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ABSTRACT

In the last half a century or so, pavement engineering has evolved from an art into a

science. This has been made possible by the great advancements in many related fields of such

as geotechnical engineering, engineering mechanics, material science, numerical modelling,

computational techniques, instrumentation and techniques of measurement of pavement

response to various kinds of loading. Despite these advancements, however, there exist

significant gaps in our ability to analyze, evaluate and design pavements rationally. These gaps

in our knowledge pertain to two areas:

1.

Measurement of the mechanical properties of the materials in the pavement
structure.
The models used for the analysis of pavements have many restrictive assumptions

that make them too simplistic .

This thesis addresses these two questions in an attempt to fill this gap. The objective

of this thesis is twofold:

1.

To develop a finite element model to represent the pavement as a layered elastic
solid with the minimum of restrictive assumptions. In fact the only restrictive
assumption is that the problem is solved as an axi-symmetrical solid, (i.) as a
plane strain problem. The model should be able to consider any number of layers.
It should be able to handle material properties such as non-homogeneity, non
linearity, cross anisotropy and stress-dependency.

To adapt in-situ testing techniques that are common in geotechnical engineering,

to measure the properties of pavement materials directly as they exist in the

()




ground. These can then be set directly into the model and pavement responses

can be predicted.

In order to achieve these objectives the following tasks were undertaken and are

reported in the thesis.

L.

A multi layered elastic model was developed using a commercially available
general purpose finite element program, ANSYS. This program turned out to be
a powerful tool for such complex analyses. One unique feature of this algorithm
is the ability to run an optimization routine which would lead to a match between
the observed and computed deflection basins consistent with the measured
material properties.

Five airfield pavements representing a wide range of subgrade, structural,
environmental, loading and service lives were selected and tested with the
Dynatest 8001 Heavy Weight Deflectometer / Falling Weight Deflectometer
(HWD/FWD).

The pavements were cored at the test locations to ascertain the exact pavement
structure and to recover materials for laboratory testing.

At the test location the moduli of the unbound layers. were measured using the
pavement pressuremeter developed by Briaud (1979).

The numerical model was used to backcalculate the moduli of the materials in the
different layers within the bounds measured by the tests and specified in the
model (see (1) above).

A regression analysis was carried out between the measured and the computed

material properties at each site as well as by pooling all the data.

(i)




The following conclusions are drawn from this study:

1.

A general-purpose finite-element method such as ANSYS presents a powerful
tool to model the pavement under many different assumptions of material
properties and layer geometry.

The most powerful method of matching the deflection basins in a backcalculation
procedure appears to be when the differences between the respective "AREA"
of the deflection basins (volume of the bowl in a three dimensional case) are
minimized rather than a comparison to the maximum deflection only. This can be
defended, philosophically, on the basis that the volume of the deflection basin
represents the energy absorbed by the pavement under the applied load. Thus a
match of the volume of the basin should lead to a good estimate of the true
material properties.

Based on the above conclusion, it would be desirable to precede the ANSYS
analysis with a curve fitting program such as is used by ISSEM-4. This will
permit closer integration of the basin.

Some of the pavements tested in this investigation were aged and badly cracked.
In such cases there is an abrupt deviation of the observed basin from the
computed ones.

For cracked pavements the classical models, including the one presented herein,
cannot properly analyze the pavement. The model should be capable of
incorporating a "gap" element across which only partial or no load transfer will
exist. The ANSYS model presented herein is capable of modelling such gap

elements.




10.

For the pavements tested the unbound layers exhibited cross anisotropic ratios
ranging between 0.5 and 3. These are the general range reported in the literature.
The stress distribution appeared to be relatively insensitive to the variations in the
moduli. This raises a question whether one should be overly concerned with
exact values of moduli. For, in the final analysis, the stresses and strains and the
climatic factors are the factors which determine the performance of the
pavements.

Isotropic models gave better correlations between measured and computed
moduli values than cross anisotropic models for both the asphalt and the unbound
layers.. One should, however, remember that the asphaltic concrete layer was
always considered isotropic. Taken together with the comments earlier about the
insensitivity of stress distribution, it is suggested that the isotropic model for the
pavement is adequate.

Attempts to correlate computed moduli to independently measured moduli met
with limited success. It is suggested that the small data base and not considering
other significant factors (see 11 and 12 below) might be the cause for the less
than spectacular correlations. Yet, the modest correlations do merit further inves-
tigation.

In the case of asphalt moduli, three sites gave moderate correlations while the
other two showed no correlation at all. When the data were pooled, there was no
correlation. On further examination of the pavement history, it would appear that
the younger the pave-ments are, the better is the correlation; the older the

pavements are, the poorer is the correlation. This leads one back to the

(i)




11.

12.

13.

14.

conclusion regarding aged and fatigued and cracked pavements as discussed
above (see # 4 above).

In the regression relationships presented for asphaltic concrete, no physical
meaning can be attached to the intercept of the line. However, the slope may be
looked upon as the ratio of dynamic to static moduli. For the material tested in
this investigation this ratio is in the vicinity of two.

In comparing the computed moduli for the unbound materials with the
pressuremeter-measured moduli, it was found that the data from individual sites
showed no correlation at all. This was not surprising because in any one site,
within the length of a runway, a high uniformity of material should be expected.
Under such a condition the data points clustered around in a narrow region. Thus
a regression analysis is not meaningful. However, when the data was pooled, a
much better correlation could be seen (see # 8 above).

In the case of unbound materials, many other factors influence the modulus.
These are gradation, moisture content and in-place density to name a few. These
must be taken into account and a multivariate analysis, instead of a univariate
analysis, should be done. It is expected that the correlation would be better (see
# 8 above).

It is therefore submitted that the pressuremeter can be used to predict the moduli
of unbound layers which can be directly set in a layered elastic analysis.

However, additional studies are required.

(xxiv)




15. Unlike in the case of asphaltic concrete (see # 11 above) no physical meaning can
be attributed to the regression parameters for the unbound materials, neither the
slope nor the intercept.

Chapter 7 of the thesis presents many suggestions for further research in the field of

pavement engineering. For further discussions the reader is referred to that chapter.




CHAPTER ONE

INTRODUCTION

1.1  DESIGN AND EVALUATION OF PAVEMENTS
1.1.1 Historical Perspective

Construction of roads has been one of the major activities of mankind since the
earliest periods of civilization. However, like many other activities of man, road building
remained more an art than science until the dawn of the Industrial Revolution. Even then, a
systematic approach to road construction was not taken until in the mid 1800's when
McAdam built his first roads ﬁsing broken stones. Later, in this century, came new surfacing
materials such as portland cement concrete and asphalt. With rapid industrialization and
growth of motorized traffic the need for stronger, longer lasting and all-weather pavements
became a priority. Thus much attention was paid to portland cement concrete and asphalt
both from the point of view of materials technology and construction techniques. Much less
attention was paid to the properties and behaviour of granular materials or of subgrade. The
"design" of a pavement was still a matter of experience passed from one generation of
engineers to the next. Such experience was necessarily confined to a local area and was not
readily transferable to another region. Pavement engineers from different regions could not
compare notes on a quantifiable basis.

Then in the early 1930's soil mechanics evolved as a new discipline within the field of
civil engineering. Its impact on pavement engineering was almost instantaneous. Terzaghi

evolved the concept of subgrade modulus and suggested a method to measure it in the field
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(the plate load test). This concept was later used in the theoretical works of Biot (1937),
Westergaard (1939) and Burmister (1943). The ASTM staged a symﬁosium (1949) on plate
load tests where many papers were presented dealing with the application of this test to
pavement engiheering.

With the ability to apply loads approximately at the same magnitude and contact
pressure as the actual truck or aircraft wheel and measure the deflections under the loads, the
carrying capacity of a pavement could be determined for any pre-determined deflection level.
The test could be carried out at different levels of the pavement (such as subgrade, base or
surface) so that the required thickness of structure could be determined. Hence the problem
was one of arriving at a éuitable "tolerable" deflection based on experience and performance
of the pavements. Thus the design of pavements was still left to be based on an empirical
basis. Not much attention was paid to the theoretical developments mentioned earlier. It is
suspected that this was primarily due to the complexity of the mathematics and the extremely
onerous computational effort involved. Even today (1993) the plate load test forms the basis
of pavement design and evaluation for many agencies who are responsible for airfields.

However, the evolution of soil mechanics did provide a means of quantifying the
characteristics of pavement materials such as subgrade and granu]ér layers. Thus the concept
of Group Index was born. The Group Index is a number based on the clay fraction and
plasticity characteristics of the soil (Yoder and Witczak, 1974). Later it was shown by many
researchers that these factors could be indirectly linked to the shear strength and
compressibility characteristics of the soils ( for example Skempton, 1964). These latter
factors are the ones that govern the deformation and rutting of pavements. Thus, for the first

time, pavement engineers from different regions of the country could compare their exp-
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eriences based on a numerical, albeit empirical, index. Until recently, the Group Index formed
the basis of design for many agencies including the Federal Aviation Administration (FAA)
and United States Air Force (USAF).

While pavement design has been making the transition from experience based on
empirical evaluation to some elementary form of soil testing, great strides were being made
in the field of geotechnical laboratory testing. Tests such as unconfined compression test,
Proctor and California Bearing Ratio (CBR) tests and triaxial tests were being developed and
perfected. Along with the development of laboratory techniques, geotechnical engineers were
also introducing analytical methods using these laboratory parameters for solving foundation
engineering problems. This had its impact on pavement engineering. Many highway agencies
attempted to use triaxial test results for the design pavements. This did not lead to any great
success because pavements differed from foundations in certain basic ways. Some of these

are:

FOUNDATIONS PAVEMENT
1. Continuous static loading Repetitive dynamic loading
2. Half Space Layered System
3. Reasonably homogeneous Heterogeneous
4. Moderate strains Very low strains
5. Minor environmental effect Environment major factor
6. Localized problem Wide area affected

The response of the pavement materials on a stretch of highway varied so much that

laboratory testing provided little help during design or subsequent evaluation. Thus the hope




for a rational and fundamental design procedure faded till early to mid 1960's.

At this time two developments, one on either side of the Atlantic, provided great
impetus for theoretical development in pavement engineering. In Europe a group of
researchers at the Shell Research Centre in Amsterdam, Holland, were pursuing Burmister's
theoretical work and were developing techniques to model and to analyze the pavement as
a layered elastic system. In the U.S.A. the Americans launched the most ambitious and
comprehensive full-scale road test to that date using different types of construction and
materials and subjecting them to actual vehicle loads until the sections failed. These tests
came to be known as the AASHO (American Association of State Highway Officials) Road
Tests. Many valuable research papers were published, based on these efforts in two
international conferences on pavement design (the Ann Arbor conferences of 1962 and 1967).
The data from the road tests are still being analyzed and re-analysed based on more recent
concepts and theories. From these developments evolved two fundamentally different philo-
sophies of pavement design and evaluation.

The Europeans continued the development of a mechanistic design procedure where
the material properties would be measured either in the laboratory or in-situ. Based on these
measured properties a theoretical analysis would be carried out to calculate the stresses and
strains at critical locations in the pavement. These calculated stresses or strains would be
compared to the tolerable strain or stress for the required number of repetitions of the design
load using some type of a fatigue law (eg. Miner's Hypothesis). Design charts were prepared
on these concepts to aid the practising engineer (Shell Design Manual 10, 1961, Dorman and

Metcalf, 1965). This came to be known as the Shell Design Procedure (Claessen et al.,

1977).
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In North America the results of the AASHO Road Tests were synthesised in the form
of an "Interim Guide to the Design of Flexible Pavements" in 1972. In contrast to the stress
and strain concept in the Shell method, the underlying philosophy in the AASHO procedure
was the serviceability of the pavement. The serviceability depends on a host of factors such
as the rideability, cracking, deformations, other distresses, maintenance needed etc. and is
expressed in terms of a Present Serviceability Index (PSI). Using statistical methods to
analyze the large amount of data collected from the Road Test, empirical equations were
derived to compute the PSI. Nomographs were prepared to design the structural section of
a pavement for a given traffic mix. Input to these nomographs were the traffic, material
properties, and climatic factors. The AASHO method was still essentially empirical in its
approach. Individual States modified some of the factors suggested by AASHO to suit their
local and regional conditions. Despite these minor modifications, the method remained intact
and is still being used by many North American highway departments as well as by many
countries around the world. The data collected from the Road Test still forms a valuable
data-base for research in pavement engineering. During the last decade deficiencies in the
empirical approach are becoming more apparent and there is a move towards a mechanistic
approach in North America as well. To reflect this trend AASHO revised the Interim Guide
in 1986 and again in 1993 which leans definitely towards a mechanistic approach to the design

and evaluation of pavements.

1.1.2  Current Trend in Pavement Engineering
Both the mechanistic and the empirical methods have not been without their problems.

The availability of high-speed computers, the capacity to store very large amount of data
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relatively inexpensively and the development of powerful and sophisticated analytical
techniques (such as the finite-element method) have overcome the difficulties of mathematical
computations faced by engineers some twenty years ago. However, the determination of the
material parameters that are needed for these analyses has remained a thorny problem.
Thanks to the advanced technology of microprocessors, the laboratory and measuring
techniques have improved immensely. However, the relevance of those parameters measured
in the laboratory to real-life pavement materials has not been demonstrated. On the other
hand the extrapolation of empirical test results, such as the AASHO Road Tests, to other
parts of the world has not been entirely satisfactory.

To fill this gap AASHTO and the FHWA (US Federal Highway Administration)
launched in 1987 another ambitious research program known as the Strategic Highway
Research Program (SHRP). In Canada there is a corresponding program called C-SHRP.
Many other countries around the world are also participating in this venture. Therefore, it
would not be amiss here to say that the state-of-the-art process in pavement design at this
time (1993), is to use a mechanistic approach. The material parameters for the analysis would
be determined at conditions as close as possible to those existing in the road structure. In
fact, the trend is to evaluate these properties by nondestructive testing of the actual facilities,
using such techniques as deflection testing, in-situ geotechnical tests and geophysical methods
such as wave propagation. Laboratory testing is still useful in isolating and studying the effect
of individual factors on the overall response of the material in a controlled environment. Thus
one should not lose the advantage of the modern laboratory facilities and techniques.

In what follows a brief discussion of the concepts underlying the mechanistic design

and the material characterization is presented leading up to the objectives and the scope of




the research developed in this thesis.

1.1.2.1 Layered Elastic Systems

Layered elastic systems will be discussed in a little more detail in Chapter 2. The
discussion at this point is simply to suggest that there is a need to model the pavement more
adequately and realistically.

It is now generally accepted that pavements are best modelled as a layered system
consisting of layers of various materials (concrete, asphalt, granular base, subbase etc.) resting
on a natural soil deposit or the subgrade. The behaviour of such a system can be analyzed
using the classical theory of elasticity as demonstrated by Burmister (1943, 1945). Classical
theory of elasticity was developed strictly for continuous media as approximated closely by
metals, some natural products such as wood and to a lesser extent by some man-made
products such as concrete. It is well recognized by pavement engineers that the materials
used in the construction of pavements do not form a continuum but rather are particulate
materials (Josselin de Jong, 1963; Sokolowski, 1967, and Hardin et al. 1989). Moreover,
soils are not elastic even at moderate strains. For these reasons, geotechnical engineers
nowadays attempt to use the theories of plasticity and flow for foundation problems in
preference to elastic theory. However, as mentioned earlier, pavements differ from founda-
tions in some aspects. One of these is the strain levels which can be tolerated for satisfactory
performance.

Fig. 1.1' shows the typical stress-strain response of a soil in the laboratory. The

Figures and tables are included at the end of each chapter.
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circled area which is shown enlarged would probably be appropriate for pavements. For such
small strains and for the transient loads that the pavements will be subjected to, the
assumption of elastic behaviour is defensible. Further, as can be seen, under repetitive loading
the materials generally tend to show elastic behaviour with the area of the hysteresis loop
being relatively small even under moderate strains.

In modelling the pavement as a layered system, the following assumptions are made:

1. Each layer is linearly elastic, isotropic and homogeneous.

2. Each layer (except the subgrade) is finite in thickness and infinite in the

horizontal plane.

3. The subgrade is a semi-infinite half space.

4. The loads are applied vertically on top of the uppermost layer.
5. There are no shear forces acting on the loaded surface.
6. There is perfect contact between the layers at their interfaces.

Because of assumption 1, the constitutive relationship for such materials would involve only
two elastic constants; the modulus of elasticity (E) and the Poisson's ratio (i) or the bulk
modulus (K) and the shear modulus (G). While some authors (eg. Domaschuk and Wade,
1969; Naylor, 1978; Pappin and Brown, 1980; Bowles, 1988) feel that K and G are preferable
to E and p to characterize earth materials, it is customary to use E and p in all geotechnical
and pavement engineering computations. Because of the transient or repetitive nature of the
loading in pavement engineering, the elasticity modulus E is replaced by My, the resilient
modulus. The resilient modulus is defined as the recoverable strain divided by the stress.
While it has been traditional, both in geotechnical and in pavement engineering, to

treat soils and pavement layers as isotropic and homogeneous, the last fifteen years have seen
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number of models assuming soils to be cross-anisotropic. A cross-anisotropic material is one
where there is one axis of symmetry with respect to the elastic properties?. By nature of their
deposition and subsequent stress history soils are anisotropic. There is more and more
evidence that many soil deposits can be better modelled by assuming them to be cross-
anisotropic (Barden, 1963; Lo et al., 1977; Wroth and Houlsby, 1985; Graham and Houlsby,
1983; Lee and Rowe, 1989; Graham et al., 1989).

Some investigators have shown that compacted soils in a pavement can exhibit cross
anisotropy (Gerrard, 1968; Stock and Brown, 1980; Uzan, 1985; Stewart et al., 1985). Thus
an argument can be made that pavement layers are probably better modelled by treating the
materials as cross-anisotropic. With cross-anisotropic material one needs to define five elastic
constants instead of just two for the isotropic material. This poses a problem in testing.

Some of these will be discussed in the next section.

1.1.2.2 Laboratory Characterization of Materials

As can be seen from the foregoing discussions, in order to analyze the pavement as
a layered elastic system, one has to determine two or five elastic constants depending upon
whether one treats the structure as isotropic or cross-anisotropic. It was shown that the
traditional plate load tests could not be used to determine any of these parameters unless one
assumes the pavement to be a halfspace. The plate load test yields one composite stiffness

value for the entire pavement. Breaking down a composite modulus into the moduli of

Some authors (e.g. Wroth and Houlsby, 1985) call this an orthotropic medium. In the
literature on continuum mecharics, the term orthotropy usually refers to symmetry in
three planes whereas cross-anisotropy refers to symmetry in six or more planes. The
former requires nine elastic constants while the latter requires only five,
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component layers can be done only in an arbitrary fashion. The traditional method in
geotechnical engineering for the determination of the moduli is to use the triaxial apparatus.
For pavement design, where one is seeking the resilient modulus, the traditional setup will not
be adequate. The apparatus had to be modified for repeated loading and should be
instrumented to read very small strains; therefore the need exists for increased sophistication
in the instrumentation (see for example, Seed et al., 1967; Nair and Chang, 1973; Boyce and
Brown, 1976; Lam, 1982; Emery, 1983). If anisotropy is to be considered, the testing
becomes even more complicated. The usual method of determining the anisotropic
parameters is to measure the sample in three different orientations, vertical, horizontal and
at some inclination, generally at 45° (Gibson, 1967, 1974; Chowahury, 1972; Atkinson,
1975). Some researchers feel that a truly anisotropic test can be done only if all the three
principal stresses can be independently varied, a three-axial test as against the traditional
triaxial test (Yuen, 1976; Lo et al., 1977). One of the independent parameters for a cross-
anisotropic soil is the vertical shear modulus G,;. Some authors have suggested that this can
be obtained only with torsional testing and have developed a torsional triaxial apparatus (Sada
and Ou, 1973). Tt is not difficult to see that the laboratory testing for the parameters required
in pavement engineering can become quite complicated, time-consuming and expensive.
Moreover, as has been said before, only a few samples can be tested to represent a large
volume of materials. Finally, there is always the perennial criticism that the laboratory sample
might not represent the field conditions faithfully. Marcuson and Townsend (1976) have
shown that reconstituting the sample for cyclic triaxial tests can affect the test results substan-
tially. They found that the sampling procedures, the manner of remolding the sample,

cementation, stratigraphy and the grain size distribution all affected the results in the case of
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the shell and foundation material used for the Fort Peck dam in Montana. Details of some
of the laboratory tests referred to here will be discussed in a subsequent section. It is the
intention here to demonstrate that there is a gap in our ability to characterize pavement

materials adequately.

1.1.2.3 In-Situ Testing

Because of the difficulties in adequately characterizing earth materials by laboratory
testing, particularly for pavement engineering purposes, attention was directed to in-situ
testing. The plate load test, which was discussed earlier, is one type of in-sifu test. As
mentioned earlier, however, it is inadequate in characterizing the material properties of
individual layers. Other types of tests in this group are deflection testing, in-situ geotechnical
tests and geophysical tests.

Surface deflection is one of the best determinants of pavement response. Deflection
testing was first introduced by Benkelman during the WASHO (Western Association of State
Highway Officials) tests. It was used in the AASHO Road Tests. However, the Benkelman
beam test suffers from the same shortcoming as the plate load test in that the response is
measured at only one point. Individual layer properties cannot be assessed. Also, like the
plate load tests, the rate of loading is different from that imposed by the traffic loads. To
overcome this criticism researchers in Europe developed equipment which would measure the
pavement deflections under dynamic loading conditions at several points in addition to
directly under the load. The first of these dynamic deflection measuring equipment was
developed by the Shell group (Heukelom and Foster, 1960; Heukelom, 1961; Heukelom and

Klomp, 1964). Thus a deflection basin would be defined. Then using the inverse process
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of analysis, the modulus value for each layer would be calculated that would yield a deflection
basin matching the measured deflections. This process is known as the backcalculation
procedure.

Considerable improvements have been made to these machines since the days of
Heukelom. The modern deflection testing machines are very sophisticated, totally automated
and have a very high degree of repeatability and precision in their measurements. Some of
the more commonly used equipment currently employed to measure pavement deflections are
Dynaflect, Road Rater, FHWA Thumper, California Travelling Deflectometer, LaCroix
Deflectographe, the Falling Weight Deflectometer (FWD) and the Heavy Vehicle Simulator.
Of these only the Dynaflect, Road Rater, ‘the LaCroix Deflectographe and the FWD are
commercially available. The rest are one of a kind developed by different agencies for
research purposes and are also being used for routine evaluation in their jurisdictions.
Excellent reviews of these machines can be seen in reports by Clayton Sparks and Associates
(1980), Hoffman and Thompson (1982), Kennedy (1982), Bush et al. (1985), and several
papers in the two international symposia on Non-Destructive Testing (NDT) in Baltimore
under the auspices of ASTM (1988) and the second under the auspices of TRB (1991) and
the two international conferences sponsored by the US Army Corps of Engineers (1989,
1991). The three international symposia on the bearing capacity of roads and airfields
(Trontheim 1986, Nottingham 1989 and Trontheim 1991) also contain very good papers on
this subject. Of the different deflection testing machines discussed in these forums, the FWD
appears to be the most used by many agencies. It has been also chosen as the standard test
equipment for the SHRP and the CSHRP programs curently running in the USA and in

Canada. This was also the machine used in the field testing phase of the research reported
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in this thesis. Deflection testing and back-calculation procedures are discussed in some more
detail in Chapter 2.

Several in-situ geotechnical tests have been developed in the past 15 years. The more
common of these are the cone penetration tests, the pressuremeter and the flat plate dilato-
meter. In reality these test procedures have been around for longer than 15 years, particularly
in Europe. However, interest in them grew vastly in the past 15 years due to some of the
concerns about the relevance of laboratory testing. Of these only the pressuremeter and the
dilatometer measure a modulus value directly. Because of the geometry of the equipment,
a rigorous mathematical treatment is possible only for the pressuremeter test. It was for this
reason a special pressuremeter for testing pavement layers was developed (Briaud, 1979;
Briaud and Shields, 1979). Further demonstration of the potential of this equipment has been
reported by Cosentino (1987), Briaud and Cosentino (1987) and Briaud et al. (1989). In this
thesis data from additional pressuremeter tests at some Canadian airfields will be presented.

Geophysical test methods such as seismic refraction, reflection, down-hole and cross-
hole seismic tests have long been used by geotechnical engineers to identify soil stratification,
depth to rock and permafrost. Recently they have been used to measure more specific
properties such as the elasticity and shear moduli and Poisson's ratios. One such method, the
Surface Wave method, is drawing increasing attention from pavement engineers (Nazarian,
1989). It would be later suggested in this thesis that the surface wave method together with
the pressuremeter holds the greatest potential in perfecting a pavement model as a layered

elastic medium having non-homogeneous, non-linear and cross-anisotropic properties.
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1.1.2.4 Problems and Shortcomings

Based on the above discussions, the problems facing pavement engineers can be

summarised as below:

L. Characterization of materials in the pavement layers is a major problem facing
pavement engineers. Sophisticated laboratory testing techniques are available
to test the pavement materials in the laboratory. However, these are very time
consuming and expensive. Moreover, laboratory tests do not represent the
actual material properties adequately; in particular, it is impossible to perform
enough number of tests to adequately cover the variations that can occur in
a stretch of highway.

2. Pavement engineers have not taken advantage of in-situ tests to characterize
the materials of construction.

3. While a high level of confidence can be placed in deflection measurements by
some of the modern equipment, the analyses of the data have not been
satisfactory. The lack of match between backcalculated properties of material
and measured ones points to the need for more Work.

4, In particular, existing analysis methods are too restrictive in their assumptions.
They cannot consider visco-elastic properties of the asphalt surface; they
cannot consider anisotropy in the layers; they cannot consider yield criteria of
the material; they cannot solve the problem when one imposes limits for the
material properties for the various layers whether such properties are obtained
from laboratory tests, in-situ tests or known from one's experience or previous

research. In other words, they cannot optimize the solution to fit the given
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pavement structure.
With the improved ability to measure properties and the ability to compute

complicated models better, more realistic models of pavement should be built

and analyzed.

It is in this context this thesis is presented. It is an attempt to suggest a more

realistic model of the pavement structure and a method to determine the necessary

parameters.

It may be appropriate here to state that the pavement engineer faces other problems

which make the analysis of pavements difficult. While these are not directly relevant to this

thesis, they are related to pavement evaluation and pavement management. They are simply

enumerated below for the sake of completeness:

1.

2.

A high degree of error is associated with the estimates of traffic loads;
Another problem is the adequate modelling of the pavement performance
Currently considerable difficulty is encountered in modelling the effects of
climate on the materials and on their performance;

The interaction of loads and climatic effects are not clearly understood.

A high variance is associated with the construction not only with respect to
pavement structure but also with the materials and construction quality.

The effect of maintenance and local repairs cannot be adequately considered

at present.
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1.2 SCOPE OF THE THESIS

1.2.1 Objectives of the Study

The primary objective of this study is to characterize the materials in the pavement
structure. This is a twofold assignment relating to:

a) The development of a model which can be used to analyze a layered elastic
system with both isotropic and anisotropic properties as well as stress depen-
dent variation of layer moduli. It is believed that such a model will be more
general, more realistic and more useful than the current models.

b) Field measurements to validate the model and to demonstrate how the
required elastic parameters can be measured.

It is recognized that there is no single equipment existing at present which can be used
to measure all the five parameters required for the characterization of an anisotropic medium.
At present these parameters can be measured only in the laboratory. In this thesis, reliance
is placed on published results from laboratory tests by other investigators on anisotropic
behaviour of soils at the test sites. However, suggestions are made for the development of

an instrument to measure the five parameters.

