.17 (a) and (b) shows the other simplified results in the
same way. Graph (a) gives the principal stress ratios at failure
with a 50kPa horizontal stress; graph (b) gives the number of
cycles to failure for the stress path (confining stress = 50kPa;
deviator stress = 0-200kPa), predicted from the testing done and
using equation 4.19. Here the rankings are rather different.
Carboniferous limestone is still a good material, although not
the strongest, with dolomitic limestone also in the same
category. Steel slag is the strongest and has good resistance to
cyclic load, but crushed concrete is also a very good material
according to both indicators. Also in the top group is the
sandstone. However, oolitic limestone joins the sands and gravels
in the weakest group and with poor resistance to cyclic load.

@

Granite™ is fairly strong but also has poor resistance to cyclic

load.

To return to table 5.2, it is interesting to observe whether

there 1is any correlation between the physical properties

@ Note: Only 1 granite material was tested and the results may
not be representative of other materials in that group.
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from the data and should not be taken as accurate., It
is intended as a means of ranking the materials.



described in the table and the mechanical properties established
from triaxial testing. Firstly, it is apparent that a
description ‘'rough' applied to an aggregate does not necessarily
imply that the angle of friction will be high. This means that
the angle of friction is dependent on aspects of the surface
rather different from those investigated visually, possibly
crystal shape. However, it is quite noticeable that there is a
considerable degree of correlation between angle of friction and

elastic stiffness, particularly volumetric stiffness.

The second area where correlation is noticeable is shear
strength, which appears to be dependent on a combination of
angularity and roughness in the larger particles. This supports
conclusions by Roner (1985) who studied particle shape effects in

relation to railway ballast.

For example, steel slag has sub-angular particles described as
very rough and is the strongest maﬁerial ; the sandstone is also
very rough but has sub-rounded particles and is less strong;
crushed concrete is rough and sub-angular giving it high
strength; carboniferous limestone from Dene quarry is only fairly
rough but is angular and, therefore, also has high strength.
Other limestones and granite are also angular or sub—angular but
are relatively smooth and are less strong. The sands. and gravels
tend to be smooth faced and therefore weak. The exception is the
material from South Wales which has rough angular particles but,

as can be deduced from the grading curve (fig 5.15), it is, in
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fact, the smooth smaller sizes which control behaviour; larger

particles are lost in the mass of finer material.

There is some difference between the rankings for strength and
cycles to failure, for which, at present, no explanation has been
found in terms of physical properties, but, 1in general, those
materials that are strong also give good resistance to cyclic
load. 'The same physical criteria of angularity and roughness of
the larger particles may, therefore, be applied to indicate
probable resistance to cyclic load. = Possibly roughness is of
more significance in resisting cyclic load, particularly if the

relative performances of granite and sandstone are compared.

In sumary, the stiffer materials are those with the best surface
friction properties (microtexture). Of the materials tested, all
the 1limestones performed well as did steel slag. Crushed
concrete was average, and sandstone, dranite, sands and gravels
were dgenerally poor. Angularity and roughness (macrotexture)
both contribute to strength and resistance to cyclic load. Steel
slag, crushed concrete, sandstone, carboniferous and dolomitic
limestone were all good materials; granite was average; oolitic

limestone, sands and gravels were poor.

A final point to make is that hardness and resistance to crushing
do not appear to be of much importance in influencing mechanical
properties. For example, the sandstone was very soft and crumbly
but showed very good strength and resistance to permanent

deformation. Similarly both oolitic limestones were soft but had
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good stiffness. Conversely many of the sands and gravels and the
granite were very hard but performed very poorly. This point,
together with the others mentioned above will be taken up again

in chapter 10 where road foundation design is discussed.



~ CHAPTER SIX

EFFECT OF MOISTURE

It will be remembered that the results quoted in chapter 5 were
all for dry material. However, it would clearly be inappropriate
not to consider the often extremely deleterious effects of
moisture when investigating the behaviour of road foundation
layers. The importance of drainage 1is often stressed in
discussing road design and the reasons behind this require

careful study.

The great break-through in the treatment of water in a soil or
granular material was made by Terzaghi (1936) when he introduced
the ooncept of effective stress. The effective stress is the
stress taken by the granular material matrix, which is found by
subtracting the pressure in the pore fluid (commonly a mixture of
air and water) from the applied total stress. The assumption
made is that the area of oontact between particles is a
negligible part of their total surface area. This effective
stress principle is universally used with great success, both
where pore pressures are positive and also for negative pore
pressure or 'suction’'. It is commonly applied to problems where
the pore fluid is assumed to be 100% water, but has been shown
(eg Pappin 1979) to apply equally well to the partially saturated
state. Such a well tried and established principle may,

therefore, be applied to the road foundation situation with great
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confidence.

However, assuming the truth of the effective stress principle,
there are other questions to be answered, such as the sensitivity
of permeability and suction to grading and degree of compaction,
and moisture content. Also it is necessary to investigate
whether there might be any other effects due to moisture as yet
undiscovered. Testing has therefore proceeded on three fronts.
Initial tests were done to confirm the applicability of the
effective stress principle; a series of tests on specimens of the
same seven gradings and same material type as in section 5.3 was
done; several site materials have been tested at site moisture
contents and their behaviour observed. This chapter will,
therefore, present results in these three areas and finally

summarise the findings.

6.1 TO CONFIRM THE EFFECTIVE STRESS PRINCIPLE

Early in the course of this research a test was performed on a
crushed granite specimen at a DTp Type 1 grading with the dual
aims of proving the capability of the 150mm triaxial apparatus in
dealing with ‘'wet' materials and also proving the effective
stress principle. The apparatus capabilities have been described
in chapter 3: this section will look at the test results. Testing

was done in three stages, as follows:

(i) The specimen was made up dry and a series of stress paths

applied to it, 1in order to establish elastic stress strain
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equations for the dry material. At the time, the equations
derived were of a form similar to Pappin's (eq 2.2 and 2.3)
but, for consistency, they have been amended to follow the

pattern proposed in chapter 4.

(ii) water was introduced into the specimen through the bottom
platen, while a vacuum was applied through the top, until
water rather than air emerged at the top. No back pressure
was applied. A series of stress paths was again applied
and the strains and pore pressures measured. At this stage
the pore pressure coefficient B (Skempton 1954) was about

0.5, indicating partial saturation only.

(iii) water was passed continuously through the specimen in the
manner described for stage (ii) for several hours. A back-
pressure of 200kPa was then applied to the specimen, and a
further series of undrained elastic tests performed.
Strains and pore pressures were again measured. 'The pore
pressure coefficient had by then reached in excess of 0.9,

indicating near full saturtion.

The equations developed for the dry material were then applied to
the effective stresses measured during phases (ii) and (iii); ie
measured pore pressure was subtracted from the confining stress
to give an effective value. This provided predictions of shear
and volumetric strain, which are compared to the measured values
in fig 6.1. The equations used are also given in the insert to

fig 6.1. It can readily be seen that the predictions match the
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measured values very satisfactorily, thus providing further
evidence that the effective stress principle is valid for both
partially and fully saturated materials. It should, of course,
be remembered that this test was only for one material, a
granite, and that only elastic testing was done and, also, that
only positive pore pressures at high moisture contents have been
evaluated. The following sections will look at other tests and

describe how lower moisture contents have been dealt with.

6.2 TESTS AT DIFFERENT GRADINGS

Particularly in relation to the development of negative pore
pressure and to permeability, it was felt to be important to
investigate effects from changing the shape of the grading curve.
A series of tests was, therefore, carried out on specimens of
crushed dolomitic limestone at the same seven gradings as were
explored in chapter 5 (section 5.3), shown in fig 5.6. Several
aspects Of the effects of moisture were investigated, and they

are detailed in the following sub-sections.

6.2.1 Permeability

The study of permeability in relation to grading is a subject
which has been neglected in the past. Several researchers have
proposed formulae relating permeability to the percentage passing
one or more sieve sizes (e.g. Hazen 1892, Juang and Holtz 1986),
but it would appear that they have all been derived from tests on

sands and silts and cannot be applied with any confidence to a
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broadly graded crushed rock. Tests by Biczysko have revealed,
however, Jjust how sensitive permeability is to relatively small
shifts in grading curve shape (Biczysko 1985), showing a
hundredfold difference between the two limits of the Department
of Transport Type 1 envelope. His paper shows how drainage
properties could be radically improved by a small change in
grading specification. Unfortunately, in this research, only a
very limited amount of permeability testing has been done owing
to lack of time and because a parallel project has been initiated

at Nottingham University with the aim of studying the whole area.

None the less, each of the specimens involved in the grading and
compaction study in chapter 5, was also subjected to a
permeability test after the completion of mechanical testing.
Ordinary tap water was used under a head of 700mm and readings
taken once a steady state of flow had been achieved. The
results, which are given in fig 6.2, should be treated with some
caution, since there were problems with clogging of a porous
stone, which may have artificially lowered the values for the
most broadly graded material. Also, at the most open gradings,
the pipework may not have been of sufficient diameter to cope
with the flow, thus again artificially lowering the result.
However, it 1is considered that the permeabilities shown are

likely to be of the correct order of magnitude.

It is evident that there is an enormous spread of results between

the two extremes of the grading spectrum, and that the state of
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compaction has a secondary but significant effect. Clearly the
implications, of grading curve shape particularly, on drainage
properties and on short term dissipation of pore pressures under
a wheel 1load are very great indeed, and their consideration

should certainly influence the design of an aggregate grading.

6.2.2 Compaction

It is common knowledge that, for a given compactive effort, the
moisture content of a granular material has a direct bearing on
achieved dry density. The reason for this dependency is less
well known but suggestions will be made here to explain it. In
order to explore the area, five of the seven gradings in fig 5.6
were compacted at different moisture contents into a 75mm
diameter 150mm deep mould, in five layers. Compaction was
achieved by hand tamping, with the same nominal level of
compaction being applied in all tests. This is, of course, not a
standard test and therefore will not yield standard results but
they will be comparable with each other. The two most uniform
gradings were excluded because of their inability to retain

water.

Fig 6.3 shows the results of achieved dry density against
moisture content. The shape of the curves is a familiar one,
although the portion at very low moisture content is often
excluded from practical testing. It can be seen that density
falls from a relatively high level when dry to a low point,

before rising again to a maximum at the point commonly termed
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'optimum moisture content'. Finally it drops away again as the
zero air voids line is approached. 1In general, it is the optimum
moisture content that is aimed for in road construcion, which, if
achieved, would clearly result iri a state very near saturation,
ie close to zero air voids, particularly for broadly graded

material.

The reasons for this moisture content dependency should, it is
considered, be sought in the development of pore pressures. Dry
material allows no pore pressure development. As the moisture
content is increased, negative pore pressures will develop due to
surface tension effects at the air-water interfaces, thereby
binding groups of particles together and inhibiting movement
towards tight packing. Further increase in moistue will see a
point of maximum negative pore pressure being reached, after
which the number of air voids reduces, giving 1less air-water
interface area, less surface tension and, therefore, greater
achievable density. Eventually, if the proportion of air becomes
very small, then, not only is there no chance of negative pore
pressure, but the strains induced under compaction loading will
lead to positive pore pressures. This will effectively ease
inter-particle movement and allow a dense state of compaction to
be achieved. However, if even more water is added, then the void
space has to increase again to allow for it and densities will

reduce.
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If the above explanation is true, then a glance at the curves is
sufficient to indicate that negative pore pressure will be at its
maximum at between three and five percent moisture content for
most of these materials, but that moisture contents at or above
optimum are likely to lead to positive pore pressures, the

effects of which are discussed in section 6.4.

6.2.3 Suction - Negative Pore Pressure

The compaction curves in fig 6.3 allow deduction of the existence
of negative pore pressures at low moisture content. So do
experiments with standing columns of granular material such as
those described by Dawson (1985). However, suction is not an
easy quantity to measure directly, particularly in an aggregate
containing large particles, and it was therefore decided to

employ an indirect technique.

Fig 5.9 (b) has already given values of unconfined compressive
strength shown by the seven gradings here being investigated, and
values of 'failure ratio' qv/oh for o = 50kPa can be seen in fig
5.9 (a). These results were for dry material. If a specimen of
one of these materials is made including water, negative pore
pressure 1is induced due to suction effects, and this negative
pore pressure will lead to an equivalent increase in effective
stresses, both vertically and horizontally. If an unconfined
triaxial compression test is then performed on that material, an
increased strength will be recorded which reflects these positive

horizontal effective stresses. Assuming that the slope of the
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failure 1line in effective stress terms is unchanged by the
presence of water, the level of negative pore pressure acting can

be deduced.

This procedure has been followed for specimens at the finest four
gradings from fig 5.6, at moisture contents approximating to the
'low points' of the compaction curves in fig 6.3. The compactive
state used was the densest of the three explored in section 5.3,
since unconfined compression strength data was not available at
other densities. The values of deduced negative pore pressure

are plotted in fig 6.4.

It can be seen that values range from zero to about 7kPa at the
finest grading. Such numbers 1look small but could have a

significant effect in each of the following two areas:

(i) A positive horizontal effective stress at the surface of a
granular layer enables a much larger vertical stress to be
carried ©before failure is reached; ie improved

trafficability.

(ii) For drainage considerations 1lkPa repesents a 100mm head of
water and, since road drains are commonly only a few
hundred millimetres below sub-base level, a small negative
pore pressure could greatly inhibit drainage from taking

place.
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This brief look at suction cannot do more than indicate its
possible effect. There are, inevitably, complications due to
differences between wetting and drying, cementation and possibly
other effects. Some of these will emerge in the following sub—~

section detailing elastic tests on wet material.

6.2.4 Elastic Testing

From the above, it was expected that a wet specimen might well
behave more stiffly than a dry one due to the effect of suction.
It was therefore decided to test a series of specimens and
observe the changes in elastic response as the moisture content
was varied. The apparatus used was the 75mm repeated load
triaxial facility (section 3.1.2), which enables moisture to be
added or taken away through both the top and bottom platens.
Moisture content was assessed by monitoring the weight of the

whole triaxial cell, including specimen.

In all, five specimens were tested, three at the n = .5 grading
(fig 5.6) and one each at n = .35 and n = .7. An elastic test
programme, consisting of ten stress paths, was devised to assess
the stress—strain behaviour. The paths are shown in p,q space in
fig 6.5. It was decided to perform the test programme after each
change made in moisture content. Four of the specimens were made
in a dry state, compacted in the same way as the densest group
described in section 5.3, and one of the n = .5 gradings was
compacted at around optimum moisture content, but to the same dry

density as those compacted dry. In adding and subtracting water,
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the aim was to create no disturbance among the aggregate
particles, and a low head of about 400mm was therefore used.
Water was added through the top platen, sO0 as to percolate
through the specimen under gravity, and was subtracted through

the bottom platen.

Fig 6.6 shows the results for all five specimens, plotted as the
variation of an elastic stiffness value. Although, as has been
shown in great detail in chapter 4, granular material is far from
being linear elastic, it was decided that the only way of
attempting a direct stiffness comparison between specimens was to
select an Elastic Modulus value. In fact, an average of the
moduli resulting from the ten stress paths in fig 6.5 was
computed and it 1is that value that is shown in fig 6.6. It
should be remembered, however, that the number itself is not a

fundamental property of the material.

Superimposed upon the paths in stiffness/moisture content space,
shown in fig 6.6, 1is a band inside which the behaviour generally
falls. It can be seen that two distinct areas of Dbehaviour
exist. The first, while ﬁhe specimen is being intially 'wetted
up', is fairly flat, indicating little change in stiffness with
increasing moisture content. The second area relates to
subsequent drying out and rewetting, and forms a much steeper
line, rising to a very high stiffness indeed in a fully dried out
specimen. This is clearly a more complicated and slightly

different situation from the expectation of a simple relationship
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between moisture oontent and negative pore pressure due to -

suction.

The explanation suggested here can be summarized as follows:

(a)

(b)

(c)

The flat section of fig 6.6, pertaining to initial 'wetting
up' may be due to the air-water interfaces being curved in
the same way as is shown by water rising up a dry capillary
tube. This may, in fact, lead to positive rather than
negative pore pressure and could explain the slight

stiffness reduction as water is added intially.

The steep section 1is probably due to the air-water
interfaces being curved in the opposite sense, as by water
retreating down a capillary tube. This section is that most
likely to be of practical significance, since granular
material in a road foundation is generally wet from the time
it is laid. It indicates that, as the moisture content is
reduced from a certain level, in this case around 10%,

negative pore pressure is induced and stiffness increased.

As moisture content is reduced to very low levels, it is
probable that cementation takes over from the effects of
negative pore pressure as the dominant means of increasing
stiffness 1in the limestone material. Such an explanation
accounts for the very high stiffness apparent at zero

moisture content.
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It should be noted that none of the above suggestions violates
the principle of effective stress, but they do imply that the
pbre pressure exerted by a partially saturated material is not
easy to predict. In this case, the phenomenon of cementation
means that it 1is impossible to separate out the wvalues of
negative pore pressure operating. However, it is certain that
the most favourable elastic properties are found in a material
that has been wet but has dried out since. This point is
discussed 1in section 6.4, and is also applied in chapter 10 to

road foundation design.

Unfortunately, it has not been possible in this project to extend
this study to other materials, but negative pore pressure
measurement has been made in pavement foundation layers (eg

McInnes 1984) revealing it to be a real and important effect.

6.2.5 Plastic Testing

The tests described here take a similar form to those for elastic
behaviour above. The problem however is that a plastic test is a
non-return situation; 1ie testing irrepairably changes the
specimen. However, it had been noticed in section 4.3 that a
graph of strain accumulation rate (shear strain per load cycle),
plotted logarithmically against shear strain generally produced a
smooth and often approximately straight line. It was therefore
decided to make up specimens dry, to begin a plastic strain

repeated load test and then add water at intervals during the
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test, observing the effect on shear strain behaviour. All seven
gradings (fig 5.6) were tested in this way, and all showed the
same sort of behaviour. Fig 6.7 shows three of these tests on

very different gradings of material.

It can be seen that, as water is added, there is a sudden jump in
strain accumulation rate but that it then decays on a line
parallel to its original characteristic. The phenomenon is
repeated on subsequent increases in moisture content but to a

lesser extent.

This behaviour is unlikely to be due to pore pressure, since the
same effect is noted for both uniform and broadly graded
material. It may, therefore, be some form of Ilubrication,
enabling easier slippage of stone against stone, although
research in the past has not shown any evidence for this.
However, it should be realised that, although the phenomenon
appears dramatic in fig 6.7, showing an instantaneous tenfold
increase in strain rate, it really only amounts to a jump of a
few tenths of a percent of strain, being the horizontal
separation of the lines. This, it is felt, is not likely to be

of much significance in the long term.

6.3 TESTS ON SITE MATERIALS

Materials have been obtained directly from road sites on a number

of occasions during the course of this project, mainly in
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Fig. 6.7 Effect of Moisture on Plastic Behaviour
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connection with the testing described in chapter 9, and in each
case the material was tested at the site moisture content. It
was not, of course, possible to obtain an undisturbed sample of
material, as might be possible for clays, so it was always
necessary to recompact each specimen, attempting to obtain the
. same density as on site. The testing procedure followed was the

same as that described in section 5.1.

In each case, it was noticed that the material could sustain an
wmnconfined compression of many tens, sometimes hundreds of
kiloPascals. In order to assess the contribution of negative
pore pressure, a second specimen of each material was made dry,
and an unconfined compression test performed. 1In each case, this
second test produced a lower strength value. This enabled a
value of negative pore pressure acting at site moisture content
to be deduced, in the same way as for the specimens described in
sub~section 6.2.3. These values are listed in fig 6.8, and it
may be seen that they range up to 25kPa. The grading curves are
also shown in fig 6.8 for five of the six materials involved, and
it 1is evident that the gradings with high fines oontents show
higher 1levels of negative pore pressure. No quantitative
assessment is really possible because the moisture contents are
not comparable, but the trend is clearly in agreement with the
results from sub-section 6.2.3. A high fines content can mean
high negative pore pressures and, therefore, improved mechanical

properties.
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6.4 DISCUSSION

It is the practice in road construction all over the world, even
in very dry countries, to add water to aggregates in order to
improve the density achieved by compaction. Figure 6.3 shows
that, indeed, it is possible‘ to establish a moisture content at
which density can be optimised. It was also demonstrated in
chapter 5 that degree of compaction is a critical factor in
producing a strong material with good resistance to plastic
strain. These points will form the basis for the study of
compaction 1in chapter 8 and are assumed by every road engineer.
It is thus inevitable that an unbound aggregate will contain
water from the start of its life as part of a road foundation.
Indeed, it is likely to be at a high degree of saturation, -since
the maximum on the compaction curve tends to represent a low air
content. However, the way in which that moisture content
increases or decreases with time depends on the material
properties, contruction practice, drainage design and many other

factors.

If the material is of low permeability, or it is exposed to wet
weather conditions, or drainage is poor, or any combination of
these, then the moisture content may increase and approach full
saturation. Alternatively, if permeability is high, drainage is
good and the material is protected from the weather the moisture
content is likely to decrease. Section 6.1 has demonstrated the
applicability of the effective stress principle at high moisture

contents, where positive pore pressures were generated. Clearly

175



the danger from such high moisture contents in a road is that
transient loading from a vehicle will induce positive pore
pressures. This reduces effective stresses and may lead to
increased elastic and plastic strains, implying an increased
tendency for the road to both crack and rut. Extreme cases oOf
positive pore pressure can be seen occasionally in the phenomenon
of pumping where water and fine material are ejected under
pressure through cracks in the surfacing material as a vehicle
passes. Examples of this have been reported by Roy (1981) and
Grace (198l1), and it has invariably been accompanied by other

signs of failure.

A reduction in moisture content, however, has been shown in this

chapter to lead to the development of negative pore pressure due

to suction, which, in turn, leads to improved mechanical

properties and, therefore, to a greater service life for the
road. It has also been shown that it is the more broadly graded
materials, those with high fines content, that exhibit the
highest 1levels of suction. These materials clearly have the
potential to have very good mechanical properties indeed.
Unfortunately, they are the least permeable and, therefore, most
likely to become saturated. Chapter 10 discusses this dilemma

further in connection with road design.
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CHAPTER SEVEN
PAVEMENT ANALYSIS —~ THE GRANMAT PROGRAM

The previous three .chapters have concentrated on resolving the
mechanical behaviour of an isolated 'portion' of granular
material, and expressing it in terms of all the many variables
involved. This chapter begins to apply this knowledge to the
particular engineering problem posed by a road pavement.
Unfortunately, the problem is a complex one, due to the
interaction of various different materials with widely differing
properties and this necessitates the use of a computer if a

detailed analysis is to be performed.

Chapter 2 has outlined briefly some of the computing tools
currently available in pavement analysis. Many involve use of
linear elastic theory for all materials (eg BISTRD), others
contain some degree of non-linearity (eg GAPPS7). All are useful
in appropriate situations. However, having developed a set of
new stress—-strain equations, it was decided that the only
possible courses of action open were either to substitute the new
equations into an existing program, or to write a completely new
one. The only possible existing program which might have been
developed was SENOL (Brown and Pappin 1982), an iterative finite
element program written at Nottingham University to take account
of Pappin's proposed stress strain equations. This option was

examined but eventually rejected for the following reasons:
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(a) The type of finite element used in SENOL is fairly primitive.

(b) The program was very difficult to follow, particularly the

necessary aids to convergence on the solution.

(c) Very substantial alteration would be necessary.

Of the three reasons given, (c) is probably the most important,
since it implied that the writing of a new program might take
less time than the development of SENOL. It was therefore
decided that a new program should be written, called GRANMAT
(GRANular MATerial), and the following sections detail its
development from the initial idea through to checks on its

accuracy.

7.1 THE AIMS OF GRANMAT

GRANMAT, as its name 1implied, was to be a program which
concentrated on the role of granular material in a pavement.
Particular care would be taken to model the granular material in
as realistic a way as possible, using the equations developed in
chapter 4. It had been noted that 1linear elastic analysis
programs seemed to cope very adequately in situations where upper
layers of bitumen— or cement-bound material were thick, ie where
the granular material had little influence on stresses and
strains in the rest of the pavement. Tam (1987) has observed how
hard it is to back-analyse the stiffness of a granular material

under thick upper layers, because that stiffness has so 1little
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influence. The need, which both SENOL and now GRANMAT have
attempted toO meet, is to analyse realistically situations where
surfacing layers are thin or even non-existent and the granular

material forms the main structural layer.

Using both the elastic and plastic equations from chapter 4, it
was hoped to compute both the transient stresses and strains
under a wheel load and the contribution made by the granular
material to rut development. These two aspects are included in
both SENOL and GAPPS7, although the methods and equations used
are very different (see section 2.4). SENOL has a problem,

however, in analysing completely unsurfaced granular pavements.

One final aim was that GRANMAT should take account of pore
pressures both negative, at low moisture content, and positive,
at high moisture content. It would therefore have to model the
development and dissipation of pore pressures over the duration
of a load pulse. This would, it is believed, be a unique

facility.

A restriction accepted was that it would analyse a three layered

structure only.

7.2 PROGRAM DESCRIPTION

A complete listing of the program is contained in Appendix C,

written in BASIC, together with a list of variables.
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Having decided how to treat the granular layer, the question was

how to treat the other layers.

Surfacing, being only thin, was relatively less important to
model correctly, and linear elastic theory was seen as being
quite adequate. In fact, GRANMAT treats the surfacing as a plate
in elastic bending, allowing no volumetric strain. The subgrade
is always a very important element. Tam (1987) has described how
great an improvement is made to stress-strain analysis, once non-
linearity of the subgrade 1is included. Various models of
subgrade behaviour are available and it was decided that it would
be prudent to allow options in GRANMAT, such that the user could

decide between a choice of three. The three models chosen were:

(i) Linear Elastic - there may often be inadequate data to

allow any other.
(ii) K - © model

(iii) Loach model - the latest development at Nottingham

University (Loach 1987).
The remaining decisions concerning assumed properties of the
pavement were less hard but, for completeness, they are listed

below.

(i) A rigid layer is assumed below the subgrade (= bedrock)
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(ii) A non-slip <condition is imposed on Tboth the

subgrade/granular and granular/surfacing interfaces.

(iii) A zero shear stress and zero radial displacement condition
is imposed at a three metre radius in the granular
material, and at a greater radius in the subgrade,

depending on thickness.

(iv) An axi-symmetric situation is assumed.

The following sub-sections describe each aspect of the program in

turn.