1.2.2 Methodology of the Study
1.2.2.1 An Analytical Model for Pavements

The theoretical model to be studied in this thesis is still the layered elastic system.
However an attempt is made to consider cross anisotropy of the layers. The existence of such
cross anisotropy in all the layers has been suggested in the literature. Considerable work has

been done by geotechnical engineers on cross-anisotropic half space. A cross-anisotropic
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layered system has been studied by Gerrard (1967; 1968), Bhattacharya (1968) and by

Gerrard and Harrison (1971). The earlier work by Gerrard and his associates considered a
two-layer system for two specific ratios of anisotropy (i.e. ratio of vertical to horizontal
elastic moduli). The latter work by these authors considered a multi-layer system with no
numerical evaluation. The work by Bhattacharya dealt with a homogeneous cross-anisotropic
medium subjected to a point load. No further work seems to have been done in the
intervening period (1970-1993) and no computational algorithms appear to exist to analyze
pavements as cross-anisotropic layered systems. The method of solution in these earlier works
involved the use of finite differences. It is submitted that these earlier works are too limited
in scope to be of much praétical use. This thesis will, therefore, attempt to extend these
previous works by:
1. Formulating a finite element model to analyze the pavements as an elastic,
cross-anisotropic layered system (Chapter 3).
2. Suggesting a method for the in-situ measurement of the elastic parameters
needed in the analysis (Chapters 3 and 4).
3. Verifying the model by comparing the analytical solutions to actually
measured pavement responses as well as to published results in the literature
(Chapters 4 and 5).
Non-homogeneity and stress-dependency of the material will be considered in an indirect way
by dividing any layer into sub layers in the finite element model. However, it will be
emphasized that the model that is suggested in this thesis is a general purpose finite element
program that can solve the layered elastic structure under the most generalised assumptions,

Details of the model, of the finite element setup and the stress dependency of the moduli in
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different layers are discussed in Chapter 3.

1.2.2.2 Field Testing

In order to verify the model, deflection tests were conducted at five airport sites in the
Prairie provinces in Canada. The sites selected were Thunder Bay in NW Ontario, Brandon
and St. Andrews in Manitoba and Regina and Saskatoon in Saskatchewan. It is submitted that
these sites represent a wide spectrum of pavements with respect to geotechnical,
environmental, load and traffic conditions, and age of the pavements. More particulars of the

test sites are given in Chapter 4.

1.2.2.3 Material Characterization

All the pavements tested had an asphaltic concrete (AC) surface, though some were:
of composite construction (AC overlay on Portland cement concrete pavements). The
pavement construction was determined by actually coring through the pavements. This helped
establish the pavement structure as well as recover materials from each layer for subsequent
laboratory testing to determine their properties.

For the bituminous materials the mix characteristics (density, composition, percent
binder etc.), gradation of aggregates, consistency of the binder (both viscosity and penetration
measurements) were determined.

For the unbound materials laboratory investigation consisted of basic classification and
consistency tests. The elastic properties of the materials that are required in the model are to
be determined using the pavement pressuremeter. Since there are five parameters to be

evaluated and the pressuremeter can at the most yield only two of these, different numerical
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expediencies are necessary to infer the other three. One such expediency would be to use the
device suggested by Graham and Houlsby (1983). Alternatively, the bounds suggested by
Pickering (1970), Uriel and Canizo (1971) and Nayak (1973) could be used to infer the
missing parameters with sufficient accuracy. The former approach relies on the regression
analysis of a large number of high quality triaxial tests. This was not feasible in this study
because, such tests were not carried out. This study is primarily aimed at measuring these
parameters in-situ. The cross-anisotropy of the soils at the test sites in this study have been
studied by others (Yuen, 1976; Lo et al., 1977; Graham and Houlsby, 1983). Thus it is
possible to draw from their studies and infer the missing parameters using the bound values

suggested by these authors.

1.2.2.4 Pavement Response

In addition to the pressuremeter tests, tﬁe response of the pavements to three
different levels (low, medium and high) of loading at the five test sites was measured with the
Falling Weight Deflectometer (FWD). The pavement structures at these sites were analyzed
using a commercially available general purpose finite element program for both the isotropic
and cross-anisotropic cases. The results of the finite element analyses are then compared to
the measured FWD deflection basins to evaluate whether:

L. The model can predict the deflection basins within specified tolerances and
whether such a match would be compatible with the measured material
properties.

2. The isotropic or cross-anisotropic model better matches the actual pavement

response. The details of these analyses are discussed in more detail in
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Chapter 3 and Chapter 5.
The techniques of determining the in-situ material properties, as described in

this thesis, are adequate or at least hold some promise.




21

r— LIMIT PRESSURE - 0 FAILURE

0
£
e
=
7p)]
»| STRAIN %
S N
‘ mﬂﬂ GEOI'BCHMCAL - VERY LARGE STRAINS

NOTE THAT THE MODULI ARE
ESSENTIALLY CONSTANT UP TO .
YIELD AND THEN RAPIDLY DECREASE.

FIG.1.1. TYPICAL STRESS-STRAIN CURVE FOR PAVEMENT MATERIALS -

AND THE RANGE OF INTEREST IN PAVEMENT ENGINEERING.




22
CHAPTERTWO

REVIEW OF LITERATURE

2.1 ANALYSIS: LAYERED ELASTIC SYSTEMS

Pavements are generally analyzed by modelling them as layered elastic systems. The
assumptions involved in this theoretical model were given in Chapter 1. Because of the
geometry of the problem one can analyze the system as an axisymmetrical case. The equation

of equilibrium for an axisymmetrical problem in polar coordinates, can then be written as:

ao,+arn+o, - 0, - o )
or 0z n

0 0
1"4. az.g.i = 0 (2)
or 0z r

where o,, 04 are the normal components of stresses, T, is the shear stress and r, 0 and z are
the coordinate directions. The z-axis is assumed to be vertical. The loads are generally
assumed in the form of Fourier series or Fourier integrals or Hankel Transforms (Gerrard,
1967). The series approach will apply to periodic loading at regular intervals (e.g. railway
loads). The integral formulation will apply to finite loading such as highway loads. The
Hankel transform is more suitable for axi-symmetrical problems form the computational point
of view. One of the assumptions made (see Section 1.1.2.1) is that the surface of the system
is loaded only by vertical forces and there are no shear forces acting on the surface. The

loading is usually taken as sine (0dd) and cosine (even) functions. For an axi-symmetrical
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case the odd function will result in zero loading (no shear loads) and the even functions will
result in a net force (vertical stresses).
The solution to the set of Eqns. (1) and (2) are generally given by a stress function

@ in the form of a Bessel series as below (Burmister, 1943; Gerrard, 1967):

$ = Jy(mr) [Ae™* - Be ™" + CZe ™ + DZe ™ 3)

where
® = the stress function to satisfy v* ® =0
v = the LaPlace operator
J, = Besel function of order 0
r = radial distaﬁce from the load and
m, A, B, C and D are constants of integration to be determined from the boundary
conditions.
Since there are four constants for each of the layers, for an n-layer system one has to evaluate
4n constants. The 4n simultaneous equations required to determine the 4n constants are
supplied by the following boundary conditions:
1. Two equations relating to the loads at the surface (i.e. the vertical stress is equal
to applied stress and shear stress is equal to zero).
2. Two equations at the lower boundary at infinity (stresses and deformations must
be equal to zero).

3. 4(n-1) equations at each of the n-1 boundaries.
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Solutions for such a system with isotropic materials for a two-layer system were given by
Burmister (1943, 1945). His work was extended by many. Table 2.1 summarizes some of
the known results. |

Limited solutions for a system with cross-anisotropic properties were given by
Gerrard (1967) and Gerrard and Harrison (1971) (see also Poulos and Davis 1974, pp. 187
and Appendix B). The differential equations and the solution methodology still remain the
same as for the isotropic case except that some of the parameters would now include the five
elastic constants needed to characterize a cross-anisotropic medium. It can be shown that
the isotropic layer is a special case of the cross-anisotropic problem (Gerrard 1967). The
solutions, given by Eq. (3), for stresses are functions of the elastic properties of the materials,
the elasticity and shear moduli and the Poisson's ratios. From the stresses, the strains are
calculated using the constitutive equations for the materials. These are obtained from the
general theory of elasticity. In what follows these constitutive equations are simply stated
first for the most general Hookean material (linear elastic material) and how it will simplify
in the case of cross-anisotropic and isotropic materials. For more detailed discussions the
reader is referred to the extensive literature on éontinuum mechanics and theory of elasticity
(eg. Timoshenko and Goodier, 1949; Lekhnitskii, 1963; Jaeger, 1969; Melvern, 1974). This
will be followed by a review of literature on the application of elasticity theory for soils and
pavements for both isotropic and anisotropic cases. Finally in this section some of the

existing theoretical and computer models for pavement analysis are discussed.
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2.1.1 General Theory of Elasticity

Fig. 2.1' shows an ihﬁnitesimal parallelepiped with sides of dimensions dx, dy and
dz in equilibrium in an elastic continuum. Fig. 2.2 shows the coordinate system and a soil
element in polér coordinates for an axi-symmetrical case. In order to cbmpletely define the
state of stress, in the most general case, one has to define the nine stress components shown
inFig. 2.1.

These are the normal stresses and the six shear stress components: o,; 0, 0, (Typ
Ty (T Tg); (T Ty). Of these the pairs of shear stress components shown can be shown
to be equal from consideration of the moment equilibrium of the element. Thus one is left
with six components of stresses to define the stress state of the parallelepiped. These six
stress components are linearly related to the corresponding normal strains and shear strains

by Hooke's law. These relationships can be written in tensor notation as below:

e, | - rcu Cy» €15 Ciy Cis Cyy| [o
€| - [Ca €y €y €y €y Cyg ¥
18| = C31 €3y G5 €y Cyy Cyg °z> @
Yay| = [Ca1 Cy2 Ci3 Cyy Cys Cog ?‘xy
Vyz : Csy Csy Cy €y Cy Cy Cyz
&3 Co1 Co2 Csr Coy Cos Ces| [Fa,

Because of the requirement of positive strain energy (i.e. work cannot be extracted from a
body when it is being strained), the coefficient matrix [C] must be symmetrical (e.g. Jaeger,

1969, pp. 62). Thus the number of independent constants for a general linear elastic body can

Figures and Tables are appended at the end of each chapter.
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be obtained by considering only the top half of the diagonal (in Eqn. 4) as shown below

leaving only 21 independent constants?.

x| _ [Cus €z €3 €y €5 €y x

&1 = Cp € €y Cos Cogf oy

€| = c.C,C,C o

=4 = 33 V34 “3s V36| J92) ©)
}{xy = Cus Cus Cus| [y

¥ yz ; Css Cys yz

((zx‘ C66_ =

If the material possesses planes of elastic symmetry (i.e. planes in which the elastic properties
are equal) then by successive rotation of the axes it can be shown that some of the constants
will become zero leaving fewer and fewer constants. As mentioned in Chapter 1 a cross-
anisotropic material is one which has six planes of symmetry.

Curiously, a material which possesses more than six planes of symmetry also behaves
like the one having the hexagonal symmetry. For such a case it can be demonstrated that the
stress strain relationship shown above will degenerate as shown in Eq. (6) below (Lekhnitskii,

1963, pp. 24; Jaeger, 1969, pp. 63-65).

& _ Cn€CpCy 0 0 0 "’x
€| - Ch,C, O 0 0 o,
<ez | = C,, 0 0 0 fz | ©
Vey| = Ch O 0 -
sz i C“ 0 tyz
Yz:J - 2(C11—C12) [tzxJ

InEq. (5) and in many subsequent matrix formulations only the coefficients in the top
half are shown for the sake of clarity. The coefficients are symmetrical with respect
to the primary diagonal.
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Thus five elastic constants are needed to define the stresses in the cross-anisotropic material.

An isotropic material has complete symmetry about all axes. For such a case:

Cu=Cys €=Cy3; Cyy=2(Cy, -Cpp @)

Thus the stress strain relationship will be as follows, leaving only two elastic constants:

¢ 3 [ 1
€. } C11 C12 Css 0 0 0 o,
€| - Cll C12 0 0 0 o,
<ez | = Cu 0 0 0 o, L (8)
Vol = 2(C,,-C,,) © 0 -
Yz : 2(C;,-Cyp 0 yz
! =) | 2(Cn'clz)_ 4y

In terms of engineering parameters these coefficients can be written as below (Lekhnitskii,

1963).

For an isotropic material:

2(1-
Cu=UE; Cp=-nE; 2(Cy - C,p) = 208 _ gy ©)

where
E =modulus of elasticity
G = shear modulus

and u = Poisson's ratio.

Then Eqn. (8) can be written in the familiar form:
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r 1
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L

z = — - - z

y = E 5 o o 2(1-p) 0 0 ko (10)
e 0 0 0 0 2(1-p) 0 r,,

7= Lo 0 0 o 0 20-p) | |

uni hnl

For a cross-anisotropic material the constants in Eqn. (9) can be written as below using the

engineering parameters (Gerrard, 1967; Pickering, 1970).

Chu=VE,; Cy=-n/E,;; Cy=-p/Ey
Cy = 1E;; C =Gy = Gy, 11
2(Cyy - Cyp) = Gy, = Gy

Thus Eqn. (9) can be written with the familiar engineering units as below (Eqns. 11 and 12).

Since most of us are more at ease with cartesian or polar coordinates, the axes are changed

to the familiar x,y,z and r,8,z. The coordinate axes are shown in Fig. 2.2.

Cartesian Coordinates

For the sake of clarity the zeroes are not shown.

rex‘ = l/Ex _”X/Ex ‘"/Ex 0 0 0 rax‘
e, - ["r/E; 1/E_ -u/E_ 0 0 0 oy
<ez = _ux/Ex -ux/Ex llEz 0 0 0 401 (12)
Vol = 2(1+p)/E,; 0 ey
Y gz j 1/G,, 0 -
=) VGl [
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Polar Coordinates

r

| .| VE.  (mE)  (-»/E) 0 0 0 | [o]
€| - | (-BJ/E)  LE, (-p/E) 0 0 0 o,
ez> = (-"'t/Er) (-"JER) I/Ez 0 0 0 o,
of = 2(1+p)/E, 0 o | (0
8z __-: I/Grz 0 rez
= | VG| [z

2.1.2 Application of Elastic Theory to Analysis of Pavements
As can be seen from Table 2.1 application of the theory of elasticity to the design of
pavements had undergone three different phases of evolution over the past one hundred years.

These three phases can be identified with the following three analytical models.

1. The Boussinesq model. (Halfspace model.).
2. The Burmister model. (Layered elastic systems.)
3. Computer based models, particularly based on the finite-element approach.

In this section the application of these models to the analysis of pavements will be discussed.

2.1.2.1 Boussinesq Model

The first practical and usable solution for a homogeneous, isotropic linear elastic
halfspace loaded on its upper boundary either by a single load P or by a uniform load over a
finite area is generally credited to Boussinesq. While Boussinesq gave the equations for
complete state of stresses, only those for the vertical stress and vertical deformation at any

depth z are given here since these are of most interest.
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o = 3 . P
i 221 + (52 % (14)
z
P(rma  z |
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z B [a A+(0-pH] (15)

Here P is the load intensity, r the radial distance from load, z the depth, E the Young's
modulus, 1 the Poisson's ratio, A and H are influence factors. Ahlvin and Ulery (1962) have
published extensive tabular values for this case.

As pointed out in Chapter 1, Boussinesq's model has wide application in foundation
engineering provided one is not concerned with anisotropy or non-homogeneity. However,
in the absence of a method to calculate stresses and displacements in a layered system,
Boussinesq's method was employed for analyzing pavement systems.

The theory was applied in two ways. Some engineers ignored the contribution of
the upper layers and treated the roadbed and the subgrade as an elastic halfspace. Thus in the
ASTM symposium on plate load tests (STP 79, 1949) the papers which attempted to analyze
the plate load test results did so on the basis of the classical theory of halfspace (Palmer,
McLeod, and Osterberg discussing Mcleod's paper). Between 1945 and 1960 the US ARMY
Corps of Engineers tested full-scale test pavements with instruments and found that the
classical theory of halfspace predicted the stresses reasonably closely to the measured values
(Foster and Fergus, 1949; Tumbull et al., 1961). Vesic and his colleagues came to the same
conclusions between 1960 and 1965 (Sowers and Vesic, 1961; Vesic, 1962, Vesic and

Domaschuk, 1964).
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Another school of thought is to consider the upper layers but to incorporate it in the
computations as an equivaleﬁt layer having the same modulus as the supporting foundation
subgrade. Thus the pavement would be converted into a homogeneous halfspace satisfying
Boussinesq's assumptxon (Steinbrenner, 1947, Palmer and Barber 1940; Odemark, 1949;
Vesic, 1962; Thenn de Barros, 1966; Ueshita and Meyerhof, 1967; Briaud, 1979; Ullidtz and
Peattie, 1980). The various methods of finding equivalent single loads (eg. see Yoder and
Witczack, 1974) are also based on this concept. Once the equivalent halfspace is found the
stresses and displacements can be calculated at any depth. At least one backcalculation
method for FWD deflections (the ELMOD method) uses this concept (Ullidtz and Stubstad,
1985).

Poulos and Davis (1974) have reviewed some of these methods by comparing them
with the exact solutions proposed by Burmister. Steinbrenner's method works well for
layered systems in which the modulus increases with depth. However, there are significant
discrepancies in computed radial and vertical displacements in some cases. Odemark's
solutions suffer from the same criticisms. The ELMOD program often gives results which
are at variance with other accepted algorithms such as ELSYM 5 or ILLIPAVE. Some of
the expressions for finding the equivalent modulus are fairly corhplicated (Odemark, 1949;
Ueshita and Meyerhof, 1967). In general the equivalent modulus is given by:

E, =) ——* @, - B (16)

i

where,

E., = Equivalent modulus
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h; = thickness of the ith layer
E; = modulus of the ith layer
n = anexponent (generally around 3)

The variation between Boussinesq's distribution and the one predicted by layered
theory by Burmister would depend on the relative stiffness of the layers. This may be part of
the reason why experimental sections such as used by Sowers and Vesic (1961) or the US
Army Corps of Engineers (Foster and Fergus, 1949; Turnbull et al., 1961) did not show
much differences between the two theories. It is suggested that the compaction and
construction techniques in a test pit would not produce the same stiffnesses as in an actual
construction. This was explicitly recognized by Foster and Fergus (1949). Instrumented
sections of actual airfield pavement sections show significant differences between Boussi-
nesq's and observed stress distribution showing the effect of the stiff upper layer. Thus,

Boussinesq's model cannot be accepted as valid for most primary and heavy duty pavements.

2.1.2.2 Burmister's Model

Burmister was the first to develop solutions for layered systems and in particular
application to airfield pavements. He still kept the assumptions regarding homogeneity,
isotropy and linear elasticity in his theoretical developments. Other assumptions involved in
the analysis of layered systems were given in Chapter 1. His original work (1943, 1945) was
for a two-layer system which he later extended to three-layer systems (1958). He also
published a set of curves giving influence factors which could be used to compute surface
deflections under the imposed load. At first he considered Poisson's ratio of 0.5. In a further

paper (1962) he published curves with different Poisson's ratios. In general, the theoretical
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expressions for layered systems are very involved and cumbersome to handle. Hence multi-
layered systems could not be analyzed without recourse to tabulated values, graphs and
charts. When the number of layers exceeeded three, the evaluation of the factors became
unwieldy and a high speed computer would be needed.

Burmister's work was extended by many (see Table 2.1). The extensions consisted
mainly in considering a third layer, working with many more ratios of thicknesses and
modulus values (and combination of these) so that these theoretical solutions can be

approximated as closely as possible to the practical field problems.

2.1.2.3 Extensions to Burmister's Model

The most notable and probably most used of these additional works were due to
Acum and Fox (1951), Jones (1962), Peattie (1962) and Ueshita and Meyerhof (1967, 1968).
By this time the Shell Design method (see Chapter 1) was already in place and many
computer programs had been developed based on finite-element methods. The finite-element
method also took the layered elastic system one step further in that stress-dependent moduli
as well as non-homogeneous material could be considered in the computations. Also the
number of layers was theoretically unlimited.

Acum and Fox (1951) extended Burmister's method to a three-layer system. The
loading was a uniform load on a circular area. The numerical computations were based on
four parameters which were functions of the radius of the loaded area (a), the thicknesses of
the two finite layers (h, and h,) and the modular ratios (E,/E, and E,/E;). The fesults were
somewhat limited because only factors for stresses were given. No factors for strains or

displacements were given. Only one Poisson's ratio (0.5) was considered. Also relatively few
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cases were considered. The results were presented in the form of tabulated values rafher than
charts or graphs so that interpolation would be necessary. Since the solutions were very
complicated and non-linear such interpolations could introduce significant errors. However,
this work should be considered a big contribution because it evaluated a three-layer system
which was more practical and commonplace than a two-layer system. Also the results were
in a form more readily usable by the practising engineer than mathematical formulae.

The next major breakthrough came with the publication of more extensive charts and
tables by Jones (1962) and by Peattie (1962). Jones extended the earlier work by Acum and
Fox (1951) to include a much wider range of the same parameters considered by the earlier
workers. However, the Poisson's ratio was still kept at 0.5. Again Jones chose to publish
his results in the form of tables though, because of the wider range of parameters,
interpolation was not necessarily as risky as in the earlier work. Peattie used the same
parameters as the other investigators and computed a few more values to "tighten up" the
interpolation range. More interestingly, though, he presented these results in an ingeneous
graphical way consisting of curvilinear grids. Fig. 2.4 shows an example of Peattie's curves.
The works by both Jones and by Peattie were still concerned only with stresses in the layers.
No factors were derived for deformations or strains.

Ueshita and Meyerhof (1967, 1968) attempted to fill this gap by deriving deflection
factors for a three-layer system and presenting them in the form graphs and charts. The
Poisson's ratio in these investigations were assumed to be 0.5. They also compared their
results with approximate methods suggested by Odemark (1942) previous workers and found
good agreement for specific conditions (i.e. progressively decreasing layer moduli). Ueshita

and Meyerhof also verified their results by model tests in the laboratory and concluded that
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the theory of a layered elastic system is valid for the typé of pavements they tested. Finally,

as mentioned in an earlier section, they also derived equivalent moduli for multi layer systems.

No further attempt at numerical evaluation or further extension to Burmister's model
has been reported in the literature. By this time the Shell Design Method had been in place
for some years and many computer based algorithms were being developed. With these
programs one can theoretically analyze an n-layer system though the computational effort
becomes too large if the number of layers exceeds five. Also the accuracy obtainable with
increased effort does not seem to warrant such effort. In the next section a few of these

computer-based techniques, their advantages and capabilities and deficiencies are discussed.

2.1.2.4 Currently Used Corhputer Models

This section describes some of the better known computer programs for the design
and evaluation of flexible pavements. All models assume isotropic, homogeneous and linear
elastic layer properties. Some can consider non-linearity because they are based on finite-
element techniques. Thus different constitutive equations can be written for different
elements and the non-linearity can be considered. There are basically two types of models:

1.  Analysis models

2. Distress models

The oldest known computer based analysis model is probably BISTRO which formed
the basis of the Shell design procedure. This was later improved and issued as BISAR
(Claessen et al, 1977). The improvements considered were horizontal loads, variable
interface friction and revised stress-strain relationships of asphalt based on further laboratory

data. The capability of considering visco-elastic behaviour of asphalt was included in the
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program. Also the fatigue criteria for subgrade and asphalt material were modified to take
into account field and laboratory test data. BISAR can also consider any number of layers.
Thus by dividing the layers into a number of sub-layers the program can be made to consider
non-linearity of the materials. The program can also consider multiple wheel loads. The
drawback of the program is the long computational time required.

Other analysis models that are often referred to in the literature are CHEVRON and
CHEVRON-N programs. The CHEVRON is the older version which could consider only
three layers. CHEVRON-N is the modified version to handle any number of layers much the
same way BISAR considered multi-layer pavements.

ELSYM 5 is a multi-layer analysis program developed at the University of
California, Berkeley and forms the basis of design management systems of many agencies.
This is a finite-element-based program using layered elastic theory. The original development
of ELSYM 5 followed the CHEVRON-5 program. However, there have been numerous
improvements and modifications so that this has evolved to be an independent algorithm by
itself. The program can accept a multiple-wheel configuration defined by coordinates with
reference to a set of axes. The output, then, would give stresses and strains at any point with
reference to this coordinate system. As a default, the progrém assumes rigid bottom at
infinite depth, but depth to rigid bottom can be specified. Though the program is based on
finite-element analysis, only linear elastic material characteristics can be input. Modifications
have been made to the source code so that non-linearity can be considered. For this purpose
the program was modified to consider up to 50 layers. Details of the working of the program

can be seen in the FHWA report FHWA-TS-87-206 (1987).
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ILLI-PAVE is an analysis tool developed at the University of Illinois (Gomez-
Gomez-Achecar and Thompson, 1984, 1986). This is a complex finite-element-based
program. The pavement is considered to be an axi-symmetrical solid of revolution. Non-
linear material properties are incorporated in the program. In addition, the Mohr-Coulomb
failure criterion is also included in the model. As input, the program requires pavement
geometry (layer thicknesses), material constants to deﬁné the stress dependent material
response and seed moduli for each layer. The computations are done iteratively to match the
computed deflection basin with the observed deflection basin measured with the FWD.
Thereby at each point the material response model and the Mohr-Coulomb failure criteria
must be obeyed.

The program is specifically oriented towards highway pavement design. The
program validation was done on a large number of highway sections in Illinois where
deflection measurements were taken with the FWD. Thus the analyses are all done for a
circular load of 40 kN and 600 kPa tire pressure (9,000 Ib, 80 psi) corresponding to single
wheel of the single-axle highway truck. The program is being continuously upgraded to
consider more and more pertinent design factors. Thus, recently the effect of climatic factors
on material and pavement response was included (Dempsey et al.', 1985). ILLI-SLAB is the
sister program to ILLI-PAVE written to analyse rigid pavements.

ELMOD is an analysis program developed by Dynatest Inc. who manufacture the
FWD. This is strictly not a layered elastic algorithm. The pavement is first converted to an
equivalent halfspace using Odemark's theory (Ullidtz and Peattie, 1980). Then using the
Boussinesq model the stresses, strains and moduli are calculated. Finally, the moduli are

broken into individual layer moduli. The program takes the deflection values directly from
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FWD test files. At this point the operator has the option of indicating the surface condition
of the pavement. Later in the analysis part the user has the option of modifying the computed
moduli based on the state of distress of the pavement. The program evaluates up to four
layers. It can consider non-linear and seasonal variation of the modulus as well as viscoelastic
behaviour of asphalt. It can also consider stabilized bases. Different loads and load
configuration can be considered by the program. There is a rehabilitation option to the
program which would compute the remaining life of the pavement and the required overlay
thickness. ELCON is a companion program to ELMOD, but specifically for concrete
pavements.

ISSEM-4 is another numerical evaluation program marketed by Dynatest to
specifically evaluate FWD data. The source code is in FORTRAN. Unlike ELMOD this
program does not read the field FWD files directly. The data has to be re-worked in a specific
format dictated by the FORTRAN language. The pavement is reduced to an axi-symmetrical
plane-strain problem. The authors call the model generated "a finite cylinder”. The program
has two parts:

1. A curve-fitting program.
2. Back analysis.

The curve-fitting part uses the data generated by the FWD and interpolates the
intermediate points to fit into a smooth asymptotic curve. Deflections are generated in this
way at every 20 cm from the centre of the load to the outer boundary of the model. Once a
satisfactory curve has been generated, the data is fed in to the analysis part. It could happen

sometimes that if the asymptote cannot be properly defined, then the program cannot generate
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a satisfactorily fitting curve and will abort. Physically this means that the seven sensors in the
FWD do not define the deflection bowl adequately.

ISSEM-4 uses ELSYM as the subroutine for the analysis part. Based on the load and
deflection data ELSYM attempts to arrive at possible values for the different layers. The
program can abort even at this stage if a satisfactory match between the calculated and
measured deflections cannot be found. The program can vary the modulus of either the top
layer (AC) or the base layer but not both. The program can consider a maximum of four
layers. For pavements having more layers equivalent moduli can be computed and given as
input for the program. After the calculations, one has to derive the individual moduli of this '
composite layer.