7.2.1 Analysis Type

After several attempts at solving the entire problem exactly in
one step, it was decided, for relative ease of programming, to
embark on an iterative alternative, using a discreet point
analysis. The program therefore generates a grid of points, such
as that shown in fig 7.1, covering the whole of the granular base
and subgrade, out to the boundaries set for the problem. The
spacing close to the load can be set as desired by the user but

it is automatically increased radially and vertically.

At all times the program retains in its memory a value for each
unknown stress and displacement at each point in the grid. The

iterative process is one of continuous updating of these values
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by solving equations relating the variables to each—other. For
instance, during a certain stage in the program, new values will
be computed for vertical stress in the granular material at each
point, using an equation in terms of other stresses and strains.
In the next stage these new values of vertical stress will be
used in the calculation of new values of radial stress. And so
the process continues with the aim that the correct answer, where
all equations at every point are satisfied, 1is approached. At a
certain stage during each iteration, the program will move to the
subgrade to calculate stresses and displacements there and, at
another stage, it will solve for the surfacing layer as well.
Pore pressure build-up and water flow are also dealt with at an

appropriate stage.

7.2.2 Details of the Iterative Process

At every point, there are six unknowns which the program 1is

trying to find correct values for.

These are as follows: vertical stress

Q
Il

v
Or = radial stress
o = tangential stress
T = shear stress in the (r,z)
plane
mv = vertical displacement
mr = radial displacement

The strains at a point, shear and volumetric, can all be written
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in terms of the differential of displacements mr and mv.. Linking
these six unknowns are six equations. For the granular base,
four come from the elastic stress strain relationships developed
in chapter 4. Three are for shear strain in various directions,

and follow the form of equations 4.6 and 4.7, as follows:

dnr dmv o B C

5 (— - =) = A(slnY)) X (Stress Path Length) 7.1
dr dz o
mr dmr c B C
—_— - — = X

% (r dr ) = A(Gln('ci_)) X (Stress Path Length) 7.2
dmr dmv Y5(c +0 )+t B ’ C

5 (c_l_z— +d_r—)‘= A(S1n(——Y—X ) X (Stress Path Length) 7.3

X(c +0 )=
z(v r)T

where: A,B,C are constants

§ means 'change in'

Stress Path Length is different for each equation, following the

pattern of egs 4.6 and 4.7.

There is another 'sense' of shear strain, that describing the
difference between vertical and tangential strain, but it is
rendered redundant, in theory, since the differences between
vertical and radial (eq 7.1) and .adial and tangential strain (eq
7.2) have already been expressed. The fourth stress-strain
relationship is that for volumetric strain, which follows the

form of eq 4.11, as follows:

E F
-r - dmr - dnv = D(G]_n(ov-l-or+ot)) . (6(ov+0r+ot)) 7.4
r dr dz
s+t 2 J
-H (S ((In
(8((n =—9%))
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where: D,E,¥,H,J are constants

s,t are stress terms explained in chapter 4.

In fact, at the time of writing, a stress path length multiplier
was allowed for in each of the dilation terms summed at the end
of eq 7.4, although it has not usually been found necessary in

describing material behaviour.

The final two equations come from considerations of equilibrium,

and are as follows:
dz = dr r r :

T
_ 7.6

These last two equations are, of course, valid for the subgrade

as well as for the granular material.

The first four, however, have to be replaced by equations

expressed in terms of bulk and shear moduli G and K, thereby

becoming: G G
(i - ) = -
2((31‘ dz ) Gd(GV O'r)/z 7.7
) nr dmr
2('; ar ) = GG(C‘r - C‘t)/z 7.8
dz dr t 7.9

- - = K6(0v+or+ct) 7.10



The values assigned to the bulk and shear moduli depend on which
of the three subgrade options for Elastic Mocdulus the user has
chosen. For each, however, a Poisson's Ratio of 0.4 is assumed

in the program.

The three choices of formulation for Elastic Modulus are as

follows:
(i) Linear: E = constant
k2
(ii) K - Theta: E = Kl‘ g
=0 +to +o
v r t
Kl,K2 constants
o 1 B
(iii) Ioach: E = 3% 9 (&)
r q.
Po = 1initial mean normal stress
(mnloaded)
q = deviator stress
r

A,B are constants

Option (iii) is undoubtedly the most realistic if sufficient data

is available for determining the constants.

Now that the basic unknowns and equations have been described, it
is possible to draw up a flowchart showing the way GRANMMAT sets
about sclving for them. This is shown in fig 7.2. The bulk of

the program is seen to be taken up with solving for the above six
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unknowns in the granular base and subgrade. A step is shown at
the beginning of each iteration for solving the stresses and
strains in the surfacing. Since it is treated as a plate in
bending, this is a fairly simple procedure involving curvatures,
bending moments and shear forces, enabling the deflections
calculated at the top of the granular base to be related to a

revised vertical stress distribution at that level.

One problem which may be seen is that all the equations 7.1 to
7.10 contain elements in differential form. Thus, it is commonly
necessary to work out the rate of change of a quantity with
respect to either depth or radial distance, at a particular
point. This is achieved in a fairly crude way by subtracting the
value at the previous point from the value at the next point and
dividing by the distance between them. This is acknowledged to

be a source of error.

During each iteration, the absolute values of the changes in each
of the six unknowns at every point are summed, and the total,
termed a convergence indicator, gives a measure of the rate of
convergence. This number is then used to determine whether to
continue iterating or not. In fact, as is commonly the case in
iterative programs, a little help is needed to ‘'point' the
program in the direction of convergence rather than divergence or
oscillation. GRANMAT takes the following measures to aid

convergence.
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(i)

(ii)

(iii)

(iv)

(v)

(vi)

Having solved for a particular unknown, the program then
permits the value of that unknown to change only by a

fraction of that which the solution demands.

Vertical downwards displacement is constrained to decrease

radially.

Vertical stresses are adjusted to balance the 1live load

plus overburden.

Radial and tangential stresses are not permitted to

oscillate.

Radial displacement has to be outward.

During the final ten iterations, once the convergence
criterion has been met, the unknowns are permitted to vary
by ever—decreasing proportions, thereby rendering

oscillation less likely.

The convergence criterion 1is an upper limit on the indicator

described above, which depends on grid size and applied load, and

has been set by experience. Even when this has been met, it is

still possible that the value of any unknown may be in error,

since an iterative process such as that used here can never be

said

to be complete. A decision has to be taken however to end

the process at some point.
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7.2.3 Accounting for Moisture

GRANMAT allows a choice of two moisture states in the .granular
base, either very wet, meaning levels of saturation where
positive pore pressures could develop under transient loading, or
'less wet', where the user can stipulate a level of negative pore
pressure due to suction if he considers it appropriate. This
second choice is simple to deal with. The effective stress
principle is assumed to operate and the negative pore pressure is
simply added to all the total stresses (except shear) to give
effective stresses. It should be noted that the results are

outputted in effective stress terms also.

A near saturated condition, however, gives rise to a much more
complicated situation. As the material starts to take the load,
there is a tendency for volumetric strain to take place, ie
compression oOr expansion of the pore space. Since water has a
very high bulk modulus compared with air, it resists this
tendency, the more strongly as degree of saturation is increased.
The effect is to develop pressure in the pore fluid rather than
to allow volumetric strain to take place. This pore pressure
then influences the effective stresses in the granular material
structure. The situation is further complicated by the fact that
the load is not applied instantly and, depending on material
permeability, this will allow pore water flow and a dissipation

of pore pressures before maximum load is reached.
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This problem is dealt with by GRANMAT in a stage inserted into
the iterative process at the end of the cycle, just before the
check for convergence, shown in fig 7.2. The process of stress
and displacement computation is performed normally, using
effective stresses and, then, when the pore pressure stage is
reached, the program examines the computed volumetric strains.
The water in the pores is assumed to be incompressible, so that
all volumetric strain has to take place in the pore air, which is
assumed to behave as a perfect gas at constant temperature. This
means that pressure is inversely proportional to volume of air.
The program then allows the pore pressure to rise, causing pore
air compression, but at the same time reducing effective stresses
and thereby also reducing the desire of the granular matrix to
compress . These two effects are balanced at each point, and all
the resultant pore pressures used ih the next iteration to
compute effective stresses. Of ocourse, 1in the case of full
saturation, there is no pore air to pressurize, and pore pressure
has to rise until the granular matrix has no desire to compress

at all.

In order to model the dissipation of pore pressure during load
application, GRANMAT applies the load in 50 increments, when the
very wet moisture state is being analysed. A triangular load
pulse is assumed, so that a fiftieth of the load is added at the
start of each of the first fifty iterations, and only after that

is the convergence indicator consulted.
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The load pulse duration is stipulated by the wuser, and
dissipation of pressure 1is permitted during the first fifty
iterations, each of which lasts for one hundredth of the total
pulse duration. This is achieved by constructing elements around
each point in the grid, and allowing water to cross the element
boundaries in proportion to pressure difference, boundary area
and permeability. This, of course, alters the pore volume in
each element, and this is taken into account in computing pore
pressures in the next iteration. Since it is the peak load
situation that 1is to be analysed, no further water flow is
allowed after the first fifty iterations. Thus, an approximate

modelling of pore pressure dissipation may be achieved.

7.2.4 The Unsurfaced Condition

In a linear elastic analysis of a layered structure such as a
road, tensile forces can always be observed at the surface, just
outside the loaded area. This presents no problems in material
bound by bitumen or cement, but gives rise to a dilemma if the
surface material is unbound. It is usually assumed that such a
material can only support stress in one direction if a certain
level of oompressive stress is also applied perpendicularly.
Such are the assumptions implicit in the Mohr Coulomb failure
criterion, and every other criterion generally applied to
granular material, and they certainly leave no room for tensile
forces. This dilemma is illustrated in fig 7.3(a). The vertical
stress imposed by the load demands a horizontal stress to support

it, but how can such a horizontal stress act unless there is a
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vertical stress outside the loaded area.

In fact, it has been demonstrated by the tests reported in
chapter 5 that a graded aggregate can take stress in one
direction with zero stress perpendicularly, of the order of 20 or
30kPa commonly. This intercept on a Mohr Coulomb failure diagram
is believed to be due to particle interlock. This property goes
some way toward answering the dilemma shown in fig 7.3, but there
is still the unsatisfactory situation of an infinite stress ratio
at the surface which, according to the shear strain equations
used by GRANMAT (egqs 7.1, 7.2, 7.3), should give rise to infinite

strain at the corner of the load.

It is believed that the real solution is to be seen in that a
granular material is not a continuum, and that it is therefore
meaningless to talk of the stress state in a very small area
around the edge of the load since the problem has become one of
individual particles. Clearly the strength and stiffness of an
individual particle is that of solid rock, which is far greater
than that of the granular mass. Section 5.4 has indicated that
the smaller the ratio of 'problem size' to particle size, the
more the strength of a material increases. However, as was seen
in that section, the relationship is a complex one. GRANMAT
therefore introduces the concept of a 'single particle depth',
being the depth of material which has to be allowed before the

laws of continuum mechanics can be assumed to apply.
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This is an arbitrary cut-off. At smaller depth, the material is
treated as being stiff and strong enough not to contribute to
deformation; at greater depth it is assumed to be an isotropic
continuum. It has been termed 'single particle depth', since it
is considered that the diameter of a single particle, possibly
approximately the sieve size where 60% of the material passes, is
appropriate. However, the user can stipulate the dimension he

thinks suitable.
By such means GRANMAT can arrive at a solution for stresses and
displacements in an unsurfaced pavement structure, although it is

acknowledged that the method is only approximate.

7.2.5 Plastic Strain Computation

Plastic strains are only considered once the elastic solution has
been found. The stresses predicted by the elastic solution are
then used to derive plastic strains. However, several
assumptions have to be made. GRANMAT takes a fundamentally
different approach to that found in such as the GAPPS7 program,
where plastic strain occurs because stresses and strains are
allowed to redistribute themselves during each load application.
Thus, under the load, the material climbs marginally higher up
the monotonic failure curve under each = successive load
application, leading to plastic strain. It is assumed that no

plastic strain takes place, unless the stresses change.
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GRANMAT, however, follows the line taken by SENOL, where stresses
do not change from one load application to the next, but plastic
strains accumulate according to a model developed from laboratory
tests. SENOL, of course, uses the shear strain model proposed by
Pappin (Brown and Pappin 1982), whereas GRANMAT uses the

equations developed in section 4.3.

The first dilemma is that the elastic analysis is performed on an
axi-symmetric problem, whereas a rut is fundamentally a plane
strain problem, since there can logically be no plastic strain
longitudinally; ie the road does not get longer or shorter with
time. GRANMAT therefore oonsiders a planar grid of points
forming a transverse section through the road. Each point is
assumed to undergo a stress path, under every passing wheel,
equivalent to the stresses on a longitudinal line through that
point, considering a static wheel. Fig 7.3 (b) attempts to
illustrate this. The program converts the radial and tangential
stresses on that line to transverse and longitudinal, so that a
stress path is defined in terms appropriate to rut development

for each point.

In order to develop a rut, it was decided that the shear strain
due to the difference between vertical and transverse stresses,
combined with volumetric strain, would be the appropriate
quantities to consider. These stem from equations 4.18 and 4.22

and may be written as follows:
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where: L, M1, M2 are constants inputted by the user.

o} £ is the failure stress, dependent on stress state
and the failure criteria inputted by the user.
g is the nearest approach to failure.

o ,fare vertical, radial, tangential,

o ,0,,0
vir't g
transverse and shear stresses.

N is the number of load applications.

§ means the 'absolute value of change in'.

It will be noticed that the stress path length for volumetric
strain is given in axi-symmetric terms. This is done for the
sake of simplicity, and should result in a very similar number to

one expressed in transverse and longitudinal terms.

The program goes through the stress path for each point, looking
for stress path length and nearest approach to failure, then
calculates the shear and volumetric strains, converts them to
vertical and transverse displacements and outputs them as
described in the following sub-section. The negative component
of shear, ie that where transverse stress exceeds vertical, is
computed separately from the positive and is subtracted from it.
Displacements are outputted assuming no plastic strain in the
subgrade and a completely pliable surfacing layer, neii:her of
 which are likely to be true, and this should be realized in

assessing the results.
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In the above, the shear strain due to difference between vertical
and longitudinal stress has been ignored. In fact, 1if this is
calculated, it is generally found that some longitudinal strain
is predicted. As mentioned above, this is not physically
possible and the only way seen here to 'explain it away' is to
suggest that the initial longitudinal stresses, ie those in the
unloaded state, increase sufficiently to stop it happening. This
phenomenon has been termed 'shakedown' (Sharp 1983) and has been
invegtigated and found to be very likely by Selig et al (1986) in
relation to ballast in rail-road tracks. This will be further
discussed in chapter 8. Examination of the transverse plastic
displacements predicted also tends to show very unlikely high
displacements distant from the load and it is considered probable
that these are also resisted by transverse stress increases, in

the same way as longitudinal.

7.2.6 Input/Output Format

GRANMAT has been designed to run on a microcomputer and has,
therefore, been given an interactive form. Once the RUN command
is given, the user is asked for details of the structure to be

analysed, summarized as follows:

(a) Title.

(b) Layer thicknesses and grid size.

(c) Elastic stiffness of surfacing (if any).
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(d) Granular base parameters: ie the constants involved in both

elastic and plastic behavioural equations.
(e) subgrade model type and associated constant(s).

(f) Material densities; Initial stress ratio (KQ = cyh/cv) in

the base; Applied load and loaded area.

(g) Moisture Condition (Very Wet/Less Wet)
If very wet: Permeability, Degree of saturation and Pulse
Duration.

If less wet: Negative pore pressure due to suction (if any)

(h) Output type: (Full/reduced; printer/screen)

Once input is complete, a summary of it is printed on the screen
for the user to check. If he is satisfied, he presses a key and
the program runs; if not, the input can be repeated. As the
program runs, it prints the convergence indicator for each
iteration onto the screen. The number can usually be seen to be
reducing in value, although the first fifty iterations of a 'very
wet' run do not produce meaningful values, since the load is
being increased each time. As soon as the convergence criterion
has been met and the final ten iterations performed, the results

are printed as determined in (h) above by the user.

If full output is required, the input details above are given
followed by values of vertical, radial, tangential and shear
stress, and vertical and radial displacement, printed for each

point in the grid, together with the grid dimensions. Pore
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pressures are printed for each point in the granular base.
Plastic deformations are then given, vertically and transversely
at every point in the base, for 1, 10, 100, 1000 etc load
applications, either till 108 aéplications or till premature
failure is reached. The exact number of load applications to

failure is also printed.

If reduced output is required, the computer prints the following

only:

(i) A summary of the pavement details supplied by the user.
(ii) Tensile strain at the base of the surfacing layer (if any).
(iii) Gompressive'vertical strain at the top of the subgrade.

(iv) Vertical displacements at the surface, together with radial

grid dimensions.
(v) Vertical stress at the top of the subgrade.

(vi) Rut depth at 1, 10, 100, 1000 etc load applications, either

8
till 10 applications or till failure.

(vii) Number of load applications to failure.
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GRANMAT is a 3 layer pavement analysis program, designed to run
on a microcomputer. It treats the surfacing layer as a plate in
bending, and is not therefore appropriate for thick surfacing
situations. The surfacing can be reduced to zero if desired.
The second layer is granular, and uses the equations developed in
chapter 4 in governing its mechanical properties. The lower
layer is the subgrade, with 'bedrock' assumed beneath it. Three
choices of subgrade model are available, being linear elastic, K

- theta and that developed by ILoach (1987).

The program is interactive, allowing the user to enter details of
the pavement to be analysed directly. A grid of points is set
up, of size determined by the user, and an iterative process is
followed to calculate elastic stresses and displacements at each
point. Once a converdgence criterion has been met, the iteration
ends. Run time for this process is commonly about five minutes
on a Tandon AT computer. The program allows either negative pore
pressure due to suction or the development of positive pore

pressures under transient loading to be considered.

Finally, plastic strains in the granular base layer are computed,
but not in any other layer. Output can be either a full list of
all the stresses, strains and pore pressures computed, including
plastic displacements at intervals, or else a reduced list of key

quantities. The choice is made at input time by the user.
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7.3 ASSESSMENT OF VALIDITY OF OUTPUT

The various assumptions and approximations made by GRANMAT have
been brought out already but the following is a list of the more

important ones.

(a) The situation modelled is axi-symmetric.

(b) Stresses and displacements are computed at discreet points

rather than for the whole space.

(c) An iterative technique is used to converge on the solution,

but the exact solution is never reached.

(d) Loading rate effects are taken into account with regard to
pore pressure development and dissipation but not with

regard to bitumen viscosity or system inertia.

(e) Plastic strain is computed in the granular layer assuming a
completely elastic subgrade and a perfectly pliable

surfacing layer.

Of the above points, (a) is a defect which is shared with every
other analysis program commonly in use; (b) and (c¢) represent
areas where it is undoubtedly possible to improve the accuracy of
the solution and suggestions are made in chapter 11 on these
lines. Point (d) has been the subject of research by a number of

workers. Mamlouk and Davies (1984) have written an analysis
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program which takes account of inertial effects and indicates
their importance in relation to such testing devices as the
Roadrater, where the pavement is effectively resohated. However,
Tam (1987) has shown that, under normal traffic loading, the
effect of inertia is very small, of the order of one or two
percent, and it is not seen here as a major source of error. The
viscous nature of bitumen is well known to cause a loading rate
dependency but it is assumed that the surfacing stiffness chosen
by the user is selected as appropriate to a particular loading
rate and, indeed, a particular loading temperature. The final
point, (e), undoubtedly means that the plastic displacements
computed will rarely be realistic, and accuracy is further

reduced by any errors in the elastic stresses.

With so many uncertainties, it was clearly necessary to perform a
number of checks on GRANMAT to establish to what extent the
output should be believed. The most useful are direct
comparisons Dbetween predicted and measured stresses and
displacements and some of these are described in this section. A

comparison has also been attempted with other analysis programs.

7.3.1 Pavement Test Facility

The Nottingham pavement test facility has been in use for several
years for the direct checking of design ideas by trafficking a
small section of pavement (Brodrick 1977). It is standard

practice to include instrumentation for stress and strain
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measurement, details of which are given by Brown and Brodrick
(1977). In particular, the results from one pavement were used
in assessing the output from the SENOL program (Brown and Pappin
1982), and it was decided to measure GRANMAT against the same set
of results. The pavement consisted of 50mm of bituminous
material of comparatively low stiffness, approximately 170mm of
crushed carboniferous limestone and a Keuper Marl subgrade of
about 5% CBR, extending to a depth of 1.5m. The limestone was
the same as that tested by Pappin and referred to in chapter 4,
although the presence of about 3% moisture renders a certain
amount of suction likely. In fact, a negative pore pressure of
20kPa has been assumed when running GRANMAT. Space limits the
amount of data that can be presented, so fig 7.4 shows the
relative values of computed and measured stress and strain at
just two levels in the pavement in vertical, transverse and

longitudinal directions.

In assessing fig 7.4 it should be remembered that it is never
possible to be absolutely certain of the measured values. The
pressure cells, in particular, although installed with care, are
very sensitive to the exact stone distribution around them. This
is demonstrated by the vertical stress results where both SENOL
and GRANMAT ensure that their predictions, whether right or
wrong, are in equilibrium with the applied load. The measured
values in the sub-base, however, imply a load almost twice as
great as that actually used, indicating substantial error. Any
looked for correlation must therefore be substantially

qualitative. On this basis both SENOL and GRANMAT predict
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vertical stress satisfactorily but there are significant
discrepancies evident in the transverse and longitudinal results,
particularly for GRANMAT. The peak shown in the sub-base by
GRANMAT is totally absent from the measured results. The strain
predictions from both programs are consistently more acceptable,
probably reflecting the greater confidence to be placed on strain
measurement. However GRANMAT substantially underpredicts sub-
base vertical strain away from the load centre line and SENOL

greatly overpredicts at the load centre.

More recently a series of pavements has been tested in the
pavement test facility to examine the effect of geosynthetic
membranes at different levels. This has also yielded stress and
strain data which have been compared with GRANMAT predictions
based on laboratory testing of the materials involved. Table 7.1
lists the relevant values for the two pavements so far analysed.
In the first case, where a poor sand and gravel base was used
under 30mm of bituminous mix, the predictions from GRANMAT were
reasonable, although the quantity of instrumentation was
relatively limited. In the second case , where a much better
quality crushed limestone was used, the strains were greatly
underpredicted. When it was realized that the base was close to
saturation, the program was rerun for saturated conditions, but

with little change in predicted strain.

These results demonstrate the use of GRANMAT, with its facility

for dealing with saturated conditions, but warn against possible
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Table 7.1

Pavement Test Facility Checks on GRANMAT

Stress in kPa
Strain in microstrain

Pavement 1

(30mm Bituminous)
100mm Sand & Gravel
2% CBR Subgrade)

Pavement 2

(30mm Bituminous

150mm Crushed Limestone
2.5% CBR Subgrade)

Predicted Measured Predicted Measured
Vertical Stress 51 51 26 50
Top of Subgrade
Vertical Strain 950 2200 950 4100
Mid Sub-base
Vertical Strain - - 550 1650
Bottom of Sub-base
Vertical Strain 13600 6850 7653 6650
Top of Subgrade
Vertical Strain 3725 3200 1100 4550
Lower in Subgrade
Longitudinal Strain 2700 3050 480 4100
Bottom of Bituminous
Transverse Strain 1350 3350 350 2400

Top of Subgrade

207



errors in horizontal stresses and vertical strains.

7.3.2 Data from Site Instrumentation

In a parallel project to this at Nottingham, an experimental road
has been designed and constructed, containing instrumentation
similar to that in use in the pavement test facility. The road
has only recently been opened to traffic, which consists of large
wagons containing colliery waste material, and only one set of
pressure cell readings has so far been taken under traffic
loading. The pressure cells concerned form a group of eight at
mid depth in the granular sub-base with pairs of cells measuring
vertical, longitudinal and transverse stresses and a pair
measuring stress at 45 © to the vertical and longitudinal
directions. By such an arrangement the whole stress state is

defined if a wheel passes directly over the instruments.

The pavement construction at that point consists of 210mm of
bituminous material with stiffness approximately known, 370mm of
crushed limestone sub-base which has been tested in a triaxial
apparatus, and a compacted weathered rock subgrade becoming
firmer rock at fairly shallow depth. A linear subgrade stiffness
of 100MPa was chosen over a thickness of just 2m for purposes of
analysis. The wagon load was not known exactly but from an
approximate knowledge of tyre pressure it was assumed to induce
600kPa over a 150mm radius contact area. Variation between
wagons was also not known but may have been small since they were

all of the same capacity and make. The situation was further
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complicated by the fact that most of the wagons did not follow

the line of instruments perfectly.

GRANMAT was used to predict the values of peak stress which would
occur during the pass of a wagon at various distances laterally
from the wheel path. The results for predicted and measured
stress are given in table 7.2. In two Iinstances Dbracketted
figures are included to illustrate the effect of an error in
assessing the offset of the wheel from the instrument since this
was only done by eye. The first pleasing point to note is that
the stresses are of the same order of magnitude. The horizontal
stress prediction is consistently higher than the measured value,
whereas the vertical and 45o stresses are commonly in good
agreement. An exception is pass J where a very high vertical
stress was measured, far higher than pass H which was supposedly
similar. One reason for this may lie in dynamic loads induced by
the vehicle suspension giving substantial variation from the
mean, but this is only speculation. The fact that horizontal
stress prediction is high supports the same cbservation from the
pavement test facility, but may reflect the difficulty of
installing horizontally acting pressure cells as much as any
program deficiency. The data quoted here is the first trickle
only from this site and it is hoped that the instrumentation

installed will eventually provide a large and very useful supply.
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Table 7.2 Prediction of Sub-base Stresses at Wakefield using GRANMAT
Wagon Offset from Stress Directions Maximum Stress Maximum
Pass Pressure Cells Measured Change Predicted Measured
(mm) by GRANMAT Stress
(kPa) Change
(kPa)
A 100 Transverse 40 17
Transverse 40 11
B 0 ILongitudinal 50 28
Iongitudinal 50 22
C 200 Longitudinal 35 22
Longitudinal 35 17
D 300 452 60 79
4% 60 66
E 0 45 114 93
45 114 91
F 600 4% 9 21
45 9 20
G 300 45 60 33
Vertical 51 6l
H 0 (200) 4% 114 (77) 52
Vertical 70 (64) 64
I 300 (400) 4% 60 (32) 23
Vertical 51 (21) 16
J 0 4% 114 79
Vertical 70 151




7.3.3 Surface Deflections under the Falling Weight

Deflectometer

The falling weight deflectometer is described more fully in
section 9.2.1. It is a testing device which applies a measured
load over a known circular area and records the surface
deflections at various radial distances from the load. Loading
is applied very rapidly by the dropping of a weight to simulate
the passing of a vehicle. Chapter 9 details its use on unbound
pavement layers but it provides an opportunity to test
computations of surface deflection. Fig 7.5 shows measured and
computed deflections from testing at two sites, two different
situations being shown at each site. At both sites a layer of
granular material covered the subgrade directly. Specimens of
the granular materials were removed and tested in the triaxial
apparatus to establish parameters for use in GRANMAT; subgrade
stiffnesses were estimated. The falling weight deflectometgr
deflections are in each case an average of several different test

positions.