Distress models are those which attempt to predict the distresses likely to occur in
the pavement based on the computed stresses and strains. These are basically analysis
programs as discussed above but also incorporate additional response models for predicting
fatigue cracking, rutting, thermal cracking etc. The best known in this category is VESYS
developed by the FHWA (Kenis, 1982). At the time of this writing (1993) it is undergoing
trial as VESYS IV. There are other computer programs developed by many consulting
engineers and State Highway Departments. They are used for analysis as well as for selecting
rehabilitation options (e.g. Rauhut et al., 1979; Finn and Monismith, 1984; Smith et al.,

1986; Ali and Khosla, 1987).

2.1.2.5 Finite-element Techniques

Over the past twenty years analysis of stresses, strains and displacements in soil and

rock masses as well as beneath the pavements has been frequently carried out by the finite-
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element method. The first application of the finite-element method to pavement analysis was
illustrated by Duncan et al. (1968) and Barker (1972). Subsequently, the application of the
method in general geotechnical engineering was shown by Girijavallabhan and Reese (1968),
Radhakrishna and Reese (1970), and Desai (1979). As was described in the previous section
most modern multi-layer algorithms are based on finite-element techniques. The greatest
advantage of this technique lies in its ability to consider such complex behaviour as non-
linearity, non-homogeneity, and anisotropy. However, the technique is a numerical one and
care should be taken that the successive iterations will converge rapidly and not oscillate
about a value. Certain values of the material parameters can lead to such a situation. Thus,
for instance, in the ELSYM 5 program Poisson's ratio can never take a value between 0.748
and 0.752 nor can it be equal to unity. In some formulation of constitutive equations for
cross-anisotropic soils by the classical theory of elasticity Poisson's ratio of 0.5 would lead
to results which would exceed the definition of infinity by the computer. In such cases
expediencies such as setting 1 = 0.49 should be adopted (Raymond, 1972; Uriel, 1973). In
all cases a rigid boundary below the bottom layer must be specified or provisions must be
made for a default value. Similarly the lateral extent of the load distribution which is an
unknown to start with should be specified . The choice of the mesh itself affects the
convergence rate. Some modern finite-element software can automatically choose a mesh
configuration depending on the problem. Finally, regardless of how sophisticated the
program is, the results are only as good as the model or the material parameters that go in as
input values.

There appear to be some divergent opinions about the utility and reliability of the

various programs. Rauhut et al. (1979) quote from an unpublished report from the University
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of Texas and state that all the programs yield essentially same results within about 1 percent;
the maximum difference being 3 percent. In contrast, Ali and Khosla (1987) presented results
which compared four different algorithms. The ratio of predicted resilient modulus to
laboratory measured modulus varied form a low of 0.18 to a high of 18.3. The same program
when analyzing different sections of pavements showed wide variations. With some the
variations of the maximum and minimum ratios of computed and laboratory measured moduli
were within a factor of two while with others the factor was as high as 30. Hoffman and
Thompson (1982) show that the ILLI-PAVE and BISAR algorithms can yield quite different
results. Bush et al. (1985) analyzed deflection basins produced by different equipment and
analyzed by a layered elastic program developed by Waterways Experiment Station (WES)
and showed that they all yielded totally different results. Brown et al. (1986) compare the
results obtained from analyses run with the BISTRO and CHEVRON programs and show that
these could yield seriously divergent results. In their discussion of the paper by Bush et al.,
Uddin et al. (1985) suggest that the deflection results of each equipment should be analyzed
by the special algorithm developed for that equipment. Since linear elastic systems should be
strictly independent of the method of testing, load level (as long as it is well within the elastic
range), sequence and time of testing, the argument by Uddin et al. cannot be accepted.
However, it does point out that there is a need to re-examine the layered elastic model. The
computer programs should be able to consider stress dependency of the moduli, non-
homogeneity and probably even anisotropy. In many recent international forums (Purdue
1985, Ann Arbor 1987, Baltimore 1988 and West Lebanon 1989, Nottingham 1991, Nashville

1991) significant discrepancy between measured and computed moduli was reported by
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numerous authors. Therefore there is a need to reexamine the theoretical model in the
analysis of pavements.

In comparing these different algorithms and the reviews about these it appears that
the models are sensitive to:

1. the pavement geometry, i.e. thicknesses of the layers; and

2. the material characteristics i.e. the modulus, the type of stress-strain relation-

ships they are assumed to have, and the state of stress during testing.

There is not much one can do about wrong inputs regarding the layer thicknesses.
Even when the thicknesses are taken from actual cores obtained from the pavement some of
the programs show some variations. Therefore the major weakness in the programs lies in
the inadequate characterizaﬁon of the materials. The following section discusses the

characterization of pavement materials based on a review of existing literature.

2.2 MEASUREMENT OF MATERIAL PARAMETERS

The properties of the pavement ‘materials can be determined in two ways. The first
is laboratory determination and the second is in-sifu. Laboratory investigations are useful in
that the influence of the many variables governing the response of the materials can be studied
in isolation and under controlled conditions. This aspect is very important to understand the
fundamental behaviour of the material. On the other hand it is very nearly impossible to
reproduce the field conditions faithfully in a laboratory. In pavement engineering this is quite
important because the response of the structure is affected by relatively short-term changes
in the field conditions. Therefore, in-situ tests are very useful. This section attempts to

review the research reported in the literature, on both these evaluation methods.
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2.2.1 Laboratory Investigations

Since the materials used in the construction of pavements are essentially earth
materials, the method of testing reported in the literature is primarily the triaxial test method
used extensively in geotechnical engineering. In contrast to geotechnical engineering, the
objective here is not so much to determine the strength parameters or the elasticity modulus
at a particular stress or strain level as it is to measure the resilient modulus. The resilient
modulus is defined as the ratio of the recoverable strain after a loading and unloading cycle

at the associated stress level (Fig. 2.5). Thus the resilient modulus can be expressed as:

MR = od / Er (17)

M; = resilient modulus

m
o
]

recoverable strain (e, - radial; e, ~ vertical)
q. = deviator stress level
Many factors affect the value of the resilient modulus. Some of these are:
1. Type of material;
2. Moisture content;
3. Confining pressure;
4. Stress history of the material;
5. Stress level of loading and unloading;
6. Number of cycles of loading and unloading; and

7. Type of loading.
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The following review is divided into two parts, one dealing with the fine-grained materials
(subgrade: generally silts and clays) and the other with granular materials (bases and subbases:

generally crushed rock, gravels and sand).

2.2.1.1 Resilient Modulus of Fine Grained Materials

Some of the earliest investigations on the resilient modulus of fine-grained soils were
due to Seed and his associates at the University of California at Berkeley (1955, 1956, 1958,
1960, 1962, 1967). In these tests a silty clay was compacted at low and high degree of
saturation and subjected to different levels of deviator stress, different ratios of principal
stresses and different stress histories. It was found that clayey soils tend to soften during the
initial cycles of repetitive loading. However, at large number of cycles of loading they could
show a stiffening effect. Based on the series of tests between 1955 and 1962 Seed and his
associates formulated a model for the resilient modulus for fine- grained soils which is shown
inFig. 2.6. The equations to the two parts of the curve shown in Fig. 2.6 are usually given

as follows (Yoder and Witczak, 1974):

M=K, +K [K -(0,-0;)] 0< (o, -0y <K, (18)

M, =K, +K, [ (0, -0y -K, ] K, < (0, -0, (19)

Stress history and frequency of loading had significant influence on the failure strain of the
clays. Thixotropic soils, at high degree of saturation, can recover strength and show
considerably increased stiffness under repeated loading (Fig. 2.7).

Dehlen (1969) summarized the results of various previous researchers, including

Seed and his associates, up to 1969. All the investigators found that the resilient modulus of
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the fine grained soils decreased rapidly by as much as four hundred percent up to a deviator

stress between 100 and 150 kPa (14 psi. to 21 psi.). Beyond this stress level there is a slight
stiffening effect (see Fig. 2.6). The initial decrease in the resilient modulus is attributed to the
shear strain (strain-softening effects) and the breakdown of structure. The stiffening part is
attributed to:

1. The overriding effect of the mean normal stress over the shear stress effects;

2. Structural changes in the clay particle arrangements;

3. Densification of clay and consequent increase in strength and stiffness (Seed and

Chan, 1958).

However, Dehlen suggested that the strains at which the stiffening effect was usually
observed would be far in excess of the rut criteria suggested by Dorman and Metcalf (1964).
Thus he would seem to suggest that this part of the curve would be of little practical
importance in pavement analysis. However, it may be argued that at any stress level the
resilient modulus increases after about 1000 repetitions as shown in Fig. 2.8 (Seed, Chan and
Lee, 1962). This is a relatively low number of repetitions in the life of a pavement and hence
is likely to be reached at an early age. Seed et al. (1967) had summarised the Berkeley series
of tests on the resilient modulus of fine grained soils:

1. Resilient deformations decrease as the number of load applications increases.

Conversely M;, increases.
2. Resilient modulus increases as the intensity of stress decreases.
3. Methods of compaction which result in a dispersed structure in the clay (wet of

optimum) produce lower resilient modulus.
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4, As the compaction curve shifts towards the saturation line, the resilient modulus
decreases.

5. As a corollary to (3) and (4) above, increase in water content after placement
decreases the resilient modulus. On the other hand increase in dry density
increases the modulus.

6. Thixotropic materials show an increase in modulus after a small number of load
repetitions and long rest periods. However, at large number of load repetitions,
thixotropy does not seem to have any effect on the resilient modulus. Also the
effect of thixotropy can be seen only at high degree of saturation.

Seed et al. recognized that the resilient modulus depended on a number of factors
which could not be always controlled. One such factor is the effect of time. The laboratory
results are based on accelerated test procedures. However, the authors felt that this would
give conservative values for the design. Another factor is that the induced stresses in the field
would vary both in the vertical and horizontal directions i.e. the effects of non-linearity and
non-homogeneity could not be considered in the tests. Further the validity of the laboratory-
determined modulus was accepted based on the good agreement between these results and
the plate load tests. However, the plate load tests could yield only one deflection. Matching
the maximum deflection does not necessarily mean that the behaviour of the pavement has
been properly characterized by the measured modulus. Further, Seed et al. (1967) report that

the laboratory specimens were recovered at the end of plate load tests in test pits. In view

of their findings that the resilient modulus is significantly influenced by the stress history, it
should be questioned whether the sample after a repeated plate load test would be the same

as before that test. Thus the significance of their result that the laboratory results agree
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closely with the prototype plate load tests is not clear. It is suggested that they are not
comparing the same two specimens of the soil. Similar objections can be found in Argue
(1970). Based on the series of tests Seed et al. reccommended using an equivalent modulus
which would give the same deformation as the actual layered structure (cf. Section 2.1.2.1).
They justify their recommendation based on tests on prototype pavements by McMohan and
Yoder (1960), Sowers and Vesic (1961) who concluded that the halfspace model represents
the pavements quite adequately. The objection to such prototype pavement tests (e.g.
Turnbull et al., 1961) has been already mentioned (see Section 2.1.2.1).

Marcuson and Townsend (1976) and Townsend (1977) report on the effect of
reconstituting samples for cyclic triaxial testing. Their report was specifically directed to the
shell and foundation materials for the Fort Peck Dam in Montana. In the 1977 report
Townsend quotes a number of other workers from different parts of the world who had
obtained similiar results. From these works it would appear that reconstituted materials show
15% to 100% lower strength and modulus than in-situ materials. Further, it was suggested
in their report that most natural soils are anisotropic and that reconstitution would destroy
the fabric and the anisotropic character. Thus it is suggested that neither cyclic tests on
remolded samples nor small-scale tests in the laboartory are likely to be representative of the
actual conditions in the field. The question of anisotropy will be discussed in a subsequent
section.

At the time of the Berkeley tests in the sixties and seventies (e.g. Seed and Chan
1958; Dehlen, 1969; Hicks and Monismith, 1971; Deacon, 1970; ) techniques detemixﬁng
anisotropic parameters had not been developed. The Berkeley tests have shown that the

resilient modulus of fine-grained subgrade materials is influenced by the stress history of the
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soils. Due to the manner of their deposition, subsequent consolidation and probable load-
relief these soils do possess inherent anisotropy (e.g. Graham et al., 1989). Very often the
construction techniques such as compaction in thin lifts induce anisotropy (e.g. Ingold, 1980;
Harris, 1984b). The implication of considering anisotropy in the analysis of pavements is
discussed in a subsequent section. In the remainder of this section a few other models for
fine-grained soils are reviewed.

Kondner (1963) suggested a hyperbolic model for the stress strain relationship for

clays.

(c/€¢) = E = 1/ (a + be) (20)

One can rewrite this to yield the modulus:
() =a+b.e @1
E

Therefore, a plot of 1/E and € will be a straight line the slope of which will give inverse of the
secant modulus at any strain level and the intercept of the line will be the inverse of the initial
tangent modulus. This model has been accepted by many (Duncan and Chang, 1970; Briaud
et al., 1983, 1986). However, there are a few objections to this model when applied to
pavement engineering. Kondner's paper aimed primarily at the prediction of the ultimate
strength of the clay. He recognized that except for small strains (less than 4%) the model
predicted the triaxial test results from many other investigators fairly well. However, in all
cases the experimental data differed significantly from the prediction of the model in the range
of small strains. Pavement engineers are mainly concerned with strains in this small range.

For example Dorman and Metcalf (1964) suggest tolerable subgrade strains between 600 and
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1500 microinches per inch (or between 0.006 and 0.015 percent) depending on the number
of repetitions. Thus it is clear that the model is a poor one for small strains that are of
concern to the pavement engineer. In discussing Kondner's paper, Brinch Hansen (1963)

suggested a modified parabolic relationship as given below:

o = l___f__ (22)
(a - be)

This, however does not lend itself to calculation of the moduli as easily as does the hyperbolic
model. Furthermore, Kondner's work does not deal with repetitive loading or resilient
modulus. Thus it is suggested that the model is not suitable for pavement analysis.

Brown et al. (1975), and Brown (1982) suggested a relationship as below:

K

M S
R
(q, / o3)"

@)

M; = resilient modulus

cyclic deviator stress

2
[

o3 = confining pressure
and K and n are constants.
This model will be referred to as the Nottingham model in this thesis. This relationship was
shown to fit data on laboratory samples of Keuper marl prepared from slurry and consolidated
to varying degrees of consolidation. The over-consolidation ratio (OCR) ranged between 1

and 20. The results are shown in Fig. 2.9.
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It would be interesting to compare the Berkeley and the Nottingham models. The
Berkeley model does not recogxﬁze the effect of the confining pressures explicitly. Thus, for
a given pavement structure as the load increases the modulus will decrease and the deflections
will increase. However if the subgrade would be restrained against deformatxon the apparent
or the effective modulus will increase with a consequent reduction in the deflection. Such
restraints can be due to inherent anisotropy, reinforcement by a geogrid, by stabilization or
in partially saturated soils due to soil suction. Richards (1966), Dehlen (1969), and
Monismith (1992) showed that soil suction had significant effect on the resilient modulus
(Figs. 2.10 and 2.11). Fredlund (1989) presented similar results. Brown et al. call this the
effect of the initial confining pressure and consider this in their model by a power of (o3). Fig.
2.12 shows the relationship between the resilient modulus and the ratio of deviatoric stress
to this effective confining pressure as suggested by Brown et al.

Both the Nottingham and Berkeley models require extensive and elaborate
laboratory setup to arrive at the suitable material constants in Eqns. (17) to (19) (e.g. Boyce
and Brown, (1976); Finn and Monismith, (1984)). Therefore attempts have been made to
relate the resilient modulus to simple soil index properties. Thus Kirwan and Snaith (1976)
and Jones and Witczak (1977) have tried to relate water content, plasticity index, degree of
compaction etc. While these are useful, there is an amount of empiricism involved which
make these unsuitable as predictive models. These relationships have to be established for
local conditions with a large data base. Therefore these are not further discussed here.

Moosazadeh and Witczak (1985) suggest a model as shown below:
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M, = K, (o7 (24)

where,

M, resilient modulus

o4 = deviator stress

K, and K, are material constants.

By analyzing nearly 3,900 pavement test data from different parts of U.S.A. and
using regression techniques, they could suggest range of values for the constants K, and K,.
K, varies between 1 and 200 while K, varies between 0 and 1. They also attempted to
correlate the values K and K, to other physical parameters such as dry density, moisture
content, liquid limit, PI etc.

K, increases as dry density increases, is directly proportional to liquid limit and PI
but is inversely proportional to plastic limit. K, decreases as the dry density increases and is
insensitive to the limits. K, and K, are relatively independent of each other. This model is
similar to the Berkeley model. The resilient modulus is explicitly related to the deviatoric
stress but only implicitly to the confining pressure, through the constants K, and K,. As one
can see, the factors which affect these constants are in turn affect the effective confining

stress. However, it is suggested that a model, such as the Nottingham model, which would

explicitly relate the modulus to both the deviatoric stress and the confining stress is preferable

to others.
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2.2.1.2 Resilient Modulus of Granular Materials

As in the case of fine-grained soils, the earliest investigations on granular materials
were carried out by Seed and his associates at Berkeley (see previous section for the relevant
references). Their primary conclusions based on those tests were:
1. The resilient modulus of granular materials depends on the confining pressure. The

resilient modulus can be expressed as:

M, = K, - oy (25)

Alternately it can be also expressed as:

M, = K/ - 6" (26)

S
il

resilient modulus
0; = lateral confining stress
© = first stress invariant
and X,, K, ,K,' and K,' are material constants.
The constants can be determined easily by plotting the results of the repeated load
triaxial tests on a log-log scale (Fig. 2.13). This model is generally referred to as the

K-0 model in the literature.

2. The modulus increases as the density increases.
3. The modulus increases with increasing angularity of the aggregates.
4, The modulus decreases with increasing moisture content or degree of saturation.

5. The number of stress repetitions has no effect on the modulus.
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6. The sequence of loading has no effect on the modulus.
7. Load duration and frequency have no effect on the modulus.

Following the pioneering work by Seed and his associates, there have been a number
of investigations into the resilient modulus of granular materials. Some of these investigations
continued the laboratory tests while others determined the modulus by back calculation from
the measured deflection bowls. A review of the data shows that practically everybody, who
determined the modulus in the laboratory, came to the conclusion that the K-6 model would
be satisfactory. However, those investigators who attempted to evaluate the modulus from
in-situ tests or by backcalculating from deflection tests found poor correlation with the K-0
model. At the present time there is an increasing consensus that laboratory measurements
of the modulus of granular material is not satisfactory (eg. D'Amato and Witczack (1980);
Brown and Pappin (1981, 1985); May (1981); Kehdr, (1985)).

D'Amato and Witczak (1980) conducted a series of deflection tests using the FHWA
road rater equipment. Their conclusion was that the theoretically-predicted deflections based
on laboratory-measured moduli are two to four times greater than the actual measured deflec-
tions. By inference, the laboratory-determined modulus values are one-half to one-quarter
of the actual in-sifu moduli. Thus the laboratory tests consistently underestimated the moduli

The authors suggested an "adjustment factor” to the K-8 model as follows:
M, =K, -k, - 6" ex))
Here the symbols have the same significance as before except k, which is the "adjustment

factor". Before defining the adjustment factor, one other concept has to be explained. This

is the factor called "deflection ratio”, R;. R, is the ratio of predicted to measured deflections.




54

For any given pavement section a unique k, can be determined in such a way that the
predicted and measured deflections are equal (i.e. R, = 1.0). This value of k, is called k, (R,
= 1.0). By repeating the theoretical iterative layer-elastic program D'Amato and Witczak
arrived at unique k; values for different pavement sections but only for the centre deflections.
Their attempt to find such unique k, values for deflections at other points measured by the
road rater was unsuccessful. They justified this approach because they were essentially
extending a previous study by Jones and Witczak (1977) who used.the Benkelman Beam to
measure the actual deflection. The Benkelman Beam as well as the plate load test measure
only the maximum centreline deflections. Hence the "adjustment factor" suggested by
D'Amato and Witczak is valid for only one point under the load. Thus one may conclude that
the K-6 model is a poor one to represent the true response of the pavement. A valid model
should be able to match not only the maximum deflections but also the deflection basin as
suggested by Hoffman and Thompson (1982).
The value of the adjustment factor k; (R, = 1.0) decreases with weaker pavements,
higher loads, and increasing deflections. That indicates the stress dependency of the modulus.
D'Amato and Witczak explained this as being due to increasing shear strains in thinner
pavements, higher loads or increasing deflections. Thus they suggest that these bases show
a strain-softening effect. These conclusions were later supported by May (1981) and May and
Witczak (1981) who continued the studies by D'Amato and Witczak.
Pappin and Brown (1980), Brown and Pappin (1981, 1985) also noted that the K-0
model was inadequate for granular materials and have proposed what is known as the
Contour Model. They note that when using the K-0 model in a finite-element back-calcula-

tion program the peak stresses calculated in each step of the iteration might exceed the shear
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strength of the material; or the material might experience tension. In either case the
computer algorithm would arbitrarily reduce the stresses and recalculate the modulus. Brown
and Pappin argue that such manipulations do not consider the yield criteria for soils nor do
they recognize that the soil might arrive at a stress state by any number of stress paths. For
example, the stress path in the conventional repeated load tests would be as shown in
Fig. 2.14. Here the soil is stressed from point A to point B. Because of the constant
confining pressure the slope of this path would be 3 to 1. However, in a pavement the stress
path can have any slope as shown in Fig. 2.15 depending on the loading sequence, the mean
normal stresses and the initial stress condition. The figure shows the initial stress condition,
the path taken as well as the mean normal stress and the resilient deviatoric stress. In an
actual pavement, where a large number of fepetitions of loading can occur, there could be any
number of stress paths likely as shown in Fig. 2.16. If any of these stress paths crosses the
yield line then local yielding would occur. If a number of neighbouring points experience such -
stress state then that area of the pavement can show excessive deformation. Now, the strains
in the soil are complex and can be resolved into two components, the volumetric and the
shear strains. Pappin and Brown (1981) demonstrate that the volumetric strain is essentially
path independent while the shear strain is path dependent. Thus the path along which the
material is stressed becomes important.

By conducting a large number of triaxial tests one can develop a set of strain
contours for both volumetric and shear strains for different materials (hence the name contour
method) in the p'-q space (Fig. 2.17). Thus for any given stress path the shear and volumetric
strains can be determined. It should be noted that the two elastic parameters used by these

authors are the bulk modulus and the shear modulus (see Section 1.1.2.1). Since the resilient
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volumetric and shear strains are computed as outlined above and the bulk stress and the
deviatoric stress are known theée two parameters can be computed and set in the elastic layer
model. They come to the conclusion that the elastic layer model is a reasonable
approximation fo the pavement system. |

The contour model was originally developed for dry materials so that the effective
stresses can be measured directly. Subsequent work in Nottingham showed that the model
can be applied to partially saturated soils if effective stresses are used (Brown and Pappin,
1985).

Finally, they stipulate the Mohr-Coulomb yield criterion for the material to ensure
that failure does not take place. In their model and the finite-element program, called
SENOL, they try to incorporate these fundamental geotechnical concepts. It might be
recalled that for fine-grained soils similar model was suggested by Gomez-Achecar and
Thompson (1986).

The contour model is probably the first attempt to consider fundamental geotechnical
aspect of materials. However, it relies heavily on laboratory testing of prepared samples.
It would be recalled that the strain contours for each type of material should be established
first. This requires a large number of tests on each type of material to be performed in the
laboratory. The equipment needed for these tests are much more sophisticated than the
conventional triaxial equipment (Brown and Snaith, 1974; Boyce and Brown, 1976). The
inability to reproduce field conditions in the laboratory, particularly with respect to stress
history and lateral stresses has been already discussed. Yet, the concept behind the contour
model is probably the most promising to date in assessing the modulus on a sound physical

basis. It would be more advantageous to determine these quantities in-situ. Uzan (1985)
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reviewed the existing hypotheses to characterize the granular layers in the pavement structure.

The models examined were:

1. the K-6 model - M = K,.0%
2. the hyperbolic model - I1E = (a+be)
3. the contour model due to Brown and Pappin.

Uzan produces the results of tests conducted on a dense graded aggregate and shows
that the K-0 model fits the test results quite well if the first stress invariant is plotted against
the resilient modulus (Fig. 2.17(a)). However, if the same results are plotted as resilient
modulus vs. resilient vertical strains the theoretical predictions and actual test results differ
markedly (Fig. 2.17(b)), showing that the K-8 model is a poor representation of the material
response, particularly in the lower strain ranges. Fig. 2.18(a) shows the comparison between
the K-8 model and the model suggested by Brown and Pappin. These results were for
crushed limestone, different from those represented in Fig. 2.17(a) and Fig. 2.17(b).
However, the trends of the K-0 model and the contour model are still valid. Fig. 2.18(b)
shows that the contour model appears to predict the test behaviour better than the theoretical
predictions by the K-6 model (Fig. 2.18(a)). The decrease in the resilient modulus for lower
strains may be explained by the tendency of dense packed granular materials to dilate at low
shear strains. Therefore it would appear that the K-8 model fails to recognize the effect of
shear strain on the modulus. Uzan suggests a modification to the K-8model to include the

strain effect on the modulus. His equations are as below:

M, =K, 0% e (28)
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or
- g% . o:' (29

where, €, and o, are the resilient axial strain and the deviatoric stress respectively, and K, K,,
K, and K, are material constants. These constants are to be evaluated by regr?ssion analyses
of a large number of test results. Uzan compared these equations with the contour model as
well as some other test results (Fig. 2.18a and Fig. 2.18b). From these evaluations it would
appear that the equations agree well with the contour model but the agreement is not
satisfactory with the test results except in a very small range and relatively low confining
pressures. At high confining pressures the model is entirely unsatisfactory. Uzan suggests
that the discrepancies arise because of the residual stresses in the compacted granular base
which would imply that the response of the granular base depends on the initial effective
stresses or the stress history just as in the case of fine-grained soils.

The existence of locked-in stresses (or residual stresses) in both compacted fine-
grained and granular fills has been documented (Sowers et al., 1957, Broms, 1971, Carder
et al., 1977, 1980; Ingold, 1979, 1980; Stock and Brown, 1980; Ofer, 1982; Harris,
1984b). These investigations are concerned primarily with stresses in backfill behind retaining
walls. They included field measurements, experimental retaining walls, as well as laboratory
experiments with small scale cylindrical containers. They all refer to a much earlier work by
Whiffin, in 1954, who measured the stresses under actual rollers, both static and vibratory.

The mechanism of residual stresses in compacted fills has been explained as follows.

Consider a point in a loosely placed fill. This point will be subjected to an effective vertical




59

stress o, and an effective horizontal stress o,' (Fig. 2.19). The ratio of the effective vertical

and horizontal stresses is the coefficient of earth pressure at rest K_.

K, = o{ /ol (30)

Now, due to the operation of the roller the fill is subjected to an additional vertical and
a corresponding horizontal load. The initial and the final state of stress due to the operation
of the roller are represented by points a and b on the stress path shown in Fig. 2.19. It has
been assumed that the increase in stress will follow the K, line. This could be true for most
of the roller operation when the soil would yield a little laterally under the roller. Once the
roller leaves the effective vertical stress will revert back close to the level at A (note that
compaction would increase the effective unit weight). However, the unloading path will be
b-c-d. The point C will lie on the K, line (the passive pressure line). Since the lateral pressure
cannot exceed the passive pressure this will be the upper limit. When the unloading curve
reaches the K, line the soil yields and there is a reduction in the lateral stresses. The depth
at which this yielding occurs is called the critical depth. Below the critical depth there is no
reduction in the horizontal stresses. Therefore, from Fig. 2.19 it is clear that after the
compaction is completed the horizontal stresses in the fill are higher than in the original
condition giving rise to residual stresses or higher initial effective stresses. Since the resilient
modulus depends on the initial effective stresses these have to be considered in analysing
pavements. From the above discussions it is clear that the magnitude of the residual lateral
stresses will depend on the location of the point b (Fig. 2.19) on the stress path, which is
dictated by the compactive effort and the thickness of the layer. If the fill is placed in one

thick lift then the pressure is likely to be as shown in Fig. 2.20(a). However, fills are
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compacted in thin lifts of 150 to 200 mm so that the pressure distribution is more likely to be
as in Fig. 2.20(b).
The tests and results reported by these authors can be summarized as below:

1. Compaction of fills produces lateral stresses that are considerably in excess of what
would be predicted by classical theories.

2. Compaction, essentially, produces overconsolidation in the fill. Overconsolidation,
in turn gives rise to high K, value increasing the value of lateral stresses Fig. 2.21
(Brooker and Ireland, 1965; Mayne and Kulhaway, 1982).

3. In a deep fill the maximum lateral stress occurs at some depth Z, below the top
surface (Fig. 2.20). This depth is called the critical depth by these investigators. In
a pavement because of the compaction of the hot asphalt on top of the granular layers
one can expect that the critical depth would move close to the interface between the
asphalt and granular layers. Thus one can expect high lateral stresses in the granular
layer of the pavement.

4. The magnitude of the lateral stresses depended on the type of compacting equipment.
From Whiffin's study quoted by the other authors it would appear that vibratory
rollers produced more than twice the stresses measured under static loads. It
depended upon the intensity of stresses under the roller and the amplitude of
vibrations. Since modern rollers are much heavier than those in Whiffin's days and
can exert much higher vibratory loads it could be assumed that high locked-in stresses
would be measured in the granular base layers of today's pavements. This writer is

not aware of any recent work similar to Whiffin's.
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5. The lateral stresses in clays increase with increasing compactive effort and decrease
with increasing moisture content. While no such definitive relationships were repor-

ted for granular soils, high lateral stresses were measured in these. X, values much

greater than 1.0 have been reported (Ingold, 1979, 1980; Brown and Pappin, 1985).
6. The lateral stresses tend to drop slightly with time in the case of clays while no such

reduction was observed with sands (Broms, 1971; Carder et al., 1977).

Residual transverse stresses have been measured even in such coarse material as
railway ballast by Stewart et al., (1985). In their view the current procedures of computing
resilient modulus of granular materials fall into two categories:

1. Ones that do not recognize the development of tensile stresses at the bottom of the
granular layers.

2. Ones that do but artificially assign low M, values near failure stresses and eliminate
the tensile stresses, (compare with the discussions on the contour model).

Stewart et al. argue that both these approaches cannot be accepted because, in case
of (1) the Mohr-Coulomb failure criterion will be violated and in case of (2) large permanent
deformations would develop. These are in contradiction to observed performance both in
field and in the laboratory. They describe laboratory tests in a large.box where railway ballast
was subjected repeated loads. Large horizontal stresses on the sides of the box are reported
giving rise to K, values as high as 12 at about the mid point of the box. Considering that they
were testing high quality, angular and free draining ballast, such K, values are possible. The
important point, though, is the existence of high residual lateral stresses. Stewart et al.
conclude that the existence of such high residual stresses is responsible for eliminating tensile

stresses or permanent deformations. Brown and Pappin (1985) demonstrate that even at
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K, = 1.0 the necessary horizontal compressive stresses would be developed to eliminate
tensile stresses in a typical pavement structure.

Kehdr (1985) reviewed the permanent and resilient deformation behaviour for a range
of crushed limestone generally used for road construction in Ohio state. While the principal
objective of his study was to propose a predictive equation for permanent deformation of
granular base course, he did review many of the previous research efforts in characterizing
granular materials. He noted that most researchers used a static or constant confining
pressure. He adopted a dynamic confining pressure approach whereby the axial and lateral
stresses were varied simultaneously. A few other investigators have used this technique
before (e.g. Allen, 1973; Pappin and Brown, 1980; Lam, 1982). Using this approach and
a series of linear stepwise regression Khedr concluded that the K-8 model holds reasonably
for bulk stress levels greater than 70 kPa. He noticed that below this stress level some of the
samples showed a decrease in My, with increasing 0. It is suggested that this might be the
range where the stress path might cross the failure line. (Compare discussion of Uzan's paper
above.) Unfortunately, unlike Uzan, Kehdr does not go into a discussion of the observed
results.

The existence of high lateral stresses would suggest that granular pavement layers
should, perhaps, be modelled as elastic cross-anisotropic layers. That the stress induced
anisotropy can exist even in pluvially deposited granular materials has been suggested by Sada
et al. (1976), Belloti et al. (1989). It will be recalled here that in reviewing the literature on
the resilient modulus of fine-grained soils, in the previous section, it was noted that there was
an increasing consensus that anisotropy should be considered in problems involving earth

masses. Cross-anisotropy will be discussed in a subsequent section.
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In using the hyperbolic model, it should be noted that the modulus decreases as the
strain increases. While this could be true for small strains, both the K-8 model and the
contour model suggest otherwise. Therefore, the hyperbolic model is even a less appropriate
model for granular bases.

Boyce (1980) suggests a non-linear, elastic model characterized by the secant bulk
modulus, K, and the secant shear modulus G. He calls this the G-K model. The basic
assumptions behind this model are:

1. The material is elastic and isotropic.

2. The modulus is stress dependent and non-linear.

3. The moduli apply to any stress path; the state of stress is a unique function of the state
of strain.

4. Though granular materials are particulate materials, and would be subjected to
crushing and slippage at the contact points, hysteresis and plastic yielding do not play

a role at the small strain levels being considered (cf, for example, Hardin and

Banford, 1989).

Boyce starts from a constitutive relationship in terms of G and K as follows:

1 1
€. = — & +— S,
where, €; = a component of strain tensor
P = the mean normal stress
S = component of the deviatoric stress tensor

and &, = the Kroenecker delta
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He then shows that the moduli are functions of the first and second stress invariants. Using

these concepts, he derives expressions for the increments of volumetric and shear strains as

below:3
1 p ok p ok
& = |=— - 2 - B 9%, 32
Y [k k2 ap] P 2q 62)
1 q G q oG
2= ja - A . - * — 33
* 3G 3G2% éq 3G? op d 33)

It will be noted that both the strains are functions of mean normal as well as deviatoric
stresses in contrast to the K-6 model. Noticing that all the previous research (e. g. Hicks and
Monismith, 1971; Allen and Thompson, 1974) indicated that the stiffness of the granular
material is related to the mean normal stress by a power law Boyce proposes the following

formulation for K and G:

~
1

K, pt™® (34)

G = G, pt (35)

In his paper he then demonstrates that the model explains the results of the previous workers,
in particular the dilatancy that was noted by others as given by high values of resilient
Poisson's ratio. However, he also states that the effect of cross-anisotropy cannot be ruled
out as the cause for the high Poisson's ratio.

The G-K model is somewhat cumbersome to use in numerical technique. Yet, this

forms the basis of the SENOL software program developed by the Nottingham University.

3 Note that the dot notation here refers to the increment in the strain and not the strain

rate as commonly understood.
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To summarize the laboratory characterization of material properties one can state:
Most of the earlier work (till mid seventies) were done using repeated load triaxial
tests where the confining pressure was kept constant and the deviator stress was
pulsated to simulate traffic loads.

Such tests showed that the resilient modulus of fine-grained soils depended mainly on
the deviatoric stress while that of the granular material was a function of the mean
normal stress.

These models proved to be unsatisfactory because they could not predict the
measured deformations of a pavement structure with acceptable accuracy. The
discrepencies are particularly noticeable with dense dilatant granular materials.
Improved models considered the dependency of the modulus on the stress path. They
also stipulated a failure criterion commonly acceptable in geotechnical engineering.
Usually this is the Mohr-Coulomb criterion.

Of all the models proposed to-date the Nottingham model appears to be most
promising.

It has been suggested that a model based on bulk and shear moduli would better
represent granular layer response than a resilient modulus based on resilient axial
strain and Poisson's ratio.

Many researchers presented results that could not be explained by linear elastic and
isotropic materials. It would appear that cross-anisotropy could explain some of these
results.

There is evidence in the literature that the construction activities, such as compactibn,

can introduce significant anisotropy both in granular and in the subgrade layers.
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9. There is also evidence in the literature that reconstituted laboratory samples
underestimate the moduli, because they destroy the fabric and with it the cross-
anisotropic characteristics of the in-situ materials. Similar objections have been
levelled against small scale sand box tests.

10.  Inview of these uncertainties with laboratory results and because laboratory testing
cannot adequately represent the materials under a long stretch of road or runway, it
is suggested that in-situ charaterization of the graunular and subgrade materials is a
viable alternative to characterize pavement materials.

11.  Finite-element techniques are best suited to model the pavement structure given the

complex nature of the materials making up the structure.

2.2.2 Field Measurements of Resilient Moduli

In the previous section it was noted that material parameters have been, traditionally,
determined using the repeated load triaxial tests. Such tests have given much insight to the
fundamental nature of the material response to repeated or transient loading; however, on
a quantitative basis the parameters determined from these tests could not predict the response
of actual pavements in a satisfactory manner. This is primarily due to the fact that the
laboratory test results cannot represent the materials in the pavement structure at each test
point at the time of testing. Hence much attention has been devoted to determine these
material parameters by in-situ tests. The in-situ tests fall into three categories:

1. Deflection Testing.

2. Geophysical methods.

3. In-situ geotechnical methods.
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This section reviews and discusses the literature on these three methods of investigations.

2.2.2.1 Deflection Testing

Deflection of the pavement under an applied load is the best indicator of the stiffness
and load carrying ability of the structure. This was recognized by pavement engineers as early
as the 1940's when Terzaghi proposed a method to conduct plate load tests. At the present
time deflection testing for pavement evaluation is done by one of three means listed below

1. The plate load test.

2. The Benkelman Beam test.

3. Modern deflection testing machines.

In what follows these methods will be reviewed and discussed briefly. These discussions are
done from the perspective of test methods, interpretation of the results and from the
operational point of view. The last mentioned aspect is important because, it provided the

strongest motivation in the development of the modern deflection testing machines.

1. Plate Load Test

Fig. 2.22(a) shows the schematic of the test. Fig. 2.22(b) shows the setup of the test.
The test consists of loading a rigid steel plate either 300 mm or 760 mm in diameter and
loaded vertically against a heavy enough reaction. The settlement of the plate under a given
load is observed by a set of dial gages or transducers mounted on the ends of a diameter of
the plate. The deflection at the centre of the plate is taken to be the average of the dial gage
or the transducer readings. The test is usually performed as a cyclic test i.e. at each load level

the pavement will be loaded and reloaded a few times and the settlements noted. Afier these
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cycles the load will be increased to the next higher level and the process repeated. Generally,

the load levels would cover a range of loading from below the design wheel load to one and
one half to twice the design load. Fig. 2.23 shows the typical results that would be obtained
from the plate load tests.

The evaluation of the results of a plate load test varies from agency to agency. Thus
in the ASTM symposium (1949) Palmer (U.S. Navy) suggested a deflection of 0.2 inch
(5 mm) as a limit to determine the carrying capacity. On the other hand many authors at the
ASTM symposium have suggested anything between 0.1 and 0.5 inch (2.5 to 12.5 mm) as the
limiting deflection. McLeod suggested that the limiting criterion for the deflection should be
12.5 mm after 10 load repetitions on a 760 mm diameter plate.

Generally, all agencies conducted plate load tests at different levels of the pavement
structure, i.e. subgrade, base and on the surface. However, the limiting deflection criterion
was always the same, at a specified value. As has been pointed out by Nevitt, in discussing
Palmer’s paper the strains in the subgrade would be totally different in both the cases. Thus
any attempt to correlate the bearing capacity of the entire pavement structure to the subgrade
support value would lead to unsatisfactory results as seen from the results presented by
Palmer (Fig. 2.24). McLeod attempted to circumvent this problém by deriving a series of
conversion factors (Table 2.3) which would convert the surface ioad to load at any level of
the pavement. This was based on extensive tests at Canadian airports. However, it should
be recognized that these are essentially empirical factors applicable only to circumstances at
which these tests were conducted. Looking at Table 2.3 one recognizes that a unique
conversion factor as suggested by Mcleod would be an oversimplification of the problem

when so many variables were involved. What the does not show are the many other factors,
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such as the perimeter to area ratio of the plate, the type of base and subgrade, the influence
of plate size on the deflection etc. on these factors. McLeod, of course, considered these in
arriving at the factors shown in Table 2.3. McLeod's recommendation still forms the basis
of design for the Canadian Ministry of Transport. Similarly, Palmer's criteria were the basis
of design till recently for the US Navy and the US Air Force.

Apart from the difficulty of setting a reliable criterion for the limiting deflection, there
are other problems with the plate load tests. The capacity of the lower layers is generally
determined in test pits after removing the upper layers. The size of these pits in relation to
the size of the plate is significant because of the influence of the surcharge provided by the
pavement structure above the level of testing. In addition, if the tests are done in the same
test pit for all the layers, the loading on the upper layers would have pre-loaded the lower -
layers. Thus the base and subgrade are subjected to a different load history in the test pit
from that at any other typical location in the pavement. As was mentioned in the previous
section, many investigators have shown that the stress history has a significant influence on
the resilient modulus of the material, at least for the fine-grained materials. If one carries out
these fests in different pits for different layers then one is actually testing different spots on
the pavement. Thus the properties determined for any one layer need not necessarily be
consistent with the others. Moreover such a test setup would require a number of test pits
which should be spaced sufficiently far apart to avoid mutual influence. This is operationally
a nuisance as well as excessively destructive to the pavement. These and other difficulties
have been more fully discussed by Argue (1970).

The plate load test is a static test whereas the loading on a pavement is dynamic. Thus

the plate load deflection has a larger irrecoverable creep component than would be observed
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under the wheel load. Thus except for facilities such as loading docks, aircraft parking aprons
etc., the plate load test is not a representative test. Though many agencies adopt the
repetitive plate load tests the test is essentially, a static test.

The plate load test yields only limited information if only the maximum deflection is
measured, as is usually the case. Two pavements can yield the same centreline deflection and
still have very different load spreading capabilities. Thus the shape of the deflection bowl is
a significant factor in judging the stiffness of the pavement. With one deflection value the
layer moduli of a multi-layer system cannot be evaluated. In order to define the deflection and
the curvature of the deflected shape one has to measure multiple deflection values under a
given load.

The theory of elasticity can be applied to the results of plate load tests to obtain the
modulus of the materials. Since there is only one measured result (the maximum deflection
under the load) the analysis can be done strictly for the Boussinesq model only. The
Boussinesq solution for the maximum deflection under a uniformly loaded rigid circular plate

is:

rA__’;_ %ﬂ.p.h 66
where,

A = the measured deflection

P = the contact pressure

r = the radius of the plate

and p = Poisson's ratio
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For a flexible plate (simulating a tire load) this expression is modified as below (Burmister,

1949; Osterberg, 1949):

Burmister:
A= 20 - ph p-r (37
E
Osterberg:
A=c,-R2 -y G38)
AE
In these expressions:
P = the contact pressure
r = radius of the plate
] = settlement under the plate
b = width of footing
1 = Poisson's ratio
C, = a constant to account for the size, shape and rigidity of the plate.

For a two-layer system Burmister modified this expression as below:

o 2
A:gl_E__E_).p.r.F (39)

Here the symbols have the same significance as before and F is an influence factor that is a
function of the ratio of the moduli of the two layers. As discussed in Section 2.1.2.3, Jones
(1962) and Peattie (1962) extended these solutions for a three-layer system. The solutions

for more than three layers become very complex and are not possible without computer
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modelling. Burmister (1949) also gives the following expression for an elastic halfspace

where the modulus varies linearly with the depth.

. (1-p)

A= LRI,

2 (E,+C)

(40)

where, E, is the modulus at the surface and C, is the increment in the modulus for unit depth.

Finally, Skempton (1952) and Burmister (1949) suggest a method to determine the stresses

and the modulus from laboratory compression tests using the expression below:

E

Y 4, E

strain in the laboratory sample
stress in the laboratory sample
radius of the laboratory specimen

modulus of elasticity

@1

This is based on the premise that most of the observed settlement in field is caused by the soil

contained within the (0.1 o,) isobar (Fig. 2.25). Burmister postulated that the field test can

be approximated as a cylindrical compression test of a cylinder of diameter 2R and height 4R.

In the laboratory the dimensions will be 2r and 4r (Fig. 2.25). For any deflection in the field

the strain can be calculated. For an equal strain in the laboratory sample the axial compres-

sion can be determined, and using the expression above the modulus can be calculated. Both

Burmister and Skempton used this approach more to compute the stresses in the soil under

the plate load than to arrive at the modulus value. Equating the expression for axial strain in
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the field and laboratory cylindrical specimens (see Fig. 2.25) and assuming 1 = 0.5, o which

is the stress in the soil under the plate can be seen to be:

op =34 o 42)

or

g, = 029 o, @3)

Here the subscripts F and L refer to field and laboratory samples respectively. No such simple

expressions are possible for multi-layered systems.
In summary:

1. Plate load tests do not represent the conditions imposed by the traffic except for
stationary loads.

2. The bearing capacity or the support value obtained from the plate load tests is not an -
inherent material property but represents a stiffness of a particular structure for the
specified deflection.

3. Application of the elastic theory to the test can be valid only for the Boussinesq
medium. For the multi-layer system no unique solution is possible because, only one
value of deflection is measured.

4. Layer moduli cannot be obtained from the plate load tests. Pavements showing
similar deflections under similar loads are not necessarily equivalent because, their
load spreadability can be quite different from one another.

5. Operationally the test is disruptive and if done at different layers it is also destructive.
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6. The test is too time-consuming and expensive so that not enough locations can be

tested to be representative of a stretch of highway or runway.

2. Benkelman Beam Test

The Benkelman Beam test is another deflection test conducted at creep speeds of an
actual vehicle. The test is shown schematically in Fig. 2.26a. Fig. 2.26b shows the actual set-
up of the test. The test equipment consists of two arms pivoted at a point such that the ratio
of the lengths of the two arms is 2:1. The probe is at the end of the longer arm while a
deflection gage is attached at the end of the shorter arm. The probe is first positioned
between the duals of a standard truck axle which carries precisely 80 kN (18 kips)
(Fig. 2.26a). The tires are standard ply and are inflated to 600 kPa (80 psi). This was,
generally, the legally permitted tire pressure and axle load in most jurisdictions when the test
was originally developed. The truck is driven away at creep speed and the rebound of the
pavement is measured. Further details of the test and some theoretical background can be
found in the CGRA Manual 11 (1959) and in a paper by CGRA in the 1962 Ann Arbor
conference. If the tire pressure and the resilient deflection are known, a resilient stiffaess can
be computed. However, the Benkelman Beam test results have not been used in this way.
Many agencies have correlated the Benkelman Beam deflection to the bearing capacity
obtained from the plate load test (e.g. see Sebastyan, 1962; Fig. 2.27). By comparing the
deflections on the pavements that are performing satisfactorily, a measure of allowable
Benkelman Beam deflection has been established. Thus when the rebound values from the

Benkelman Beam tests exceed the allowable limits the pavement would need rehabilitation.
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Performing Benkelman Beam tests is more economical and much faster than doing plate load
tests.

The Benkelman Beam test suffers from many of the same criticisms levelled at the
plate load tests. The test is not representative of the actual traffic but measures only the
response under creep load. The deflections are measured at only one location éo that the test
gives no indication of the load spreadability of the structure. Layer moduli cannot be
calculated using the Benkelman beam results. The test vehicle is a normal highway truck so
that the heavier pavement structures or pavements on strong subgrades are insensitive to the
test procedures. Also, if Bousinesq's theory or the elastic layer theory is to be applied to the
Benkelman Beam tests, one has to find an equivalent load for the test load. The movement
of the probe is sensitive to exposure to direct sunlight, asphalt temperature and moderate
winds. In fact, the effects of temperature of such pavements will be more critical than the
loads themselves. In the original WASHO procedure where the deflections rather than the
rebound values were observed, there could be negative residuals (i.e. an apparent heave after
removal of the load) depending on the structure and the geometry of the apparatus. In such
cases the pivot as well as the probe would find themselves within the deflection bowl so that
on rebound the probe may end up higher than the reference level giving an apparent heave or
negative residuals. This was the reason for the revision by the CGRA of the Beam design.
Further details of these and other problems are discussed in the 1962 CGRA paper. While

the tests are much faster than the plate load tests they are still operationally disruptive.
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3. Deflection Testing Machines

Under this category are included the modern machines which apply a pulsating or
impulse load, can collect deflection data at many points outside the loaded area and are fully
automated. These machines are very sophisticated, and can measure the applied load and the
resulting deflections with a high degree of accuracy, precision and reproducibility. Since
these are almost completely computer-driven it is possible to feed into the machine further
information regarding the condition of the structure which can then be considered in some
fashion during the analysis of the data. The data collected are invariably analysed by layered
elastic theory. Some recent reviews of these machines can be found in papers by Kennedy
(1982), Hoffman and Thompson (1982), and Elkins et al. (1988).

Basically there are two types of deflection measuring devices: (1) the moving type
and (2) the stationary type. The LaCroix Deflectometer and the Califorina profilometer are
examples of the moving type. They actually travel with the traffic stream and collect data.
They are relatively simple to operate and are fast. However, it is difficult to establish an
unmovable reference point during a measuring cycle. By far the most common type of
machines are the stationary type. Examples of this type are the FHWA Thumper, the Road
Rater, the Dynaflect and the Falling Weight Deflectometer (FWD). These machines are posi-
tioned over the test point and either a steady state sinusoidal vibration or an impulse force is
applied to the pavement through a rigid steel plate. The resulting vibrations are sensed bya
set of sensitive accelerometers positioned at different distances from the load point. The
accelerations are integrated by the computer and stored as deflections for later analysis. The
stationary type of machines can, in themselves, be classified in three different categories as

shown below:
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Type Commercial Version

a) Stationary, Dynamic, sinusoidal loadingata  Dynaflect
fixed frequency of 8 Hz. peak-to- peak

b)  Stationary, dynamic impact type of loading at  Falling Weight Deflectometer of
fixed frequency of 35 Hz. Impact load different designs (e.g. Dynatest, Kuab
variable. and Phoenix)

c) Stationary, dynamic impact type of load with Road Rater, The Thumper and the
variable frequency and loads. Heavy Vehicle Simulator (South Africa,

Australia and FHWA)

The Dynaflect Fig. 2.28a and 2.28b is one of the earliest commercially available and
automated deflection measuring equipment. A static weight of approximately 9.5 kN is
applied through a pair of two rigid steel wheels. The dynamic load is generated by a set of
eccentrically loaded flywheels operating at 8 Hz. This applies a sinusoidal force of 4.5 kN
peak-to-peak which superimpose on the static load. The resulting deflections are sensed by
a set of five accelerometers and recorded by an on-board computer. When the deflections are
recorded the equipment is moved to the next test location.

The Road Rater (Fig. 2.29) carries a vibrator which applies a vibration to a steel mass
which is the source for its dynamic loading. Loads can be varied between 2.0 and 42 kN at
variable frequencies between 5 and 70 Hz., depending on the model used. The load,
frequencies, and the deflections are measured by transducers and recorded automatically. The
deflections are measured at four locations, including under the load. Like the Dynaflect the
Road Rater applies a static load, due to the weight of the equipment, through two square steel
pads. In the analysis these are replaced by equivalent circular loads (Fig. 2.29). The dynamic

load is superposed on the static loads.
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The Thumper and the Heavy Vehicle Simulators are essentially research-type
equipment used by the agencies which developed them.

The Falling Weight Deflectometer (FWD) (Fig. 2.30) is of the impact type which
drops a weight on to a rigid steel plate dampened by rubber buffers (Fig. 2.3 1). The lighter
version of the model Dynatest 8000 (Fig. 2.32a) can apply loads up to 107 kN while the
heavier version the Heavy Weight Deflectometer (Fig. 2.32b) can apply loads up to 240 kN.
The frequency of the load is approximately 35 Hz. The deflections are measured directly
under the load and at six other locations, thus defining a deflection basin.

It is not proposed here to give any comparative evaluation of specific equipment. The
author does not have personal experience with all of them and hence is not competent to
undertake such an evaluation. This has been done by others based on personal research and
the reader is referred to these papers in the literature (Clayton Sparks and Associates, 1980;
Bush, 1980, Hoffiman and Thompson, 1982; Kennedy, 1982; Bush et al, 1985; Smith and
Lytton, 1985; Tholen et al., 1985; Elkins et al., 1988). However, some general comments
are in order here.

1. Moving vs. stationary test devices: The moving devices travel with the traffic and
collect deflection data at very close spacing so that one obtains practically a con-
tinuous strength profile of the road. However, as mentioned earlier, it is difficult to
have a fixed reference point with this type of testing. On the other hand, the
stationary equipment cannot reproduce the actual stress-strain conditions generated
by the moving vehicle. In the case of the moving vehicle the principal stresses rotate
(see Fig. 2.33) as the vehicle approaches and passes over the point. Since the

response of pavement materials are stress and frequency dependent the response
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measured under a stationary loads may not be representative of a moving load. None
of the loading modes of the stationary equipment, the sinusoidal loading of the
Dynaflect, the vibratory loading of the Road Rater or the single impact load of the
FWD, matches the actual loading by a moving vehicle, although there is general
consensus that the FWD simulates the traffic load the closest (Hoffinan and
Thompson, 1982; Kennedy, 1982; Bush et al., 1985; Smith and Lytton, 1985; Elkins
et al., 1988). The difficulty is attributed to the inertial effects attendant to the
vibratory- or impact-type stationary loads. With moving vehicles the inertial effect is
not present or at least not to the same extent as the stationary loads.

Sinusoidal, vibratory vs. impact loads: As mentioned above none of these modes
really matches the actual frequency vs. time signals from a moving truck. However,
the FWD signals are as close as one can get with current technology (Hoffman and
Thompson, 1982).

Variable vs. fixed frequency: Pavement materials response depend on the load level
as well as the frequency of loading. Since different wheel configurations or
combinations will generate different load- and frequency-patterns, equipment with a
single frequency (Dynaflect, FWD) cannot truly represent the traffic loading.
Equipment capable of applying loads at variable frequencies is clearly preferable to
that with fixed frequency.

Load levels: The significance of this is fairly obvious. Except for the WES
(Waterways Experiment Station) Thumper and the heavy-vehicle simulators, all of the
equipment uses light loads. However, the heavier version of the FWD can impart

energy at levels comparable to some of the modern heavier aircraft. In this respect
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the Dynaflect and the Road Rater are said to have serious deficiencies. On the other
hand carrying heavy loads will seriously hamper the portability of these equipment.
It may be recalled that portability was the primary motivation in the design of these
equipment.

Number of sensors and locations: Depending on the structure and the materials the
shape and size of the deflection basins will be different. Hence the deflection
measuring sensors should cover a wide enough area to define satisfactorily the
deflection basin. In this respect the Dynatest FWD is better than the other machines
including the KUAB or the Phoenix FWD's because the Dynatest machines have
seven sensors and can be positioned at variable distances. It is the author's
understanding that the equipment used for research by the USAF has eleven sensors
instead of the usual seven. It might be added that the boundary of the loaded area is
a special point of load discontinuity in the analysis. Hence one sensor must be placed
here to actually measure the deflection rather than interpolate between others.
Loaded area: All devices load the pavement with a circular rigid steel plate. The
pressure distribution under a rigid plate is not uniform but has the shape of an inverse
saddle (see for example Timoshenko and Goodier, 1949, Terzaghi, 1942). However,
in all the analyses the pressure is taken to be uniform. Observations with instrumented
pavements show that, depending on the ratio of the thickness of the surface layer to
plate diameter the pavement response could be different from that theoretically
predicted. Some equipment manufacturers have attempted to overcome this difficulty
by an alternative design of the loading plate (Tholen et al., 1985). There is also

evidence that a single plate does not correctly represent the loading imparted by
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closely spaced tandem wheels, such as found under a Hercules C-130 aircraft.
Recently Roque et al (1992) have published a theoretical evaluation of a dual plate
loading system for the FWD.