Clearly the computations are of the right order of magnitude, but
the consistent feature is failure to predict the steepness of the
deflection bowl near the load. This leads to underprediction at
the centre becoming overprediction at half a metre radius or so,
and roughly correct again at large radial distance. As explained
in section 7.2.4, the method for dealing with the unsurfaced
condition in GRANMAT is pragmatic and approximate and may well be

the cause of some of the observed discrepancy, but it does at
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least allow a rough computation to be performed.

7.3.4 Comparison with BISTRO

Because the parameters required in the granular material analysis
performed by GRANMAT are dissimilar to any others, direct
comparison with other analytical methods is difficult. In an
attempt to overcome this a version of the program was written to
use the same iterative discreet point approach but to allow a
linear elastic stiffness to be used throughout. The same
convergence criterion as before was used. The situation analysed
was a 2m thick layer of stiffness 100MPa loaded at 500kPa over a
150mm radius. For comparison the linear elastic multi - layer

program BISTRO was also used to solve the same problem.

Table 7.3 1is presented to show the two sets of results and the
way in which they diverge. Near the surface the vertical
strains given by GRANMAT are significantly higher near the load
but lower at larger radial distance: at 0.5m depth this has been
reversed with GRANMAT giving far lower strains near the load but
higher at greater radial distance. This ties in with the stress
distributions at 0.5m depth which shows that GRANMAT has allowed
the load to spread far wider than BISTRO. This may show the root
of GRANMAT's 1inability to predict the steep deflection bowls

resulting from the falling weight deflectometer.

BISTRO is assumed here to be an accurate tool for linear elastic
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Table 7.3

Comparison of BISTRO and GRANMAT

Strain in microstrain

Distance from centre of load (m)

Stress in kPa 0 .1 2 .3 .5 .9 2.1
Surface Vertical Strain
BISTRO 1410 1410 14 14 13 11
GRANMAT 2200 2210 150 100 20 0
Vertical Strain at 0.5m
BISTRO 621 567 434 286 92 4
GRANMAT 160 160 125 125 45 25
Vertical Stress at 0.5m
BISTRO 6l 56 45 31 13 2
GRANMAT 26 26 21 21 6 4 0
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analysis: it has been used for a number of years and gives very
similar answers to other linear elastic programs. This implies
that the iterative technique used by GRANMAT and the constraints
imposed to ensure convergence can induce serious error and this
is seen as a major problem which requires further development
work. It seriously limits the reliance which can be placed on

analysis using the program.

7.3.5 Summary

From the above ocomparisons it is clear that GRANMAT in its
present form is likely to give rise to error. However, the
results appear usually to be of the correct order of magnitude
and the features of pore pressure allowance and unsurfaced
analysis may well be very useful. It is thought that the source
of error is largely in the discreet point approach and the
iterative technique, both of which should be developed further or

replaced.
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CHAPTER EIGHT

COMPACTION

The foregoing chapters have concentrated on laboratory and
computational work in relation to pavement foundation- layers. At
this stage a fairly brief look is taken at the practical aspect
of producing the product on site, before proceeding in chapter 9
to look at in-situ testing methods. Since this project has not
included much practical investigation on the subject, a large
part of the chapter will be concerned with bringing together the
results of other research in the field, particularly those
arising from the International Conference on Compaction in Paris
in 1980. However, the one site trial that has been performed
will also be alluded to . No attempt is made to cover the whole
field. Rather, the following sections will pick out a few

aspects of compaction study which appear particularly relevant.

8.1 AIMS AND ACHIEVEMENTS OF COMPACTION

It has doubtless been the experience of road builders and users
for millennia that when the stones forming a road are compacted
together well then such a road will be durable and not
susceptible to rutting. This valid observation has led by stages
to the present situation where powerful compaction plant is
employed to achieve the maximum possible density in a granular

foundation layer. The gradings produced by crushing plants are
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of a form which allows a very high percentage of solid rock to be
attained in a well compacted aggregate. Indeed, in South Africa
the national specification for top quality granular road base is
couched in terms of solid rock percentage. In complete contrast,
railways have always been founded on nearly single sized ballast
which is completely uncompacted until the first train passes over
it; compaction then occurs under traffic. Thus the aim of
achieving maximum density in a road layer is certainly open to

question.

However, chapter 5 has clearly demonstrated the influence of
level of ocompaction in reducing the plastic strains to be
expected from a granular material. In a road situation this
implies a reduced rut depth, clearly desirable. Chapter 6 has
then illustrated the well known dependency of achieved density on
moisture content and has confirmed the existence of an optimum
moisture content where maximum density is achieved. This was
illustrated by fig 6.3. This, then, is the target commonly aimed
at by road builders in the belief that, by such means, the best
possible state is achieved. Unfortunately chapter 6 has also
pointed out that compaction at this optimum moisture content
generally leaves the material in a nearly saturated condition,
giving rise to the possibility of serious problems at a future

date due to the generation of positive pore pressures.

leflaive and Schaeffner (1980) have presented a study on the
effect of compaction at various depths within a granular layer

compacted using a vibrating roller. Fig 8.1 reproduces some of
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their results relating to gravel layers and it is clear that,
even for the thinner layers, the density distribution is far from
wniform. In particular, there is a loose region near the surface
and poor compaction towards the base of the layer. If the
differences in density shown in fig 8.1 are compared with the
differences shown in fig 5.7 between uncompacted and heavily
compacted laboratory specimens at the same grading, it is clear
that the undercompaction revealed by fig 8.1 is likely to be very
significant. Care should therefore be taken when using density
results obtained at the surface and they should not necessarily

be taken as wholly representative.

Current compaction practice can therefore be summarised as
leaving a granular layer in a dense but nearly saturated state,
with a low density region at the base of the layer and possibly

one at the top.

8.2 EFFECT OF SUBGRADE SUPPORT

Valeux and Morel (1980) have described a series of full scale
compaction tests using a vibrating roller on 200mm and 300mm
gravel layers using different subgrade suppport conditions. Fig
8.2 (a) is taken from their paper and shows the very considerable
differences 1in average layer density to be expected over three
different subgrades. The subgrades range from a cement
stabilized gravel to a weak silt. Here it can clearly be seen

that a method specification which ignores the support conditions
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will be inadequate and will not ensure high density. The figure
gives the average density of the layer but Valeux and Morel have
shown that the density difference is not restricted to any one

part of the layer.

In the one compaction trial performed during this research, which
is described fully in section 9.3.2 in relation to in-situ
testing, it was possible to compare two strips of granular sub-
base differing only in their support conditions. The measured
density results during compaction are given in fig 8.2 (b), where
it may be seen that the two supports were approximately of 4% and
8% CBR (ref section 9.2 for CBR definition). Once again a clear
difference between the two densities, both of which are the
average of three points taken at the surface wusing a nuclear
density meter in backscatter mode, can be seen. Reference to
chapter 5 indicates that such density difference is likely to
lead to considerable difference in both the strength and

resistance to plastic strain of the granular layer.

8.3 OVERCOMPACTION

The word overcompaction is part of a road engineer's vocabulary,
but may mean different things on different occasions. In the
trial referred to in the previous section and described in
section 9.3.2, the elastic response of the ground was monitored
during rolling using an instrument called a Terrameter, marketed
by Bomag Ltd (ref section 9.2.5). This instrument indicated

that, in the weak support region, the stiffness of response began
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to reduce after the first couple of passes even though the
density was still increasing slightly. Such behaviour may
represent the beginning of a type of overcompaction and may be
" linked to the phenomenon described in section 5.3.2 of exceeding
a ‘'characteristic threshold' for the material. Further
compaction might therefore lead to a weakening and reduction in

stiffness even though density may not actually reduce.

Perhaps a more common manifestation of overcompaction is the case
where the material becomes saturated, either because the moisture
content is higher than optimum or because an excessive amount of
compaction has been used. This leads to the development of
positive pore pressures and a temporary weakening of the
material. The danger here is that, in a material rich in fines,
the water does not drain away and conditions of near saturation
prevail both during laying of the surfacing and after completion.
This can mean that an overlying bituminous layer cracks under the

roller due to lack of support from the granular material.

These two manifestations of overcompaction are both dangerous and
to be avoided. Both are likely to occur in cases where a broadly
graded aggregate with a relatively high fines content is used,
such as a material at the fine end of the DIp type 1 envelope,

and are almost inconceivable for more uniform materials.
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8.4  INFLUENCE OF ROLLER SPEED

It appears that the most efficient way of increasing the density
of a granular material is to apply repeated loading to it rather
than simply to compress it statically. This has certainly been
borne out by laboratory testing (Brown and Ansell 1980) and is
also evidenced in practice. Thus a vibrating roller, applying
many load applications, requires relatively slight weight to
achieve the same densities as a heavy static roller. The
repeated loading achieved by a static roller comes from rerolling
the same spot, implying that, whatever the roller speed, one load
application 1is delivered on each pass. The vibrating roller,
however, delivers a certain number of load applications per unit
time and will therefore achieve less per pass at any one spot the

faster it travels.

Fujii et al (1980) have investigated the speed factor in a
slightly different way by measuring the transient stresses
developed in the ground under a roller. They found that the
stresses under a vibrating roller dropped significantly (by up to
40%) as the speed of travel was increased from 0.4m/sec to 1.2
m/sec. Conversely, every other type of roller showed stress
increasing as speed increased. No results for achieved density
are presented, but it might logically be expected to correlate

with applied stress level.
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8.5 STRESS DISTRIBUTION AFTER COMPACTION

It has been suggested (e.g. Uzan 1985) that compaction of a
granular material induces residual horizontal stresses which may
be greater than the vertical stress due to overburden. 'This is
based both on in-situ measurement in layers of retaining wall
back-fill and also on a theoretical analysis. The latter
indicates that the elastic stiffness of a granular layer, being
stress dependent, would not achieve a realistic value unless some
horizontal residual stress were assumed. The same type of
theoretical study has been done analysing results from the
Nottingham pavement test facility, which indicated that the
transient stress measurements would be impossible, ie beyond
failure, unless a residual horizontal stress were assumed (Thom
and Brown, 1985), in that case about 30kPa. Sharp (1983)
developed a theory by which "shakedown" is allowed to occur in a
granular material under repeated load. This means that residual
stresses are set up within the material to minimize the amount of
plastic deformation that occurs. The concept has been pursued by
Selig et al (1986) who measured quite high residual horizontal
stresses in a sand layer under repeated load, building up as the

number of load applications increased.

In the light of such evidence it was decided to try to measure
residual stress in a granular layer under compaction. It was
noted that previous efforts using conventional pressure cells had
been unsuccessful, so it was decided to construct a new cell with

frictional faces formed by sticking pieces of stone to the sides.
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The cell was successfully made and calibrated, and proved by
compacting it into an aggregate in a box, where the horizontal
stress recorded matched that measured at the side of the box. It
was then used on several occasions, both on site and in the
pavement test facility, at various depths in granular material,
both longitudinally and transverse to the roller motion.
However, the experience on each occasion was that, although
transient stresses might be high, they always disappeared almost
completely as the roller passed on. The maximum residual stress
recorded after a pass from a vibrating roller was around 2kPa but

rose to about 5kPa under a static roller on one occasion.

Recent work ‘Vat Delft ‘University has had similar results, implying -
that compaction is not responsible for the sort of residual
stresses which have been expected, certainly not when vibrating
rollers are used. This may be because the vibrations effectively
destroy any stress contacts that would otherwise form between
particles. However, the argument for the existence of such
stresses is strong and it appears likely after the work of Selig
et al (1986) that it is, in fact, the traffic loading that forces
the accumulation of residual horizontal stress. This has been
referred to in section 7.2.5 in relation to the calculation for
rut development used in the GRANMAT program and satisfies the

conceptual demands of 'shakedown' theory.
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8.6  CONCLUSIONS

This chapter has highlighted a few aspects of compaction which
are of relevance to this project. The influence of roller speed
and support condition has been shown to render the application of
a method specification for compaction control rather inadequate
for ensuring high density. It also emphasizes the dangers in
assuming at the design stage that a certain density can be

achieved. Similarly, the density distribution through a layer
has been shown to be far from uniform, a fact not usually
accounted for in design. The dangers of excessive moisture and

of excessive compaction have also been alluded to.
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CHAPTER NINE

FIELD MEASUREMENTS

Previous chapters have concentrated on the properties exhibited
by various granular materials in various states and on their
incorporation into a road structure. If a chosen design were
followed exactly and the correct procedure of laying and
compacting complied with, then it might be possible to assume
that a pavement layer would perform satisfactorily. Indeed, the
practice commonly followed in the UK (Department of Transport
1986) is to use a 'method specification', whereby the supervising
authority attempts to check that the correct materials are being
used and laid in the stipulated fashion. If all is in order then
the pavement layer is assumed to have the properties desired by

the designer.

- However, problems inevitably occur, either in the design stage or
during construction, and disputes as to the suitability of a
layer are always likely. In such a case it is possible to argue
that the contractor either did or did not follow the method
specification but, if it were feasible to test the layer in-situ,
such matters might be more easily resolved. In fact, if the
specification included the final properties of the layer, in
terms of meaningful tests, then the whole situation would be
much clearer. Of course, certain tests are at present often

carried out by a prudent supervising authority to assist his
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judgement as to the acceptability of a layer, but they do not

usually form part of an end product specification.

This chapter will assess some of the tests currently possible in-
situ, will attempt to identify which property each test is
measuring and will make suggestions as to when each test might be
appropriate. Five site trials have been performed during the
course of this project with the principal aim of checking the
various tests against each other. These will be described after
an initial discussion of current practice and of the available
testing devices. Results will then be presented and discussed

before conclusions are drawn.

9.1 REVIEW OF CURRENT PRACTICE

With the advent of the nuclear density meter, it 1is now a
relatively simple matter to obtain values of dry density and
moisture content for a granular material and such testing is
commonly done. If the nuclear device is not trusted, and there
are certainly problems in calibrating it for different materials,
then the sand replacement method is also available, although
somewhat slower and more laborious. I1f a compaction test has
been performed in the laboratory, then site data on density and
moisture content can be compared with the optimum values from the

laboratory.
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Samples from site are sometimes removed for grading analysis
since it 1is often found that the grading after laying and

compaction is rather finer than beforehand.

One test which is recognized worldwide by road engineers is the
California Bearing Ratio (CBR). The test itself is in theory
suited to either field or laboratory conditions and involves the
loading of a 50mm diameter rigid plate until a penetration of
1.27mm (1/20 inch) into the material is achieved. The ratio is
given as a percentage of the performance a particular rock in
California. It is usual to remove material from site to a
laboratory, where a machine can apply the load at a specified and
constant strain rate onto a portion of material in a 150mm
diameter mould. 1In the case of non-cochesive material, such as a
granular pavement layer, it is necessary to recompact it into the

mould before commencing the CBR test.

The problem with the sort of aggregates used in road construction
is clearly that they consist of large particles, often as large
as a CBR loading plate, and that the test may therefore not give
meaningful answers. Many authorities in the UK have, therefore,
decided to adopt the plate bearing test as a field equivalent to
the CBR (Plate 7). It is essentially a similar test. A plate of
between 150mm and 750mm diameter is loaded, usually by jacking
against a heavy vehicle, and the deflection measured. The test
is generally stopped when the CBR deflection of 1.27mm is reached
and, by means of a conversion equation, an equivalent CBR is

derived. The plate bearing test is particularly widely used for

229



testing lower sub-base or capping layer and the subgrade itself,
where material quality is commonly specified in terms of CBR.
Day (1981) describes the use to which the test is generally put,

as well as its origin in the US Corps of Engineers.

Use of a proof roller is sometimes made, with the aim that any
undercompacted areas can be readily spotted and dealt with. The
advantage 1is its capacity to test virtually the entire surface

area of a pavement layer in a reasonably short time.

9.2 TESTING DEVICES AVAILABLE

Besides those mentioned in the previous section, there are now
several in-situ testing devices available, some  very
sophisticated, others quite simple, all of which can reveal
something about the state of a pavement layer. The instruments
investigated in this research are briefly described in this
section, together with some background information on their

interpretation.

9.2.1 Falling Weight Deflectometer

The Falling Weight Deflectometer (FWD) was developed in France
(Bretonnieére 1963) and is now quite widely used, in Europe
particularly, as a road testing tool. It 1is a relatively
sophisticated and expensive machine involving computer control

and data acquisition as well as sensitive measuring devices (see
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Plate 8).

The model available to this project was a Dynatest 8000,

described by Sgrensen and Havyen (1982), jointly owned by

the University of Nottingham and a local firm of pavement

copsultants (SWK Pavement Engineering). It is a trailer
mounted machine controlled by a microcomputer housed in the
towing vehicle. The principle is that a weight is raised and
dropped onto a loading platen in contact with the ground. Both
weight and drop height can be varied according to the load to be
applied. The duration of the load pulse is typically of the
order of 25 to 50 milliseconds, which fairly realistically
simulates the pulse exerted by a moving vehicle. The applied
pressure is usually between 400 and 800kPa, representing a heavy
vehicle wheel. Deflections are measured by seven geophones which
are positioned at the loading plate and at adjustable distances
radially to a maximum of 2.1 metres. The geophone is a velocity
transducer which uses computer integration to arrive at a maximum
deflection, the accuracy of which is stated by the manufacturer

as being + 2 microns.

Thus, a test using an FWD yields an applied load and a set of
surface deflections forming a bowl shape. It is then possible to
use a pavement analysis program to find the combination of layer
stiffnesses which provides the best theoretical fit to the
deflected bowl. More than one such back-analysis procedure has
been devised, including a program called EIMOD which is provided

by the manufacturers. However, Tam (1987) has demonstrated that
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there are significant deficiencies in the program and has
designed his own, called PADAL, which uses the multi-layer linear
elastic analysis program BISTRO (ref section 2.4) as a sub-
routine. Although use of such a linear elastic program means
that a granular layer will not be modelled totally accurately,
Tam has incorporated a means of dividing the subgrade into five
layers which can have different stiffness values, thus enabling a
certain degree of non-linearity to be included. It is PADAL

which will be used in this chapter in back-analysing FWD results.

The large majority of FWD testing has been done on finished roads
and the stiffness values applicable to each layer calculated.
Testing on an unbound material can present problems if one of the
geophones 1is positioned over a loose stone and experience has
shown that the occasional impossibly high or 1low deflection
measurement does occur. However, the majority of tests described
in this chapter produced satisfactorily shaped deflection bowls.
Those which showed obvious error have been ignored. It was
noticeable that compaction commonly took place under the FWD
loading platen and it was therefore usual to take the last of at
least four drops as being representative of elastic behaviour.
Where a full back-analysis of the deflection bowl is not done,
this chapter makes use of the modulus of reaction (load/central

deflection) as a measure of response.
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9.2.2 Clegg Impact Hammer

In contrast to the FWD, the Clegg hammer is small, simple,
manually operated and relatively inexpensive, and it is designed
to assess an unbound material. It was developed by Professor
Clegg (Clegg 1976) in Australia and has since been a source of
worldwide interest, mainly because of its simplicity and ease of
operation. Plate 9 shows the instrument. The principle is
similar to that of the FWD in that a weight (4.5 kg) is dropped
through a known distance (450mm) onto the ground. The contact
area is a circle of 50mm diameter. However, instead of recording
the applied force and resulting deflection, an accelerometer is
used and the maximum deceleration at impact is displayed as a
multiple of 10 x gravity. It is recommended that the last of
four drops at each point should be used, that being a largely

elastic situation.

Using Newton's second law, since the mass of the dropped weight
and the acceleration at impact are known, it is possible to
obtain a contact pressure (assuming even pressure distribution).
This reveals that, for a Clegg impact value (CIV) of 50 (= 500
g), the contact pressure is about 11MPa, more than ten times the
greatest pressure likely from a vehicle. A CIV of 50 is typical

for a compacted sub-base layer.

Further calculation 1is also possible but assumptions become
unrealistic. For instance, if the ground is assumed to be an

isotropic 1linear elastic half space and ground inertia is
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ignored, and the mass is assumed to fall freely through a vacuum
to the ground, then the following equations can also be deduced

using the laws of linear elasticity and Newton's second law.
Pulse Duration =~ 50/(CIV) msecs 9.1

Elastic Modulus of Ground =~ 1/10 (CIV)2 MPa 9.2
(depending on Poisson's Ratio)

Maximum Deflection = 90/(CIV) mm 9.3

Comments as to the applicability or otherwise of these formulae
will be made in the light of actual results, but it is worth
noting that the assumptions of linear elasticity and zero ground
inertia are significantly erroneous. Also the very high contact

pressures may contribute to unrealistic stiffness values.

Clegg (1976) also dev,e],qiied,,a; CBR conversion curve, based on tests

on a number of laboratory specimens, the formula for which is:
CBR = .07 (CIvf'21 9.4

Experience with the Clegg hammer is very limited at present and
insufficient work has been done to date to establish the exact
meaning of a CIV number in terms of the mechanical properties of
the material being tested. What may be said is that it appears

to measure the elastic response of the ground in some way.
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9.2.3 Dynamic Cone Penetrometer

The test performed by a dynamic cone penetrometer (DCP) is
completely different to that of the FWD and Clegg hammer. It
involves driving a cone through the ground or pavement layers
under the action of a 10kg weight dropped through 500mm against
an anvil. Plate 10 shows the apparatus owned by Nottingham
University in use, although many other designs exist. Though the
principle of operation is simple, it is a much more awkward piece
of equipment to transport and use than the Clegqg hammer. Two
people are generally required to oOperate it and, if many tests
are to be done, considerable expenditure of effort is needed in
repeatedly raising the 10kg weight. One other problem, which has
occurred on the Nottingham University model and has also been
reported on other models, is that many of the threaded
connections holding the apparatus together tend to be seriously

loosened by the impact of the weight on the anvil.

However, 1if the above problems are satisfactorily attended to,
use is straightforward. Readings of penetration are taken every
few Dblows, depending on how resistant the material is. These
readings can then be converted into blows per centimetre and
plotted against depth. One of the advantages of such a test is
that it is usually possible to obtain layer thickness by noting
the depths at which abrupt changes in penetration rate take

place.
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Very little experience with the DCP has been obtained to date in
the UK but it is relatively widely used overseas, particularly in
the developing world, where more sophisticated mechanised
versions are sometimes used. Kleyn and Savage (1982) report that
the DCP can be very successfully used in establishing criteria to

be used in pavement design.

9.2.4 Plate Bearing Test

The basic test has been described in section 9.1. However,
certain adaptations have been made by some users which have been
the subject of investigation in this country, particularly by
some of the County Council Highways Laboratories. In particular,
it is standard practice in West Germany to load the plate, unload
it and then reload it. A stiffness of response is obtained for
both the first and second loadings and limits are set on the
absolute value permissible for the second loading as well as the
ratio of the two stiffnesses. The theory is that the second
loading is almost entirely elastic and will therefore give a good
measure of the elastic stiffness of the pavement, whereas the
ratio of the two stiffnesses is a measure of how well the layer
has been ocompacted; ie a ratio near one implies very little

plastic strain on first loading and, therefore, good compaction.

Since no plate 1loading equipment is owned by Nottingham
University, it has been necessary to use the results of tests
performed by wvarious authorities on a basis of mutual co-

operation. Lincolnshire County Council has been of particular
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assistance in this matter and results have also been gratefully
received from Nottinghamshire County Council and the West

Yorkshire Joint Waste Management Board.

9.2.5 BOMAG Terrameter

One of the recent developments by BOMAG for monitoring compaction
is the Terrameter (Kirschner 1986 (a)). It is a device which is
fitted to a vibrating roller and its main use so far is to
maximise the efficiency of use of compacting plant. The
Terrameter records the acceleration vector in the vibrating drum
continuously and, by means of computer controlled sampling of the
output, it computes a value of effective power transmitted to the
ground, termed the w~value (omega value). This w-value can be
seen directly on a meter in the operator's cab and also recorded
continuously on a chart recorder if desired. The Terrameter also
has the facility for comparing an averaged w-value from one pass
with that from the next, thereby indicating whether further

passes are likely to produce any improvement in compaction.

BOMAG have performed several trial compactions using the device
(eg Kirschner 1986 (b)), and have shown that it is generally
capable of identifying the point where further compactive effort
is of no avail. They have also observed a few situations where
the w-value reaches a peak after one or two passes and then
decreases again, indicating a stiffness reduction in the response

of the ground. This phenomenon appears to represent over-—
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compaction, discussed in section 8.3, and provides another
example of the Terrameter's capabilities. Perhaps the most
impressive testimony to its sensitivity is the ability of the
machine to detect stiff or soft inclusions, even at a metre or

more depth.

This chapter describes one trial, carried out in conjunction with

BOMAG, which was designed to increase understanding of the

meaning of the Terrameter output.

9.3 DESCRIPTION OF SITE TRIALS

9.3.1 A610 Kimberley Bypass

Kimberley bypass is a dual two lane road six miles north-east of
Nottingham and the contract, during which the testing was done,
involved reconstruction of the east bound slow lane, which was
previously a wet-mix macadam base construction overlying a
relatively thin sub-base and soft clay soil. Premature signs of
failure had necessitated the complete reconstruction of the
pavement. Because of the soft nature of the subgrade, 600mm of
soil was replaced by approximately single sized (150mm) limestone
rock-fill, and above that the sub-base was 150mm of crushed
limestone type 1 material. . Testing was carried out mainly at top

of sub-base with a few tests being done on the rock-fill also.

Nottinghamshire County Council, who were the Client and

supervising authority for the contract, provided equipment and
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staff for conducting plate bearing tests, nuclear density and
moisture content evaluation. The University made use of its FWD,
DCP and Clegg hammer. Testing was carried out at seven points on
the sub-base and two on the rock-£fill, although not all devices

were used at each point.