7. Temperature effects: It is well known that the ambient and pavement temperatures
affect the magnitude of the measured deflections. These are material characteristics
and in analyzing deflection data one should correct these to a standard or design
temperature (e.g. Lytton and Smith, 1985). There is also quite a different equipment-
related temperature problem. Foxworthy and Darter (1986) observed that the deflec-
tions measured under the FWD could vary during different times of the day due to the
effect of temperature on the rubber pad under the rigid steel plate of the FWD that is
used to dampen and distribute the impact load. They also suggests some corrections

for these albeit only for concrete pavements.

2.2.2.1 Analysis of the Deflection Data

Though the deflections are measured under vibratory or impulse loads, the analysis
is generally carried out as if it were a static problem. The technique, which is known as a
"back-calculation”, is an iterative procedure. The pavement is modelled as a homogeneous,
isotropic, linear and elastic layered system. To start the procedure most algorithms require
the user to input a seed modulus value for each of the layers as well as the thickness of each
layer except the subgrade layer, which is assumed to be infinitely thick. If there are reasons
to believe that there would be a rigid bottom (e.g. bedrock) at shallow depths, then this
information would be needed. From this point on, the computations are automatic whereby

the computer software attempts to compute the stresses and strains at each point in the
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pavement structure in accordance with the specified material model. The material model is,

generally, one of the models discussed in the previous section. Finally, the surface dis-

placements are calculated and compared with the measured deflections. The computations
are terminated when the calculated deflections match the observed deflections within the
specified tolerance limits which can be chosen by the user. In general a variation of five
percent or less is deemed to be satisfactory. The final set of moduli, stresses and strains are
then assumed to be the actual conditions in the pavement. From the design point of view, the
calculated stresses and strains are compared with the allowable stresses and strains.

The back-calculation procedures that are available currently have been, at best,
unsatisfactory. There are a few reasons for this:

1. The models or the constitutive equations used in most of the computer algorithms to
describe the stress-strain behaviour are not realistic. Most of these relationships have
been obtained from laboratory tests described in the previous section. The merits and
drawbacks of this method were discussed at length in that section.

2. The multi-layer problem is essentially indeterminate. Thus a number of different
combinations of the layer moduli can produce an acceptable match between observed
and computed conditions. In other words, the uniqueness of the solution is not
certain.

3. When a pavement is tested at any particular point in time its response has been
modified by the stress history prior to the test. Many of the current algorithms do
not, or cannot, consider this factor. As far as the author is aware of, ELMOD is the

only program which allows for a consideration of stress history. On the other hand,
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the equivalent-layer concept which is the basis of the ELMOD program has its
drawbacks.

4. Linear elastic theory permits tension in the pavement layers. However, pavement
materials, particularly the unbound layers, are incapable of sustaining any tension.
Hence arbitrary adjustments are made to the stress and strain conditions to avoid
these theoretical paradoxes. Therefore the derived rﬁoduli and, more importantly, the
computed stresses and strains, need not necessarily be the true material values. In this
respect the Nottingham model and ILLIPAVE are superior because of the
incorporation of acceptable failure models based on geotechnical principles.

5. Residual stresses and cross-anisotropy cannot be considered by any of the current
models. Since there is mounting evidence that these factors play an important role in
the response of materials, the models should be capable of considering these.

6. While many algorithms have considered matching the maximum deflections and the
deflection basin, their algorithms do not properly consider the contribution of the
individual layers to the total deflection at each point during the iterative calculations.
Instead arbitrary adjustments are made so that in each iterative cycle the match will
be better than the previous trial. This sometimes leads to untenable layer moduli.
This is explained in subsequent paragraphs in discussing the characteristics of the

deflection basin.

Characterization of the Deflection Basin

It has been recognized for some time that it is not sufficient to match the maximum

deflection alone, in arriving at the layer moduli (Vaswani, 1971, Majidzadeh, 1982; Hoffman
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and Thompson, 1982). These authors have quantified the shape of the deflection basin with
various parameters.

Vaswani introduced the concept of spreadability based on his work with the
Dynaflect. The spreadability is defined as below:

D,+D, +D, +D, +D,
5D

$% =

x 100 (44)
0

where Dy, D,, D,, D;, D, are the deflections at the centre and at the four other sensors with

the Dynaflect. He then developed an empirical method relating the spreadability and the

maximum deflection for Virginia subgrades. This approach is somewhat limited for the

following reasons:

1) The spreadability was based on the calculation of the area of the basin based on a
Boussinesq medium. Thus he arrives at a unique value for the minimum spreadability.
The rationale for this is not quite obvious. Instead it should be calculated as the area
of the basin normalised to the maximum deflection (see for example Hoffman and
Thompson, 1982).

2) In further developing his nomographic charts, he suggests an expression for the

averege modulus for the pavement structure as below:

h, E, + h, E, + ...
E =11 2 ¥2
v h, + h, + ... (43)

This expression does not agree with the ones suggested by others (e.g. Ueshita and
Meyerhof (1967, 1968), Briaud et al. (1983)). These authors suggest some form of
a power functions (see Eqn. 16) to arrive at the equivalent modulus. It is suggested

that a simple weighted average as proposed by Vaswani is not realistic.
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3) In some of the examples he has shown pavements with lower spreadability deflect far

leés than those with higher spreadability. One of his examples is reproduced as
Fig. 2.34. Thus the pavement (a) in this figure acts as a rigid pavement because the
thin sandwich layer is completely confined and acts as part of the much more rigid
confining layers. Similarly the pavement (d) with its thick sandwich layer acts essen-
tially as a two-layer system. The third layer acts as a rigid bottom. The majority of
the deflection in this structure takes place in the sandwich layer. The point here is that
it is not enough to consider the area alone or some measure of spreadability or rigidity
of the pavement. Instead the curvature of the basin as well as the contribution of the
individual layers should be accounted for.

Huang (1971) introduced the concept of using the curvature of the structure to the
evaluation of pavements. He carried out theoretical studies relating deflection, curvature of
the surface, the tensile strain at the bottom of asphalt layer and the compressive strain at the
top of the subgrade. He derived dimensionless parameters with these quantities and
expressed them as functions of vertical and radial stresses and the modular ratios. These
functions could be evaluated with published data by Jones (1962) or Peattie (1962). Huang
published tabulated values relating deflections, surface curvature, asphalt tensile strain, and
subgrade compressive strains to the ratios of layer thicknesses and the modular ratio. While
his results are useful for parametric studies they are of much less use in direct application in
the evaluation of deflection basins obtained from the modern deflection testing machines.

Majidzadeh (1982) related the concepts of curvature directly to the deflection basins

obtained by Dynaflect. He introduced the various curvature indices such ‘as the Surface
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Curvature Index (SCI), the Base Curvature Index (BCI) as well as the Spreadability. He also

pointed out the significance of the deflection recorded by the fifth sensor under the Dynaflect.

The various indices are given by:

SCI=W, -W,= Deflection differential between the first and second sensors.

BCI=W,-W,= Deflection differential between the fourth and the fifth sensors.

Spreadability is still defined according to Vaswani, Eqn. (44). Based on studies on pavements

in Ohio State, Mazidzadeh makes the following observations:

1.

The SCI is a strong indicator of fatigue cracking in the asphalt layer. SCI is
dependent on the thickness of the surface layer as well as the ratio E,/E,. For thick
pavements, SCI decreases with an increasing E,/E,. For thin pavements the
variation of SCI with E,/E, depends on the thickness of the surface layer. This is not
quite in accordance with Huang's theoretical results (see Fig. 2.35). According to
Huang, for thick pavements (h,/a > 1.0 in Fig. 2.35 the modular ratio E,/E, has very
little influence. For thinner pavements the thickness will have a strong influence
because of excessive radial strains; however the modular ratio has little influence.
SCl is also a strong indicator of vertical strains in the subgrade.

BCI is a good indicator of stresses and strains in thé base course. Some states
specify tolerance limits to BCI to ensure adequate performance of the pavements.
The fifth sensor reading W, is a unique parameter which depends on the subgrade
modulus and is practically independent of the stiffness of the pavement structure.
Spreadability, by itself, is not a very useful concept in determining the adequacy of

the pavement structure (compare the discussion of Vaswani's results above).
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Hoffiman and Thompson (1982) forwarded the idea of the "AREA" of the deflection basin.

The "AREA" is literally the area of the deflection basin computed by the trapezoidal rule as
shown in Fig. 2.36. For a curvilinear profile, such as the deflection basin, Simpson's rule
would be better suited. The difference between the two methods of computation would
amount between 5% and 12%. The area has the units of length and for the Boussinesq case
will be 11 [in or cm or m] and for a perfectly rigid body will be 72 [in or cm or m] when using
the FWD with seven sensors. In the case of Road Rater where there are four sensors, the
"AREA" works out to be 11 and 36 for the two cases mentioned above. Hoffman and
Thompson tested a number of road sections in Illinois using the ILLI-PAVE algorithm. Their
principal conclusion was that, while there could be a number of combinations of surface and
subgrade moduli which would yield satisfactory match of the maximum deflection or the
"AREA" individually, the unique solution is the one which matches both simultaneously.
Anani (1979) and Wang and Anani (1981) report a method of analyzing deflection
basins obtained from Road Rater tests in Pennsylvania. Starting from the stress function
solution (Eqn. 3) for the differential equations for the stresses in a layer (Eqns. 1 and 2) they

find an expression for the surface deflection at any radial distance, r, from the load point as:

./;‘ J,(mr) (A,m2 e™-Bme®™-Ce™+De ") (46)

= - .9;:3
8(r) ( 1.5 E ]

1
where,
q = theload per unit area
a = radius of the loaded area
r = radial distance of the point from load point

E, = modulus of elasticity (= resilient modulus)
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I

T, Bessel function of 0- order

m = adummy variable

A, B, C and D are constants of integration to be determined from boundary

conditions.

Then they compute the change in surface deflections for a change in the layer moduli
E, for the ith layer. Thus they could determine which layer contributes to deflections at a
certain distance from the load point. They have analyzed specific structures and specific

deflection points which are the sensor locations of the Road Rater. Based on their analyses

for a four layer system they conclude that:

5, =1, (E) (47a)

8, = £, (Ey, E) (47b)

8, = £, (B, E,, E,, E,) (47¢)
8, = f, (B, E,, E,, E,) @74)

It is seen that from Eqns. (47a) and (47b) &, and &, can be determined uniquely. owever, E,
and E, cannot be determined as uniquely since both deflections will be affected by change in
either of them. Therefore, one has to resort to some type of parametric analysis. For the
Pennsylvania conditions, Wang and Anani fixed the ratio E,/E2 at 0.7 and proceeded with the
analysis. The ratio 0.7 was obtained from laboratory investigations on the mziterials in the

pavements analyzed.
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All the works cited so far have dealt with deflection basins generated by Dynaflect

or Road Rater. The number of sensors is four for the Road Rater and five for the Dynaflect.
Thus, it is relatively easy to identify the contributing layer to the deflections sensed by a
particular sensor (see for example Wang and Anani cited above). Such discussions are not
found in the literature for the FWD deflections though the analysis programs such as ISSEM-
4 (which uses the ELSYM-S as an analysis subroutine) can indicate the radial influence of the
layers (Fig. 2.37). In general, based on the study reported in this thesis, it is found that the
sensors 5 to 7 will be influenced primarily by the subgrade, sensors 3 and 4 are influenced by
all layers below the surface while all the layers influence deflections 1 and 2. Brown et al.
(1986) have published somewhat similar results (Fig. 2.38). In these figures A; is the
difference in deflections between the i-th and j-th sensors. Thus from Fig. 2.38 one ;:oncludes
that the deflections 1 and 2 are most sensitive to the stiffness of surface (there is some
contribution from the other layers too) while deflections 2 to 4 are governed by base laygrs
and the rest primarily by subgrade. It is suggested that a detailed study of the FWD deflection
bowls will be useful to establish criteria similiar to those found for the Dynaflect or the Road
Rater.

The above discussions were meant to focus the attention on the difficulty one
encounters in interpreting the deflection basin obtained from any of the deflection- measuring
devices. In order to get an acceptable solution it is necessary to know the contribution of
individual layers to the overall deflection at each sensor point. Then one can isolate the
contribution of each layer to the entire deflection basin. The area of the deflection basin for
which any layer is responsible would be inversely proportional to the stiffness of that layer.

Thus, in the numerical analysis of the basin, for each iteration the modulus value for each
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layer should be adjusted in accordance with its contribution to the overall deflection basin or
in inverse proportion to the area of the deflection basin calculated in that iteration. This is the
conceptual framework that will be employed in the numerical evaluation proposed in this

thesis (Chapter 3).

2.2.2.3 Geophysical Methods

During the past five to ten years geotechnical and pavement engineers are finding
geophysical test methods increasingly useful to characterize material properties (Nazarian et
al., 1987; Sanchez-Salinero et al., 1987; Nazarian, 1989). Of these the Spectral Analysis of
Surface Wave (SASW) method and the down-hole or cross-hole seismography are probably

most relevant to pavement engineering.

1. Fundamentals of Geophysical Testing

This method of testing involves imparting energy to the pavement or soil by means
of a hammer-blow, dropping weights or a small explosive charge. Such an energy source
generates three basic types of waves:

1) the compression or P-waves,

2) the shear or S-waves, and

3) the Rayleigh or R-waves (surface waves).

The velocity of propagation of these waves in any medium (such as concrete, asphalt, or
earth materials) is a measure of the material properties such as density, rigidity, or stiffness
modulus. Each type of wave travels at its own characteristic wave form and velocity and

decays at different rates. Therefore, by suitably positioning the receivers the different waves
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can be captured at different physical and time intervals and their velocities of propagation
calculated which, in turn, are related to the material properties.

It is said (Nazarian, 1989) that in an isotropic homogeneous elastic medium
approximately two-thirds of the energy is carried by the Rayleigh waves while the remainder
is carried by the P- and S-waves. The P-waves attenuate at a rate inversely proportional to
the square of the distance while the S-waves do so at a rate inversely proportional to the
square root of the distance. Thus receivers stationed close to the source will receive primarily
P-waves while those farther away will collect primarily S-waves. Also the P-waves travel
faster than the S-waves. The ratio of the velocities of the P- and S- waves is a measure of the

Poisson's ratio. The shear modulus of a material can be obtained from the relationship:

G=p-V, (48)
where G = shear modulus
p = mass density
and V, = velocity of the shear wave

Knowing G and 1, the modulus of elasticity E can be calculated using the relationship E =
2G/(1+u). Thus in any geophysical testing the objective is to generate and capture the

different waves using a source of impulse energy and a receiver (geophone).

2. Spectral Analysis of Surface Wave (SASW) Method

Fig. 2.39 shows the test setup for the SASW method. This method is based on the
generation and detection of Rayleigh waves. Since Rayleigh waves travel close to the velocity

of shear waves, the elastic parameter that will be measured (or interpreted) will be the shear
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modulus G. In a homogeneous medium Rayleigh waves are not frequency-dependent.
However, in a layered medium, such as a pavement structure, the velocity of the R-waves is
frequency- dependent. Thus the wave spectrum will be dispersed. Details of obtaining the
dispersion curve, the assumptions behind the theory of the SASW method and the factors
affecting the test can be seen in papers by Douglas and Eller (1986) and Nazarian (1989).

It might be recalled that while discussing the anisotropy of the soil medium, it was
mentioned that the independent shear modulus, G, is difficult to measure. The laboratory
setup requires testing the sample at three different orientations calling for three triaxial
samples. It is suggested that the SASW method will yield more information with much less
effort and resources. Together with the FWD test and some of the in-situ geotechnical tests
which will be described in the next section, the SASW method offers the best hope for
complete in-situ determination of material properties for pavement design.

Another method to determine the shear modulus with depth is the down- hole or
cross-hole seismic method. The cross-hole method would be of little practical interest in
pavement investigations because it requires at least pairs of holes for each test location and
the test setup is more elaborate than the down- hole method. The technology of down-hole
seismic tests exists to a sufficient degree of sophistication for use in pavement investigation
at present (Campanella et al., 1986). The research by Campanella et al., was aimed at logging
very deep holes for long piles and off shore structures. Hence the instrumentation in the
associated equipment is fairly sophisticated and expensive. However, for pavement inves-
tigations, because of the shallow depths involved, the instrumentation can be adapted in an
inexpensive way. A schematic view of the down-hole seismic test is shown in Fig. 2.40.

Again an energy source at the surface generates all types of waves of which the shear wave
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alone is captured by a horizontal geophone in the borehole. The time of arrival can be
captured by an oscilloscope or by a spectral analyzer for later analysis (Campanelia and
Robertson, 1986; Campanella et al., 1986). It is suggested that the development of a simple
in-situ apparatus combining the features of a pavement pressuremeter (Briaud, 1979) but
operated by gas, and the features of down-hole seismography would be a worthwhile research
effort for the future. Such an instrument could measﬁre the necessary five parameters for
treating the pavement as a layered, cross-anisotropic elastic medium. For example, Fig. 2.41
shows a cone pressuremeter developed by Campanella et al., (1986) and a seismic cone
suggested by Robertson et al., (1985). Some of the sophisticated electronics and piezometer
parts in these can be dispensed with and the two pieces of equipment can be combined into
one for pavement investigation purposes.

The application of geophysical methods to pavement engineering is still relatively
new. Hence, extensive data is not available to review this method more thoroughly.
However, its use in geotechnical engineering is well accepted. The few reported correlations
in pavement engineering offer much encouragement and promise (Fig. 2.42). It is seen in
Fig. 2.42 that the maximum discrepancies occur in the upper layers, particularly in the
unbound granular layers. However, it is in this layer where most of the discrepancies between
different computer based algorithms also occur. Further, lack of agreement with the
backcalculauted moduli should not necessarily distract one from the merits of this method.
As discussed in the previous sections, considerable improvements are still needed in the

backcalculation procedures.
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2.2.2.4 IN-SITU Geotechnical Methods

In response to the increasing consensus that it is often impossible to reproduce the
field conditions in the laboratory, geotechnical engineers have developed a number of in-situ
tests in the past fifteen years (Bauer et al., 1973; Bauer and McRostie, 1986; Bauer and
Tanaka, 1988; Mitchell, 1988). Furthermore high-quality samples are very expensive, parti-
cularly in deep holes. In pavement engineering the variations in any given stretch of a
highway can be so great that in-situ tests are of more relevance than laboratory tests.

There is a variety of in-situ tests available currently as listed below:

1. Cone penetrometer (mechanical or electrical);

2. Pressuremeter;

3. Flat blade dilatometer;

4. Vane shear equipment;

5. Bore hole shear;

6. Screw plate.

It is not the intention to go into the details of all the tests here. Nor are all of them relevant
or applicable to pavement investigations. Of these equipments only the flat plate dilatometer,
the screw plate and the pressuremeter can measure modulus directly. Because of the
geometry, only the pressuremeter is amenable to rigorous mathematical treatment. Therefore,
in this section, only the use of the pressuremeter for pavement investigations will be

discussed.
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1. The Pressuremeter

The development of the first practical pressuremeter is generally credited to Menard.

Fig. 2.43 shows schematically the Menard pressuremeter. As seen in the figure, the

instrument is a tri-cell apparatus with a measuring cell in the middle and two guard cells, one
above and the other below the measuring cell. The purpose of the guard cells is threefold:

1. to eliminate the end effects of restraint when the measuring cell is inflated.

2. The middle cell would thus exert a uniform pressure on the cavity wall.

3. The guard cells also ensure that the middle cell expands only radially.
This is shown schematically in Fig. 2.44. Therefore, the expansion of the pressuremeter can
be modelled as the expansion of a long cylindrical cavity. Rigorous mathematical solutions
are available for this problem (see for example Baguelin et al., 1978, Ch. 4). The Menard
pressuremeter, useful as it is in foundation engineering, is a large apparatus, quite
cumbersome and complicated in its operation and maintenance. Field and laboratory tests
have shown that if the length-to-diameter ratio is kept at seven or more, the end restraints
have no influence on the stress field at the centre of the probe (Briaud et al.,, 1985; Hughes
et al., 1986). Thus the cavity expansion theory would still be valid. Therefore, if one can
build a pressuremeter with a long probe to satisfy the length-to-diameter ratio then the guard
cells can be eliminated. This would result in an equipment which is far less complicated or
cumbersome to operate and maintain than the Menard pressuremeter. Many modern
pressuremeters such as the OYO, Cambridge, Texam and the PENCEL are of the mono-
cellular design. Except PENCEL, most modern pressuremeters are also gas operated instead
of fluid operated. The use of gas as an inflating medium ensures instant response so that

transient or dynamic loading conditions (such as under traffic loads) can be more realistically
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simulated. Of all these instruments, the PENCEL pressuremeter is of particular interest
because it was specifically developed for pavement investigations (Briaud, 1979; see also

Sanders and Horak, 1992).

2. The PENCEL? Pressuremeter

The PENCEL pressuremeter was first developed by Briaud (1979) for use in
pavement investigations. The forerunner of the PENCEL was developed by Menard and was
known as the "mini-pressuremeter". It was a tri-cell instrument like the standard Menard
pressuremeter. Briaud modified it as a nono-cell apparatus for use in pavement investiga-
tions. The original Briaud version was a laboratory prototype with triaxial-test-type
volumeter etc. It was later redesigned in a more compact format and marketed as the
PENCEL pressuremeter. Fig. 2.45 shows the version used in this investigation.

The requirement of a pavement pressuremeter is somewhat different from that used
for foundation investigations. The overall depth to be investigated for pavements is shallow,
seldom greater than 5 m; however, there will be many tests at one location and many more
locations for any given pavement project than for a geotechnical foundation project.
Therefore, the instrument has to be simple, robust but able to be dismantled, moved around
and reassembled easily and quickly. Also because the pavement layers are rather thin, the
entire probe should be short enough to be able to be buried completely in the layer for the test
to be meaningful. Keeping in mind the restriction about the length-to-diameter ratio, the

instrument will, therefore, have to be of small diameter, slender and long. The PENCEL is

4 PENCEL is the registered trade mark of ROCTEST Inc. of Montreal, Quebec,
Canada.
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38 mm in diameter and 600 mm long, the inflatable part being 230 mm long. The operation
of the PENCEL pressuremeter has been described elsewhere (RocTest Manual (1981); Briaud
and Cosentino, (1989)).

Fig. 2.46-A shows, schematically the pressuremeter test in a pavement and typical
in-situ results. It also shows the raw curve that would be obtained from a field test. Fig.
2.46-B shows this curve on an enlarged scale and explains the different stages of the test. The
part A of the curve is usually the phase when the probe expands in the bore hole before
making any contact with the surrounding soil. At point A the probe is in firm contact with
the cavity wall and it is generally accepted that at this point during the test the original stress
condition in the ground has been reestablished. The part AB is a psuedo elastic range where
the stress-gtrain relation is practically linear. The point B, where the curve starts to deviate
from the straight line, denotes the approximate start of yielding of the soil. The part BD
denotes the yielding phase of the soil. In some cases a shear failure may be achieved;
Fig. 2.46 shows an unload-reload cycle, the unloading starting at some point in the range AB.
The secant of the hysteresis loop of the unload-reload cycle is a measure of the horizontal
shear modulus of the soil from which the resilient modulus can be calculated if Poisson's ratio
can be assumed. Poisson's ratio may also be inferred from the test results as follows. Since
the point A represents the re-establishment of the existing geostatic conditions, the pressure
at point A is approximately the lateral stress in the ground. From the lateral stresses K, and

hence Poisson's ratio, can be calculated using the following relationship: (Feda, 1978, pp. 21).

K, = £ (49)
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Feda (pp. 27-28) has also suggested other relationships between K, and anisotropic
parameters which are discussed later. Lamb and Whitman (1969, pp. 159) suggest an
expression for the young's modulus, E,, which relate the modulus to the initial vertical princi-

pal stress, g, é,nd K,

E - Jg_zﬁ (50)

Referring to Fig. 2.47 and using the notations shown there the resilient modulus

is given by Eq. 51 below (Briaud and Cosentino, 1989):

. AR1\2 (1 AR2\2
+ + +
R R
E=(l+n) (0,0, 1 —— = 1)
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Briaud suggests that the modulus is influenced by many factors, in particular, by the stress
level, the strain level, the rate of loading and the number of cycles of loading. He proposed
to consider these influences by incorporating different models suggested by many previous
workers. Thus for the influence of the stress level he takes Jahbu's model as modified by

Duncan and Chang (1970):

E, - K (3-]" (52)

For the influence of strain level he uses Kondner's hyperbolic model:

1/E=a+be (SeeEqn. (20), Section2.2.2.1).




For the rate of loading he uses a model proposed by Riggins (1981):
E t.\ 2
h 1
— = |- (53)
E, ( ‘0)

Finally for the cyclic effect of loading he uses the model proposed by Idriss et al.(1978):

E
E,

=N (54)

Briaud combines these individual models to obtain the following expression for the resilient

modulus:

E = .(&]—%.N"ﬁ
o o

With the use of these models one is left with the task of measuring five material constants:
n, n, n;, Kandb.

Briaud and Cosentino (1989) suggest a field procedure to conduct cyclic pressure-
meter fests whereby all the five parameters can be evaluated from a single test. According
to Briaud the test could be completed in 45 to 60 minutes. He also presented field results to
verify the model (Fig. 2.48 to Fig. 2.50). In presenting their results Briaud et al. (1987)
attempted a three way correlation between pressuremeter based results, cyclic triaxial tests
in accordance with the U.S. Army WES procedure and the observed deflections using the
Dynatest FWD. ILLI-PAVE was used to compute the deflections from the pressuremeter or

the cyclic triaxial test results. The following comments can be made on these results:
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Neither the pressuremeter nor the cyclic triaxial test yields an exact match with the
observed deflections.

The deviation from the observed values is about the same in both cases though the
pressuremeter results appear to be marginally better, if one would choose the
appropriate model. It should be quickly added that there are too few results and
further research and more extensive correlation are needed before definitive
statements can be made.

The results appear to be dependent on the site. This should be more appropriately
interpreted as a dependence on the type of subgrade and materials used in the
construction of the three pavements.

The need to know beforehand the appropriate model (stress or strain level model)
in the case of pressuremeter tests is a disadvantage when one is using the tests for
design. However, it is suggested that with further research and more extensive
correlations criteria can be established to select the appropriate model for design.
The comparison of moduli value (Figs. 2.48 to 2.50) between the three procedures
appears to lead to nowhere. The two geotechnical procedures (the cyclic triaxial
and the pressuremeter) which measure the moduli directly appear to correlate better
between themselves than either of them with the backcalculated moduli. Therefore,
the backcalculation procedure should be more suspect than the two geotechnical test
methods.

There is a need to continue the research on the application of pressuremeter testing

to pavement design and evaluation.
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In the following paragraphs a brief review of the theory of pressuremeter is given.
This is followed by a discussion on the relevance of the parameters measured during a

pressuremeter test to pavement engineering.

3. Theory of Pressuremeter

The theory of pressuremeter is based on the theory of expansion of long cylindrical
cavity. Consider an infinitely long cylinder subjected to an internal pressure p, which would
be gradually increased to p (Fig. 2.51 B and C). Under the increasing pressure, the walls of
the cavity strains the surrounding medium. Fig. 2.51 shows the strains that will be caused by
such an expansion of the cavity. Since this is a long cavity the problem can be treated as a
plane strain problem and one need to consider only the diametrical plane. Therefore, the
radial and the circumferential strains become the principal strains. These directions remain
the principal directions throughout the test. Referring to the notations in Fig. 2.51 one can

then write: (see Baguelin et al., pp. 336-341).

Radial strain:
== (56)
Circumferential strain:
du .
€, = w——
® dr 6N

Using the geometry given in Fig. 2.51 one can arrive at the following expressions for the

volumetric strains:
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AV

8 ~ v, | (58)
AV

a, = — 59

Here, V, refers to the original volume and V refers to the deformed volume. Eqn. (58) holds
for small strains and Eqn. (59) for large strains. The essential difference in these two cases
is that with Eqn. (58) the strain is with respect to the original volume V, while in Eqn. (59)
the strain is with reference to the deformed volume V. Since the strains during pavement
investigations are small and in the pressuremeter test it is rather difficult to know the exact
volume in the deformed state, it is suggested that the use of Eqn. (58) is justified.

The stresses in the soil mass during a pressuremeter test can be calculated using the
equations of equilibrium given at the beginning of the chapter (Eqns. 1 and 2). For an
axisymmetrical plane strain case, in the plane of symmetry and considering small strains these
two equations will reduce to one equation as given below (because there are no shear stresses

on this plane and there is no variation in the stresses in the z-direction):

oo c_ -0
v + [ 4 9 =0 (60)
or r

The constitutive relations for an elastic, homogeneous and isotropic medium was
given by Eqn. (10). Noting that the terms containing shear stresses and shear strains will

vanish Eqn. (10) can be rewritten, for incremental stresses and strains, as:

1
€y = E [Aoo - n (Ao, + Ao)] ((3))
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1
€ = E [Ao1r - (Ao, + Aoz)] (62)

1
€ = -1-5— [Aaz - n (Ao, + Aoe)] (63)

Noting again that the strain in the vertical direction, €, should vanish one can express the
incremental stresses in the z-direction, Ao, in terms of the incremental stresses in the other

two directions, Eqn. (64).
Ao, =y (Ao, + Ac) (64)
Substituting these in Eqns. (61) and (62) and after some arithmetic manipulations (see

Baguelin et al., 1978, pp. 347) and substituting the result in Eqn. (60) one can, finally, write

the differential equation for the radial displacement as below:
— +r—-u=90 (65)

For a cross-anisotropic medium with the plane of isotropy perpendicular to the axis of
symmetry the differential equation will still be Eqn. (65). The general solution to Eqn. (65)

is given by:

u=r" (66)

By substituting this in Eqn. (64) it can be shown that the exponent n will have roots + 1.

Thus the solution for u is written as a combination of all roots of n as below:
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u=Ar+ = 67)

The constants A and B should be determined from the boundary conditions. These are:
1. At large distances from the probe the displacement u = 0.” Therefore A = 0.
2. At the cavity wall (r =r,) the displacement is €,r,. Therefore B = ¢, ;.

Thus the displacement u can be finally written as:

2
€ To

(68)

u-=
r

Noting that the circumferential and radial strains are given by u/r and du/dr respectively, one

can write:
€, 1.
g, = — 2° (69)
r
and
€, 1.
0o To
(- - (7
r
From these the stresses can be computed as (see Baguelin et al., 1978, pp. 347-348):
€, 12
o°=po+Ao°=p°-2G°° (71)

1,2
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€ To
o, =p, + Ao_=7p, +2G

(72)

At the cavity wall the stress is equal to the inflation pressure inside the probe, so that the
pressure at the wall is given by:

u
P = P, + 2Ge, = p, + 2G — (73)

I

Eqgns. (71) and (72) can be plotted in the o-r space and Eqn. (73) as a stress-strain diagram
as shown in Figs. 2.52 and 2.53. It will be noted that o, and og are symmetrical about p,.
They are equal in magnitude and opposite in signs. Thus the inflation of the probe does not
produce any rotation of principal axes nor does it produce any distortions. The stress-strain
diagram given by Eqn. (73) plots as a straight line the slope of which is the shear modulus and
the intercept the in-situ lateral stress. For an isotropic and elastic medium the Young's
modulus or the modulus of deformation can be obtained from the shear modulus G using the
relationship E = 2G (1+) if the Poisson's ratio is known. Poisson's ratio can be also obtained
from p,in Fig. 2.53 using Eqn. (49).

For an anisotropic soil the pressuremeter yields the horizontal shear modulus, G;,,
and the Poisson's ratio in the horizontal plane, .,,. From G, E,, can be calculated as men-
tioned above (14, is known). The other three parameters should be determined by some other

means. This will be discussed in a subsequent section.
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4. Relevance of Pressuremeter Moduli for Pavement Design and Evaluation

There have been many concerns or objections regarding the relevance of the
pressuremeter tests to determine the resilient modulus of the pavement layers. These are:
1. The validity of using the theory of expansion of the long cylindrical cavity when

evaluating properties of materials at shallow depths (eg. base material under the

surface layer),

2. Probe geometry to satisfy the assumptions in the theory of expansion of a long
cylindrical cavity;

3. The effect of stress level, strain level, creep, and number of cycles to truly measure

the resilient modulus;

4. The fact that the pressuremeter measures a horizontal modulus. In pavement the
deformations are vertical and hence the relevance of the measured modulus to
pavement calculations is questionable.

These concerns are discussed in the following sections.

One of the concerns in using a pressuremeter for pavement purposes is the shallow
depths at which the tests would be done, particularly when base layers are being tested.
When the free surface of the soil is very near the centre of the probe it is conceivable that the
inflation pressures might push the soil upward around the probe. In such cases the
assumption of a plane-strain condition (the strain in the vertical direction is zero) is not valid
anymore. Nor can these movements be predicted. Thus the results discussed in the previous
section would not be valid.

This question was investigated by Briaud and Shields (1981). They argued that if

the proximity of a free surface should have an influence then there should be a critical depth
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(similar to the critical depth concept in other geotechnical problems) below which the plane
strain theory would hold, while above this depth the influence of vertical strains would have
to be considered. They tested their hypothesis by laboratory triaxial, and sand box tests on
clean sand, and by field tests in a silty clay under a grain silo. The laboratory tests were done
with both the Menard and the PENCEL (actually the prototype of the PENCEL) pressure-
meters. Their essential results are reproduced in Figs. 2.54 to 2.56. As can be seen, the
larger diameter Menard equipment showed a clear break in the modulus profile. It would
appear that for this pressuremeter the critical depth appears to be around 1.20 m, confirming
some earlier conclusions by Baguelin and Jezequel. However, for the PENCEL
pressuremeter no such influence is seen. The results from all the tests (triaxial, sandbox and
field tests) showed similar profiles indicating only the influence of increasing overburden but
not of a critical depth. It is, therefore, suggested that the moduli measured with the PENCEL
equipment are valid results and that the plane strain theory is applicable to tests in the base
layer.

Another concern, which was mentioned briefly at the beginning of this section, is the
validity of the theory of expansion of a long cylindrical cavity to simulate the pressuremeter
test. This is essentially a problem of the geometry of the probe, specifically the length to
diameter ratio (L/D Ratio) of the probe. Briaud et al. (1985) addressed this problem in
connection with the standardisation of the pressuremeter tests. They quote many previous
works and recommend that in order to apply the long cylindrical expansion theory the length
to diameter ratio should be 6.5 or more. The PENCEL probe has an L/D ratio of over
sixteen. The altemate theory would be to use the expansion of a spherical cavity in an elastic

medium. In the same paper these authors show that even in the extreme case of L/D = 1
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(expansion of a sphere) the error introduced by assuming long cylindrical cavity expansion
is only in the order of 35 percent. However, spherical expansion theories are also available
to obtain exact solutions. Houlsby and Withers (1988) show an ingenious method whereby

the same form of the differential equation (Eqn. 65) can be used with a slight modification as

shown below:

— +m—-m—=0 (749)

In this equation setting m = 1 will apply to the cylindrical case and m = 2 to the spherical

case. The solution (Eqn. 66) can be rewritten as:

B
u = Ar + — (75)
r
The stresses and strains are then written as:
€, = - B
o Yn +1 (77)
_ - . B
E‘ = mee = Yﬂ 1 (78)
0,=2G ¢, (78)
o, = - 2mG ¢, (79)

Other factors which could influence the pressuremeter modulus are the effect of stress level,

strain level, creep, number of cycles and the method of insertion. These factors were
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investigated by Briaud et al. (1986).. Based on this investigation they recommended using the
models mentioned before. These were:

1. Kondner's hyperbolic model for strain level;

2. The K-8 model for stress level;

3. Riggin's model for creep; and

4. The effect of loading cycles model by Idriss.
Finally, they recommend pre-boring the hole for the least disturbance. As can be seen from
Figs. 2.48 to 2.50, comparison of FWD deflections and deflections using these above models
has not proven conclusively the advantage of the models. Moreover, some of the objections
to the hyperbolic model and the K-8 model were discussed earlier. While pre-boring the hole
may be the best method of installation, full displacement pressuremeters give reasonably close
results (Houlsby and Withers, 1988). Therefore for pavement investigations full displacement
pressuremeter or the cone pressuremeter (Briaud et al, 1986) should give sufficiently
accurate results. The rate of loading might be a flrawback in the case of pressuremeters using
a fluid for determining transient loads such as the traffic loads. This could be overcome by
using a gas operated equipment similar to the OYO pressuremeter but keeping the size of the
PENCEL. It is suggested that the PENCEL could be modified to suit this need though in this
investigation only the water inflated probe was used.

Another criticism of the pressuremeter modulus is that the pressuremeter measures
a horizontal modulus rather than a vertical modulus while the loading is vertical. It is
submitted that this is not a valid criticism if one is to analyze the pavement layers as elastic,
isotropic and homogeneous medium. For such a medium, by definition, the moduli in all

directions must be equal. The criticism is quite legitimate, however, if one recognizes that
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pavement layers are indeed anisotropic. In such a case one has to, of course, determine the
five elastic constants which can be done, at present, only in the laboratory. In-sifu procedures
for the determination of anisotropic parameters have not been reported in the literature. As
has been mentioned previously, the current backcalculation aléorithim cannot consider
anisotropic layers. In addressing this question Briaud (1979), and Briaud and Cosentino
(1989) maintain that the error involved is no more than 15 percent in the calculation of the
deflections. It is suggested that the pressuremeter test combined with down-hole shear wave
propagation methods would be useful in this respect. For example seismic cone and cone
pressuremeters have been developed and are in use (Campanella and Robertson, 1986;

Campanella et al., 1986; Mitchell, 1988).

2.3 CONSIDERATION OF ANISOTROPY OF PAVEMENT LAYERS
2.3.1 Elastic Halfspace

Table 2.4 shows the research or publications on linear elastic cross-anisotropic
halfspace or layered systems. The earliest attempt to consider anisotropy of soil masses is
attributed to Michell in 1900. Subsequently in 1935 Wolf published some results assuming
equal Poisson's ratio in all directions. Thus Wolf's solutions Wefe restricted in applications
(Barden, 1963; Feda, 1978, pp. 66). Following Wolf, the first attempt to analyze cross-
anisotropic halfspace seems to be by Koning (1957). He gave a general analysis and limited
numerical evaluation for the stresses and displacements in a cross-anisotropic halfspace . His
results are summarised in Fig. 2.57 (b). Barden (1963) used Michell's solutions and published
results for stresses and displacements in an anisotropic medium. However, Barden made an

untenable assumption regarding the shear modulus G, (Dooley, 1964). He assumed that the
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shear modulus is the same in the plane of anisotropy and in a plane at 45° to this plane i.e. the
shear modulus is independent of the rotation of the coordinate axes. The result of this
assumption was that Barden could characterize the anisotropic medium with only four instead
of five constants. The two essential results from Barden's work are shown in Figs. 2.57 (a)
and 2.58. It is easy to see from Fig. 2.57 that the general shape and form of the curves due
to Koning and due to Barden are very similar. In reviewing these works Feda (1978)
comments that despite Barden's unacceptable assumptions, his analysis leads to acceptable
solutions in some cases (Feda, 1978, pp. 68). One can observe a few interesting
characteristics in Figs. 2.57. As the anisotropy factor (i.e. the ratio of the horizotal to vertical
moduli) increases the maximum deflection decreases and there is a tendency for the stress
bowl to spread out to a greater distance from the load point. Since we are assuming a linear
elastic layer, the displacements will have the same shape as the stress distribution. Thus Fig.
2.58 can be looked upon as deflection basins (With a scale factor of 1/E) for the halfspace.
It is clear then that anisotropy has a tendency to flatten the deflection bowl. In terms of the
spreadability concept (Vaswani, 1971), anisotropy leads to greater spreadability. Looking
from the point of view of curvatures (Majidzadeh, 1982) anisotropy would result in smaller
curvature indices. Therefore, one could use Fig. 2.57 (Barden's or Koning's results) as a
template and compare the observed deflection basin with these to gain an idea of the
anisotropy of the medium. Fig. 2.58 from Barden suggests a simple means to compute the
deflection in a cross-anisotropic medium if deflections can be computed for an isotropic
medium. According to Gibson (1974) and Feda (1978) these results appear to work fairly

well in some cases.
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Subsequently, Pickering (1970) published a rigorous treatment of elastic cross-
anisotropic soils. Since then until the early 1980's, there have been many other publications
dealing with this problem. This section reviews these works and discusses how these can be
applied to the layered medium.

At the beginning of this chapter constitutive equations for an elastic cross-
anisotropic medium were given (Eqns. 12 and 13). It was noted that a Cross-anisotropic
medium is characterized by five elastic constants. These are usually taken as E,, By, Wy,
and the independent shear modulus G,,. While these are independent constants, they cannot
take any arbitrary values. They have to satisfy the following conditions and inter-relationships
(Pickering, 1970):

1. E,, E, and G,; must be all positive;

2. -1<p, <1;

3. 2py2<n(l-pgy).
where n is the anisotropy factor equal to E,/E,. Noting that in condition (3) above, n is
always positive it follows that (1-p,,)-2p,,2 must be positive. Setting these terms to zero,
Pickering arrives at the bounding surface for elastic constants in an n, Hun By SPace (Fig. 2.59).
As 1s seen in Fig. 2.59 the bounding surface is a paraboloid. Any section parallel to the (u, -
n) plane and any section parallel to the (i, - ;) plane is a parabola. The paraboloid is
bounded on the open side by a plane having limiting values p,, = 1 (see condition (2) above).
Thus in this diagram, looking down the n-axis one obtains a set of parabolas (Fig. 2.60)
relating n, py,, and p,, (Nayak, 1973). It is therefore possible that if some of thé parameters
can be measured in the field others can be determined because of the above conditions. Of

course, it would be ideal if these parameters could be all measured independently in the field.




113
This would require certain modifications to the current equipment, testing procedures or both.

The question of field measurement will be discussed in a later chapter. It should be noted that
the n-(u,-}.y) space does not contain the independent shear parameter G,,. This will have
to be measured independently. One method is the down-hole seismic test as suggested in the
previous section. Some of the developments in the analytical treatment of cross-anisotropic
soils were directed toward approximating the problem in such a way so that only three instead
of five parameters need to be measured or determined. Gibson (1974) showed that for an
incompressible s0il (b, = Py, = Py, = 0.5) only three elastic parameters (E,;, E,, and G,,) need
to be known. For this case he also showed that the anisotropic factor, n, should satisfy the
limiting condition 0 <n <4. Further he showed that the deflection of a cross-anisotropic
incompressible medium could never exceed 2.7 times the isotropic case. For E,/E, =4 the
medium is rigid and no settlement will occur.

Van Cauwelaert (1977), who specifically deals with pavement structures,
proposes that under certain conditions only three constants need to be determined to charac-
terize the pavement materials. These would be E,, nand p,. His definition of the parameters
is shown in Fig. 2.61. He then proceeds to rotate the axes by an angle and transforms the
elastic constants to the rotated coordinate axes. The transformation constants are essentially
as given by Lekhnitskii (1963). Using Lekhnitskii's transformation constants for 0 = n/4, G,

can be shown to be:

E
G, = — —~
“ 1 +n+2p (80)

Here he assumes the invariance of the shear modulus G,;, i.e it is independent of the rotation

of axes (cf. discussion of Barden's work above). Therefore G, is given by Eqn. (80). By
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using a similar argument for the Poisson's effect along the Y-axis due to a tangential stress

in the plane XZ, he arrives at the following relationship:

B
b = — @81)
n

Thus, having managed to express two of the five constants in terms of the others, one is left
with only three constants to determine. In a subsequent discussion of his paper he concedes
that his analysis is not rigorous; however, he justifies his assumptions as follows:

1. The independence of the shear modulus to the rotation of axes is just another way
of saying that the average modulus in the anisotropic planes are considered.

2, The correlation of computed values of the elastic constants of pavement materials
with laboratory meaéured values appear to be within tolerable limits in engineering
practice.

His distractors, however, point out that when his method is applied to crystals and plastics

the correlations are poor. There is little doubt that van Cauwelaert's method is theoretically

and conceptually unsound. However, from the results he has presented, and from the
independent comments of Gibson and Feda regarding Barden's approach, it would appear that
soils do not behave as regular crystals or plastics. Perhaps such approximations may be
acceptable at least until methods are developed for the determination of all the five constants
in-situ. Further research into this aspect will be useful.

Graham and Houlsby (1983) and Graham et al. (1989) suggest a method whereby
the anisotropic parameters can be determined from triaxial tests. Since only three parameters
can be measured in a triaxial test they devise a matrix formulation relating the mean normal

stresses and the deviator stress to the volumetric and axial strains as shown below:
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)

v

(82)

K

Here K and G are the bulk and shear moduli respectively while, J is a coupling parameter

e

linking mean normal stresses, 5p', to the shear strain, 8,, and the deviator stress, 8¢, to the
volumetric strain, 8,. They show how these three can be in turn related to the five anisotropic
parameters through four other constants. These four constants are evaluated by multiple
regression analysis of a large number of triaxial tests. The model is validated using the data
collected for the Winnipeg clay over the years. This is a novel approach. Its application to
routine pavement engineering is, however, limited. Their methodology is also not directly
applicable to in-sifu tests such as pressuremeter tests because not enough parameters can be
measured in such a test. However, their results are used later in the anslysis of the data
collected during the field tests for this thesis.

Gazetas (1981, 1982) analyzed the problem of stresses and deformations in a cross-
anisotropic soil. In the first paper he analyzed the problem of strip footings on a cross-
anisotropic medium. Treating this as a plane-strain problem, he formulates the stress-strain

relations as below:

9, = € & * Gy ¢

oy = Cp & + Cyy ¢,

o0, = Gy & + Cy ¢, ®)
T, = GVn Yy,

He, then uses a constraint proposed by Carrier in 1946 to express the shear modulus in terms

of the four constants C;above,
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- C'u . 033' C:az , (84)
‘e Cy* 2C,+ Cyy

He demonstrates that Carrier's constraints are realistic by comparing computed and measured
values of the shear modulus published in literature (Table 2.5). Thus the number of constants
are reduced to four, E,, E,, py,and p,. In the second paper he carries out a series of para-
metric analyses to show that the influence of py, is insignificant compared to that of
(Fig. 2.62). Also, since p,, varies within a narrow range (0 to 0.5) an error in its value might
not result in any error of practical significance (see Fig. 2.63, for instance). Thus in extreme
cases one could even arbitrarily assume p,;, without any serious error. These results are, to
a certain extent, similiar to van Cauwelaert's intuitive reasoning (see above). However, the
correlation for the independent shear modulus is much better according to Gazetas than
according to van Cauwelaert. The difficulty still remains that in the pressuremeter test only
two parameters can be measured. This will be discussed in Chapter 4 when field tests are
described.

From the above discussions it would appear that solutions for the analysis of cross-
anisotropic halfspace exist. While five parameters are needed, there could be ways to reduce

these to three, which can be measured in a triaxial test.
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2.3.2 Cross-anisotropic Elastic Layered Systems

In contrast to foundation engineering, concepts of anisotropy have not found
application in pavement engineering. It is suspected that most analytical procedures are based
on the theory of Burmister (1943). This analysis was mathematically overwhelming by itself
without the added complication introduced by considering anisotropy. Secondly, until
deflection basins could be measured accurately and back-analysed, the shortcomings in the
analysis procedures treating the pavement as isotropic system could not be ascertained.
Deflection testing is of recent origin. Finally, that anisotropy could be a factor in the analysis
of pavements was not realised until recently when Stewart et al. (1985), Kehdr (1985) and
Brown and Pappin (1985) published results concerning residual stresses.

Curiously though, analytical solutions for layered elastic, cross-anisotropic media
were published in the late 1960's and early 1970's mainly by Gerrard and his associates in
Australia (Gerrard and Mulholland, 1966; Gerrard, 1967, 1968; Gerrard and Harrison, 1971)
and by Bhattacharya (1968). In the first of these Gerrard and Mulholland suggest a finite-
difference technique to arrive at numerical solutions to the complex analytical expressions
involved. They also suggest a Bessel series solution but did not go into great details. In the
1967 and 1968 papers Gerrard continued the development of the Bessel series method and
based on a suggestion by Taylor on the discussion of the 1966 paper used integral transforms
(Fourier or Hankel transforms) to evaluate the Bessel integration. In these papers Gerrard
deals with 10 cases with one or two layers, in plane-strain or axi-symmetrical loading and for
uniform circular loads or linear shear loads (Table 2.6). As can be seen these cover a very
limited range. The 1971 publication by Gerrard and Harrison gives analytical solutions with

no numerical evaluation. Therefore it is suggested that these solutions have to be extended
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to other cases. With powerful finite-element methods now available this should be now
feasible. In addition, the numerical solutions have to be validated by field observations.

Bhattacharya (1968) also used finite difference methods to compute the stresses and
deformations. He restricted himself to the Boussinesq model of a homogeneous anisotropic
half-space with a point load at the surface. He worked out elaborate mathematical solutions
and tabulated influence coefficients for stresses, strains and deformations at various points in
the half-space and at the surface. He demonstrated the validity of his solutions for the extreme
cases of Boussinesq (homogeneous, isotropic solid) and of Westergaard (homogeneous solid
reinforced with strips of stiff horizontal layers). However, there was no validation by field
observations,

Thus the work, found in the literature to date, on anisotropic half-space or layered
systems is of limited value. With more powerful numerical techniques (eg. finite-element
method) available at present, pavements should be modelled more realistically as layered
elastic systems and analyzed. Also, with the deflection-measuring equipment available
currently, the results from the analytical models can be verified.

The remaining chapters of this thesis will attempt to address these concerns. A
numerical model will be presented in Chapter 3. Field work, involving deflection measure-
ments, will be described in Chapter 4. Chapter 5 presents the analysis and results while

Chapter 6 presents a discussion of the results.
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Fig. 2.1. STRESS COMPONENTS IN CARTESIAN COORDINATES.

g,

FIG. 2.2. STRESS COMPONENTS IN CYLINDRICAL COORDINATES.
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A. MODEL 8000 LIGHT WEIGHT MODEL

B. MODEL 8081, HEAVY WEIGHT MODEL

FIG. 2.32. PHOTOGRAPHS OF DYNATEST FWD (MODEL 8000) AND
THE HWD (MODEL 8081)
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FIG. 2.36. ILLUSTRATION OF THE "AREA" CONCEPT

(AFTER HOFFMAN AND THOMPSON 1982)
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I S1 SYSTEM > %<

-

R'S (W/IN) * 0 237 361 135 1651 0 0.00 9.33
L ]

E(1) (MPA/PSI) * 2780 - - - > > ' 401000 -
-

E{2) (MPA/PSI) * 168 159 149 -> -> - * 24400 23100
*

E (3)(uPaspsl) * 74 i) 15 100 115 0* 10600 10700
» . -

0

MOEF(MCR/MILS) *  967.0 704.0 S71.2 154.8 1142 00°* 3807 27.711
R 2

967.0 703.7 S71.1 154.6 114.4 38.07  27.70

CDEF (MCR/MILS) *
»

0.0 "

ENGLISH SYSTEM eeeeccn—wmcemescaaws >

SUMMARY OF DERIVED ELASTIC MODULUS VS DYNAMIC STRESS LEVEL RELATIONSHIPS (IH SITU ONLY)

0.44

-0.33

-0.33

ELEMENT MODULUS(HPA/PSI): E{2) = §75°5161

SURFACE MODULUS(MPA/PST): E (3) = 19.00"5161
0 0

ELEMENT MODULUS(MPA/PSI): E(3) = 11.40°SIG1

(APPROXIMATE)

NOMENCLATURE:

R = DISTANCE FROM CENTER OF CIRCULAR LORD
HOEF = MEASURED DEFLECTION (FROM CURVEFIT DEFLECTION BOWL) .
COEF = CALCULATED DEFLECTION (FROM ISSEM4 LAYERED ELASTIC SOLUTION)

SURFACE MODULUS (SUBSCRIPT O ) = COMPOSITE MODULUS OF SEMI-INFINITE SUBGRADE

* E(2) =

* E(3) =

0

* . E(3) =

CRITICAL STRESSES AND STRAINS (LINEAR ELASTIC ASSUMPTIONS):

HORTZONTAL STRAINS, BOTTOM OF LAYERS 1 &2

VERTICAL STRAINS, TOP OF LAYERS

2...3:
VERTICAL STRESSES(MPA), TOP OF LAYERS 2...3:
& H

VERTICAL STRESSES(PSI), TOP OF LAYERS 2..

FIG. 2.37.

AN EXAMPLE

-0.000571 -0.000094
0.002004 0.000247
0.3718  0.0172

§3.92 2.50

OUTPUT FROM

14.23 53.38 65.00 0.00
-> -> -> ->
21600 -> - ->
10300 14600 16700 0
22.48 6.09 4.50 0.00
22.48 6.03 4.50 0.00
0.44
9510°S1G1
-0.33
14400°S1G1
]
-0.33
8670"S161
BACKCALCULATION

PROCEDURE (NOTE THE STEPPED LINE SHOWING THE

LATERAL INFLUENCE OF VARIOUS LAYERS)
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FIG. 2.39. SETUP FOR THE SURFACE WAVE SPECTRAL ANALYSIS

METHOD (AFTER NAZARIAN 1989)
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FIG. 2.40. SCHEMATIC OF A DOWNHOLE SHER WAVE TEST

(AFTER CAMPANELLA ET AL 1986)
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FIG., 2.41. A VIEW OF A CONE PRESSUREMETER (A) AND A
SEISMIC CONE (B). (AFTER CAMPANELLA ET AL

1986, ROBERTSON ET AL 1985)
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FIG. 2.42. TYPICAL RESULTS FROM THE SASW TESTS (AFTER

NAZARIAN 1989)
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FIG.2.43. THE MENARD PRESSURE METER (AFTER BAGUELIN ET AL,

1978).
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pressure gauge

F]#; —pressure regulator
- |
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FIG. 2.44. SCHEMATIC REPRESENTATION OF THE FUNCTION OF THE
GUARD CELL IN THE MENARD PRESSUREMETER




162

|

A. SCHEMATIC VIEW

B. PHOTOGRAPH

FIG. 2.45. THE PENCEL PRESSUREMETER
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FIG. 2.47. CALCULATING THE MODULUS FROM A PRESSUREMETER

TEST (AFTER BRIAUD ET AL 1987)
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A.) THE

GEOMETRY'

B.) INITIAL CONDITION AT

PRESSURE po

Initial

Deformed state - P
P+dp

C.) AFTER INFLATING TO SOME

PRESSURE p

FIG. 2.51, ILLUSTRATION OF THE EXPANSION OF A LONG

CYLINDRICAL CAVITY

1978)

(AFTER BAGUELIN ET AL
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Lo |
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P Or =Py +(P=Po) %

Po =
T Rag =hecl P-po)
1 .
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o

A.) STRESS DISTRIBUTION AT DIFFERENT RADIAL

DISTANCES.