9.3.2 Wakefield Haul Road

A paved haul road has recently been constructed for the transport
of colliery waste materials to a reclamation area in the Calder
Valley near Wakefield. It was, in fact, designed as an
experimental road and is divided into sections of different
construction detail, as well as Iincorporating some in-situ
instrumentation. Some of the results from the instrumentation
have been referred to in section 7.3 as evidence in assessing the
GRANMAT computer program. The trial described here took place
during <construction over a 25m length on an  embankment
approximately 7m high, oonstructed out of material taken from a
cut on another section of the road. The fill material was a
mixture of very weathered siltstones, sandstones and mudstones
and was of variable quality, but a minimum CBR of 4% was

achieved.

The trial involved some preliminary testing at formation level,
ie top of fill, and the compaction and testing of a nominally
240mm thick layer of type 1 sub-base. The compacting equipment

used was a BW213 single drum wheel drive vibrating roller,
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supplied by BOMAG and fitted with a Terrameter.

The other testing done consisted of plate bearing tests performed
at formation and finished sub-base levels by the supervising
authority who were the West Yorkshire Joint Waste Management
Board and FWD, Clegg hammer and nuclear density tests performed
by the University at various stages before, during and after
compaction. The test section was divided into three strips, one
of which was compacted using a lower amplitide of vibration than

the other two.

9.3.3 A5B2 Friskney Realignment

The contract which provided the opportunity for testing was a
major realignment of a particularly winding section of the A52
between Boston and Skegness in Lincolnshire. Lincolnshire County
Council offered the opportunity to test the capping layer
material at locations already covered by plate bearing tests.
The site was one with very uniform subgrade of soft wet clayey
silt, with a water table close to formation level. A fabric was
used as a separator between the silt subgrade and the overlying
pavement construction which involved a capping layer of at least
500mm thickness. Two very different materials had been used as
capping layer; a natural sand and gravel, and a local crushed

oolitic limestone. Fortunately it was possible to test both.

Apart from the plate bearing tests performed by the County

Council, tests were also performed with the FWD and Clegg hammer.
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Unfortunately the DCP was damaged at an early stage and provided
no useful results. One aspect which could be important is that
many of the plate bearing tests had been carried out one or two
months previously during much worse weather conditions and may,
therefore, not be directly comparable to the FWD and Clegg hammer

results.

9.3.4 A52 Bicker Realignment

This was a very similar site to the one described above at
Friskney. It involved the construction of several sections of
new road on the A52 between Grantham and Boston. The subgrade
was also a soft silt; a fabric was also used above it; testing
was also carried out on top of a capping layer material. On this
occasion, however, plate bearing tests had only recently been
carried out by Lincolnshire County Council and were of much more
certain use. Also the DCP was fully operational and was used in
conjunction with the FWD and Clegg hammer. Only one capping
layer material was used, a crushed oolitic limestone containing

particles up to 150mm in diameter.

9.3.5 A46 Dunholme Bypass

Another site under the control of Lincolnshire County Council,
Dunholme bypass was a hew road being built over variable
subgrade, but stiffer than at Friskney or Bicker. Testing was

carried out both directly on capping layer material (nominally
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500mm thick) and also on the overlying 150mm of sub-base. Both
were of dolomitic limestone, but with different gradings. Plate
bearing tests and nuclear density measurements were carried out
by the County Council and, once again, FWD, DCP and Clegg hammer
testing was performed by the University. In fact, a second Clegg
hammer, provided by Cambridgeshire County Council, was also used

by way of comparison.

9.4 ANALYSIS OF RESULTS

It is not possible in the space available to discuss every detail
of the measurements taken, but it is hoped in this section to
bring out every important trend or interdependency between
instruments which has been found and, thereby, to isolate the
meaning and usefulness of each test. The conclusions will be
highlighted in section 9.5. Since different tests were performed
at each site under different conditions, it was considered that
the most useful approach would be to draw out the results
relevant to each instrument in turn, although some overlap is

inevitable.

9.4.1 Falling Weight Deflectometer

The point has been made in section 9.2.1 that the FWD is a test
for measuring elastic stiffness. Tam (1987) has given a very up-
to-date account of its wuse, illustrating its capacity for
isolating the stiffness values appropriate to each layer. This

capacity, therefore, 1is clearly the area to be explored in
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relation to the unbound materials comprising a road foundation.
Two of the sties, Bicker and Dunholme, were not of any special
interest for FWD back analysis. Bicker contained no significant
material variability and the results were therefore, hot
surprisingly, all fairly similar. Dunholme included both capping
layer and sub-base testing but, since the two materials were very
similar, it is once again not easy to use the results to make any
point. The other three sites, however, will be used. At
Wakefield, over the area tested, there were two distinctly
different areas of subgrade, one significantly softer than the
other. The approximate CBR values from static cone and Clegg
hammer testing were 8% and 4%. An average FWD bowl was therefore
computed for each area, simply the mean of all the relevant
results, and the back analysis program PADAL used to calculate
the sub-base and subgrade elastic stiffnesses. The result is
shown in Table 9.1 and it is immediately clear that the
difference between the two cases is in the subgrade. At Friskney
a comparison of two very different granular materials over
similar subgrade was possible, being sand and gravel on the one
hand and oolitic limestone on the other. Again the resultant
stiffnesses are shown in Table 9.1, where the capping layer has
been analysed in three different ways, being considered as one,
two or three layers of different stiffness. It is apparent that
the subgrade 1is of similar stiffness in each case whereas the
limestone 1is stiffer than the sand and gravel, at least on

average.
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Table 9.1 Elastic Stiffness Moduli back - calculated from FWD Tests (in MPa)

Location Sub-base Capping Layer/Rock-fill Top of
Subgrade
Wakefield
Subgrade CBR 8% 66 100
Subgrade CBR 4% 55 56
Friskney
Sand & Gravel (1 Layer) 104 80
(2 Layer) 99 161 83
(3 Layer) 133 46 500 79
Limestone (1 Layer) 213 113
(2 Layer) 257 106 112
(3 Layer) 454 48 500 108
Kimberley
On Sub-base 466 166 206
J On Rock-fill 63 166
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However, the different stiffnesses that arise depending on how
many layers are used in analysis are also evident. It -appears
that it is in the upper portion of the layer that the difference
between the two materials is seen. Indeed, for the two layer
case the lower layer is stiffer for the sand and gravel, and the
500MPa for the lowest of three sub-layers is an upper bound set
by the program and does not represent identical behaviour. It is
probably unwise to attempt an explanation for the distribution of
stiffness revealed here, because the main reason is probably that
the program is attempting to use a linear elastic solution to fit
a fundamentally non-linear material. However, some logic may be
seen in that two things lead to high apparent stiffness in a
granular material; high mean normal stress and low stress change.
These two may be found at the top and bottom of the layer
respectively. In the same way the reason for the slight
difference 1in subgrade stiffness between the two cases may be
that the stress change induced under the sand and gravel is
greater than that under the stiffer limestone. The results from
Kimberley (table 9.1) also show a large difference in capping
layer stiffness between the two cases which is likely to be due

to the different stress conditions involved.

In sumary, the FWD can be used on granular material to separate
out the stiffnesses of different layers but it is probably not
wise to try to sub-divide a layer since the resultant stiffnesses
are not likely to be realistic. The actual linear elastic moduli
obtained should be used with caution because of the large

dependence on stress conditions.
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9.4.2 Dynamic Cone Penetrometer

Since the test performed by the DCP is basically a failure test
as the cone 1is continuously driven into the ground, it was
thought likely that, for a given material, correlation might be
sought with density on the grounds that strength of a granular
material depends on density (ref section 5.3). Unfortunately,
only one site where both density and DCP measurements were taken
involved large density difference, that being Kimberley, and only
three points were explored. None the less these results are
plotted in fig 9.1, together with those from Dunholme, although
the latter cluster rather meaninglessly in one area. This is
clearly a subject that demands further data before the case 1is
proven, but it is felt probable that the DCP may be used as an
indirect way of determining the state of compaction. Indeed, it
may be preferable to a direct density measurement because of the

latter's sensitivity to variations in grading (see fig 5.7).

9.4.3 Plate Bearing Test

It has been stated that there are various ways of using and
interpreting the plate bearing test, but in the trials described
here it is the single loading to the CBR deflection of 1.27mm
which has consistently been used. This is then converted to a
CBR value. It was noticed that, as for the DCP, the CBR value
was also responsive to density change, a not surprising

observation since the majority of the deformation induced by the
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test is plastic and irrecoverable. This is illustrated by fig
9.2 vwhere plate bearing CBR is plotted against DCP blow count for
the three sites where both tests were used. It can be seen that
there are a few rogue points but that, for a given material, some
correlation exists. However, in the same way as the FWD, the
plate bearing test is inevitably also affected by the subgrade
stiffness since it uses a similar sized loading plate. This may
account for some of the exceptions to the general correlation
with the DCP and render interpretation of the test more

difficult.

It had been hoped to study during this project the method of
loading and reloading the plate, as employed in West Germany, to
determine its possible advantages, but it has unfortunately not
been possible to establish sufficient data. Many such tests have
been performed by Lincolnshire County Council but there has
generally been no comparative data from other tests. However, it
may be that it is possible not only to determine the degree of
compaction of a material but also to ascertain whether further
densification 1is possible, or whether the subgrade is too soft.
Therefore, such an extension to the test appears extremely

desirable.

The present practice of loading until a specified deflection is
reached is also seen here as being unfortunate in that, since the
same pressure is to be expected in each location under a heavy
vehicle wheel, the same pressure should therefore be applied in

each test (say 500kPa). This would allow a more direct
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comparison between tests.

In summary, much could be done to improve the test, but in its

common UK form the resultant CBR value correlates substantially

with density and therefore with DCP blow count.

9.4.4 Clegg Impact Hammer

The suggestion was made in section 9.2.2 that Clegg Impact Value
(CIV) was a measure of elastic response, operating on a similar
principle to the FWD. It was therefore decided to look for
correlation between the two instruments. However, it was rapidly
realized that the CIV was very sensitive to the exact position of
the test, probably because of the small area of pressure
applicétion in relation to aggregate particle size. This gave a
large scatter of results and meant that correlation between tests
on a material of fairly uwniform elastic properties was hard to
prove. In an attempt to overcome this, four CIV values were
taken at points immediately around each FWD test position and
then averaged. The results are shown in fig 9.3, where both FWD
modulus of reaction and CIV are plotted against dry density or,
in the case of Bicker, DCP blow count since dry densities were
not available. The first point to make is that neither CIV nor
FWD modulus can be said to depend greatly on density, although
CIV values for the highest density area are slightly greater than
the least dense. However, it can be seen that some correlation

between CIV and FWD modulus exists. The peaks and troughs on the
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plots commonly coincide although the correlation is far from
100%. This reinforces the view that the CIV is largely a measure
of elastic stiffness. Information from two of the sites is not
shown because of space restrictions: at Friskney similar
correlation could be seen on both the sand and gravel and the
limestone: at Dunholme there was very little material variation

and no correlation was Observed.

The dquestion which then required answering was whether the Clegg
hammer could be used as a cheap and far less precise alternative
to the FWD. It was noticed at Wakefield that the same CIV values
were obtained over the area of firm and soft subgrade, implying
that the test was only influenced by the top layer. However,
when the contact pressure deduced from Newton's second law was
used in a GRANMAT analysis (ref chapter 7), the material
parameters being taken from laboratory tests, it was found that
the subgrade should have been of significant influence. Also the
deflection expected by GRAMMAT was much greater than the estimate
given by equation 9.3. Although no proof is given, the reason
for this discrepancy is thought to be in the use of a static
analysis program (GRANMAT). A calculation using the pulse
duration given in equation 9.1 reveals that a modest CIV of 30 or
40 would induce inertial stresses of tens of kilopascals in the
ground which would effectively resist deformation and assist in
protecting the subgrade. This effect might, in fact, make the
Clegg hammer even more useful since it would not be influenced by
lower layers; ie it might be a direct stiffness test of the top

pavement layer. Unfortunately, it has not been possible to
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experiment on sufficient dJdifferent materials yet but the
theoretical relationship in eq 9.2 is certainly not applicable
since it relates to very high stress conditions and ignores
ground inertia. Another point which does emerge from comparing
results is that the level of suction operating in the ground has
a large influence. None the less, fig 9.4 is included to compare
CIV with laboratory determined stiffnesses at one selected stress
level. It may be seen that considerable correlation is evident
for the limited number of materials tested, but the elastic
stiffness modulus shown should not be taken as realistic. Some
of the scatter may be due to the presence of suction in the

material on site but not in the laboratory.

It has been suggested that the Clegg hammer should be modified to
use a larger contact area and lower contact stresses and a device
on these lines called a Dynoplaque has been developed in France
specifically for testing unbound materials. It is true that the
scatter problem should diminish and a stiffness at more
appropriate stress levels may be found, but the problems of lower
layer influence return. If a unique relationship between CIV and
measured elastic stiffness could be proved, then the Clegg hammer
would be a very useful instrument, in spite of the scatter

problem.

To summarize, the Clegg hammer gives a measure of elastic
stiffness and is influenced only by the top few centimetres, but

shows serious scatter due to its small contact area. It shows
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some density dependence but should not be used as a measure of

CBR.

9.4.5 BOMAG Terrameter

The single trial performed as part of this project using the
Terrameter was at Wakefield. The trial area was split into three
strips (A,B and C) of 25m length each. A large part of strip C
was over relatively soft subgrade, referred to in connection with
achieved density (section 8.2) and with respect to FWD back
analysis. The test procedure was, firstly, to roll the subgrade
and obtain an w-value output from the Terrameter, then to lay the
sub-base and compact it recording the w-value during the first,
second, fourth and sixth passes. Strip A was vibrated at low
amplitude, strips B and C at high amplitude. Other tests,
including density measurement, were performed at intervals
before, during and after compaction. Fig 9.5 attempts to show a

complete record of Terrameter output for all three strips.

The w~value record for the subgrade can be seen as variable over
very short distances, but it is clear that a large section of
strip C produced significantly low values, which correlated well
with low stiffnesses obtained by the Clegg hammer (CIV == 1l6:
elsewhere =~ 22). If the traces recorded during compaction of the
sub-base layer are inspected, it may be seen that many of the
peaks and troughs superimpose well on each other and on the
subgrade output, although error is to be expected because of the

difficulty in ensuring the same line being taken by the roller in
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consecutive passes. This implies that the fluctuations in output
are not random but repeatable and therefore represent genuine

changes in ground response.

To consider each strip separately: the first pass of strip A
should be ignored since it was accidentally vibrated at high
amplitude. Subsequent passes reveal a generally increasing w—
value. On strip B, however, vibrated at high amplitude, the w-
value cannot be seen to improve at all on average. This is also
the case for part of strip C but, where the subgrade is soft, the
w-value actually decreases slightly from one pass to the next.

In all cases the density was increasing with every pass.

It is clear that the phenomenon illustrated by the area of soft
subgrade on strip C is overcompaction. Planes of failure were
probably being developed by the roller, thus leading to a less
stiff response even though the overall density was increasing.
Strip B represents the case where optimum compaction has been
achieved and further passes of the roller serve no purpose; they
might eventually lead to overcompaction as in strip C. In strip
A, the continuing increase in w-value implies that compaction is

not yet complete.

As explained in the instrument description section, the
Terrameter contains a facility for comparing the averaged w-value
on one pass with that from the previous pass. By such means an

operator can identify the time when the roller has achieved all
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that it can and where further passes might lead to
overcompaction. If a choice of vibration amplitudes is
available, it will also enable him to select the most
appropriate. It may even be possible to stipulate on a
particular site the averaged w-value which should be achieved if

compaction is to be considered satisfactory.

9.5 Conclusions

Five testing devices have been used, compared and analysed and

the following are the major conclusions:

(a) The FWD can be used on granular material with success and
enables the elastic stiffnesses of individual layers to be
computed. It is 1likely to be a useful tool in trouble-
shooting situations though it should be remembered that the
resultant granular material stiffnesses are stress

dependent.

(b) The DCP blow count correlates with density for a given

material.

(c) The plate bearing CBR correlates with density for a given

material.

(d) The Clegg hammer measures the elastic stiffness of the top
few centimetres of material, but is susceptible to serious

scatter 1in measurements. It is also slightly density
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(e)

dependent.

The Terrameter can be used to control compaction such that
the point when no further compaction is desirable can be

determined.
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CHAPTER TEN
DESIGN CONSIDERATIONS

Because the function and behaviour of granular road foundation
material has not been well understood in the past, it is not
surprising that a very empirical approach to its design has
always been taken. Once it is general experience that use of a
particular material with a certain thickness gives good results,
then its use is included in a design guide. Differentiation
between high and low Quality material has been made and is
presently exemplified by the categories of type 1 and type 2 sub-
base contained in the DIp Specification for Highways (1986), as

well as the more open classification of capping layer material.

The TRRL report LR 1132 (Powell et al 1984) contains the most up—
to-date guide to road foundation design presently used in this
country. In it the whole foundation up to top of sub-base is
seen as a dual purpose construction. Firstly, it has to bear the
weight of construction traffic, which is generally the most
onerous duty and, secondly, it has to perform satisfactorily as
part of the finished road. According to the gquality of subgrade,
a capping layer may be necessary to increase the CBR (ref section

9.1) at formation. Once that is decided upon, the thickness of
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sub-base necessary depends on the quantity of construction

traffic expected.

Certain ©properties are assumed in current granular road
foundation design. The sub-base is assumed to be sufficiently
stiff not to overstress either the upper layers or the subgrade.
It is also assumed to be sufficiently permeable to drain away any
excess water that may arrive. However, as chapters 5 and 6 have
shown, both stiffness and permeability are quantities that may
well vary from one material and grading to another. It would
clearly be of Dbenefit if such properties could be ensured
scientifically rather than assumed to apply to every type 1 sub-

base material.

Previous chapters have supplied an understanding of granular
material which it should be possible to use in design. Chapter 5
has revealed the very small effect that a quite coonsiderable
change in grading is likely to have on both elastic stiffness and
plastic straining and that density affects plastic straining but
not elastic stiffness. It has shown that aggregates containing
larger particles are both stiffer and stronger. Finally, it has
given an insight into which minerals are likely to be stiffest
and which are likely to resist plastic straining. Chapter 6 has
highlighted the dependence of permeability on grading, as well as
the likely levels of suction which could exist. The dangers of
saturation of a material of low permeability have been made
clear. In chapter 7 a tool has been designed in GRANMAT which

enables the effects of changes in various parameters on the whole
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pavement to be studied. Chapter 8 has examined what can be
achieved by compaction of a layer and chapter 9 has examined ways
in which it may be possible to test the properties of a granular

layer once it is laid.

In this chapter it is proposed to present the results of several
'GRANMAT runs', examining the influence of various parameters,
particularly the stiffness, strength and thickness of granular
base, on the pavement as a whole. Having established the
importance or otherwise of each relevant parameter, it 1is the
intention to determine the materials, gradings, thicknesses etc
which are appropriate to various design conditions. Finally, it
is hoped to make suggestions for appropriate tests and checks to

ensure that the as-laid product is satisfactory.

10.1 RESULTS FROM GRANMAT

Since there are infinite combinations of layer thickness and
stiffness possible in a pavement structure, not to mention all
the other variables of load, initial stress conditions and
moisture, it was decided to use GRANMAT to analyse five standard
structures, representing various types of pavement, and then to
explore the effects of varying each parameter in turn for those
five structures. The structures chosen are detailed in Table

lOolo
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Table 10.1 Standard Pavements Analysed

Asphalt Thickness Base Thickness
Pavement 1 o 300mm
n 2 0 800mm
n 3 50mm 400mm
" 4 100mm 200mm
" 5 200mm 200mm
Asphalt Stiffness 5 GPa
_ 1 0.4
Base Stiffness Equations e = 80 61n (ci/oré) . (8t + 368g") microstrain
(ref egs 4.6 and 4.11)
0.8 0.4
e, = 75 (6 1In p'") . (6p")
_ v 2120 )
150 (6(311(01/03)) ) microstrain
Base Failure Condition oJ'_ = 30 + 9.0:',’ kPa
Base Plastic Parameters L = 80.5
(ref egs 4.19 and 4.22)
M = 8 MPa
1
M2 = 1200 MPa
Base Suction 10 kPa
Base Permeability 0.0001 m/sec
. . . 9. B 1.5
Subgrade Stiffness Equation E= I (29
. 0.3 a4,
Depth to Bedrock 5m
Applied Pressure 600 kPa

Radius of Ioaded Area 125mm




The effects of variation of the eight most important parameters
are shown in figs 10.1 to 10.8. In the cases of stiffness and
strength of the granular base (figs 10.4 and 10.5) more than one
of the constants describing granular material behaviour has been
varied although only one is plotted on the horizontal axes.
Since it is clearly not possible to present the full output of
stresses and displacements for each run, four key quantities have
been selected and are plotted in each figure. They are the
surface deflection under the centre of the wheel 1load; the
maximum tensile strain at the base of the surfacing layer,
critical for crack control; the maximum vertical subgrade strain,
often critical for rut control; and the number of load
applications till failure occurs within the granular base. Of
these, the last should not be looked upon with great confidence,
but should serve as a useful indicator of the relative
performances of different structures. The following points
summarize the main findings from figs 10.1 ¢¢ 10.8, some of

which are already well established facts:

(i) Contact pressure from a wheel (fig 10.1) has a greater
than linear effect on subgrade strain, although it is less
dramatic in its effect on asphalt tensile strain.
Excessive contact pressure leads to early failure in the

granular material.

(ii) Asphalt stiffness (fig 10.2) appears relatively

unimportant, having very little effect on either asphalt

tensile strain. or subgrade strain for the pavements:
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(iii)

(iv)

(v)

(vi)

investigated. It does however reduce the tendency of the

granular material to fail early in pavement 4.

Subgrade stiffness (fig 10.3) has a not surprising effect
on subgrade strain, but has very little influence on
asphalt tensile strain for the three surfaced pavements.
Since a stiff subgrade imposes less shear stress on the
overlying material, it consequently reduces the likelihood

of granular layer failure.

Base stiffness (fig 10.4) has a relatively slight effect
on subgrade strain, even for the weakest structure. In
fact the biggest influence was found for the most thickly
surfaced pavement. It does, Thowever, have a very
significant influence on asphalt tensile strain and on

susceptibility of the base to failure.

Base strength (fig 10.5) has no significant influence on
either asphalt tensile strain or subgrade strain.
However, it is extremely important in preventing granular

material failure.

Base thickness (fig 10.6) is seen to be crucial,
particularly in limiting subgrade strain, but also in
reducing asphalt tensile strain and in preventing base

failure.
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(vii) A high 1level of suction (fig 10.7) within the granular
base is clearly useful in reducing subgrade strain, but it
is much more important in preventing failure of the base

itself.

(viii) The results for variation in the degree of saturation (fig
10.8) are presented but, as explained in chapter 7, are
not wholly trusted. They do, however, indicate that, as
full saturation approaches, the subgrade and asphalt
tensile strains tend to increase and failure within the

base becomes more likely.

10.2 APPLICATION TO DIFFERENT DESIGN CONDITIONS

This section will make use of the results from GRANMAT quoted
above toO examine the design requirements associated with four
widely differing situations, ranging from a short term haul road
to a heavily trafficked highway. The means of achieving those

requirements will then be examined.

10.2.1 Short Term Haul Road

The type of situation envisaged here is the construction phase of
a surfaced road or a short term access requirement, where
typically up to 1000 standard axles are expected. Clearly the
dangers are rutting failure occurring in the granular material
or, alternatively, 1in the subgrade. Depending on the subgrade

quality - a certain thickness of granular material is required
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(fig 10.6) to limit the subgrade strain and, therefore, the
possibility of rutting failure at that level. Base strength and
stiffness (figs 10.4 and 10.5) are unimportant in their effect on
subgrade strain, but strength can be seen as particularly
important in preventing failure in the granular material.
Clearly the expected load (fig 10.1) will also greatly affect

design.

In conclusion, the granular material property of most importance
here is shear strength. Neither thickness nor stiffness, nor
subgrade quality, can assist significantly in preventing failure
within the granular material, although a certain thickness is

required to prevent subgrade rutting.

10.2.2 ILong Term Unsurfaced Road (or Surface Dressed)

Such a road would not be common in the UK, but would be normal in
many parts of the world. Many of the same considerations apply
as in the previous case, including the fact that base stiffness
is relatively unimportant. Base strength is still vital in
preventing early failure and, according to fig 10.3, a stiff
subgrade 1is of assistance in this area. Depending on subgrade
stiffness, a certain thickness of granular base is necessary (fig
10.6), greater than in the first example because of the larger
number of axles to be catered for, in order to limit the subgrade

strain.
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However, because this is a long-term situation, the effects of
moisture should be carefully considered. In many climates it may
be possible to use a granular material rich in fines and to
assume a very high base suction for the greater part of the year
and, as fig 10.7 shows, this is very effective in preventing
failure within the base and also reducing subgrade strains. It
may thus be possible to use a material of 1lower intrinsic
strength and rely on suction. However, in locations of higher
rainfall, a high fines content inhibits drainage, leading to the
possibility of saturation and the consequences evident in fig

10.8. Therefore a freer draining material should be used.

10.2.3 Thinly Surfaced Road

Probably the large majority of roads in the developed world fall
into this category, with up to 100mm of bituminous surfacing.
Generally all the considerations necessary for the second case
are also valid here. Base strength is still vital in preventing
rut development at that level, since the granular material is
still the main structural layer; the surfacing will deform
relatively easily. A reduced base thickness is possible (fig
10.6) but not by much. However, asphalt cracking is now a
possible problem. Fig 10.2 indicates that asphalt stiffness is
not very important, but the parameter which has by far the
greatest influence on asphalt tensile strain is seen as base

stiffness; subgrade stiffness has little influence here.
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As for the previous example the same moisture considerations are

important.

10.2.4 Heavily Trafficked Road

The examples from which figs 10.1 to 10.8 were drawn do not
really extend to this situation, where bituminous or concrete
surfacing in excess of 200mm might be expected, but some comments
are possible. Sub-base thickness is clearly not so important,
although a certain small thickness will usually be required to
limit subgrade strain. Failure within the granular material is
not a real possibility, implying that strength is not important.
However, on the basis of fig 10.4 granular material stiffness is

still likely to be critical in limiting asphalt tensile strain.

In consideration of moisture, it appears that suction is not
likely to be of great benefit, whereas positive pore pressures
may lead to excessive strains. A sufficiently permeable grading

should therefore be used.

10.2.5 Summary

Unfortunately it has not been possible to quantify the above
comments with sufficient confidence in this project. Further
development or rewriting of the GRANMAT program, particularly in
the permanent deformation area, may lead to sufficiently precise
answers upon which to base specific design proposals. Clearly

correlation is also required with data involving the use of
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subgrade strain and asphalt tensile strain criteria such as the
Nottingham design method (Brown et al 1985). The potential
strengths of design based on GRANMAT are in the area of possible
rutting failure within the granular material for unsurfaced and
thinly surfaced roads, and in the isolation of the effects of
positive or negative pore pressures within the material. It is
hoped that development in the near future will enable a fuller

realization of potential.

At present, it 1is possible to use the asphalt tensile and
subgrade strains and to design thickness and stiffness
requirements for a granular base but, for the establishment of
design charts, many more program runs would be necessary than

have been performed to date.

10.3 ACHIEVEMENT OF GRANULAR MATERIAL REQUIREMENTS

The present method of specifying granular material in the UK is
in terms of grading, rock or material type, plasticity and a
crushing test, the 10% fines test. Other requirements are
durability and frost resistance, which are not covered by this
project. There is currently no specified way of testing directly

to ensure that a material has sufficient strength and stiffness.

The investigation into different gradings (section 5.3) has
revealed that the variation of stiffness with grading is very

slight for a given maximum particle size, the more uniform
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material being slightly stiffer. However, particle size effects
have been shown to be significant (section 5.4) such that a 75m
maximum size material may be say, 10% stiffer than a 37.5mm
material. Therefore, size should be as large as possible if
stiffness is important, within the practical constraints of
laying and compacting the layer. However, section 5.5 has
revealed very considerable difference between different material
types, with all typés of limestones generally stiff whereas other
materials, particularly granite, are less good. Sands and
gravels can also be seen to have low stiffness. A dependence on
microtexture has Dbeen indicated. 1In fact, a friction test,
isolating microtexture properties, is seen here as being a useful
tool in distinguishing between different minerals in relation to

stiffness properties.

Material strength has been shown (section 5.3) to be grading
dependent to some extent, with the highest strengths being for a
grading curve roughly of the DTp type 1 shape or slightly finer.
However, sO long as the material is nowhere near uniform, the
variation is not very great. As with stiffness, particle size
has an effect, the larger sized material being stronger. Also
the mineral type dependency is considerable, the limestones not
being quite so dominant, particularly the softer ones, but with
crushed concrete, steel slag and sandstone all in the top group.
In this case it appears to be the angularity and macrotexture of
the stones which is important, the rougher more angular materials

performing better. Good compaction is also crucial.
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The following summarizes these points:

(i) High stiffness (useful in limiting asphalt tensile strain)
requires as uniform a grading as possible, as large a

particle size as possible and good frictional micro-texture.

(ii) High strength (useful in preventing failure within a
granular base) requires a broad grading, as large a particle
size as possible, good angularity, a rough macrotexture and

good compaction.

10.4 SUBGRADE TREATMENT

It has already been shown that a soft subgrade increases the
danger of rutting both in the subgrade itself and also in the
granular material (fig 10.3). This necessitates a thick granular
layer in order to reduce the stresses at subgrade 1level. The
lower part of this granular layer, being under lower stress can
be of comparatively low grade material, as is intended in the use
of a capping layer in UK road construction. Such use of a

capping layer may be seen as a form of subgrade treatment.

However, chapter 8 has brought out the point that the density
achievable in a compacted granular layer is greatly influenced by
the support conditions. It would not, therefore, be possible to
achieve high density 1in a capping layer overlying very soft

material and in the sub-base or base layers the effect of the
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soft subgrade would certainly still inhibit compaction. It may
therefore be a viable alternative to stabilize the subgrade with
either lime or cement, thus creating a much firmer platform upon
which to compact the granular material. The higher densities
achieved would reduce the likelihood of permanent deformation
within the base and, of course, a stiff layer at the top of the
subgrade would reduce subgrade strains and resist permanent
deformation at that 1level. The total thickness of granular

material required would therefore be much less.

10.5 TREATMENT OF MOISTURE

The importance of drainage has been one of the most frequently
stressed axioms in road design. Yet it is still not always taken
seriously. The damaging effect of positive pore pressure build-
up in a granular material has been demonstrated in fig 10.8 and
experienced in practice far too frequently. However, there are a
few practical design steps which can virtually eliminate the

possibility of it ever happening.

(i) Design a granular material to have a relatively free
draining particle size distribution. Many techniques for
computing permeability given a grading curve have been
proposed (eg Juang and Holtz 1986); however, according to
Biczysko (1985), a material with grading at the coarse end
of the DIp type 1 envelope should be of very adequate

permeability.
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(ii) Ensure sufficient drainage outlet for water in the granular
material to side drains. Too often roads have been
constructed as if 1in a trench with nearly impermeable

sides.

(iii) If a relatively coarse material is to be used, a geotextile
is recommended at top of subgrade level if the soil is fine
grained, to act as a separator and avoid contamination of

the aggregate.

(iv) Seal the road surface as well as possible, and design
sufficient crossfall to allow water to run off quickly.
This is particularly important for roads with no bituminous

surfacing.

Although the above points are valid for <climates where
significant rainfall is expected, there may be situations where
excess water is never a problem, in which case broader grading
may be desirable so that suction is generated and a stronger

pavement results.

10.6 SPECIFICATION

It is not the function of this section to write an all purpose
specification for a granular road layer, but rather to consider
the wvarious ways in which it might be desirable to write it in

different situations. It is, of course, necessary to consider
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the practical feasibility and cost implications of any test or
restriction which one may wish to introduce, as well as its
purely technical merit. Section 10.2 has already indicated that
properties which are completely unimportant in one case become
very important in another and it is thus inappropriate to write
one specification for all cases since many perfectly valid
alternatives are then excluded. This point is currently being
made by many organisations in the UK who see their product as
being suitable for inclusion into a road structure where the
current DTp specification excludes it. The recent Transport and
Road Research Laboratory report RR 64 (Earland and Pike 1986) has
made the point that many sands and gravels behave as well as
crushed rock under certain circumstances, yet are presently
excluded. Again, economic arguments are often foremost in that
an area may not have any local sources of acceptable material and
alternative sources are therefore sought. Reuse of waste
materials is both economically and ecologically desirable but

often not allowed in a specification.

The approach taken here is, therefore, to attempt to isolate the
parameters which really are important in a particular case and to
see whether a specification may be written in those terms. To
consider the grading first, it has been stated that there is a
broad range of gradings from the coarse half of the DIp type 1
envelope and coarser for which the mechanical properties of an
aggregate are relatively unchanged. If the uniformity
coefficient falls below about 10 then the shear strength begins

to fall, but it should be remembered that this is not always
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important, particularly if there is to be a very thick bound
layer above and the material is of sufficient quality to stand up
to construction traffic anyway. Conversely, if the uniformity
coefficient exceeds about 80 then the stiffness begins to
decrease, but this is only important for surfaced roads. Perhaps
a more important restriction is that imposed by permeability
where, to ensure sufficient permeability, a grading coarser than
the mid-line of the type 1 envelope (uniformity coefficient = 50)
should be chosen and an upper limit on material passing 75
microns of, say, 6% is desirable. Of course, in climates where
water is not a problem this can be relaxed and a high fines
content even stipulated to ensure high suction, but the band
where wmiformity coefficient lies between 10 and 50 is seen as
generally suitable. However, it is important that the shape of
the particle size distribution curve is of a form such that the
material 1is not too gap graded; 1ie the bulk of the particles
should be large to give optimum mechanical properties. The
actual limits on maximum particle size are dictated to some
extent by the necessity of compacting the material in layers but,
if compaction can be adequately performed, particles up to 100mm
should be acceptable. The lower limit depends on how vital
strength and stiffness are seen in the particular pavement. For
instance, 1if the actual rock type to be used is of high quality
then a smaller maximum particle size may be allowed, whereas if
it is a marginal rock large particles may be essential. To
illustrate the above suggestions fig 10.9 is included to show

possible grading limits. The existing DIp type 1 limits are also
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shown and it may be seen that the suggested specification is
rather wider but may necessitate the discarding of fines from the
naturally outputted material of a mechanical crushing plant. One
further point 1is to repeat the recommendation that, for those
relatively ocoarse materials, a geotextile is specified as a
separator between subgrade and granular base whenever soft fine
grained soil 1is encountered. If no geotextile is available a
thin layer of sand is likely to be suitable. McCulloch (1981)
has investigated the problem of contamination from the subgrade

soil and it is clear that it should be avoided.

The next subject which may require specification is the
mechanical properties to be expected from a particular rock or
other mineral. The limits of any test done must here be left
flexible because they will depend on how strong or stiff a
material needs to be in a particular case. Two approaches are
seen as possible. The first is an actual stress strain test oﬁ
the aggregate such as might be done in a simplified triaxial
device or a shear box. Whichever were chosen, the test should
include repeated loading at different stress levels to
investigate stiffness and a failure test to obtain a shear
strength.‘ If such a simple and relatively cheap, vet
sufficiently accurate, device could be made as a standard it
would be ideal in that, if a material met the specified strength
and stiffness criteria, then grading limits could be relaxed so

long as permeability was ensured.
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The second approach, if no direct mechanical test were available,
would be to test individual particles for the shape and texture
properties relevant to elastic stiffness and shear strength. A
friction test would determine the quality of microtexture,
affecting stiffness, possibly a simple sliding test as performed
on the materials covered by section 5.5, or even a pendulum test.
The latter test is already used to determine the skid resistance
exhibited by different road surface materials, but may be equally

applicable to determining the elastic stiffness of an aggregate.

To establish the shear strength and associated resistance to
plastic straining, the only method seen possible, apart from
direct mechanical testing, 1is to determine the angularity and
visible surface roughness of the larger particles in an
aggregate. Such a test would necessarily be susceptible to
operator dependency, which is slightly unfortunate, but would
allow rapid prediction of the likely ability of an aggregate to

withstand rutting failure.

Although it is seen as important that a specification should be
aimed at the properties of strength and stiffness which directly
affect the performance of a road, it should always be remembered
that in particular cases one of these two may be relatively

unimportant, allowing a relaxation in the specification.

Of the other material properties commonly specified, a limit on
plasticity is clearly useful in ensuring a free draining material

but is probably not important if the proportion of fine material
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is very small anyway (say < 3% passing 75 microns). The frost
heave test certainly represents an attempt tO prevent a real
problem, although questions as to the suitability of the present
test remain, but it may be that the use of a rather more uniform
grading than is currently usual would reduce the scale of the
problem. Use of a soundness test, currently under discussion,
presents two problems: the development of a meaningful test and
the establishment of aggregate soundness as an  important
property. Until both are achieved the inclusion of such a test
in a specification would be unwise. Finally, no evidence has
been found in this project to support the use of an aggregate
crushing test although, in cases where <crushing could

substantially reduce permeability, it may be necessary.

Having chosen an appropriate aggregate, it is then necessary to
ensure that it is laid correctly. Current practice is usually to
specify a test whereby an optimum moisture content for compaction
is found. The material is then laid within certain limits.
Since the grading recommended in this section is relatively
coarse, the influence of moisture content on achieved density is
likely to be reduced. However, assuming that granular material
strength is required, not necessarily the case if thick bound
layers are involved, then the practice of cobtaining an oOptimum
moisture coontent and using it is seen as sensible. The test
involved should include a realistically high level of compaction
and should certainly not require the exclusion of any but ' the

largest particles, and the modified vibrating hammer compaction
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test (BS 5385) has been found to perform very well. It is
recommended that the moisture range specified should be mainly to
the low side of optimum, perhaps exceeding it by half a percent

only, since the dangers of excess water are real.

The next problem is to ensure that sufficient compactive effort
is used to obtain high densities. A method specification
stipulating a certain number of passes and layer thickness
depending on roller type and weight, such as is presently
employed by the DIp in the UK, could be worked but is very rigid,
takes no account of subgrade support conditions, and is very hard
to supérvise. The instrument described in section 9.2.5, the
BOMAG Terrameter, is clearly a possible future alternative, since
it appears to give a good indication of whether further
compaction would be useful. It is in use at present with certain
contractors who wish to optimise their use of plant, but it is
possible to foresee a time when it might provide an on-site
checking tool as well. The actual output value which would be
used as a control bound would almost certainly vary depending on
subgrade quality and the type of granular material used and would
need to be established by a trial at an early stage. Of the
other instruments examined in chapter 9 in detail, the dynamic
cone penetrometer was the only one which correlated with density
variation alone.. However, as explained, the test is not quick,
it requires two operatives and it tests only one specific point
at a time. It may, however, be useful as a tool by which
disputes over compaction are settled, although it has the further

drawback that, if a geotextile is being used, then care has to e
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taken not to puncture it. The direct measurement of density is
seen as a last resort since the variability of tests using the
sand replacement method is well known and the problems of
calibrating a nuclear density meter for a particular aggregate

are also sometimes great.

Sincc;_ elastic stiffness has been shown not to depend to any great
extent on compaction, the in-situ measuring devices which respond
to stiffness variation, that is the sophisticated falling weight
deflectometer and the simple Clegg impact hammer, are not seen as
useful in checking a granular layer. The stiffness should have
already been ensured by material choice. If, however, any
particular problem arises, either with regard to granular layer
or subgrade stiffness, then the falling weight deflectometer is
an ideal tool. As explained in chapter 9, the Clegg impact
hammer can also be useful in this regard. The plate bearing test
is seen as unduly cumbersome, although at present it has the
advantage that it is possible to check for low density and also
to oObserve areas of soft subgrade. However, its early
replacement, at the very least by a well designed dynamic cone
penetrometer, is recommended and the possibility of using a

Terrameter or similar device is seen as a very desirable option.

On large sites, where economics allow, a proof roller has some of
the qualities of the Terrameter since it covers the whole area,
not only specific points, and enables easy observation of

undercompacted areas. However, it 1is not so sensitive to
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variations in support condition and is seen as second best.

Unfortunately, although some of the recommendations contained in
this section ocould be applied immediately, particularly those
relating to grading, there are many areas where a test requires
development and a certain amount of further work is necessary.
These areas will be highlighted in chapter 11 where the future is

discussed.
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CHAPTER ELEVEN

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

For convenience, this chapter has been divided into five sections
relating to different aspects of the work described in this
thesis. In each section the principal results and conclusions
are listed, followed by discussion of possible future work. it
is inevitable, in view of the wide ranging nature of the project,
that there are a number of specific areas where further
investigation or development 1is desirable and this  Thas

necessitated the use of further sub-sections in some cases.

11.1 LABORATORY FACILITIES

(i) The Nottingham Hollow Cylinder Apparatus has been

commissioned, developed and effectively used.

(ii) A Miniature Pavement Tester (c. one tenth scale) has been

designed, constructed and commissioned.

11.1.1 Hollow Cylinder Apparatus

The present Nottingham apparatus is restricted in that the level
of confining stress which can be applied is limited to less than

one atmosphere, ie the capacity of a vacuum pump. Control of
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confining stress is also manual and very slow, making cycling
almost impossible. A useful development, therefore, would be to
| construct a cell wall around the specimen which would allow a
relatively incompressible fluid to be used as the confining
medium, both internal and external to the specimen wall.
Connections to both internal and external voids would allow
independent stressing; the stress levels attainable would be
satisfactorily high and rapid alteration of stress would be
possible. Furthermore, if pressure were to be applied through a
servo~hydraulically controlled piston, then rapid and controlled

stress cycling could be achieved.

The other area which could usefully be improved is control and
data acquisition. The present analogue system should be replaced
by a computer. This would allow a complex elastic testing
programme to be performed in a matter of hours rather than the
several days presently necessary. If the pressure application
arrangements suggested above were also made, the computer would
enable extremely complicated stress paths to be applied fairly
easily and allow more rigorous testing and possible improvement

of both elastic and plastic strain prediction techniques.

11.1.2 Miniature Pavement Tester

Although commissioned, the miniature pavement tester has not yet
been put to serious use. It is considered likely, however, that
it may prove a useful tool for the rapid checking of design

concepts. The possibility of including a scaled down asphaltic
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surfacing should be considered, together with possible ways of
displacement monitoring beneath the surface of the pavement.
Variations in base thickness and grading, subgrade stiffness etc
could be rapidly explored and the results used 1in conjunction
with theoretical predictions. The four track facility enables
- the damage factor associated with different loading stresses to

be investigated also.

11.1.3 A Simple Iaboratory Test Device

It appears possible that there may be a need for a simple and
relatively cheap device for the rapid mechanical testing of
granular materials. It would certainly be feasible to design a
cheap repeated load triaxial device using air as the confining
medium and an air pressure ram to apply axial deviator stress.
However, one of the drawbacks is that no easy way of measuring
radial strain is seen and such measurement would be wvital. B2n
alternative is the confined compression test, currently used in
New Zealand (Bowling 1980). Here the material is compacted into
a thin walled metal cylindrical mould and stress applied to the
top surface. Repeated loading using an alr pressure ram is once
again possible and measurement of vertical displacement 1is
straightforward. However, it is also possible to strain gauge
the mould walls, allowing knowledge of the radial strain in the
material and also the radial stress, assuming the dimensions and
properties of the metal mould are known. Clearly, the
disadvantage is that there is no independent control of radial

stress, but the simplicity of the concept and the approximation
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to conditions in a road are seen as considerable advantages and

worthy of detailed study.

11.2

(1)

(ii)

(iii)

(iv)

(v)

MATERTAL INVESTIGATION

A new elastic stress strain model for dry granular
material behaviour has been proposed, checked and found
satisfactory for the range of stress paths which can
currently be applied using triaxial and hollow cylinder

testing facilities.

A new plastic stress strain model for dry granular
material behaviour has been proposed. It has been much
less rigorously checked than the elastic model but appears

fairly satisfactory.

A short triaxial test routine has been developed enabling
the parameters governing elastic and plastic behaviour to

be found.

It has been shown that the elastic stiffness of a dry
granular material is almost independent of the state of

compaction.

It has been shown that susceptibility to plastic strain in
a dry granular material is greatly dependent on the state

of compaction.
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(vi)

(vii)

(viii)

(ix)

(x)

(x1)

(xii)

(xiii)

It has been shown that a uniform material has greater

elastic stiffness than a broadly graded material.

It has been shown that a broadly graded material has

greater shear strength than a uniform material.

It has been shown that a material containing large
particles has greater elastic stiffness and shear

strength, than one with smaller particles.

A number of different materials have been tested and

ranked for both elastic and plastic properties.

It has been shown that elastic stiffness of a dry granular
material is largely dependent on the microtexture at
particle contacts which determines inter—-particle

friction.

It has been shown that shear strength and resistance to
plastic strain are largely dependent on macrotexture, that

is visible roughness, and angularity.

The effective stress principle has been shown to be

applicable for partially saturated granular materials.

Negative pore pressures due to suction have been deduced

in aggregates used in road construction.
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11.2.1 Other Materials

Although a range of materials has been tested in this project
there remains a very large number of possible aggregates to
investigate. They include a variety of igneous rocks, other
limestone sources together with softer sandstones, many more
natural sands and gravels, and such materials as colliery waste,
furnace ash, c¢rushed brick etc. Since a standard test routine
has been devised from which all the relevant behavioural
parameters may be deduced, such an investigation would not

necessarily be very time consuming.

11.2.2 Correlation with Stone Properties

It has been stated that the micro- and macrotexture of individual
stones indicates the likely elastic and plastic properties of the
aggregate as a whole. This, it is thought, is worthy of further
research since it may enable a very dquick assessment of a
particular mineral in situations where sophisticated testing is
not possible. In particular, the pendulum test, presently used
for skid resistance assessment, may be of use to quantify
microtexture. Alternatively, it may be feasible to design a
smaller, portable friction tester, possibly based on discovering
a slope at which sliding can take place. The other assessment
technique necessary 1is for macrotexture and this demands an
investigation into the various methods by which angularity and

roughness can be quantified.
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11.2.3 Permeability

A very important area of research, which this thesis has only
touched on, is the prediction of aggregate permeability from a
knowledge of the particle size distribution and, possibly, the
shape of stone involved. At present there is no completely
trustworthy system but a project is currently in progress at
Nottingham which may yield useful answers. The necessity for
such a predictive tool is evident from the number of highway
problems which can be traced to a saturated low permeability

granular layer.

11.3 COMPUTER ANALYSIS

A new pavement analysis computer program, GRANMAT, using an
iterative discreet point approach has been written for use on a
microcomputer. It uses the elastic and plastic stress strain
equations developed during this project for characterising
granular material and is particularly applicable to unpaved or

thinly paved roads.

The problems associated with GRANMAT have been fully revealed in
chapter 7, where it is seen that there are difficulties with
convergence and some inherent inaccuracy. It is also restricted
to a three layer situation. The following points suggest ways in

which it may be possible to improve it.
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(a) Increase the flexibility to enable multiple layers of

granular material to be analysed.

(b) Extend the grid of discreet points to cover the surfacing
layer, enabling a correct three dimensional linear elastic
analysis to be performed rather than considering it as a

plate in bending.

(c) Wwhen considering the horizontal or vertical differential of
a variable, a parabolic curve fit should be used rather than

the straight line assumption presently made.

(d) It may be possible to improve the iterative procedure and

achieve a better convergence.

A study should be made of the differences between the strains
predicted by GRANMAT and a linear elastic program such as BISTRO.
In this way, the circumstances under which linear elastic
assumptions are satisfactory could be determined. It would also
be possible to develop a way of selecting a linear elastic
stiffness for a granular material appropriate to a particular

road structure.

For rapid analysis an extensive parametric study using GRANMAT
may allow the development of equations using a multiple
regression technique for maximum subgrade strain and asphalt
tensile strain, even for surface deflection profile. Such

equations would be useful in back-analysing stiffnesses from a

299



Falling Weight Deflectometer deflection bowl, as well as in rapid

design using a programmable calculator.

11.4

(1)

(ii)

(iii)

(iv)

(v)

(vi)

SITE WORK

The density achieved by compaction of a granular material
has been shown to be dependent on moisture content and

subgrade support stiffness, as well as other factors.

The Falling Weight Deflectometer has been shown to be
effective in testing directly on granular material. From

it individual layer stiffnesses can be back—-calculated.

The Clegg Impact Hammer, it is suggested, responds mainly
to the elastic stiffness of the top few centimetres of

material but gives a large scatter of results.

The Dynamic Cone Penetrometer, it is suggested, responds to
the shear strength of the material it is passing through

and, therefore, to density.

The Plate Bearing Test, it is suggested, is mainly a
plastic strain test of the granular material, also
responsive to density, but is affected by the stiffness of

underlying material.

The BOMAG Terrameter has been used and found to indicate
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the point at which further compaction is harmful rather

than beneficial.

11.4.1 Further Data

some of the above points are made with caution because of the
comparatively small amount of data that has so far been
collected. In particular the dependencies suggested for the
Clegg hammer and dynamic cone penetrometer require a great deal
more data from a variety of sites before they can be stated with
confidence. Particular attention, it is felt, is due to effects
of particle size beyond its influence on strength and stiffness.
Experience with the BOMAG Terrameter should also be sought and

the results of previous research by BOMAG studied and collated.

11.4.2 Apparatus Development

It has been stated that the dynamic cone penetrometer presently
in use at Nottingham is an awkward and unreliable device, subject
to frequent breakage. A version should therefore be designed and
tested using no threaded connections, a frame to prevent toppling
and a mechanical 1lifting device, prcbably a continuously rotating

chain with a catch mechanism.

One of the major problems with the Clegg hammer, leading to
severe scatter of results, 1is the small size of the plunger in
relation to individual stones. The feasibility of a larger

contact area, say 100mm diameter, should therefore be explored.
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In this connection the Dynoplaque, recently developed at the

Ponts et Chaussées ILaboratories in France should be considered.

The possibility of using a simplified version of the Terrameter,
perhaps a single accelerometer with associated electronics should

be investigated for use on small vibrating rollers.