B.) MOHR CIRCLE REPRESENTATION OF STRESSES

FIG. 2.52 RADIAL AND HOOP STRESS DISTRIBUTION IN A
PRESSUREMETER TEST
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26
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FIG. 253 SCHEMATIC REPRESENTATION OF THE RADIAL STRAIN VS.
PRESSURE IN A PRESSUREMETER TEST (AFTER BAGUELIN
ET AL, 1978)
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FIG. 2.54. LIMIT PRESSURE DISTRIBUTION IN SAND WITH MENARD
PRESSUREMETER (AFTER BRIAUD AND SHIELDS, 1981)
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TABLE 2.1: ELASTIC LAYER THEORIES FOR 2 AND 3 LAYER SYSTEMS.

ﬂ AUTHOR ASSUMPTIONS INTERFACE LOADING PARAMETERS RESULTS COMMENTS
" TWO LAYER SYSTEMS
WESTERGAARD Elastic plate on a Discontinuous Uniform circular Modulus of Tensile stress in the Model of
(1926) subgrade. Subgrade load subgrade reaction plate subgrade not
represented by realistic.
springs. i
HOGG (1938) Elastic plate on a Discontinuous uniform circular Young’s modulus Tensile stresses in Extension of
semi infinite elastic load. and Poisson’s ratio the plate Westergaard's
subgrade. for subgrade theory
Burmister (1943) Elastic layer on a a) Continuous Besel Function. a/h, E,/E, w,zz,rr,rz in both Theoretical work
semi infinite elastic b) Discontinuous the layers. in 1943; Charts
subgrade. published in 1946,
Fox (1948) Elastic layer on a a) Continuous Uniform circular a/h, E\/E; All stresses in both Extension of
semi infinite elastic b) Discontinuous load. layers. Burmistet’s work;
subgrade. Tabular values.
Hank and Scrivner Elastic layer on a a) Continuous Uniform circular a/h, E\/E; Stresses at the Extension of
(1948) semi infinite elastic b) Discontinuous load. interface Burmister's work;
subgrade Tabular values.
Pickett and Ai Elastic plate on a a) Discontinuous Uniform circular a/h and functions All stresses and Extension of
(1948) semi infinite elastic b) No slip at load. of Ey/Eypy i, deflections in both Westergaard's and
subgrade, interface. layers Burmister’s theory
to suit concrete
pavements;
Odemark (1949) Elastic plate on a Discontinuous. Uniform circular a/h and functions Deflections at the Extension of
semi infinite elastic load. of E\/Epuyp; surface; stresses in Burmister's work;
subgrade. subgrade. Tabular and
graphical results.
THREE LAYERED SYSTEMS.
Burmister (1945) Two elastic layers a)continuous Besel Function. a/h, B\/E, E;/E; All stresses in alt Limited numerical
on a semi infinite b)discontinuous layers; deflections evaluation.
elastic subgrade. at the surface and
on top of subgrade
Hank and Scrivner Two elastic layers Continuous Uniform circular a/h, E\/E, Ey/E; All stresses in all Extension of
(1948) on a semi infinite load, layers. Burmister's work
elastic subgrade. in 1945; Tabular
evaluation.
Acum and Fox Two elastic layers Continuous Uniform circular a/h, E,/E, E,/E, All stresses in all Further extension
(1951) on a semi infinite load. layers. of Burmister’s
elastic subgrade. work; More
extended tabular
values.
l Jeuffroy and Elastic Plate on an Slip at first Uniform circular a/h,, functions of W, IT, 2Z Intended to model
Bachelez (1957) elastic layer on a interface, no slip at load. elasticity moduli asphalt pavement
semi infinite elastic second interface. for the layers. on granular
subgrade. base/subbase.
Jones (1962} Two elastic layers No slip. Uniform circular a/h, E\/E, Ey/E, All stresses and Extension of
on a semi infinite Ioad. deformations in all Burmister’s work.
elastic subgrade. layers. Extensive tabular
evaluation.
Peattie (1962) Two elastic layers No slip. Uniform circular a/h, E\/E, E,/E, All stresses and Extension of
on a semi infinite load. deformations in all Burmister’s work;
elastic subgrade. layers. Extended grphical
evaluation.




Table 2.2: Some Better Known Computer Algorithms for

Lavered Elastic systems
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g
Program Source/ # of # of Assumptions Remarks
Author Layers | Loads
BISAR Shell Intl. 10 10 isotropic; linear; full continuity; long computer time
Petroleum temperature effects
CHEV-5 Chevron 5 2 isotropic; linear; full continuity;
Research temperature effects
DAMA Asphalt 5 2 isotropic; nonlinear; full continuity; based on CHEV-5 "
Institute fatigue, temperature effects
ELSYM-5 Univ. of 5 2 isotropic; linear; full continuity Based on CHEV-5:
Califor- Recent version can
nia, handle up to 10 lay-
Berkeley ers. An airport ver-
sion is available.
PDMAP NCHRP 5 2 Full Continuity; Linear; temperature | Long computer time
(PSAD) effects; probabilistic
VESYS FHWA 5 2 Full Continuity; Visco-elastic; Rut- Not available to
ting Model; Fatigue considered public
ILLIPAVE, | Univ. 5 2 Full Continuity; Isotropic; Linear; Mainframe; PC ver-
ILLISLAB Illinois, temperature effects sion available
Urbana. Long running time
CHEVIT U.S. Army 5 2 Full Continuity; Isotropic; Linear; Based on
Probabilistic CHEV-5
CIRCLY Austra- 54 10 + Full Continuity; Isotropic; Linear;
lian Road temperature effects
Research
Board
ISSEM-4 DynaTest, 4 4 Full Continuity; Isotropic; Linear Specifically for FWD
California tests
ELMOD; DynaTest, 4 4 Full Continuity; Isotropic; Linear; Specifically for FWD
ELCON California Fatigue considered; temperature tests;
effects Remaining life calcu-
lations
SENOL-5 Univ. of 5 4 Full Continuity; Isotropic; non lin- Most general yet
Notting- ear; yield criteria; temperature
ham, UK effects; fatigue considered




TABLE 2.3: McLEOD’S CONVERSION FACTORS FOR REPETITIVE
PLATE LOAD TESTS.

LOAD RATIOS
PLATE TEST DEFLECTION A (mm)

TEST DIAMETER

LAYER ¢ (mm) 1.25 2.50 5.0 7.5 10.0 12.5
Surface 305 10.904 6.362 4.054 3.259 2.834 2,559
Subgrade 305 12.743 7.482 4.748 3.797 3.291 2.984
Surface 457 7.252 4.280 2.725 2,182 1.890 1.692
Subgrade 457 7.979 4.700 3.022 2410 2,082 1.887
Surface 610 5.323 3.215 2.050 1.636 1.409 1.250
Subgrade 610 5.521 3.334 2.150 1.714 1.476 1.318
Surface 762 4.287 2.589 1.655 1.315 1.129 1.000
Subgrade 762 4,188 2.536 1.646 1.312 1.125 1.000
Surface 914 3.475 2.174 1.391 1.100 0.935 0.827
Subgrade 914 3.296 2013 1.313 1.047 0.894 0.791
Surface 1067 2.940 1.871 1.199 0.945 0.799 0.703
Subgrade 1067 2.708 1.675 1.083 0.861 0.730 0.658

= = — — ————

Note: Load ratios are average values of:

Load (kN) on 762-mm-diameter plate, 12.5 mm deflection, 10 rep.

Load (kN) on ¢-mm-diameter plate, A mm deflection, 10 rep.

(Source: Transport Canada: AK-Manual Series: AK-68-12-31, Table 3)

131



184

TABLE 2.4: CROSS-ANISOTROPIC MODELS FROM LITERATURE.

AUTHOR ASSUMP- INTERFACE LOADINGC PARA- RESULTS COMMENTS
TIONS METERS

KONIG (1957) Homogeneous, Uniform load. E.E, all stresses
Cross anisotro- on a circular ViasVies and dis-
plc semi infinite ares. Ve, placements.
elastic half Limited
space. numerical

evaluation.

BARDEN (1963) Homogeneous, 2) point load E,E, all stresses Assumption regard-
Cross apisotro- b) uniform VinVis and dis- ing shear modulus is
plc semti infinite load on a Voo placements. not guite correct.
elastic half circular area.
space. Shear
modulus invari-
ant.

BHATTACHARYA Homogeneous, point lead E,.E, all stresses singularity mear the

(1967) Cross anisotro- Hagsblpes and dis- load point.
ple semf infinite T placements.
elastic half
space.

GERRARD, OR One, and two no slip. a) uniform E.E, all stresses Theoretical work.

GERRARD ET AL layer cross an- strip load [THWTION and dis- No evaluation for

(1967),(1969),(1970) isotropic elastic (plane strain) Haye placements specific cases.
systems. including at
The bottom b) axisymmet- the fnter- Solution based on
layer s a semi ric, uniform face. Com- finite differences.
infinite cross load over 2 plete sol-
anisotropic half circular area. utions.
space.

¢) linear shear
stress.

All loads
applied as
Besel function.

Pickering (1970) Homogeneous, No specific E,E, Bounding
Cross anfsotro- loading. Bansbivs values for
pic semi infinite Generalised P the pars-
elastic half rigorous math- metrs. (see
space. ematical treat- Fig. 2.61).

ment.
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TABLE 2.5: ANISOTROPIC ELASTIC CONSTANTS (AFTER GAZETAS 1981)

DESCRIPTION OF SOIL REFERENCE MEASURED VALUES

n Vo Vin G./E,
Heavily over consolidated Ward (1953) Ward (1965)
London clay Gibson (1974)
(Ashford)
depth: 30 ft.
depth: 50 ft. 135 050 0325 0.35
avge : 159 050 0.205 0.37

180 050 0.08 038
Heavily over consolidated Atkinson (1975)
London clay 200 0.19 0.00 0.536
(Barbican Centre)
Lightly over consolidated Saada (1978)
kaolinite clay (Florida)
o, =40 psi
w, =407 %
o, =60 psi 1.5 0.50 0375 0.356
w, =387 %

1.36 0.50 032 0.362
Normally consolidated clay Bianchini (1980)
(Grundite)
o, = 70 psi
w, =295 %
o, =60 psi 117 0.50 0415 0.355
w, =381 %

113 0.50 0.436 0.322
Colorado clay shale Kaarsberg (1968) 138 0.197 0.266 0.423
Sensitive Champlian Sea clay Yong & Silvistry (1979) 0.62 0.35 0.20 0.205
(Canada)

Note: 1. Computed based on Carrier’s constraining equation.

2. For further details refer to Gazetas (1981).




TABLE 2.6: ANALYSIS OF CROSS ANISOTROPIC SYSTEMS

(AFTER GERRARD (1969))
Problem{ . o INeof (e.) L Layer A Layer B
GeometnyfLoadin H H, | -=YA ;
Number ry g LOYQTS A B ( EV)B EH/EV f/Ey ))H ”uv ”v" EWEV f/Ev ))“ ”HV vVH
1 [ Plane 130T 1 |6 5| 0-9{0-25| 030
: orma X - - 11 0- *25| 0-30f 0-20f - - - - -
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4 " u 2 |2% [4%| 4 |3.0]10]01}09 03 |15]09 0-25{0-30 |0-20
5 " " 1 SXQ - - 1-0 0-7 0'4.3 0'43 0'43 - - - - —
. . | (Isotropic)
. Uniform
Axi- 1-0 | 0-8 | 0-25|0-25 | 0-25
6 ANormal | 2 [1-5r.,] o 5 : 2-0 | 0-9 | 0-25]| 0-35]0-175
symmetrictracs (p) ° . {Isotropic) , '
' Linear . . . . .
7 " Shear ] 2 1'5", o 5 1-0{ 08 |0 25. 0-25 | 0-25 u u “n u u
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8 " Normal | 2 " |1.5r,] @ 5 30110 | 0109 |03] ~ " " " "
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X 9 ) Shear r 2 1-5|-° © S 3-0 1-0 0-1 0-9 ‘0-3 " n " " n
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! Uniform . . . 2¢ | a. . . . . .
10 ‘o Normal 2 |156 | @ 1 1-010-8 {0 25. 0-2510-25 ] 1-0 | 0-8 | 0-25 .0 25 0-25
Stress (J’)h ( Isotropic ) (Isotropic)

981



187
CHAPTER THREE

PROPOSED MODEL FOR AN ELASTIC,

CROSS-ANISOTROPIC LAYERED SYSTEM

3.1 GENERAL

In the previous chapter it was shown how the generalised Hooke's law can be reduced
for a cross-anisotropic medium, leaving five elastic constants to be determined (Eqns. 12 and
13). These five constants are:

In the Cartesian system: E E i Uy, and G,

In Polar coordinates: E,E_ u, 1, and G,,.

It was also mentioned that, at present, the anisotropic parameters can be determined only in
laboratory triaxial tests. In-situ geophysical or geotechnical tests to determine these constants
have not been developed or repérted. The computer algorithms, currently in use, to back-
calculate the moduli from deflection basins cannot consider cross-anisotropic layers. Yet
there is increasing evidence both in geotechnical engineering and in pavement engineering that
anisotropy may be a significant factor in computing settlements or deflections under surface
loads.

In this chapter a layered elastic model for pavements incorporating cross
anisotropy will be suggested. A method will be proposed to derive the required five
parameters for the analysis from data collected by in-situ testing. Finally, a finite-element
solution will be presented for numerical evaluation of the model. In Chapter 6 the numerical

solutions from the finite-element analyses will be compared to observed FWD deflections.
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3.2 THE MODEL

The model proposed here is an elastic, cross-anisotropic layered system with stress-

dependent layer moduli. The following assumptions are made:

1.

10.

11

Each layer of the pavement, except the bottom-most or the subgrade, is of finite
thickness but extends laterally to infinity;

The subgrade extends to infinite depth or to a known depth to a rigid base;

Each layer except the asphaltic concrete surface layer is elastic and cross-anisotropic.
The plane of isotropy is assumed to be horizontal and the axis of isotropy vertical;
The asphaltic surface layer is assumed to be isotropic;

The modulus of each layer is assumed to be stress-dependent;

The modulus of the asphalt surface layer is, in addition, dependent on the
temperature, rate of loading and duration of loading;

Perfect bond is assumed to exist between the individual layers;

The load is applied through a circular area and is assumed to be distributed uniformly
over the loaded area;

There are no loads outside the loaded area;

There are no shear forces on the loaded surface;

The problem can be thought of as an axisymmetrical problem.

3.2.1 Material Characterization

For the numerical evaluation, the modulus of the asphaltic concrete was determined
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from the well known nomograph of van der Poel as modified by McLeod, Figs. 3.1 and 3.2
(see for example: Yoder and Witczak, 1974, pp. 271 and pp. 395). Brown (1982) suggests
a different modification of the van der Poel nomograph based on British experience. More
recently, Valkering and Stapel (1992) combined the different components of the original van
der Poel's nomographs into a single nomograph and have incorporated this into the Shell
design method for personal computers. However, in this study McLeod's method is used since
it is felt that this will be more relevant to the Canadian conditions. The bitumen stiffness and
mix characteristics were determined from cores obtained from the pavements during the field
testing phase of this investigation. Further details of the evaluation of the materials will be
given in Chapter 5. It is submitted that by using van der Poel's method as modified by Mcleod,
the viscoelastic characteristics and the temperature dependency of asphalt modulus are
accounted for (see assumption 6 above).

Anisotropy of asphaltic concrete was not considered, because there is not sufficient
evidence to suggest that asphaltic concrete in a pavement structure exhibits anisotropic
characteristics. The only works known to the author were due to Busching et al. (1967),
(also quoted by Gerrard, 1978), Lees and Salehi (1969) and Coffman et al. (1970). Gerrard
and Mulholland (1966) also quote an earlier work by Shklarsky and Livneh (1961) who
presumably reported cross-anisotropic behaviour of asphaltic concrete based on laboratory
tests. These latter authors reported ratios of anisotropy varying between 1.4 and 3.5.
depending on the mix design.

Busching et al. start by discussing wheel-path and curb-side rutting at intersections

Figures and Tables are included in the Appendices at the end of each chapter.
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and other commonly observed distresses and hypothesize that such distresses are due to
directional properties of the asphaltic concrete. Then starting with the equations of elasticity
(Eqns. 5 through 13, Chapter 2) they set out to define the elastic constants to describe the
behaviour of the material. They show that six constants, instead of five, are needed to
describe the material response. This is because they recognize that the modulus of asphaltic
concrete depends on other factors such as temperature, level of loading, rate of loading etc.
They describe carefully conducted triaxial and diametric tests to determine these constants.
They conclude that asphaltic concrete in pavements does show anisotropy and that it could
be considered using the theoretical framework suggested by them. As pointed out by Finn
and Nair as well as by Secor and Monismith in the discussion of this paper by Busching et al.
(Joc. cit.) there would be conéeptual difficulties with their approach. If all the relevant factors
were to be considered, then not the elastic theory but visco-elastic theory would be the
appropriate framework to describe the response of the asphaltic concrete. Furthermore, the
necessity of six elastic constants stemmed from not considering the strain energy requirements
of an elastic continuum (the so-called Cauchy approach). Thus Busching et al. had not
conclusively proven anisotropic response of asphaltic concrete. Recent studies by the
Transportation Association of Canada (TAC) attribute the rutting problem to asphalt strains
and mix characteristics rather than to anisotropy. In any event it is suggested that the
overriding influence of temperature, loading rate and load duration would probably make
anisotropy a minor consideration in characterizing the response of asphaltic concrete.

In contrast to Busching et al., Coffinan et al. (1970) studied laboratory compacted
specimens as well as cores and slabs taken from in-service pavements and concluded that the

behaviour of asphaltic concrete can be taken to be isotropic. Lees and Salehi (1969) studied
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the particle orientation of compacted asphaltic concrete both in the laboratory and from in-
service pavements and showed that field compacted samples exhibit definite preferred
orientation of the aggregates in the direction of rolling. However, they had not related such
particle orientation to any mechanical behaviour or strength properties, anisotropic or
otherwise.

Since then (i.e. late 1960's and early 1970's), considerable research has been reported
on asphalt testing and layered theory. While there is a definite consensus emerging to
consider anisotropy in the unbound layers no such consideration has been suggested for the
asphaltic concrete. Therefore, in this study too, asphaltic concrete will be treated as an
isotropic material. Rutting and cracking should be considered in a separate fatigue model and
are beyond the scope of the present study. It is, therefore, submitted that, given the current
state of knowledge and non availability of sophisticated testing equipment, asphalt concrete
can be treated as a viscoelastic isotropic material. This can be considered in the analysis of
deflection basin as suggested in this thesis.

The moduli for the unbound material (granular base, subbase and the subgrade) were
obtained from in-situ pressuremeter tests. The measured values will be compared to the
computed values. As discussed in Chapter 2, the pressuremeter test would yield only a
maximum of two parameters. They are the horizontal modulus and the Poisson's ratio Lo
The other three have to be inferred. Fortunately, the anisotropy of the soils at the sites tested
in this study have been investigated by others in long-term high-quality laboratory tests
(Yuen, 1976; Lo et al,, 1977; Graham and Houlsby, 1983; Lee and Rowe 1989). Therefore
their results will be used in this study to infer the missing parameters. It is admitted that this

approach is somewhat speculative. A parametric study to determine the sensitivity of the
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surface deflections to errors in the inferred values of the elastic constants would have been
useful. However, the optimization technique used in this thesis served the same purpose. In
the following section the conceptual basis for the inferred values are presented. The

numerical evaluation of the results will be shown in Chapter 5.

3.2.2 Conceptual Basis for the Inferred Anisotropic Parameters
For an anisotropic soil the five independent elastic constants cannot take any arbitrary

values. They are interrelated by the following relationships (see also Chapter 2, Section 2.3):

E,, E, and G, must be all positive (852)
-1 <p, <1 (85b)
2uh <0 (1 - py) (85¢)

Also Feda (1978) establishes that:

Ky = (B /E) - 72— "'lﬂ;lu) e '_‘v: 5 (36)

A pressuremeter test would yield basically three values, the horizontal modulus E,,
the lift-off pressure p, and the limit pressure p, (see Fig. 2.46b). Of these the limit pressure
is of little relevance to pavement engineering. The lift-off pressure is generally taken to be
approximately equal to the in-situ lateral stresses (e.g. Baguelin et al., 1978; Davidson, 1979;
Shields et al., 1986). This is strictly true only if the probe can be placed in the hole and
inflated before any stress relaxation in the ground can take place. It is generally accepted that

the only equipment that comes closest to this ideal would be the self-boring pressuremeters.
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However, these are very complicated and cumbersome to use. It has been, therefore,
suggested that the full displacement pressuremeter would be a reasonable compromise
between the self-boring pressuremeter and others (Wroth, 1984; Houlsby and Withers,
1988). In the series of tests reported here the method of insertion was not quite the same as
in a full displacement test but approaches close to that. Therefore, it is suggested that the lifi-
off pressure may be assumed to be the in-situ lateral stresses. This approach will be further
justified because the in-situ stresses are used to determine the Poisson's ratio I (using Eqn.
(86) above), which has been shown by Gazetas (1982) as having only minor influence on
surface deflections and vertical stresses. Thus it is submitted that the pressuremeter tests will
yield two of the required five constants, E,; and 1,,. The other three constants are inferred
as discussed below.

The ratio of anisotropy at these sites are taken as given by virtue of the previous
laboratory investigations by others. Table 3.1,below, summarizes the results from these
previous investigations.

Then using Eqns. (85), (86) and Eqn. (84) from Chapter 2 the three other parameters
are inferred. Since Eqns. (85) are in fact inequalities and not equalities there would be a range
of parameters possible. However, referring to Fig. 2.62 and 2.63 one can see that this range
is rather narrow. Details of the test procedures, results and analyses are presented in Chapters

4 and 5.

3.2.3 Mathematical Background to the Solution
The mathematical treatment of an elastic, cross-anisotropic layered system was

published by Gerrard and his associates in the late 1960's and early 1970's. This section




194

Table 3.1 Anisotropy Ratios for Subgrade Soils As Reported in the Literature

SITE DEPTH PI OCR | EJE, REF. 7
(m)
THUNDER BAY 102 45.2; soft grey silty clay 14 1.0 Lec and Rowe H
(1989)
THUNDER BAY 134 16.5; firm reddish brown grey 1.8- 0.95 Lee and Rowe
varved clay 2.0 (1989)
WINNIPEG 49 77, firm brown laminated clay 1.8 1.8 Loh and Holt
(1974) H
WINNIPEG 1.65- Graham et al.
1.8 (1989); Graham
and Houlsby
_ | (1983)

Note: Clays from St. Andrews and Regina are very similar to Winnipeg Clay. The silty clay in Brandon is normally consolidated

and is considered to be slightly anisotropic.

reproduces some of the essential steps of their formulation leading to the finite-element

solution to be presented in the next section.

The starting point for the formulation of the solution is Eqn. (13) in Chapter 2 which

can be written in the abbreviated form as below:

T - T
{ep € €, Y00 Yor Yn-) - [C] {op Gy, Oy, T Tor Tn}

@7

where, {€}" and {0}" are the transposes of the strain and stress tensors respectively, and [C]

is the coefficient matrix involving the five elastic constants. Gerrard rewrites Eqgn. (87)

expressing stresses in terms of strains as below:

o

= ae€

+bey tce

(882)
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0o = be +aey+ce, (88b)
O, = C€ +cCey,+de, (88c)
t, = fry,=G_,v, (88d)
T = Ty =0 (88e)

where the constants a, b, ¢, d and f are the terms involving the five elastic constants and are

given as below in terms of the more familiar engineering constants:

Ex (I - pyy by
= ; 89
* (l + p'n) (l - By - 2 Bav uVﬂ) ( a)

Eg (hg + Bgy Byp)
- m (by Bv Bvh (89b)
1+ "H) a - Hyg - 2"’HV ""V'H)

Equ
c = H~VH (890)
1 - Hy - 2“1{\7 By
E (1- '

C1- By = 2Bgy Byy
The condition stipulated by Eqn. (85) should still hold. In addition Gerrard invokes a

restriction imposed by Koning (1957) on the value of the shear modulus G4, (or fin Gerrard's
notation):

<~ Byghgy * (l"vgunv a - pVH""HV) Q- pg) /1 + l—ln)m (90)
Bgy (l -~ By - ZFVHqu)

f
—_
Eq
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This is similar to the restriction imposed by Gazetas (1981). The next step is to
formulate the strains in terms of displecements u, (= v for axi-symmetrical case) in the radial

direction and w in the vertical direction as shown below:

du
€ = —
- ©1a)
u
€go = .; (91b)
ow
€, = —é; (%1¢c)
1{ ou ow
= = — — 91d
=3 (az ar) ©1d)

Gerrard suggests that the unknown displacements, u and w, for an axisymmetrical case are

best chosen in the form of Bessel functions as shown below:

w=1J, (k) - g.(2) (O1a)

v =17 &) h(2) (92b)

Here J, and J, are Bessel functions of order 0 and 1, r is the radial distance, k is a dummy

variable and g(z) and h(z) are some functions of depth. After some manipulation Gerrard

arrives at the following differential equation.

(93)

D4_2(ad‘c2-cf)k2D2+§k4=o

fd

where D is the differential operator,

or,
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og

D=2

™ (94)
oh

D= —
o (95)

depending upon whether one is solving for g(z) or h(z). This equation can again be rewritten
as a quadratic in D whose roots are expressed in terms of two parameters « and P and the

dummy variable k and are given by:

2___ad—c2~cf+f\/a_d-

« 96 a
2 fd ©62)

g2 o 8d - e? —of -f Jad (96 b)
2 fd -

Due to requirements that strain energy should be positive o will be always positive.
However, no such restrictions exist for p except the ones imposed by the restriction
due to Koning or Gazetas on the shear modulus. Thus P can be either zero or positive. For

the case P is positive, the solutions for g(z) and h(z) are:

g(z) = Ale(ﬂuﬂ)kz + Aze(-l-ﬂ)kz + Ase(ua)kz + A4e(¢-p)tz (97 a)

h(z) = qlAlc(-t*ﬁ)kz + q2A2° (-=-pXz _ quse(ﬂB)kz - q1A4c("p)h (97b)
where q, and g, are given by:

_ 12 - d(- « + B)?
(c +92) (- « +B)

1

(97 ¢)
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2 - d(- « - p)?

- ‘ 97d
P+ #) (- a - p) €79
For the case P is 0 (isotropy) the solutions are:
g(z) = Cpe mekz C,Ze ekz C,e =tz , C,Ze wkz (97 ¢)
h(z) = ,C,-n,C,)e "***+n,C,Ze "*¥*+ (-n,C, - n,C,)e ***~n C,Ze ** ©79)
where n; and n, are given by:
2 _
nl = de 12 (983)
(c + f2)a
da? + £2
n, = de *+ ¥ (98b)
(c + £2)a’ K

In either case one is left with four constants of integration for each layer. These
constants are to be determined from the boundary conditions. For an N-layer system, this will
be 4N constants which require 4N equations to solve. These 4N equations are obtained from
the boundary conditions as follows:

1. At the surface the vertical forces and shear forces are known yielding two equations;

2. At the rigid bottom or at infinity, the vertical load is zero vas is the deformation thus
yielding two more equations;

3. For an N-layer system there are (N-1) interfaces. At each interface the vertical and
horizontal stresses as well as the vertical and horizontal displacements for the
adjoining layers must be equal. These conditions yield 4 equations at each interface
(i.e 4 x (N-1) equations).