11.5 DESIGN

The results of several GRANMAT runs have been considered in
conjunction with all the points associated with materials and
site work above and design recommendations made. In particular,
choice of material and grading has been examined for different

pavement structures.
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APPENDIX A

ELASTIC STRESS STRAIN DATA FROM THE

HOLLOW CYLINDER APPARATUS

TESTS ON GRANITIC SAND






Stress Path

No., Stress

\O o~y ON\VNLEmwWw N0 =

Axial Torsional
Confining Deviator Shear
Stress Stress
0-30 0
0-30 10
0-30 20
0-30 30
30-60 30
30~60 20
30-60 10
30-60 0
=}0--10 0
~1,0~-10 10
90-120 0
-20-0 0
-20-0 10
-20-0 20
0-60 30
0-60 20
0-60 10
0=60 0
=20-440 0
-20=40 10
-20~140 20
=1,0-20 10
=},0-20 0
30-90 0
30-90 10
30-90 20
60-120 0
0-120 0
-20-100 0
-20-100 10
-20-100 20
=};,0-80 10
-40-80 0
=4,0-120 0
0 0-10
=20 0-10
=40 0-10
30 0-10
60 0-10
90 0-10
90 10-20
60 10-20
30 10-20

Axial
Strain Strain

165
167
163
169
134
129
135
135
320
298
101
1hh
152
160
384
393
381
369
495
471
498
778
762
303
289
281
21,0
765
995
898
991
1433
1363
1754
0
-1
-9
5

7

L
2
1
0

Circum—-

Strains

ferential Radial

_58
-5
—h6
-U7
=47
-40
=l
=47
-89
-80
_h8
—h6

=4S
=43
=134
-149
=1kk
=142
-191
-16L
=167
=242
-2Lk
-131
-123
=119
=11l
=367
-hal
-366
=399
-529
-516
=734
0

0
0
-1
-1
0
A
-6
-k

Strain

-5k
18
-69
~L8
-35
_hg
-h6
~-35
-73
-52
~27
_hz
_31
=46
-115
-121
-100
-133
=154
=1Lk
i
-204
-202

[eNeoRNeNoNoNoNoNoNo]

All stresses are expressed in kiloPascals

A1l strains are expressed in microstrain

1s°

22l

Appendix.ﬁ

Torsional
Shear
Strain Strain

’
_27
-35
_70
=37
-17
-15

10
11
S
=7
L
-19
=L7

-120
_70
_29

33
56
=51
=111
=92
_70
14
-2
_36
28
90
87
-22

-192

-102
113
21k
158
169
229
132
112

96
96
107
126

-Torsional shear describes shear applied to horizontal and vertical

planes in the wall of the specimen by application of a torque

The 45° strain is at hSo to axial and circumferential directions

Torsional shear strain is derived from other strains (= 2 x hSo

less axial less circumferential)



Appendix A

Stress Path Strains
Axial Torsional Circum~- Torsional

Confining Deviator Shear Axial ferential Radial hSO Shear

No. Stress Stress Stress Strain Strain Strain Strain Strain
L 75 0 10-20 0 -7 0 72 151
L5 75 -20 10-20 -2 =11 0 91 195
L6 75 0 20-30 -2 -18 0 7 174
L7 75 30 20-~30 0 -1k 0 61 136
L8 75 60 20-30 0 -6 0 57 120
L9 75 60 10-30 -1 -17 0 135 288
50 75 30 10-30 -3 =22 0 155 335
51 75 0 10~30 -13 -30 0 195 L33
52 75 0 0-20 -10 -8 0 206 430
53 75 =20 0-20 -21 -13 0 225 L8L
sl 75 30 0-20 1 -7 0 162 330
55 75 60 0-20 L -5 0 139 279
56 75 90 0-20 N -3 0 128 255
57 75 90 -10-10 0 3 0 136 269
58 75 60 -10-10 2 L 0 147 288
59 75 30 -10-10 12 8 0 158 296
60 75 0 -10-10 2 7 0 183 357
61 75 ~-30 -10-10 -1 7 0 245 L8l
62 75 0 0-30 -9 -36 0 332 709
63 75 30 0-30 -1 =26 0 260 5h7
6l 75 60 0-30 0 =22 0 229 480
65 75 60 -10-20 3 0 0 229 455
66 75 90 -10-20 1 1 0 214 426
67 75 30 -10-20 10 =2 0 271 534
68 75 0 -10-20 0 0 0 333 666
69 75 -20 -10-20 15 -8 0 379 751
70 75 =20 -20-20 28 I 0 61l 1186
71 75 0 -20-20 27 14 0 50l 967
72 75 30 -20-20 33 12 0 L,06 767
73 75 60 -20-20 20 7 0 359 691
Th 75 90 -20-20 19 11 0 325 620
75 75 60 -10-30 3 -15 0 3L6 704
76 75 30 -10-30 N -22 0 400 818
77 75 0 -10-30 -7 -29 0 479 994
78 75 0 -20-30 16 -18 0 673 13,8
79 75 30 -20-30 21 - =12 0 562 1115
80 75 60 -20-30 17 -6 0 1496 981
81 75 60 -30-30 36 22 0 665 1272
82 75 30 =-30-30 L3 22 0 789 1513
83 75 0 -30-30 55 3L 0 1036 1983
8, 75 0-30 10-0 181 -56 ~26 -11 147
85 75 0-30 0-10 186 -67 -56 149 179
86 75 30-60 0-10 133 -51 -56 105 128
87 75 30-60 10-0 126 -L7 -56 -16 =111
88 75 =40--10 10-0 36l ~91 -65 0 -273
89 75 -140--10 0-10 381 -102 -83 266 253
90 75 -20-0 0-10 151 =51 -38 152 204
91 75 =-20-0 10-0 151 -Lo =Lk -33 -177
92 75 0-60 10-0 318 -128 -113 25 -140
93 75 0-60 0-10 329 -122 -100 211 215
9l 75 30-90 10-0 250 ~-109 -92 16 -109
95 75 30-90 0-10 265 -108 -108 158 159
96 75 -20-1,0 10-0 396 -148 -136 L3 -162

97 75 -20-40 0-10 L50 -159 -133 272 253



No.

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
12)
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

Stress

Confining
Stress

75
75

Path
Axial Torsional
Deviator Shear
Stress Stress
=L0-20 10-0
=L0-20 0-10
-20-100 0-10
-20-100 10=0
=40-80 10-0
=1,0-80 0-10
-20-100 10=-20
-20=-100 20-10
30-90 20-10
30-90 10-20
0-60 20-10
0-60 10=-20
=20-4,0 10=-20
-20-40 20-10
0-30 20-10
0-30 10=20
30-60 10=-20
30-60 20-10
=20~0 20-10
=20-0 10=-20
0-30 20-30
0-30 30-20
30-60 30--20
30-60 20-30
0-60 20-30
0-60 30-20
0-30 -10-10
30-60 -10-10
0-30 10--10
~}j0-=10  =10-10
=20-0 -10-10
=40-20 -10-10
-20-40 -10-10
0-60 -10-10
30-90 -10-10
-20-100 -10-10
-40-80 -=10-10
=20~0 0-20
=-20-0 20-0
0-30 20-0
0-30 0-20
30-60 0=-20
30-60 20-0
0-60 20-0
0-60 0-20
=20-L0 0-20
=20=40 20-0
-20-100 0-20
~20-100 20-0
0-60 10=-30
0-60 30-10
0-30 30-10
0-30 10-30
30-60 10-30

Axial

582
639
810
779
1174
1166
770
763
2LL
236
328
327
L19
L38
177
176
127
122
161
152
166
176
136
124
323
333
179
145
162
L18
198
790
517
379
294
914
1346
149
167
179
182
137
124
345
342
L56
L62
831
8L0
314
361
196
160
131

Circum-
ferential Radial
Strain Strain

-181
-213
=331
-336
=438
=449
-336
-302
=99
-106
-110
=137
-154
-130
_52
-T71
-57
=41
=32
-5
-68
=37
-35
-58
-137
-94
_52
=Lk
-62
-99
=Lk
=233
-175
-139
-121
-364
-478
-L7
-31
=45
-68
_58
-34
-116
-132
=165
=133
-348
-320
-148
-95
-28
=79
-T2

Strains

Strain

-156
-179
-296
-286
=367
-396
-275
=281
=75
=79
-117
-111
-138
-131
=74
-67
-L6
=40
-25
=42
-b6
_b8
-35
=42
-106
-111
_58
-65
_58
-85
=LbL
-219
-154
-129
-102
=379
=442
=40
..31
-b6
-58
-L8
=33
-115
-138
-1L40
=133
~-294
=294
-106
-108
-69
-50
-L8

45°

Strain

63
372
398
150
225
523
338
104

5
142

13
191
239

27
-21
12l

99
_25
=43
141
116
-33
_23

93
159

-1
260
212

-110
L67
300
604
Lk
341
269
587
86l
252

-151

-109
239
185
=97
_63
298
365
_72
500

N
270
-89

-127
222
183
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Torsional
Shear
Strain

=275
318
317
-143
-286
329
242
-253
-135
154
-192
192
213
-254
-167
143
128
-131
-215
184
134
=205
=147
120
132
=201
393
323
-320
615
L6
651
546
Ly2
365
62l
860
402
-438
-352
364
291
-28l
-355
386
L39
-L73
517
=512
374
=Lk
=422
363
307



No.

152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205

Stress

Confining
Stress

75
75
75
75
75

Path
Axial Torsional
Deviator Shear
Stress Stress
30-60 30-10
0-30 30-0
0-30 0-30
30-60 0-30
30-60 30-0
0-60 0-30
0-60 30-0
-20-0 20==10
=20-0 ~10-20
0-60 20--10
0-60 ~10=20
0-30 ~10=20
0-30 20==10
30-60 20--10
30-60 -~10=20
30-90 ~10~20
30-90 20--10
-20-40 ~10=20
~20-=14,0 20--=10
-20-100 20-=10
=20-100 -~10-20
-=20-100 20-=20
-20-40 20~-=20
0-60 20-=20
30-90 20-=20
-20-0 20=-=20
0-30 20-=20
30-60 20-=20
0-30 30--10
0~-30 -10-30
30-60 -10-30
30-60 30=-~10
0-60 30--10
0-60 -10-30
0-60 =20-=30
0-60 30-=20
30-60 30-=20
30-60 -20-30
0-30 -20-30
0-30 30-=20
0-30 =30-=-30
30-60 ~30-30
0-60 ~30-=30
0-30 0
0=-30 10
0-30 20
30~-60 20
30-60 10
30-60 0
-20-0 0
=20-0 10
=20=-40 10
=20-440 0
0-60 0

Axial

Circum-
ferential Radial

Strain Strain

132
200
183
138
135
341
375
178
160
323
341
189
172
131
140
255
253
L34
L29
767
740
774
L26

345

256
152
173
126
200
192
14,6
131
368
349
Lo2
376
135
183
230
199
325
213
L8Y
221
215
232
145
156
140
235
227
672
657
L21

-2h
=27
-95
-76
-22
-158
-9,
=41
-59
-121
=134
~73
-55
-53
-5,
-120
-109
-157
=144
-317
=332
=333
=172
-1,48
-139
=67
=77
=70
_32
=92
=74
-35
-102
-147
=150
-122
_h6
-67
=79
_56
-52
=46
=133
_83
-69
=77
_58
=71
-60
-62
-T1
=241
-238
~183

" Strains

Strain

~40
=40
=46
_71
~50
-113
-113
=16
=31
-92
-106
-52
=Ly
~L6
-35
-117
-117
-152
=144
=311
=271
-288
-152
-119
=102
=40
-58
=34
-67
=60
-5
_38
-111
-125
-138
-117
-35
-60
-85
~LL
-96
-59
-156
-48
=60
=67
-65
=54
-46
-58
-50
=213
=221
-169

L5°

Strain

-107
-229
336
272
~-19h
375
-188
-283
401
-160
397
350
-222
-188
287
325
-147
485
-190
-73
547
-215
~326
-29)
=259
=487
-366
=312
=371
L77
397
-306
=310
528
716
=429
=431
547
661
~499
969
738
1002
78
66
55
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Torsional
Shear
Strain |

322
-631
584
L82
-501
567
-657
~-703
701
-522
587
58Y
-561
=454
L88
515
-438
693
-665
-596
686
-871
=906
-785
-635
-1059
-828
-680
-910
854
722
-708
-886
854
1180

S =1112

-951
978
1171
-1141
1665
1309
1653
18
-14
=45
_27
-9

8

-7
_38
=73
31
60



No.

206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
22
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
2110
2L
2442
243
2LL
2L5
2L6
247
248
2L9
250
251
252
253
254
255
256
257
258
259

Stress - Path

-~ Axial

Torsional

Confining Deviator Shear

Stress

50
50
50

Stress

0-60
0-60
-20
0
30
60
60
30
0
-20
0
30
60
60
30
0
.0
30
60
60
30
0
0
30
60
~20-0
-20~0
0-30
0-30
30-60
30-60
-20-L,0
-20-40
0-60
0-60
0-60
0-60
30-60
30-60
0-30
0-30
0-30
30-60
-20-0
-20-40
0=60
0-60
0-60
30-60
30-60
0-30
0-30
0-30
0-30

Stress

10
20
0-10
0-10
0-10
0-10
10-20
10-20
10-20
-10-10
-10-10
-10-10
~10~10
0-20
0-20
0-20
-10-20
-10-20
-5-25
-15-25
-15-2¢
-15-25
-20-20
-20-20
-20-20
0-~10
10-0
10-0
0-10
0-10
10-0
0-10
10-0
10-0
0-10
10=-20
20-10
20-10
10-20
10-20
20-10
10--10
10--10
10--10
10--10
10--10
20-0
0-20
0-20
20-0
20-0
0-20
-10-20
20--10

Axial

426
452
-7
0

2

2

0
-1
-8
6
11

205
229
212
209
138
140
590
608
L11
396
395
L35
141
133
191
227
22l
147
255
693
L36
L60
L08
139
150
260
21,
258
2L9

Circum-—

Strains

ferential Radial
Strain Strain

=17L
~171
-4
-1
_3‘
-1
-8
_17
=22
9
9
7
5
14
_23
-38
=33
-16
-32
_56
-80
-155
21
1L
13
_67
_58
=77
=81
-61
-58
-22)
-217
-173
~168
-184
-143
=43
=70
-87
-5h
=94
-73
-88
-268
-199
-152
-197
-81
-18
=49
-106
=11}
_65

Strain

=51
-67
~210
-173
-167
=167
=37

-67
=79
-90
-90

45°

Strain

97
59
154
120
9
76
76
95
122
LL1
322
21,0
192
181
216
287
558
389
293
L35
531
722
892
634
L96
213
=73
=47
184
137
-L5
337
7
-12
247
211
;)
=54
121
156
=80
-195
-15)4
-265
=114
-123
-173
358
234
-161
-209
305
525
=377
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Torsional
Shear
Strain

_58
-163
319
241
189
151
160
208
274
867
62L
L60
369
375
455
630
1152
788
626
92l
1152
1651
1717
1217
953
288
=317
-229
240
197
-172
308
=377
=262
266
211
-388
-206
179
208
=333
-520
-382
-697
-658
-483
-654
505
410
-L2L
-629
502
906
-938



No.,

260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278

Stress Path
Axial Porsional
Confining Deviator Shear
Streass Stress Stress
50 30-60 20--10
50 30-60 -10-20
50 0-60 -10-20
50 0-60 20--10
50 0-~60 20-=20
50 30-60 20--20
50 0-30 20~--20
25 0-30 0
25 0-30 10
25 0-30 10-0
25 0-30 0-10
25 30 0-10
25 0 0-10
25 0 -10-10
25 30 ~-10-10
25 0-30 -10-10
25=50 0 0
25-75 ) 0
50 0-160 0

Axial

162
172
L5k
Lel
L62
161
272
385
363
L80
11
13
12
28
27
560
137
214
1260

Circum-

Strains

ferential Radial
Strain Strain

-61
-83
-209
-170
-212
-100
-121
-161
-163
-165
-202
-16
-35
35
17
-196
110
221
-8L5

Strain

-56

-65
-167
~175
~-175

-8l
~104
-133
~136
-195
=171

45°

Strain

~300
397
569
-296
-495
~4,87
-610
Lo
58
-161
309
168
272
832
L1
873
122
187
300
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Torsional
Shear
Strain

=701
705
893
-886
-12140
-1035
-1371
=1Ll
-8l
-637
409
339
567
1601
838
1382
=3
—61
185
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CONSTANTS DESCRIBING ELASTIC ARD

PLASTIC BEHAVIOUR






Appendix B

General form of Elastic Strain Equations

s+ t]B 1 C
eg=A|8In——| . (5t 43 )

E o) 1 s+t 2 H
e =D [Glnél.(dp) -G I (8((In ) )
\4 b s -t

General form of Plastic Strain Equations

€sp = _ElnFE__GIRa_X- - (6t + 3 asﬂ In (N)
L | o My
évp=l@ (280 + 2 26t) In (N) - % e
Symbols o = normal stress
t = shear stress
S = mean in-plane stress
P = mean normal stress
€ = strain
N = number of load applications
§ = 'change in'
Subscripts s = shear
v = volumetric

p = plastic
f = failure
max = maximum

Constants A,B,C,D,E,F,G,H,L,Ml ,M2
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Dolomitic Limestone - Grading and Compaction Variation

C

0)49
.56
0’-'-7

«66
.52
43

.53
.35
3L

37
b2
«33

.36
.28
57
.27

40
o 31

.38
«15
.23

D

50
255
58
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102
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18y
553
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157
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376

92

163

L61
L8
671

90
205

'n' relates to the equation in fig 5.6

Constants A,D and G are expressed in microstrain

Constants B, C, E, ¥, H and L are dimensionless

PART 1.
Grading Level of
Parameter Compaction A B
n=>5 Zero 67 .82
light 50 .88
heavy 61 .89
n=2 Zero 34 .97
light 39 .85
heavy 81 .82
n =1 Zero 63 1.06
light 153 1.00
heavy 126 .79
n=,7 zZero 158 1,06
light 9L .87
heavy 139 .92
n=,5 zZero 186 1,05
light 192 .94
heavy 59 1.05
n = .35 zZero 280 1.19
light 148 1.10
heavy 170 1.09
n = 25 zero 2L5 1.4L5
light 528 1,31
heavy 385 1,42
Notes: 1. Grading Parameter
2.
3.
L. Constants M, and M

5.

1

2

¥ indicates no data available

are expressed in MegaPascals



PART 2,

Material
(Source)

Carboniferous
Limestone
(Dene,Derbyshire)

Carboniferous
Limestone

(ex A610 Kimberley,
Nottinghamshire)

Carboniferous
Limestone
(Chipping Sodbury,
Gloucestershire)

Carboniferous
Limestone

(ex Wakefield Haul
Road, Yorkshire)

Dolomitic Limestone
(Whitwell,
Nottinghamshire)

Oolitic Limestone
(ex A52 Friskney,
Lincolnshire)

Oolitic Limestone
(ex A52 Bicker,
Lincolnshire)

Granite
(Mountsorrel,
Leicestershire)

Crushed Concrete
(Borfolk)

Crushed Concrete
(The Netherlands)

Steel Slag
(Scunthorpe,
Humberside)

Sandstone
(Norfolk).

Sand & Gravel
(Attenborough,
Nottinghamshire)

Sand & Gravel
(South Wales)

Sand & Gravel

(Wymondham, Norfolk

Other Materials

A B
75 .90
75 1.59
82 1.37
107 1.06
80 1.05
28 .80
113 .96
65 .72
66 .78
75 1.00
43 .83
L3 .93
75 .95
114 .96
) 280 1.07

<33

«33

.25

«32

«36

«31

L5

U2
.35

L5

+56

L6

27

«30

104

25

80

360

160

Lo

61

62

87

132

5L

68

88

70

125

Constants

E

.85

.76

1.00

1.18

o 97

o713

«90

.62

1.00
72
«73

72

.86

F

«29

51

«31

«16

.)-I-7

.38

.LI.8

25

L0

U3

.38

«36

3L

G

17

170

8l

140

132

116

105

118

108

135

98

107

164

230

232

1.00

1432

1.22

1.12

80

107

107

134

540

800

107

124

70

200

161

160

107

8.9

16.8

1h.4

10.5

6.5

2.9

Se1

12.4

71

12.4

3.0

L.6

Appendix B

L4650

2060

2490

2400

800

L83

1030

1060

3800

238

2200



Appendix B

PART 2, (continued)

Material Constants

(Source) A B ¢ D E F 6 H 1 M, M,

Sand & Gravel
(ex A52 Priskney, 1420 1.79 0 112 1,02 4O 10601.79 95 1.7 177
Lincolnshire)

Sand
(Mid-Ross, Scotland)

Granitic Sand @
(Bardon Hill, 194 1400 42 260 .82 .25 61 1,000 46 6.4 250
Leicestershire)

300 1.10 «26 177 78 33 270 .58 160 8.3 =*

Notes: 1. Consgstants A, D and G are expressed in microstrain
2, Constants B, C, E, F, H and L are dimensionless
3. Constants M1 and M2 are expressed in MegaPascals
Le * indicates no data available
5. @ indicates a stress path length dependecy for dilatent

volumetric strain with power .42
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COMPUTER PROGRAM  'GRANMAT'

WRITTEN 1IN TURBO-BASIC






Appendix C

Variables Used in Granmat

AS Moisture Indicator

Bl (R,Z) Vertical Stress in Granular Base (kPa)

B2 (R, Z) Radial Stress in Granular Base (kPa)

B3 (R,Z) Tangential Stress in Granular Base (kPa)

B4 (R,Z) Shear Stress in Granular Base (kPa)

B5 (R,Z) Vertical Displacement in Granular Base.
(microns)/Temporary Variable

B6 (R,Z) Radial Displacement in Granular Base (microns)/
Temporary Variable

B7 (R,Z) Mean In-Plane Stress (kPa)/Temporary Variable

BS Batch Routine Indicator

Cl Compression Coefficient - Granular Base

Cc2 Dilation Coefficient - Granular Base

C3 Shear Coefficient - Granular Base

c4 Compression Stress Path Length Index — Granular Base

C5 Dilation Stress Path Length Index - Granular Base

C6 Shear Stress Path Length Index - Granular Base

c7 Principal Stress Ratio at Failure -~ Granular Base

Cc8 Interlock Stress — Granular Base (kPa)

Cc9 Strain at 80% Failure Stress (%)

CP Ioad Contact Pressure — variable (kPa)

Q Load Contact Pressure — peak (kPa)

Cs Plastic Shear Coefficient - Granular Base (MPa)

cv Plastic Volumetric Coefficient - Granular Base (MPa)

D1 Thickness of Asphalt (mm)

D2 Thickness of Granular Base (mm)

D3 Thickness of Subgrade (m)

DP Single Particle Depth (mm)

DR (R,Z) Radial Strain (microstrain)/Transverse Plastic Strain
(microstrain)

DS Degree of Saturation (%)

DZ (R,Z) Vertical Strain (microstrain)

DS Date/Title

El Elastic Stiffness of Asphalt (GPa)

E3 Elastic Stiffness of Subgrade (MPa)

F(R) Shear Force in Asphalt

Fl Compression Power — Granular Base

F2 Dilation Power - Granular Base

F3 Shear Power - Granular Base

F$ Output Type Indicator

G3 Shear Modulus of Subgrade (MPa)

G$ Screen/Printer Indicator

I11(2) Initial Sum of 3 Orthogonal Stresses (kPa)

12(2) Initial Shear Stress Ratio Parameter, Squared

J Counter

Jl Temporary Variable

J2 Temporary Variable

J3 Temporary Variable

J4 Temporary Variable

J5 Temporary Variable

Jo Temporary Variable

J7 Temporary Variable
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Raega

=3
Z

BREEZ=ERE

Q (R,2)
Q1
Q2
Q3
073
o5
Q6
Q7
Q8
q2
R
R2
R3
RL

Sl (R,Z)
S2 (R,Z)
S3 (R,2)
S4 (R,Z2)
S5 (R,2Z)
S6 (R,Z)
SPL

SU

S$

T

T$

U (R,2Z)
A

V (R,2)
W (R,2)
Wl

W2

W3

X

X(R)
Y(2Z)

Z2
z3

Temporary Variable

Initial Horizontal/Vertical Stress Ratio - Granular
Base

Subgrade Stiffness Parameter

Subgrade Stiffness Parameter

Bulk Modulus of Subgrade (MPa)
Permeability of Granular Base (m/sec)
Bending Moment of Asphalt

Density of Asphalt (kg/m? )

Density of Granular Base (kg/m?3 )

Density of Subgrade (kg/m<)

Iteration Number

Slope at Surface

Convergence Indicator

Convergence Indicator

Temporary Variable

ILogarithm of Number of Passes to Failure
Change in Pore Volume

Temporary Variable

Temporary Variable

Temporary Variable

Temporary Variable

Temporary Variable

Temporary Variable

Temporary Variable

Temporary Variable

Temporary Variable

Radial Indicator

Number of Radial Divisions - Granular Base
Number of Radial Divisions - Subgrade
Radius of Ioad (mm)

Vertical Stress in Subgrade (kPa)

Radial Stress in Subgrade (kPa)

Tangential Stress in Subgrade (kPa)

Shear Stress in Subgrade (kPa)

Vertical Displacement in Subgrade (microns)
Radial Displacement in Subgrade (microns)
Stress Path Length

Suction in Granular Base (kPa)

Subgrade Type Indicator

Pulse Duration Indicator

Correctness Indicator

Temporary Variable

Counter/Temporary Variable

Temporary Variable

Temporary Variable

Stress due to Self Weight of Asphalt (kPa)
Stress due to Self Weight of Granular Base (kPa/mm)
Stress due to Self Weight of Subgrade (kPa/mm)
Basic Grid Dimension (mm)

Radial Distance (mm)

Vertical Distance in Subgrade (mm)
Vertical Indicator

Number of Vertical Divisions in Granular Base
Number of Vertical Divisions in Subgrade

Appendix C



REM
REM
REM
10:

67:

GRANMAT
INPUT AND CONTROL
SCREEN INPUT

CLS

COLOR 31,4

PRINT"HELLO, WELCOME TO GRANMAT"
COLOR 10,0

PRINT""

INPUT"DATE/TITLE ";D$
INPUT"THICKNESS (mm) : SURFACING ";D

1

INPUT" BASE ". D2

INPUT" (m): SUBGRADE ";D
INPUT"BASIC GRID DIMENSION(mm)";X
X=D2/INT(D2/X+.8)

IF D1=0 THEN INPUT"SINGLE PARTICLE DEPTH(mm) ";DP
IF D130 THEN INPUT"SURFACING STIFFNESS(GPa)

COLOR 11,0

CLS

PRINT"GRANULAR BASE PARAMETERS"
INPUT" COMPRESSION COEFFICIENT
INPUT"  POWER

INPUT"  STRESS PATH LENGTH INDEX
INPUT" DILATION COEFFICIENT
INPUT"  POWER

INPUT"  STRESS PATH LENGTH INDEX
INPUT" SHEAR COEFFICIENT

INPUT"  POWER

INPUT"  STRESS PATH LENGTH INDEX
INPUT" FAILURE RATIO(S1/S3)
INPUT" INTERLOCK(KPa)

INPUT" SHEAR AT 80% FAILURE(%)
C9=160.944/C9

INPUT" PLASTIC SHEAR COEF.(MPa)
INPUT" PLASTIC VOL. COEF.(MPa)
COLOR 12,0

CLS

PRINT"SUBGRADE PARAMETERS"

INPUT" LINEAR,K-THETA,LOACH ";S$

IF S$="LINEAR" THEN INPUT" MODULUS ";E3

IF S$="K-THETA" THEN INPUT" K1 "
IF S$="K-THETA" THEN INPUT" K2 "
IF S$="LOACH" THEN INPUT" A ";K1
IF S$="LOACH" THEN INPUT" B ";K2
COLOR 14,0

CLS

IF D1=0 THEN INPUT"DENSITY(kg/cum):BASE

IF D1=0 THEN GOTO 67

INPUT"DENSITY (kg/cum):SURFACING "
INPUT" BASE "
INPUT" SUBGRADE "

INPUT"INITIAL STRESS RATIO ";KO
INPUT"LOAD: PRESSURE(KPa) ";CP
INPUT" RADIUS(mm) "sRL
INPUT"VERY WET(Y/N) ";A$

IF A$="N" THEN INPUT"BASE SUCTION(KPa) ";SU

IF A$="N" THEN GOTO 84

3

";Cl
";Fl
";CL‘_
II;CZ
";FZ
";C5
H;C3
";F3
".C6
";C7
".C8
"5C9

":CS
"scv

;K1
;K2

;M1
;M2

;M3

INPUT"BASE PERMEABILITY(m/sec) ";KB
INPUT"DEGREE OF SATURATION(Z) ";DS

".El

" M2

Appendix C
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INPUT"LOAD PULSE DURATION(sec) ";DU
84 .
COLOR 10,0
CLS
G$="PH
GOTO 7010
88:
INPUT"ALL OK(Y/N)";T$
IF T$="N" THEN GOTO 10
INPUT"FULL OR REDUCED OUTPUT(F/R)";F$
IF F$="R" THEN INPUT"TO SCREEN OR PRINTER(S/P)";G$
INPUT"BATCH ROUTINE IN USE(Y/N)";B$
A=0
REM GRID DIMENSIONS
Z2=D2/X
Q1=0:Q2=X:Q3=0
115:
Q1=Q1+Q2
Q3=Q3+1:Q2=Q2*2
IF D3%¥10002Q1 THEN GOTO 115
Z23=Q3
Q1=0:Q2=X:Q3=0
140:
Q1=Q1+Q2
Q3=Q3+1
IF Q13RL+D1+D2 OR Q124%*RL THEN Q2=Q2%2
IF Q143000 THEN GOTO 140
R2=Q3
Q1=0:Q2=1
165:
IF Q12D3*.6-3 THEN GOTO 166
Q1=Q1+Q2:Q3=Q3+1:Q2=Q2%2:GOTO 165
166:
R3=Q3
REM DIMENSIONING
Q1=72
IF 7Z3%#7Z2 THEN Q1=Z3
DIM Bi(R2,22),B2(R2,z2),B3(R2,22),B4(R2,Z2),B5(R2,Z2),
DIM B7(R2,22),S1(R3,23),S2(R3,23),S3(R3,23),S4(R3,23),S5(R3,23)
DIM S6(R3,Z3),W(R3,Q1),V(R3,Q1), M(RZ) N(R2),F(R2),I1(Z2),12(Z2)
DIM X(RB),Y(ZB),DR(RB,Ql),DZ(R3,Q1),Q(R2 zz) U(R2,22)
REM X,Y CO-ORDINATES
300:
Q1=0:Q2=X:R=0
DO WHILE RiR2
X(R)=Q1:Q1=Q1+Q2:R=R+1
IF Q13RL+D1+D2 OR QI12RL*4 THEN Q2=Q2%2
LOOP
X(R2)=3000:Q2=1:R=R+1
DO WHILE RiR3
X(R)=X(R-1)+1000%Q2:Q2=Q2%2:R=R+1
LOOP
IF R3#R2 THEN X(R3)=3000+(D3%*.6-3)%1000
Q1=0:Q2=X:Z=0
DO WHILE Z:Z3
Y(Z)=Q1:Q1=Q1+Q2:Z=7+1:Q2=Q2%2
LOOP
Y(Z3)=D3%*1000
REM INITIAL VALUES
W1=M1%¥D1/101937:W2=M2/101937:W3=M3/101937

B6(R2,Z2)
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IF D1=0 THEN W1=DP*W2
IF S$="LINEAR" THEN G3=E3/1.4
110:
N=0
FOR Z=0 TO Z2:FOR R=0 TO R2
B1(R,Z)=W1+W2*X*Z+SU:B2(R,Z)=(W1+W2*X*Z)*K0+SU:B3(R,Z)=B2(R,Z)
B4(R,Z)=0:B5(R,Z)=0:B6(R,Z)=0:U(R,Z)=0:Q(R,Z)=0
NEXT R
R=0
I1(Z)=B1(R,Z)}+2*¥B2(R,Z)
I2(Z)=LOG(B1(R,Z)/B2(R,Z)):12(Z)=I2(Z)*12(Z)
NEXT 7Z
FOR Z=0 TO Z3:FOR R=0 TO R3
S1(R,Z)=W1+W2*D2+W3*Y(Z):S2(R,Z)=S1(R,Z):83(R,Z)=S1(R,Z)
S4(R,Z)=0:85(R,Z)=0:86(R,Z)=0
NEXT R,Z
N2=1:V=0
IF A$="N" THEN GOTO 530
CQ=CP:CP=CP¥*.02
GOTO 530 '
REM CONTROL
510:
N=N+1
PRINT" ITERATION"N":" ;N1
IF N2i1 THEN GOTO 540
IF N1i(R2¥Z2/100)°.75*CP¥RL*RL/4500 AND A$="N" THEN GOTO 540
IF N#49 THEN GOTO 540

530:
N1=0:IF D1=0 THEN GOTO 1410
GOTO 1010
540:
IF N13(R2*Z2/100)°.75*CP*RL*RL/(4500/((N/50) 4)) THEN GOTO 530
N2=N2-.1 :
IF N2%.05 THEN GOTO 6010
GOTO 530

REM SURFACING LAYER ANALYSIS
REM SLOPE DISTRIBUTION
1010:
FOR R=1 TO R2-1
N(R)=(B5(R-1,0)-B5(R+1,0))/(X(R+1)-X(R-1))
IF V=0 THEN GOTO 1035
IF N(R)2N(R-1) THEN N(R)=N(R-1)
GOTO 1040
1035:
IF N(R)#N(R-1) THEN V=1
1040:
NEXT R:V=0
REM MOMENT DISTRIBUTION
M(0)==N(1)*E1*D1*D1*D1/(12%X)
M(R2)=N(R2-1)*E1*D1*D1*D1/(12%(X(R2)-X(R2-1)))
FOR R=1 TO R2:IF R=R2 THEN GOTO 1130
M(R)=(N(R-1)-N(R+1))¥E1¥*D1¥D1*D1/(12*¥(X(R+1)-X(R-1)))
1130:
IF V=0 THEN GOTO 1145
IF M(R)2M(R-1) THEN M(R)=M(R-1)
GOTO 1150
1145:;
IF M(R)#M(R-1) AND X(R)ZRL THEN V=1
1150:
NEXT R:V=0



REM
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SHEAR FORCE DISTRIBUTION
F(0)=0
F(R2)=(M(R2)-M(R2-1))*3000/(3000-X(R2-1))+M(R2)
FOR R=1 TO R2
IF R=R2 THEN GOTO 1235
F(R)=(M(R+1)-M(R-1))*X(R)/(X(R+1)-X(R-1))+M(R)

1235:

F(R)=F(R)+N(R)*E1*D1*D1*D1/(12¥*X(R))
IF V=0 THEN GOTO 1250
IF F(R)2F(R-1) THEN F(R)=F(R-1):GOTO 1255

1250:

IF F(R)#F(R-1) AND X(R)ZRL THEN V=1

1255:

REM

IF F(R)#0 THEN F(R)=0
NEXT R:V=0
FOR R=0 TO R2-1
IF X(R)iRL THEN F(R)=F(R)+(RL*RL-X(R)*X(R))*CP/2000
NEXT R

SUPPORT STRESS DISTRIBUTION
W(0,0)=(F(0)~F(1))*2000/(X*X)+W1
W(R2,0)=(F(R2-1)-F(R2))*2000/(9000000~-X(R2-1)*X(R2-1))+W1
FOR R=R2 TO O STEP-1
IF R=R2 THEN GOTO 1345
IF R=0 THEN 1340
W(R,0)=(F(R-1)-F(R+1))*2000/(X(R+1)*X(R+1)-X(R-1)*X(R-1))+W1

1340:

IF W(R,0)%W(R+1,0) THEN W(R,0)=W(R+1,0)

1345;

REM

IF W(R,0)%1 THEN W(R,0)=1
NEXT R
FOR R=0 TO R2
W(R,0)=W(R,0)*.5+(B1(R,0)-SU)*.5+3U
NEXT R
GOTO 2010

UNSURFACED CONDITION

1410:

FOR R=0 TO R2

IF X(R)4RL THEN W(R,0)=CP+W2*¥DP+SU
IF X(R)3RL THEN GOTO 1430
W(R,0)=W2*DP+SU

1430:

REM
REM

NEXT R
BASE ANALYSIS
BASE VERTICAL STRESS

2010:

FOR Z=0 TO Z2:FOR R=R2 TO O STEP-1
IF R=0 THEN V(0,Z)=B4(1,Z)%*2/X

IF R=R2 THEN V(R,Z)=-B4(R-1,Z)/(3000-X(R-1))

IF R=0 OR R=R2 THEN GOTO 2020 :
V(R,Z)=(B4(R+1,Z)-B4(R-1,Z))/(X(R+1)-X(R-1))+B4(R,Z)/X(R)

2020:

REM

IF Z=0 THEN GOTO 2062

W(R,Z)=W(R,Z-1)+X*W2+(V(R,Z-1)+V(R,Z))*.5%X

IF R=R2 THEN GOTO 2062

IF W(R,Z)+W(R+1,Z) THEN W(R,Z)=W(R+1,Z)
CONSTRAINING AND BALANCING

2062:

N1=N1+ABS(W(R,Z)-B1(R,Z))
NEXT R
Q1=0
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FOR R=1 TO R2 _
Q2=.5*%(W(R,Z)+W(R-1,Z))-W1-SU-W2*X*Z
Q1=Q1+Q2*(X(R)*X(R)-X(R-1)*X(R-1))
NEXT R
FOR R=0 TO R2
W(R,Z)=(W(R,Z)-W1-SU-W2*X*Z ) ¥*CP¥RL*RL/Q1+W1+SU+W2¥X*Z
W(R,Z)=W(R,Z)-U(R,Z)
B1(R,Z)=W(R,Z)*.2*N2+B1(R,Z)*(1-.2%N2)
IF B1(R,Z)#(B2(R,Z)-C8)/C7 THEN B1(R,Z)=(B2(R,Z)-C8)/C7+1
IF B1(R,Z)#(B3(R,Z)-C8)/C7 THEN B1(R,Z)=(B3(R,Z)-C8)/C7+1
IF B1(R,Z)#.5 THEN B1(R,Z)=.5
NEXT R,Z
REM BASE RADIAL STRESS
FOR Z=0 TO Z2:FOR R=0 TO R2
IF R=0 THEN DR(0,Z)=B6(1,Z)*1000/X
IF R=R2 THEN DR(R,Z)=-B6(R-1,Z)¥*1000/(3000-X(R-1))
IF R=0 OR R=R2 THEN GOTO 2120
DR(R,Z)=(B6(R+1,Z)-B6(R-1,Z))*1000/(X(R+1)-X(R-1))
2120:
IF Z=0 THEN DZ(R,Z)=(B5(R,1)-B5(R,0))*1000/X
IF 7Z=Z2 THEN DZ(R,Z)=(B5(R,Z)-B5(R,Z-1))*1000/X
IF Z=0 OR Z=Z2 THEN GOTO 2128
DZ(R,Z)=(B5(R,Z+1)-B5(R,Z-1))*500/X
2128:
W(R,Z)=(1+(K0-1)*(W1+W2¥*X*Z)/(W1+W2*X*Z+SU) ) *B1(R,Z)
SPL=.5*ABS(B1(R,Z)-B2(R,Z)+(K0-1)*(W1+W2*¥X*Z))
SPL=SPL+.16667*ABS(B1(R,Z)+B2(R,Z)-(1+K0)*(W1+W2*X*Z))
IF SPL#1 THEN SPL=1
Q8=(ABS(DR(R,Z)-DZ(R,Z))*.5/(C3*SPL°C6) ) (1/F3)
IF Q8210 THEN Q8=10
IF DR(R,Z)iDZ(R,Z) THEN Q8=-Q8
W(R,Z)=W(R,Z)/EXP(Q8)
REM CONSTRAINING
IF W(R,Z)22*CP+SU THEN W(R,Z)=2*CP+SU
IF W(R,Z)#1 THEN W(R,Z)=1
IF Ri3 THEN GOTO 2174
IF V=0 THEN GOTO 2172
IF W(R,Z)3W(R-1,Z) THEN W(R,Z)=W(R-1,Z)
IF W(R,Z)#B2(R2,Z) THEN W(R,Z)=B2(R2,Z)
GOTO 2174
2172: :
IF X(R-2)2RL AND W(R,Z)#W(R-1,Z) THEN V=1
2174
N1=N1+ABS(W(R,Z)-B2(R,Z))
B2(R,Z)=B2(R,Z)*(1-.2*N2)+W(R,Z)*. 2¥N2
IF B2(R,Z)#(B1(R,Z)-C8)/C7 THEN B2(R,Z)=(B1(R,Z)-C8)/C7+1
NEXT R:V=0:NEXT Z
REM BASE TANGENTIAL STRESS
FOR Z=0 TO Z2:FOR R=0 TO R2
IF R=R2 THEN V(R,Z)=(B2(R,Z)+U(R,Z)-B2(R-1,Z)-U(R-1,Z))/(3000-X(R-1))
IF R=0 THEN V(R,Z)=(B2(1,Z)+U(1,Z))/X
IF R=0 OR R=R2 THEN GOTO 2220
V(R,Z)=(B2(R+1,Z)+U(R+1,Z)-B2(R-1,Z)-U(R-1,Z))/(X(R+1)-X(R-1))
2220:
IF Z=0 THEN V(R,0)=V(R,0)+(B4(R,0)-B4(R,1))/X
IF Z=Z2 THEN V(R,Z2)=V(R,Z2)+(B4(R,Z2-1)-B4(R,Z22))/X
IF Z=0 OR Z=Z2 THEN GOTO 2228
V(R,Z)=V(R,Z)-(B4(R,Z+1)-BU4(R,Z-1))*.5/X
2228:
W(R,Z)=X(R)*V(R,Z)+B2(R,Z)



REM

CONSTRAINING AND AVERAGING
IF W(R,Z)#1 THEN W(R,Z)=1
NEXT R
FOR R=0 TO R2
IF R=0 OR R=R2 THEN GOTO 2270
IF X(R)32RL¥*2+Z*X AND W(R,Z)#2*W(R2,Z) THEN W(R,Z)=W(R2,Z)*2
W(R,Z)=(W(R-1,Z)+W(R,Z)¥*3+W(R+1,2))/5
IF Z=0 OR Z=Z2 THEN GOTO 2270
W(R,Z)=(W(R,Z-1)+W(R,Z)*3+W(R,Z2+1))/5

2270:

REM

REM

B3(R,Z)=B3(R,Z)*.9+W(R,Z)*.1
IF B3(R,Z)#(B2(R,Z)-C8)/C7 THEN B3(R,Z)=(B2(R,Z)-C8)/C7+1
IF B3(R,Z)#(B1(R,Z)-C8)/C7 THEN B3(R,Z)=(B1(R,Z)-C8)/C7+1
IF B3(R,Z)#B1(R,Z)*C7+C8 THEN B3(R,Z)=B1(R,Z)*C7+C8-1
NEXT R, Z

BASE SHEAR STRESS
FOR R=1 TO R2-1
V(R,0)=(B6(R,1)-B6(R,0))/X
V(R,Z2)=(B6(R,Z2)-B6(R,Z2-1))/X
FOR Z=1 TO Zz2-1
V(R,Z)=(B6(R,Z+1)-B6(R,Z-1))*.5/X
NEXT Z
FOR Z=0 TO Z2
V(R,Z)=V(R,Z)+(B5(R+1,Z)-B5(R-1,Z))/(X(R+1)~-X(R-1))
SPL=B4(R,Z)+.16667*ABS(B1(R,Z)+B2(R,Z)~(1+KO)*(W1+W2¥*X*Z))
IF SPL#1 THEN SPL=1
Q8=(ABS(V(R,Z))*500/(C3*SPL°C6))°(1/F3)
IF Q8310 THEN Q8=10
IF V(R,Z)+0 THEN Q8=-Q8
V(R,Z)=EXP(Q8)
W(R,Z)=B7(R,Z)*(V(R,Z)-1)/(V(R,Z)+1)
IF W(R,Z)20 THEN W(R,Z)=0
N1=N1+ABS(W(R,Z)-B4(R,Z))
B4(R,Z)=BU(R,Z)*(1-.2%¥N2)+W(R,Z)*.2¥N2
NEXT Z,R
FOR Z=0 TO Z2
B7(R2,Z)=(B1(R2,Z)+B2(R2,Z) )*.5
NEXT Z
GOTO 3010

BASE VERTICAL DISPLACEMENT

2410:

FOR Z=Z2 TO O STEP-1:FOR R=R2 TO O STEP-1
Q1=LOG(B1(R,Z)/B2(R,Z)):Q1=Q1*Q1
Q2=LOG(B2(R,Z)/B3(R,Z)):Q2=Q2*Q2
Q3=LOG(B3(R,Z)/B1(R,Z))}:Q3=Q3*Q3

IF ABS(B4(R,Z))+1#B7(R,Zz) THEN GOTO 2420
Q4=10:GOTO 2425

2420:

Q4=LOG((B7(R,Z)+B4(R,Z))/(B7(R,Z)-B4(R,Z))): Q4=QU¥*QL

2425:

SPL=.5%ABS(B1(R,Z)-B2(R,Z)+(KO-1)*(W1+W2¥Z*X))
SPL=SPL+.16667*ABS(B1(R,Z)+B2(R,Z)-(1+K0O)*(W1+W2*X*Z) )
IF SPLi1 THEN SPL=1

V(R,Z)=(ABS(Q1-I2(Z))) ‘F2*C2¥*SPL°C5

IF Q13#I2(Z) THEN V(R,Z)=-V(R,Z)
SPL=.5*ABS(B2(R,Z)-B3(R,Z))
SPL=SPL+.16667*ABS(B2(R,Z)+B3(R,Z)-2*KO* (W1 +W2*X*Z) )
IF SPLi1 THEN SPL=1
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V(R,Z)=Q2°F2*C2*SPL°C5+V(R,Z)
SPL=,5%ABS(B1(R,Z)-B3(R,Z)+(KO0-1)*(W1+W2*X*Z))
SPL=SPL+.16667*¥ABS(B1(R,Z)+B3(R,Z)-(1+K0)*(W1+W2*¥X*Z))
IF SPL}#1 THEN SPL=1

Q8=(ABS(Q3-I2(Z))) 'F2*C2*SPL"°C5

IF Q3i1I2(Z) THEN Q8=-Q8

V(R,Z)=Q8+V(R,Z)
SPL=B4(R,Z)+.16667*ABS(B1(R,Z)+B2(R,Z)~(1+KO)*(W1+W2*X*Z7))
IF SPL#1 THEN SPL=1

V(R,Z)=Q4 " F2*C2*SPL"C5+V(R,Z)
Q1=B1(R,Z)+B2(R,Z)+B3(R,Z) : SPL=ABS(Q1-I1(Z))

IF SPL3#1 THEN SPL=1

Q8=(ABS(LOG(Q1/I1(Z)))) F1*C1*SPL Cl

IF Q13I1(Z) THEN Q8=-Q8

V(R,Z)=V(R,Z)-Q8

IF Q9=1001 THEN 2496
SPL=ABS(B1(R,Z)-B2(R,Z)+(K0-1)*(W1+W2¥X*Z))*.5
SPL=SPL+.16667*ABS(B1(R,Z)+B2(R,Z)~((1+K0)*W1+W2*¥X¥*Z))
IF SPL#1 THEN SPL=1

Q8=LOG( (KO- (KO-1)*SU/(W1+W2*X*Z+SU) ) *B1(R,Z)/B2(R,Z))
Q1=4*C3*(ABS(Q8)) "F3*SPL’C6

IF Q810 THEN Q1=-Q1

SPL=.5%ABS(B2(R,Z)-B3(R,Z))
SPL=SPL+.16667*ABS(B2(R,Z)+B3(R,Z)-2*KO* (W1+W2¥X*Z))
IF SPL#1 THEN SPL=1 :
Q2=2*%C3*(ABS(LOG(B2(R,Z)/B3(R,Z)))) "F3*SPL°C6

IF B2(R,Z)#B3(R,Z) THEN Q2=-Q2
DZ(R,Z)=(V(R,Z)-Q1-Q2)/3

IF DZ(R,Z)#0 THEN DZ(R,Z)=0

IF Z=72 THEN W(R,Z)=S5(R,0)

IF Z=Z2 THEN GOTO 2488
W(R,Z)=W(R,Z+1)-(DZ(R,Z)+DZ(R,Z+1))¥X/2000

IF R=R2 THEN GOTO 2488

IF W(R,Z)iW(R+1,Z) THEN W(R,Z)=W(R+1,Z)

IF. R=0 THEN W(R,Z)=W(R+1,Z)

2488:

N1=N1+ABS(W(R,Z)-B5(R,Z))
B5(R,Z)=W(R,Z)

2496:

REM

NEXT R,Z
IF Q9=1001 THEN GOTO 4054

BASE RADIAL DISPLACEMENT
FOR Z=0 TO Z2:FOR R=1 TO R2-1
IF Z=0 AND D120 THEN W(R,Z)=N(R)*.5%D1
IF Z=0 AND D1=0 AND X(R)#RL THEN W(R,Z)=0
IF Z=0 AND D120 THEN GOTO 2580
IF Z=0 AND D1=0 AND X(R)#RL THEN GOTO 2580
SPL=ABS(B1(R,Z)~-B2(R,Z)+(KO-1)*(W1+W2¥X*Z))*.5
SPL=SPL+.16667*ABS(B1(R,Z)+B2(R,Z)~(1+K0)*(W1+W2¥X*Z))
IF SPL#1 THEN SPL=1
Q8=LOG( (KO- (KO-1)*SU/(W1+W2*X*Z+SU) ) *B1(R,Z)/B2(R,Z))
Q1=2*C3*(ABS(Q8)) "F3*SPL"C6
IF Q810 THEN Q1=-Q1
SPL=.5*ABS(B2(R,Z)-B3(R,Z))
SPL=SPL+.16667*ABS(B2(R,Z)+B3(R, Z)-2¥K0*(W1+W2*X*2Z))
IF SPLi1 THEN SPL=1
Q8=LOG(B2(R,Z)/B3(R,Z))
Q2=4*C3*(ABS(Q8) ) "F3*SPL°C6
IF Q810 THEN Q2=-Q2
W(R,Z)=(V(R,Z)+Q1+Q2)*X(R) /3000
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IF W(R,Z)#0 THEN W(R,Z)=0
IF X(R)iRL THEN GOTO 2580
IF V=0 THEN GOTO 2575
IF W(R,Z)#W(R-1,Z) THEN W(R,Z)=W(R-1,Z)
GOTO 2580
2575:
IF W(R,Z)i#W(R-1,Z) THEN V=1
IF D1=0 AND X(R-1)2RL+X*¥Z THEN V=1
2580:
N1=N1+ABS(B6(R,Z)-W(R,Z))
B6(R,Z)=B6(R,Z)*(1-.1*N2)+W(R,Z)*.1*N2
NEXT R:V=0:NEXT Z
IF A$="Y" THEN GOTO 4010
GOTO 510
REM SUBGRADE ANALYSIS
REM SUBGRADE VERTICAL STRESS
3010:
FOR Z=0 TO Z3:FOR R=R3 TO 0 STEP-1
IF R=0 THEN V(0,Z)=S4(1,Z)*2/X
IF R=R3 THEN V(R,Z)=-S4(R-1,Z)/(X(R3)-X(R-1))
IF R=0 OR R=R3 THEN GOTO 3020
V(R,Z)=(S4(R+1,2)-S4(R-1,Z))/(X(R+1)~-X(R-1))+S4(R,Z)/X(R)
3020:
IF Z20 THEN GOTO 3030
IF R#R2 THEN S1(R,Z)=W1+W2¥*D2
IF R3R2 THEN W(R,Z)=S1(R,Z)
IF R#R2 THEN GOTO 3036
S1(R,Z)=B1(R,Z2)+U(R,Z2)-SU:W(R,Z)=S1(R,Z):GOTO 3036
3030:
W(R,Z)=W(R,Z-1)+((V(R,Z-1)+V(R,Z))*.5+W3)*(Y(Z)-Y(Z-1))
IF R=R3 THEN GOTO 3036
IF W(R,Z)iW(R+1,Z) THEN W(R,Z)=W(R+1,Z)
3036:
NEXT R
REM CONSTRAINING AND BALANCING
IF Z=0 THEN GOTO 3082
Q1=0
FOR R=1 TO R3
Q2=.5*(W(R,Z)+W(R-1,Z) )-W1-W2*D2-W3*Y(Z)
Q1=Q1+(X(R)*X(R)-X(R-1)*X(R-1))*Q2
NEXT R
Q3=CP*RL*RL/Q1
FOR R=0 TO R3
W(R,Z)=W(R,Z)*Q3-(W1+W2*¥D2+W3*Y(Z))*(Q3-1)
S1(R,Z)=W(R,Z)*.5*N2+S1(R,Z)¥*(1-.5%N2)
NEXT R
3082:
NEXT Z
REM SUBGRADE RADIAL STRESS
FOR Z=0 TO Z3:FOR R=0 TO R3
IF 7Z=7Z3 THEN DZ(R,Z)=-S5(R,Z-1)/(Y(Z)-Y(Z-1))
IF Z=0 THEN DZ(R,Z)=(S5(R,1)-S5(R,0))/X
IF Z=Z3 OR Z=0 THEN- GOTO 3120
DZ(R,Z)=(S5(R,Z+1)-85(R,Z-1))/(Y(Z+1)-Y(Z-1))
3120:
IF R=0 THEN DR(R,Z)=S6(1,Z)/X
IF R=R3 THEN DR(R,Z)=-S6(R-1,Z)/(X(R3)-X(R-1))
IF R=0 OR R=R3 THEN GOTO 3128
DR(R,Z)=(S6(R+1,Z)-S6(R-1,Z))/(X(R+1)-X(R-1))
3128:
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Appendixvﬂ

IF S$="K-THETA" THEN G3=K1*(S1(R,Z)+S2(R,Z)+S3(R,Z)) K2/1.4
IF S$="LINEAR" OR S$="K-THETA" THEN GOTO 3146
Q1=(S1(R,Z)+S2(R,Z))*.5:Q2=(S1(R,Z)-S2(R,Z))*.5
Q2=(Q2*Q2+S4(R,Z)*S4(R,Z))".5
Q1=01+Q2:Q2=Q1-2*Q2
Q1=(Q1-Q2)*(Q1-Q2)+(Q2-S3(R,Z))*(Q2-S3(R,Z))+(S3(R,Z)-Q1)*(S3(R,Z)-Q1)
Q1=(Q1*.5)°.5
IF Q1=0 THEN Ql1=1
G3=( (W1+W2*D2+W3*Y(Z))/Q1) "K2*Q1/(3*K1)
3146:
W(R,Z)=S1(R,Z)-(DR(R,Z)-DZ(R,Z) ) *G3*2
REM CONSTRAINING
IF R=0 THEN GOTO 3176
IF Vi2 THEN GOTO 3168
IF W(R,Z)2W(R-1,Z) THEN W(R,Z)=W(R-1,Z)
GOTO 3176
3168:
IF V=0 THEN GOTO 3174
IF W(R,Z)%W(R-1,Z) AND X(R)2RL+100 THEN V=2
GOTO 3176
3174:
IF W(R,Z)3W(R-1,Z) AND X(R)2RL*2 THEN V=1
3176:
S2(R,Z)=S2(R,Z)*(1-.2*N2)+W(R,Z)*.2*N2
NEXT R:V=0:NEXT Z
REM SUBGRADE TANGENTIAL STRESS
FOR Z=0 TO Z3:FOR R=0 TO R3
IF R=0 THEN W(R,Z)=S2(R,Z)
IF R=0 THEN GOTO 3232
IF R=R3 THEN V(R,Z)=(S2(R,Z)-S2(R-1,Z))/(X(R3)-X(R-1))
IF R=R3 THEN GOTO 3230
V(R,Z)=(S2(R+1,Z)-S2(R-1,Z))}/(X(R+1)-X(R-1))
IF Z=0 THEN V(R,Z)=V(R,Z)-(S4(R,Z+1)-S4(R,Z))/X
IF Z=Z3 THEN V(R,Z)=V(R,Z)-(S4(R,Z)-S4(R,Z-1))/(Y(Z)-Y(Z-1))
IF Z=0 OR Z=Z3 THEN GOTO 3230
V(R,Z)=V(R,Z)-(S4(R,Z+1)-S4(R,Z-1))/(Y(Z+1)-Y(Z-1))
3230:
W(R,Z)=S2(R,Z)+V(R,Z)*X(R)
3232:
NEXT R
REM CONSTRAINING AND AVERAGING
FOR R=0 TO R3
IF X(R)ZRL*2 AND W(R,Z)2W(R3,Z)*2 THEN W(R,Z)=W(R3,Z)*2
S3(R,Z)=S3(R,Z)*.9+W(R,Z)*.1
IF R=0 OR R=R3 THEN GOTO 3268
S3(R,Z)=(S3(R-1,Z)+S3(R,Z)*3+S3(R+1,Z))/5
3268:
NEXT R,Z
REM SUBGRADE SHEAR STRESS
FOR Z=0 TO Z3:FOR R=1 TO R3-1
IF Z=0 AND RiR2 THEN S4(R,Z)=B4(R,Z2)
IF Z=0 THEN GOTO 3355
IF 7Z=Z3 THEN V(R,Z)=-S6(R,Z-1)/(Y(Z)-Y(Z-1))
IF Z=Z3 THEN GOTO 3336
V(R,Z2)=(S6(R,Z+1)-S6(R,Z-1))/(Y(Z+1)-Y(Z-1))
3336:
V(R,Z2)=V(R,Z)+(S5(R+1,Z)-S5(R-1,2))/(X(R+1)-X(R-1))
IF S$="K-THETA" THEN G3=K1*(S1(R,Z)+S2(R,Z)+S3(R,Z)) K2/1.4
IF S$="LINEAR" OR S$="K-THETA" THEN GOTO 3348
Q1=(S1(R,Z)+S2(R,Z))*.5:Q2=(S1(R,Z)-S2(R,Z))*.5
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Q2=(Q2*Q2+S4(R,Z)*S4(R,Z))".5

Q1=Q1+Q2:Q2=Q1-2*Q2
Q1=(Q1-Q2)*(Q1-Q2)+(Q2-S3(R,Z) )*(Q2-S3(R,Z) )+(S3(R,Z)-Q1)*(S3(R,Z)-Q1)
Q1=(Q1*.5)°.5

IF Q1=0 THEN Q1=1

G3=( (W1+W2¥D2+W3¥*Y(Z))/Q1) "K2*¥Q1/(3*K1)

3348:

W(R,Z)=V(R,Z)*G3
IF W(R,Z)3W(R,Z-1)*.5 THEN W(R,Z)=W(R,Z-1)*.5
SU(R,Z)=W(R,Z)*.2¥N2+S4(R,Z)*(1-.2%N2)

3355:

REM

3420:

NEXT R,Z

SUBGRADE VERTICAL DISPLACEMENT
FOR Z=7Z3-1 TO O STEP-1:FOR R=R3 TO O STEP-1
IF S$="K-THETA" THEN G3=K1*(Sl(R,Z)+SZ(R,Z)+S3(R,Z))°K2/1.4
IF S$="LINEAR" OR S$="K-THETA" THEN GOTO 3420
Q1=(Sl(R,Z)+SZ(R,Z))*.5:Q2=(Sl(R,Z)—SZ(R,Z))*.5
Q2=(Q2*Q2+SU4(R,Z)*SL(R,2))".5
Q1=Q1+Q2:Q2=Q1-2*Q2
Q1=(Q1-Q2)*(Q1-Q2)+(Q2-S3(R,Z) )*(Q2-S3(R,Z))+(S3(R,Z)-Q1) *(S3(R,Z)-Q1)
Q1=(Q1*.5)°.5
IF Q1=0 THEN Q1=1
G3=( (W1+W2¥*D2+W3*Y(Z))/Ql) "K2*Q1/(3%K1)

K3=G3*7/3

DZ(R,Z)=(S2(R,Z)+S3(R,Z)- (W1+W2¥*¥D2+W3¥*Y(Z))*2)*(.5/G3-1/K3)
DZ(R,Z)=(DZ(R,Z)-(S1(R,Z)-W1-W2*D2-W3*Y(Z))*(1/G3+1/K3))/3

IF Z=Z3-1 THEN W(R,Z)=-DZ(R,Z)*(Y(Z3)-Y(Z))

IF Z#Z3-1 THEN W(R,Z)=W(R,Z+1)-(DZ(R,Z)+DZ(R,Z+1))¥*.5%(Y(Z+1)-Y(Z))
IF R=R3 THEN GOTO 3445

IF W(R,Z)iW(R+1,Z) THEN W(R,Z)=W(R+1,Z)

IF R=0 THEN W(R,Z)=W(R+1,Z)

3445;

REM

S5(R,Z)=W(R,Z)*.2%¥N2+S5(R,Z)¥(1-.2*%N2)
NEXT R,Z

SUBGRADE RADIAL DISPLACEMENT
FOR Z=0 TO Z3-1:FOR R=1 TO R3
IF S$="K-THETA" THEN G3=K1¥*(S1(R,Z)+S2(R,Z)+S3(R,Z)) K2/1.4
IF S$="LINEAR" OR S$="K-THETA" THEN GOTO 3520
Q1=(S1(R,Z)+S2(R,Z))¥.5:Q2=(S1(R,Z)-S2(R,Z))*.5
Q2=(Q2*Q2+S4(R,Z)*SH(R,2))".5
Q1=Q1+Q2:Q2=Q1-2*Q2
Q1=(Q1-Q2)*(Q1-Q2)+(Q2-S3(R,Z))*(Q2-S3(R,Z) )+(S3(R,Z)-Q1)*(S3(R,Z)-Q1)
Q1=(Q1*.5)°.5
IF Q1=0 THEN Ql=1
G3=( (W1+W2*¥D2+W3*Y(Z))/Q1) "K2*Q1/(3*K1)

3520:

IF W(R,Z)%0 THEN W(R,Z)=0
S6(R,Z)=S6(R,Z)*.95+W(R,Z)*.05
S6(R,Z)=S6(R,Z)-S6(R3,Z)*X(R)/X(R3)

NEXT R

FOR R=1 TO R3-1
S6(R,Z)=(S6(R-1,Z)+S6(R,Z)*¥3+S6(R+1,Z))/5
NEXT R,Z

GOTO 2410

$SEGMENT

REM
REM

PORE WATER EFFECTS
PORE PRESSURE CALCULATION

4010:
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FOR Z=0 TO Z2:FOR R=0 TO R2
IF Z=0 THEN DZ(R,Z)=(B5(R,1)-B5(R,0))/X
IF Z=Z2 THEN DZ(R,Z)=(B5(R,Z)-B5(R,Z-1))/X
IF Z=0 OR Z=Z2 THEN GOTO 4020
DZ(R,Z)=(B5(R,Z+1)-B5(R,Z-1))*.5/X
4020:
IF R=0 THEN DZ(R,Z)=DZ(R,Z)+2%B6(1,Z)/X
IF R=R2 THEN DZ(R,Z)=DZ(R,Z)-B6(R2-1,Z)/(X(R2)-X(R2-1))
IF R=0 OR R=R2 THEN GOTO 4028
DZ(R,Z)=DZ(R,Z)+B6(R,Z)/X(R)+(B6(R+1,Z)-B6(R-1,Z))/(X(R+1)-X(R-1))
4028
DZ(R,Z)=DZ(R,Z)-Q(R,Z)
DR(R,Z)=V(R,Z)
W(R,Z)=B1(R,Z)
IF B2(R,Z)#W(R,Z) THEN W(R,Z)=B2(R,Z
IF B3(R,Z)iW(R,Z) THEN W(R,Z)=B3(R,Z
IF B7(R,Z)+B4(R,Z)2W(R,Z) THEN W(R,Z
IF B7(R,Z)-B4(R,Z)4W(R,Z) THEN W(R,Z
W(R,Z)=W(R,Z)/3
IF DZ(R,Z)20 THEN W(R,Z)=-W(R,Z)
B1(R,Z)=B1(R,Z)-W(R,Z):B2(R,Z)=B2(R,Z)-W(R,Z):B3(R,Z)=B3(R,Z)-W(R,Z)
B7(R,Z)=B7(R,Z)-W(R,Z)
NEXT R,Z
Q9=1001:GOTO 2410
4054 .
Q9=0
FOR Z=0 TO Z2:FOR R=0 TO R2
B1(R,Z)=B1(R,Z)+W(R,Z):B2(R,Z)=B2(R,Z)+W(R,Z):B3(R,Z)=B3(R,Z)+W(R,Z)
Q2=W(R,Z)*10000*(100-DS)/(U(R,Z)+100+W(R,Z))
W(R,Z)=W(R,Z)*DZ(R,Z)*1000/(DR(R,Z)-V(R,Z)~-Q2)
U(R,Z)=U(R,Z)+W(R,Z)*.1*N2
IF Z=0 AND D1=0 THEN U(R,Z)=0
NEXT R,Z
IF N249 THEN GOTO 510
REM PORE WATER FLOW
Q1=KB*10000*DU
FOR Z=0 TO Z2:FOR R=1 TO R2
W(R,Z)=(U(R-1,Z)-U(R,Z))*Q1*(X(R-1)+X(R))*X/(X(R)-X(R-1))
IF Z=0 OR Z=Z2 THEN W(R,Z)=W(R,Z)*.5
NEXT R,Z
FOR Z=1 TO Z2
V(0,2)=(U(0,2-1)-U(0,Z))*Q1*X*.25
V(R2,Z)=(U(R2,Z-1)-U(R2,Z) )*Q1*(X(R2)*X(R2)-(X(R2)+X(R2-1)) "2*.25) /X
FOR R=1 TO R2-1
V(R,Z)=(U(R,Z-1)-U(R,Z))*Q1*((X(R+1)+X(R)) "2-(X(R)+X(R-1))°2)*.25/X
NEXT R,Z
Q=(-W(1,0)-V(0,1))/(X*X*¥X*, 125)
Q(0,0)=Q(0,0)+Q2*200
FOR R=1 TO R2-1
Q2=(W(R,0)~-W(R+1,0)-V(R,1))/(((X(R+1)+X(R)) 2-(X(R)+X(R-1)) "2)*X*,125)
Q(R,0)=Q(R,0)+Q2%*200 '
NEXT R
Q2=(W(R2,0)-V(R2,1))/((X(R2)*¥X(R2)-(X(R2)+X(R2-1)) 2%, 25)*X* 5)
Q(R2,0)=Q(R2,0)+Q2*200
FOR Z=1 TO z2-1
Q2=(-W(1,Z)+V(0,Z)-V(0,Z+1))/(X*X*X*.25):Q(0,2)=Q(0,2)+Q2*¥200
FOR R=1 TO R2-1
Q2=W(R,Z)-W(R+1,Z)+V(R,Z)-V(R,Z+1)
Q2=Q2/( ((X(R+1)+X(R))“2-(X(R)+X(R-1))"2)*x*.25)
Q(R,Z)=Q(R,Z)+Q2%200

=B7(R,Z)+B4(R,Z)
=B7(R,Z)-B4(R,Z)



REM
REM
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NEXT R
Q2=(W(R2,Z)+V(R2,Z)-V(R2,Z+1))/((X(R2)*X(R2)~-(X(R2)+X(R2-1) ) 2*.25) *X)
Q(R2,Z)=Q(R2,Z)+Q2%200
NEXT Z '
Q2=(-W(1,22)+V(0,22))/(X*X*X*,125):Q(0,22)=Q(0,22)+Q2*200
FOR R=1 TO R2-1
Q2=W(R,Zz2)-W(R+1,22)+V(R,22)
Q2=Q2/( ((X(R+1)+X(R)) 2-(X(R)+X(R-1))"2)*X*,125)
Q(R,Z2)=Q(R,z2)+Q2*200
NEXT R
Q2=(W(R2,22)+V(R2,22))/((X(R2)*X(R2)-(X(R2)+X(R2-1))°2*%,25)¥X* 5)
Q(R2,Z2)=Q(R2,Z2)+Q2*200
IF CPiCQ THEN CP=CP+CQ¥*.02
GOTO 510

BASE PLASTIC DEFORMATION

STRESS PATH DETERMINATION

NQ=LOG(100000000)

FOR R=0 TO R2:FOR Z=0 TO Z2
U(R,Z)=0:W(R,Z)=0

FOR V=R2 TO R STEP-1

IF V=0 THEN Q3=B3(V,Z)

IF V=0 THEN GOTO 5045
Q1=(X(V)*X(V)-X(R)*X(R)) .5
Q3=B3(V,Z)*Q1/X(V)+B2(V,Z)*X(R)/X(V)

5045:

Q2=B1(V,Z)-Q3:Ql4=.5%(B1(V,Z)+Q3)

IF V#R2 THEN GOTO 5050
Q5=Q2:Q6=Q2:Q7=Q4:Q8=Q4:J1=B1(V,Z):J2=J1:J3=B2(R,Z) :J4=J3
J5=B3(V,Z):J6=J5:J7=B4(V,Z):J8=T7

5050:

5070

REM

IF Q23Q5 THEN Q5=Q2
IF Q432Q7 THEN Q7=Q4
IF Q24Q6 THEN Q6=Q2
IF Q47Q8 THEN Q8=Q4
IF R=0 AND V0 THEN GOTO 5070

Q4=(B1(V,Z)-Q3)/(Q3*(C7-1)+C8)
IF Q43W(R,Z) THEN W(R,Z)=Qk4
4=(Q3- Bl(V,Z))/(Bl(V Z)*(C7-1)+C8)

IF Q432U(R,Z) THEN U(R,Z)=Q4
IF B1(V,Z)32J1 THEN J1=B1(V,Z)
IF B1(V,Z)#J2 THEN J2=B1(V,Z)
IF B2(V,Z)#J3 THEN J3=B2(V,Z)
IF B2(V,Z)4J4 THEN J4=B2(V,Z)
IF B3(V,Z)#J5 THEN J5=B3(V,Z)
IF B3(V,Z)#J6 THEN J6=B3(V,Z)
IF B4(V,Z)2J7 THEN J7=B4(V,Z)
IF B4(V,Z)#J8 THEN J8=Bu4(V,Z)
NEXT V

STRAIN CALCULATION
B5(R,Z)=.5%(Q5-Q6)+.33333*(Q7-Q8)
V(R,Z)=J1-J2+J3-J4+J5-J6+(J7-J8)*2
IF B5(R,Z)=0 THEN GOTO 5135
NP=(1-W(R,Z))*CS*1000/B5(R,Z)

IF NPiNQ THEN NQ=NP
NP=(1-U(R,Z))*CS*1000/B5(R,Z)
IF NPiNQ THEN NQ=NP

5135:

NEXT Z,R
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J=1
5145;
IF J3EXP(NQ) THEN GOTO 6910
FOR R=0 TO R2:FOR Z=0 TO Z2
B6(R,Z)=LOG(1-W(R,Z)-B5(R,Z)¥*.001*L0OG(J)/CS)
B6(R,Z)=-(B6(R,Z)~LOG(1-U(R,Z)-B5(R,Z)*.001*L0G(J)/CS))/C9
B7(R,Z)=.001*V(R,Z)*LOG(J)/CV-.5%ABS(B6(R,Z))
B6(R,Z)=.5%(B6(R,Z)+B7(R,Z))
B7(R,Z)=B6(R,Z)-B7(R,Z)
NEXT Z,R
REM DEFORMATION CALCULATION
FOR Z=Z2 TO 0 STEP-1:FOR R=0 TO R2
IF R=0 THEN DR(R,Z)=0
IF R#0 THEN DR(R,Z)=DR(R-1,Z)+(B7(R,Z)+B7(R-1,Z))*(X(R)-X(R-1))*500
NEXT R
FOR R=0 TO R2
IF 7Z=72 THEN DZ(R,Z)=0
IF Z#Z2 THEN DZ(R,Z)=DZ(R,Z+1)+(B6(R,Z)+B6(R,Z+1))*¥X*500
NEXT R,Z
GOTO 6800
REM OUTPUT ROUTINE
REM OUTPUT OF PAVEMENT DETAILS TO SCREEN
7010:
PRINT"GRANMAT ".D$
PRINT D1"mm SURFACING -";E1"GPa -";M1"kg/cum"
PRINT D2"mm BASE -";M2"kg/cum"

PRINT " PARAMETERS: COMP —A;Cl;Fl;Cu
PRINT " DIL -";C2;F2;C5
PRINT " SHEAR -";C3:;F3;C6
PRINT " PLASTIC -";C7;C8;C9;CS;CV
PRINT " KO =";KO
IF A$="Y" THEN GOTO 7024
PRINT " SUCTION =";SU"KPa":GOTO 7026
7024 ;
PRINT " PERMEABILITY =";KB"m/sec"
PRINT " SATURATION =";DS"%"
7026:
IF D1=0 THEN PRINT " SINGLE PARTICLE DEPTH =";DP"mm"

IF S$="LINEAR" THEN PRINT D3"m SUBGRADE -";E3"MPa -";M3"kg/cum"
IF S$="K-THETA" THEN PRINT D3"m SUBGRADE -~ K1 =":;K1" K2 =";K2;M3"kg/cum"
IF S$="LOACH" THEN PRINT D3"m SUBGRADE - A =";K1" B =";K2;M3"kg/cum"
PRINT " LOAD =";CP"KPa over";RL"mm RADIUS"
IF A$="Y" THEN PRINT " DURATION =";T"secs"
PRINT " BASIC GRID DIMENSION =";X"mm"
IF G$="S" THEN GOTO 8100
GOTO 88
REM OUTPUT OF PAVEMENT DETAILS
6010:
IF G$="S" THEN GOTO 7010
IF A20 AND F$="R" THEN GOTO 8000
LPRINT""
LPRINT" GRANMAT ".D$
LPRINT D1"mm SURFACING -";E1"GPa -";M1"kg/cum"
LPRINT D2"mm BASE -";M2"kg/cum"

LPRINT " PARAMETERS: COMP -";C1;F1;Ch4
LPRINT " DIL -";C2;F2;C5
LPRINT " SHEAR -";C3:F3;C6
LPRINT " PLASTIC -":C7:C8:C9;CS;CV
LPRINT " KO =";KO

IF A$="Y" THEN GOTO 6024
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6024

6026:

REM

REM

REM

REM

REM

REM

LPRINT " SUCTION =";SU"KPa":GOTO 6026

LPRINT " PERMEABILITY =";KB"m/sec"

LPRINT " SATURATION =";DS"Z%"

IF D1=0 THEN LPRINT " SINGLE PARTICLE DEPTH =";DP"mm"

IF S$="LINEAR" THEN LPRINT D3"m SUBGRADE -":;E3"MPa -";M3"kg/cum"
IF S$="K-THETA" THEN LPRINT D3"m SUBGRADE - K1 =";K1" K2 =";K2;M3"kg/cum"
IF S$="LOACH" THEN LPRINT D3"m SUBGRADE - A =";K1" B =";K2;M3"kg/cum"
LPRINT " LOAD =";CP"KPa over";RL"mm RADIUS"
IF A$="Y" THEN LPRINT " DURATION =";T"secs"
LPRINT " BASIC GRID DIMENSION =";X"mm"
IF F$="R" THEN GOTO 8000
QUTPUT OF GRID DIMENSIONS
LPRINT""
LPRINT"grid dimensions"
FOR R=0 TO R3:LPRINT X(R)¥.001;:NEXT R:LPRINT""
FOR Z=1 TO Z2:LPRINT X*Zz¥.001
NEXT Z
LPRINT M e e e e e e e
FOR Z=0 TO Z3:LPRINT (Y(Z)+D2)¥*.001
NEXT Z
OUTPUT OF VERTICAL STRESS
LPRINT""
LPRINT"vertical stress"
FOR Z=0 TO Z2
FOR R=0 TO R2:LPRINT USING "££££";INT(B1(R,Z));:NEXT R:LPRINT"":NEXT Z
LPRINT M e e e e e e e —————
FOR Z=0 TO Z3
FOR R=0 TO R3:LPRINT INT(S1(R,Z));:NEXT R:LPRINT"":NEXT Z
OUTPUT OF RADIAL STRESS
LPRINT""
LPRINT"radial stress"
FOR Z=0 TO Z2
FOR R=0 TO R2:LPRINT INT(B2(R,Z));:NEXT R:LPRINT"":NEXT Z
L P RIN T m e e e e e e e
FOR Z=0 TO Z3
FOR R=0 TO R3:LPRINT INT(S2(R,Z));:NEXT R:LPRINT"":NEXT Z
OUTPUT OF TANGENTIAL STRESS
LPRINT""
LPRINT"tangential stress"
FOR Z=0 TO ZZ2
FOR R=0 TO R2:LPRINT INT(B3(R,Z));:NEXT R:LPRINT"":NEXT Z
LPRINT e e e e e e e e e e
FOR Z=0 TO Z3
FOR R=0 TO R3:LPRINT INT(S3(R,Z));:NEXT R:LPRINT"":NEXT Z
OUTPUT OF SHEAR STRESS LPRINT""
LPRINT""
LPRINT"shear stress"
FOR Z=0 TO Z2
FOR R=0 TO R2:LPRINT INT(B4(R,Z));:NEXT R:LPRINT"":NEXT Z
LPRINT M e e e e e e
FOR Z=0 TO Z3
FOR R=0 TO R3:LPRINT INT(S4(R,Z));:NEXT R:LPRINT"":NEXT Z
OUTPUT OF VERTICAL DISPLACEMENT
LPRINT""
LPRINT"vertical displacement"
FOR Z=0 TO Z2
FOR R=0 TO R2:LPRINT INT(B5(R,Z));:NEXT R:LPRINT"":NEXT Z
LPRINT " e e e e e -



REM

REM

REM

Appendix C

FOR Z=0. TO Z3

FOR R=0 TO R3:LPRINT INT(S5(R,Z));:NEXT R:LPRINT"":NEXT Z
OUTPUT OF RADIAL DISPLACEMENT

LPRINT""

LPRINT"radial displacement"

FOR Z=0 TO Z2

FOR R=0 TO R2:LPRINT INT(B6(R,Z));:NEXT R:LPRINT"":NEXT Z

LPRINTM ———mmmm e e - "

FOR Z=0 TO Z3

FOR R=0 TO R3:LPRINT INT(S6(R,Z));:NEXT R:LPRINT"":NEXT Z
OUTPUT OF PORE PRESSURE

LPRINT""

LPRINT"pore pressure"”

FOR Z=0 TO Z2

FOR R=0 TO R2:LPRINT INT(U(R,Z));:NEXT R:LPRINT"":NEXT Z

GOTO 5010 )
OUTPUT OF PLASTIC VERTICAL DISPLACEMENT

6800:

REM

IF G$="S8" THEN GOTO 8300

IF F$="R" THEN GOTO 8200

LPRINT""

IF J=1 THEN LPRINT"plastic vertical displacement -";J"pass"”

IF J21 THEN LPRINT"plastic vertical displacement -";J"passes"

FOR Z=0 TO Z2

FOR R=0 TO R2:LPRINT INT(DZ(R,Z));:NEXT R:LPRINT"":NEXT Z
OUTPUT OF PLASTIC TRANSVERSE DISPLACEMENT

LPRINT""

IF J=1 THEN LPRINT"plastic transverse displacement -";J"pass"

IF J#1 THEN LPRINT"plastic transverse displacement -";J"passes"

FOR Z=0 TO Z2

FOR R=0 TO R2:LPRINT INT(DR(R,Z));:NEXT R:LPRINT"":NEXT Z

6900:

J=J*10
GOTO 5145

6910:

REM

IF G$="S" THEN PRINT""
IF G$="P" THEN LPRINT""
IF G$="S" THEN PRINT EXP(NQ)"passes to failure"
IF G$="P" THEN LPRINT EXP(NQ)"passes to failure"
IF B$="Y" THEN GOTO 9000
GOTO 10000

REDUCED OUTPUT

8000:

IF B$="Y" THEN LPRINT"A =";A

IF D1#0 THEN LPRINT"Asphalt Tensile Strain =";INT(B6(1,0)¥1000/X)"microstr
LPRINT"Maximum Subgrade Strain =";INT((S5(0,0)-85(0,1))*1000/X)"microstrai
LPRINT"Maximum Subgrade Stress =";INT(S1(0,0))"KPa (originally";INT(Wi+W2*
LPRINT"Deflection Bowl:"

FOR R=0 TO R2:LPRINT X(R)*.001;:NEXT R:LPRINT""

FOR R=0 TO R2:LPRINT INT(B5(R,0));:NEXT R:LPRINT""

GOTO 5010

8100:

IF D1#0 THEN PRINT"Asphalt Tensile Strain =";INT(B6(1,0)*1000/X)"microstra
PRINT"Maximum Subgrade Strain =";INT((S5(0,0)-S5(0,1))*1000/X)"microstrain
PRINT"Maximum Subgrade Stress =";INT(S1(0,0))"KPa (originally";INT(W1+W2¥*D
PRINT"Deflection Bowl:"

FOR R=0 TO R2:PRINT X(R)¥*.001;:NEXT R:PRINT""

FOR R=0 TO R2:PRINT INT(B5(R,0));:NEXT R:PRINT""

GOTO 5010

8200:
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IF J=1 THEN LPRINT"rut depth:";INT(DZ(0,0));
IF J21 THEN LPRINT",";INT(DZ(0,0)):
GOTO 6900
8300: '
IF J=1 THEN PRINT"rut depth:";INT(DZ(0,0));
IF J21 THEN PRINT",";INT(DZ(0,0));
GOTO 6900
9000: batch routine
10000:
COLOR 11,0
PRINT"PROGRAM TERMINATED - AVAILABLE FOR OTHER USERS"
PRINT"PRESS Esc FOLLOWED BY Alt X TO EXIT TURBOBASIC SYSTEM"
END
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