With these 4N equations the solutions for the displacements can be found. From the
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displacements the strains and from the strains the stresses can be computed.
Consider two adjoining layers i and j of a multi-layer system (Fig. 3.3). The

displacements and strains in layer i are given by:

Vertical displacement W, = [ g, (z) - J, (kr) dk | (992)
Radisl displacement U; = [" b, (@) - J, (k) dk (99b)
Vertical strain ¢, = [ g/ @) - J, (k) dk (99¢)
Radial strain €, = ["kb/ () - J, (ko) dk (99d)
Shear strain v,, = [ b/ (2) - ke, @] - J, (r) dk (9%€)

Substituting for g(z), h(z), g;(z), and h; (z), from Eqns. 97 (a) and 97 (b), the displace-
ments and strains can be computed as shown in Table 3.2. Only the results are given here.
For the algebra see, for example, Spiegel (1969). Knowing the strains and using the stress-
strain relationships (Eqn. (13) or Eqn. (88)), the stresses can be determined. One notices that

the solutions are all in terms of known material properties only.
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3.3 NUMERICAL EVALUATION OF THE RESULTS

3.3.1 General Comments

It is clear from Table 3.2 that the computation of stresses and strains is virtually
impossible without computer-aided numerical techniques. Therefore, this section proposes
a finite-element formulation for the evaluation of the stresses and strains at any point in the
pavement as well as the surface deflections. The program presented here is an existing
commercial finite-element program, ANSYS, marketed by Swanson Analysis Systems Inc.
in Philadelphia, USA.

Before deciding upon to use this "black box" approach, many existing programs were
examined. These were ISSEM 4 (Dynatest Inc.), ELSYM 5 (Berkeley), ILLIPAVE (Illinois)
and two other finite element programs available with the mainframe computer at the
University of Manitoba. The first three of these are extensively reported in the literature and
are being used by many researchers and practising engineers all over the world. The last two
were part of two graduate theses in geotechnical engineering at the University of Manitoba.
ISSEM-4, ELSYM-5 and ILLIPAVE cannot consider non-homogeneity, stress dependency
of materials, viscoelastic properties of asphalt, and anisotropy. They cannot consider user-
imposed limits to material properties for each layer. They cannot optimize the solutions to
fit the measured material properties while matching the observed and computed deflection
bowls. Thus many of the assumptions noted in Section 3.2. cannot be handled by these
programs. Using these programs would also be a "black box" approach. Though the author
could obtain the source code for ISSEM-4 and ELSYM-5, modifying these to consider a
generalised pavement model proved to be a nearly impossible task. Source code for

ILLIPAVE was not available.
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The two programs at the University of Manitoba were written to analyze specific
foundation problems. While they were smaller programs than the other three, they were also
restricted in their applications. All the above objections would apply to these too. In addition,
there were no algorithms to match the calculated and observed deflection basins. In other
words, they were not meant to be used as a back-calculation tool.

Thus all the available programs would have involved extensive modification,
debugging and testing before being used to analyze the data collected for this investigation.
It is submitted that when powerful general purpose finite-element algorithms are available and
which have been tried and tested on many known theoretical and practical problems, there is
little additional benefit in developing a similar and new program. Therefore, all analyses
reported in this thesis were done using the ANSYS finite-element program. A later section
in this chapter and sections in Chapter 5 give more details and documentation of the program.
In the following sections a brief overview of finite-element methods, in general, and the use

of ANSYS for this study, in particular, is presented.

3.3.2 Steps in Developing a Finite-element Model (FEM).

It is not intended to go into any great details about the theory or concepts of the
finite-element method (FEM). Numerous text books, journal papers, and conference
proceedings have been published on this subject (see for example Mackerle, 1988). Here only
the basic steps are enumerated and the implementation of these steps as relevant to the current
problem on hand is discussed. The implementation of a finite-element program involves the
following steps:

1. Model Definition: In this step the mesh geometry (triangular, quadrilateral, number
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of nodes etc.) is defined;

2. Definition of element stiffness: This is the step where the material properties for each
element in the continuum are assigned. It is in this step the various theoretical
material models (such as isotropic, anisotropic, homogeneity, linearity or non
linearity, etc.) are defined;

3. Definition of nodal stiffnesses: Since the elements are joined at the nodes and finally
the forces and deformations are solved at these nodal points, the element stiffnesses
are to be combined in some appropriate manner to define the nodal stiffness;

4. Boundary and force definition: The boundary conditions are defined here. Also the
external forces acting at different points should be input;

5. Analysis: This is the Step where the equations of equilibrium and compatibility are
assembled and solved as a set of simultaneous equations to arrive at the
dispalcements, strains and stresses;

6. Output: The results are printed out in any desired format.

Step 1. Model definition:

This step involves choosing an appropriate mesh pattern to suit the problem at hand.
For analysing pavement problems, generally, a mesh as shown in Figs. 3.4 (a) and 3.4.(b) is
chosen. The mesh will be of non-uniform size being finer under the load and near the surface,
getting coarser as one proceeds away from the load both horizontally and vertically. In this
thesis a basic pattern, as described below, is taken as the default mesh (Fig. 3.4 ().

However, the user has the option of defining the mesh in any manner to suit the problem.
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a) Horizontal Direction

It was mentioned earlier that the pavement structure could be approximated as an axi-
symmetrical solid. In fixing the geometry of the model the radius of this finite cylinder should
be large enough to contain the deflection bowl. Only then the back calculation process will
deliver reasonable values for the resilient moduli of the layers. This is one of the drawbacks
of the available programs since they cannot consider this condition. This condition hnpﬁes that
the vertical boundary should be a little beyond the point where the deflection bow! becomes
asymptotic to the surface. In heavy pavement structures, such as airfield pavements that were
tested during this study, the deflection bowls were usually large. This was confirmed by
observation during the FWD testing and when some of the 1985 data was analyzed using the
ISSEM-4 program. Therefore, from these initial results, it was decided to have the vertical
boundary at twice the distance of the last sensor from the load point,

At this boundary, it is assumed that only vertical movements are possible, but no
horizontal movements. Twenty-five node points were specified within this distance. Four of
these nodes were under the loading plate, the next seventeen between the outside edge of the
plate and the last sensor and the rest between the last sensor and the outer boundary as
determined above. More specific details of the model and the mesh geometry are described

in Chapter 5 where the theoretical basis for the analysis using ANSYS is presented.

b) Vertical Direction

The total height of the finite cylinder is taken to be approximately 15 metres from the
loaded surface to the assumed depth of the rigid bottom. This depth was arrived at after some

preliminary calculations using published data by Gerrard (1967) and Bhattacharya (1968).
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These results are presented in Chapter S.

The mesh distances -in the vertical direction were related to the thickness of the
individual layers and consider, to some extent, the usual construction practices. The asphalt
surface layer is divided into two layers. This corresponds to the genefal practice of laying
two layers of the asphaltic concrete, the lower levelling course and the upper surface course.
Usually, these are two different mixes and have different mix properties. In the case of very
thick asphalt layers, (such as with Full-Depth? Asphalt pavements) additional layers may be
necessary. The granular base layer is divided into three sub-layers. With the usual pavement
construction this would result in layer thickness of 200-300 mm which is generally the
specified thickness of baées from the compaction point of view. Since one of the reasons for
the existence of anisotropy in granular layers is compaction, it would be logical to treat each
lift of compacted base as a layer and assign its appropriate material properties, if they can be
measured. Using similar arguments the granular subbase, when present, is divided into four
layers. Finally the subgrade is divided into layers of 1,000 mm each. Generally, this resulted
in seven to ten layers of subgrade for a total height of the model approximately 15 metres.

Below this depth a rigid bottom is assumed where deflections and stresses will be zero.

Step 2. Element Stiffness
The objective of this step is to formulate an expression for the stiffness of each
element in the mesh so that given either the displacements or the forces, the other can be

computed. The stiffness of an element is a function of its area and the properties of the

2 Full-Depth asphalt is the registered trade mark of Asphalt Institute, College Park, Md.
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materials in that element. The area is defined by the geometry of the element described by the
coordinates of the nodal points (Step 1 above). The following explanation for obtaining the
element stiffness follows the presentation by Girijavallabhan and Reese (1968).

Consider a discreet element (i,j) in an axi-symmetrical medium (Fig. 3.5). The

displacement within the element can be written as:

{oJ4 = {:1} = [¢] (e} (100)
where,
1 rzrz0000
= 101
4] [OOOOIrzrz} (10n
@ = o, 2, 0, a, ¢, ¢, o, o} (102)

where, {3} is the displacement vector, u and w are the displacement components in the radial
and vertical directions respectively, {e.} is a vector of deflection coefficients and [®] is a
position vector. Now, strain is defined as the rate of change of deformation and hence can
be written as functions of the derivatives of u and w. Since the displacements are expressed

in terms of deflection coefficients {«}, it is possible to write strains in terms of { o} as below:
{e} = [Q] - {a} (103)

where {e} represnts the strain tensor and [Q] is a vector relating strains to the displacement

coefficients {a'}. But strains can also be related to the stresses by Eqn. (13) as below:

le} = [C] - {o} (104)
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where [C] is the inverse of the coefficient matrix containing the elastic constants and {o} is
the stress tensor. Using the strain energy principle, the work done by an external force should

be equal to the energy stored by the internal strains. One can then write:

Internal strain energy = -% fv {efT {o} dv (105)

External work done = - - ™ - k] - (106)

2

Equating these one obtains the expression for the element stiffness as:

K = 1677 [ [QIF [CI™ [Q] dv - (] 107

It will be noticed that the elements of all the matrices in Eqn. (107) are functions of
the geometry and material properties only. In the finite-element algorithms these matrices are
evaluated once the geometry and the material properties are given in a systematic way. The
element stiffnesses are calculated with respect to the local coordinates of each element. The

next step is to compute the stiffness of the assemblage, referred to the global coordinates.

Step 3. Nodal Stiffness

Once the element stiffnesses are computed it is now necessary to assemble the
individual elements to the overall mesh and characterize the medium at the nodal points. The
assemblage of the elements at a nodal point will give rise to a block matrix whose diagonal
elements are the individual stiffnesses of the contributing elements. These matrices can then

be transformed to the global axes using a transformation matrix [T] as shown below:
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[G] = [TT [X] [T] (108)

where [G] is the global stiffness matrix, [K] is the block matrix obtained at each node and [T]
is the transformation matrix. It is in this step that the individual finite-element programs differ
in their efficiency. Because the elements of the matrix [G] will form the coefficients of the
system of equations to be solved, the computer time involved will depend on the optimization
of this step and trying to keep the half band-width of the matrix to a minimum. For this

reason it was decided to use existing FEM programs rather than to develop a new program.

Step 4. Boundary Conditions
The boundary conditions for an axi-symmetrical case considered here are:

1. Along the load axis there can be only vertical displacements. This is symbolized by
rollers in Fig. 3.4 (a) and 3.4 (b);

2. Likewise, along the other vertical boundary only vertical displacements can take
place. Therefore, this boundary is also, represented by rollers;

3. At the bottom there will be no movements, as symbolized by a rigid boundary;

4, There are only vertical loads acting on a small area at the centreline. There are no
other loads anywhere. The vertical loads are lumped as point loads at each of the
nodes covered by the radius of the loading plate;

5. At the loaded surface, the deflections are given by the FWD tests. Therefore, the
deformation of the surface is known. The surface deformation can be specified more
tightly if a curve-fitting routine such as the one that the ISSEM 4 program uses, is

employed. This curve-fitting routine fits the curve at every 30 mm and is constrained
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to accept the deflections at the sensor points as measured in the field (see the input
data at the top part of Fig. 4.8 (a) and (b)). The fitted curve forms the constant
conditions at the free surface;

6. Because of the axi-symmetrical nature, only one half of the cross section needs to be

considered.

Step 5. Analysis

Finite elment algorithms are generally classified into two categories: (1) the
incremental method and (2) the iterative method.

The incremental method is shown schematically in Fig, 3.6. In this method the load
is applied in small increments. Since the increments will be chosen to be small, the modulus
for the analysis will be the tangent modulus. In Fig. 3.6 the tangent modulus at O for the first
load increment OA is estimated and the computation carried out. If the same modulus were
used for the next increment then the strains would be as at point B, instead of B. Hence the
modulus is estimated again and the computations carried out. This procedure is repeated till
the full load is applied. The advantages of this method are:

1. Non-linear problems can be treated as series of linear problems. If the increments are
chosen small enough, the error in the estimated tangent modulus is likely to be small;
2. Because the loads are in increments, the computations are in a way like a triaxial test.

Thus one can trace the stress path to the full load. If one sets a yield criterion then

one will also know whether at any stage of loading failure is imminent, or in the case

of pavements, whether tensile stresses in unbound materials are developing.

The disadvantage of the method is the amount of computer time required. Refinement to the
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incremental method would be to choose smaller increments and doing an iterative routine
within each increment so that the modulus need not be estimated at the end of load increment
but can be obtained from computations (see for example Valliappan, 1974; Naylor, 1978).

The iterative method is shown schematically in Fig. 3.7. In this technique the full
load is applied at once with an estimated initial or seed modulus. This might, for example,
yield a strain at point 1 which is far removed from the actual stress-strain path. Then a
correction is made which might result in the conditions as shown by point 2. This process is
repeated until the calculated strains or stresses are within an acceptable tolerance of the true
stress-strain curve. The advantage of this method is essentially the speed of computations.
For an unambigous and fairly well understood stress-strain path this method would result in
acceptable results. The disadvantage is that the stress path cannot be traced nor can a failure
criterion be specified by this method. However, since the FWD can apply up to eight steps
of load one can circumvent this difficulty by applying different loads below the design load
and carry out an iterative analysis. This way the stress path can be traced.

As far as this writer is aware, except for the SENOL program from the University of
Nottingham, all the programs used for the backcalculation of moduli of pavement layers use
the iterative method. |

Whether one uses the iterative or the incremental method, one has to have a material-
response model so that the program can make the corrections at every step to arrive at the
proper modulus value for the next step. In this thesis the material models were taken as
outlined under Section 3.2.1 and are repeated below:

1. The asphalt modutus was determined from properties of the mix obtained from cores

taken from the pavements, and using the van der Poel nomograph;
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2. The moduli of the unbound layers were estimated from the results of the
pressuremeter tests aﬁd are assumed to vary within the limits suggested by Lam
(1982) and Emery (1983);

3. Anisot.ropy was considered by specifying a probable range of anisotropic ratios
(E/E,) for the materials actually found in the pavement structure. These ratios were
obtained from published research results as mentioned in Section 3.2.1.

Existing back-calculation procedures are not capable of considering restricting bounds
for the material properties of the different layers. Thus, they usually arrive at modulus values
which are artificially high or low that do not necessarily correspond to the actual materials in
the pavement structure (D'Amoto and Witczack, 1980). Therefore, it is submitted that while
they deliver a mathematical solution to the problem, that solution does not necessarily
reflect the actual material properties or the true system stiffness of the pavement structure.

In order to achieve this objective of finding a possible mathematical solution as well
as to satisfy the bounds imposed for the probable material properties, the finite-element
program must be able to perform iterative calculations to match the observed and computed
deflection basins by choosing a combination of material properties within the range specified
by the user. This process is not unlike linear programming or optimization procedures
common in the operations research field. None of the existing programs can achieve this
objective. Since ANSYS has this capability, it was proposed to use this program as a
backcalculation tool in this study. Chapter 5 presents the ANSYS algorithm and a discussion

of this optimization procedure.
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Step 6. Output

The format of the output is more a preference of the programmer or the user, rather
than a feature of the FEM. Generally, these outputs have to be redsigned and re-processed
with other spreadsheet, database, or graphics programs to make them easily readable and
understandable. Parts of the output from the FEM program used in this thesis is included as

Appendices to Chapter 6.

3.4 ANALYSIS USING ANSYS
3.4.1 General

In the previous sections it was argued that in order to solve for the stresses and strains
within a pavement structure, numerical techniques are to be resorted to. It was suggested that
the most powerful numerical technique available today is the finite-element model. The
assumptions involved in building such a model were listed. A conceptual model of a layered
elastic system to represent a pavement structure was presented. The actual physical model
used in this study was also presented (Fig. 3.4a). The mathematical basis for the finite-element
techniques for pavement problems according to Girijavallabhan and Reese (1968) and the
mathematical basis for the layered elastic solution according to Gerrard (1968) were
discussed. It was noted that many of the existing commercial programs for back-calculating
FWD data were inadequate in that they arrived at @ mathematical solution which does not
necessarily represent the physical pavement structure or the material making up that structure.
Therefore, it was argued that pavement problems are best solved by developing a general-
purpose finite-element program which permits the treatment of the layered elastic system in

the most general way capable of considering non-homogeneity, non-linearity, stress and
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temperature dependency of the moduli, etc.. In addition the program should be able to
perform some form of iterative calculations so that it can arrive at the most probable
combination of material properties that are consistent with the actual physical structure
being analyzed. It was suggested that the ANSYS finite-element algorithm satisfies these

criteria and hence was used in the analysis phase of this study.

3.4.2 A Short Overview of the ANSYS Model

Chapter 5 discusses the ANSYS algorithm in more detail. That chapter also presents
the mathematical theory of ANSYS, as well as the user-defined codes used in building the
pavement model at the different test sites. The basic building block of the model presented
inFig. 3.4 (and in Chapter 5) is the four noded isoparametric plane elastic solid. The theory
of this element type is discussed in Chapter 5. Finally, in the later chapter a discussion of the

optimization module as employed by the ANSYS program is presented.
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b = height of the element

r,z,8 = local cylindricsl coordinates

q &y,
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Table 3.2. Summary of Displacements and Strains in layer i.
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CHAPTER FOUR

FIELD TESTING PROGRAM

4.1 GENERAL

The field testing reported, herein, formed part of a larger study undertaken by
Transport Canada’, to establish a correlation between plate load test results and the results
from non-destructive testing such as the Falling Weight Deflectometer (FWD). The objective
of Transport Canada was to determine whether the time-consuming, expensive and
operationally very disruptive plate load tests could be replaced with a much faster, lighter, and
less disruptive testing technique without compromising their design standards or creating any
abrupt discontinuity in their design procedures. These procedures were developed by
Transport Canada in the early 1940's and had served them well for over 50 years and through
a period of rapid growth and advancement in the aviation industry. |

Transport Canada was kind enough to permit the author to participate in their test
program at their expense and collect the data he needed for this study. Because of
administrative and budgetary constraints, all the tests were not done in a few months nor even
in one year, but spanned a period of three years between 1985 and 1988. The test data from
their study was evaluated by Trow Ltd., of Toronto, Canada in 1985. Excepting some passing
comments in a later section, this firm's report is considered beyond the scope of this thesis.

Furthermore, Transport Canada had extended these tests to many airports across the country

! Transport Canada is a Department in the Ministry of Transport of the Government of
Canada. This Department regulates and sets standards for the construction and
maintenance of civil aviation airports in Canada.
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in later years. By the end of 1993, this series of tests will have been completed. Another
thesis was completed in 1991 at the Royal Military College in Kingston, Ontario, Canada
(Fenton, 1991), using the data up to that year. This latter thesis addresses specifically the
question of correlation between the Plate Load tests and FWD tests.

The objective of the present study is the in-situ characterization of material properties
in the pavement structure. In the literature one finds that FWD testing and the back-
calculation procedures themselves are often referred to as in-situ testing. However, the aim
of this thesis is:

L. To demonstrate an independent and direct means of measuring these material
properties (primarily the layer moduli); and

2. To determine whether any correlations could be established between the measured
and back-calculated moduli.

Also, the study started with a focus on the unbound layers only. As explained in a previous

chapter, the modulus of asphaltic surface material was to be established using the

nomographs developed by Van der Poel and later modified by McLeod.

4.2 ADDITIONAL FIELD TESTS FOR THIS STUDY

With the above objectives in mind, the additional tests that were performed were:

1. Pressuremeter tests at selected stations using the PENCEL pressuremeter;
2. Tests on asphaltic concrete cores recovered from the same stations;
3. Simple geotechnical tests such as classification tests on the unbound materials

recovered from the same stations.

Details of these tests are given in later sections in this chapter.
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4.3 SITES TESTED

From the first series of tests in 1985, four airports representing different traffic,
environmental, and geotechnical conditions were chosen. They also represented a broad
spectrum of pavement structures. These sites were Thunder Bay in Ontario, St.Andrews and
Brandon in Manitoba and Regina in Saskatchewan. In the second series in 1988, the tests
included again St. Andrews and Regina but extended also to Saskatoon in Saskatchewan.
Fig. 4.1* shows the geographical location of these sites. Table 4.1 gives some pertinent
statistics regarding their climatological and overall geotechnical conditions. The reason for
repeating the tests at St. Andrews and Regina was that there were too few data collected at
these sites in 1985. There were also other differences in the testing procedures between the
series in 1985 and in 1988. For instance, the 1985 series used the lighter Dynatest 8,000 FWD
with a 300 mm diameter loading plate while the latter series used the heavier Heavy Weight
Deflectometer (HWD) with a 450 mm diameter plate.

Fig. 4.2 to 4.6 show the plan layout of the airside facilities at these airports and the
locations of the field tests. At Regina, Saskatoon and St.Andrews (the 198A8 series) the FWD
tests were done, by Transport Canada, for the purpose of arriving at rehabilitation strategies
for these facilities. Hence the tests were done on hundreds of points on each runway.
However not all were used for this study. Only a few randomly selected points along the
wheel paths of the aircraft (i.e. 3 m left and 3 m right of the centreline and on-centreline) were
chosen and analyzed. Care was taken to ensure that the entire runway was covered by the

points chosen. Of these again, only five points were chosen for comparing anisotropic and

2

All figures and tables (with the exception of Table 4.1) are included in the
Appendices at the end of the chapters.




TABLE 4.1 Environmental and Geotechnical Conditions
at the Test Sites (30 year records)
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ll SITE THUNDER | BRANDON | ST.ANDREWS | REGINA SASKATOON
BAY

LATITUDE | N48°22' | N49°55 | N50°03 N50°26' | N52°10
LONGITUDE | W89°19' | W99°57 | W97°02' W 104°40' | W 106° 42"
TEMP.° C
MAX. 329 35 35.7 35.9 349
AVG. 23 15 - | 12 22 16
MIN. -35.7 38.1 -39.6 -38.6 -39.1
PRECIP. i
RAIN(cm) 527 33.9 38.3 28.7 245
SNOW(em) | 213.0 1169 85.6 115.7 113.1
SUBGRADE | SP/SM CLML CH CH ML/CL
TYPE ML/CL
BUILT 1984 1983 1968,1970 | 1979 1976
TESTED 1985 1985 1988 1988 1988
AGE AT 1YR 2 YRS 20,18 YRS 9 YRS 12 YRS ﬂ
TEST
DESIGN B-727 B-737 DC-3 B-727 B-727
AIRCRAFT

isotropic models. Tables 4.2 to 4.6 show the stations and the pavement structures at these

locations. The pavement structures were determined from actual coring. These were the

depths or layer thicknesses used for the finite-element analyses later.

4.4 TEST LAYOUT

4.4.1 1985 Test Series

The 1985 test series reported herein pertains to two sites, Thunder Bay, Ontario and

Brandon, Manitoba. As mentioned earlier, these were part of an investigation by Transport

Canada. The test layout was accordingly decided by their engineers. In this series they
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followed the standard test layout that had been adopted for their Benkelman Beam tests. By

this procedure, the deflection test at any station is not a single test precisely at the specified
station but the mean of six tests done on five points along the circumference of a circle 1.5 m
and at the centre which is the exact location of the chosen station on the runway. Fig. 4.7
shows this set-up schematically. Thus the deflection reported for any station will be the mean
of all the six stations. For the Benkelman Beam tests, Transport Canada would report the
standard deviation from the mean so that some idea of a measure of variability around any
particular location on the runway could be gained. It should be mentioned that the sensors
of the FWD were always placed parallel to the direction of traffic and not in the radial
directions from the centre. This was somewhat unfortunate because by placing the sensor
beam radially, not only the non-homogeneity in the pavement construction could have been
determined but also the anisotropic behaviour of the pavement structure could have been
studied.

In this study, the loads and deflections at each of the seven FWD sensor locations was
averaged and reported as the deflection at the particular station. Tables 4.7 and 4.8 show the
variations in the applied loads and the deflection responses of the pavements. The coefficient
of variation is generally low particularly for the loads and for deflections at the sensors farther
from the load. The variations are somewhat larger at the nearer sensors, particularly below
the load. The nearer sensors are influenced by all the layers but predominantly by the
asphaltic layer. Thus the higher variation could indicate the variability in the top layers of the
pavement. The 1985 test series was also conducted with the lighter Dynatest 8000 FWD.
It was felt that the maximum loads and the small- diameter loading plate would generate

smaller pressure bulbs. Thus the deeper layers were not even "feeling" the impact of the load.
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The effect of plate size on the pavement response, layer moduli and stress distribution

requires further study.

4.4.2 1988 Test Series

The 1988 series of tests in this study and a subsequent study by Transport Canada
used the heavier Dynatest 8001 Heavy Weight Deflectometer (HWD). The two studies were
not conducted at the same sites. For this study the testing was done at St. Andrews, Saskatoon
and Regina. The loading pattern was not as in the 1985 tests. The auxiliary test points on a
circle around the station were dispensed with. Instead a high density testing program on
several longitudinal profile lines on the runway and at closer spacing, which was more appro-
priate in a routine design situation, was carried out. Thus, for this series, the deflections

reported herein are not the average deflections but the only deflections that were measured.

4.4.3 Loads

In all cases it was attempted to simulate the traffic at that particular airport. As shown
in Table 4.1 the design aircraft ranged from Boeing B-737 to B-727. However, many other
types of aircraft with different weight and tire pressure combinations were using these
facilities. Therefore, the loading represented a spectrum of tire pressures ranging from
500 kPa to 1,500 kPa. In Brandon and in Thunder Bay (1985 series) four load steps were
applied: 500 kPa, 800 kPa, 1,200 kPa and 1,500 kPa. The loads were applied through a
300 mm diameter plate. In the 1988 series four loads were applied, but the highest load (the
1,500 kPa load) was applied twice. Thus the load steps were 700 kPa, 1,200 kPa and

1,500 kPa for Regina and Saskatoon while they were 500 kPa, 750 kPa and 900 kPa for St.
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Andrews. The loads were applied through a 450 mm diameter plate at Regina and at
Saskatoon whereas a 300 mm plate was used at St. Andrews. The last mentioned airport is
a trainer airport with a high volume of predominantly light aircraft and consequently had a
light pavement structure. As it turned out, even the 900 kPa load indicated that the pavement
had probably failed. These results will be presented in a later chapter and discussed. Again the
detailed printout of the large number of tests showed that the FWD or HWD could apply

loads with high precision and reproducibility.

4.4.4 Deflection Measurement
The FWD and the HWD used in the two series measured the pavement response with
seven accelerometers. The location of these sensors could be varied within certain limits. For

the 1985 series the sensors were at 0, 300, 610, 915, 1,219, 1,524 and 1,829 millimetres®

from the load point. During the subsequent analysis by the ISSEM-4 program, many sections

could not be analyzed because the program was not able to define the deflection basin with
sufficient accuracy. A typical example of such an ISSEM-4 run is shown in Fig. 4.8 (b). Thus,
in the 1988 series the sensors were placed farther away from the load in order to be able to
better define the tapering end of the deflection basin. The sensor distances in the 1988 series

were 0, 300, 450, 1,000, 1,400, 1,800 and 2,250 millimetres.

These measurements are converted units from the imperial units of 0, 1, 2, 3, 4, 5 and
6 feet.

PR
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4.4.5 Temperature Measurements

Temperature measurethents were recorded by the machine with a built-in sensor and
also manually by a surface thermometer. In addition, a thermometer was stuck in a small hole
in the pavemeﬁt so that temperatures could be measured between 50 and 75 mm below the
surface. Air temperatures were obtained each hour from the meteorological stations at each

airport.

4.5 IN-SITU MATERIAL TESTS

Immediately after the completion of the deflection tests, the pavements were cored
at these locations. This coring program helped to determine the pavement structure, to
recover samples of asphalt and unbound materials for further laboratory tests and to perform
the pressuremeter tests.

Pressuremeter tests were done in the granular materials and in the subgrade.
Generally, the pressuremeter test could be done only at one depth in the granular material
because this layer was not usually thick enough to permit more test locations. Often, due to
the age of the pavements and probably due to the quality of materials placed during the
original construction, a clear distinction between the high-quality crushed granular base and
pit-run granular subbase material was difficult to ascertain. In the subgrade material,
generally, two pressuremeter tests were done; the first one immediately below the interface
of the subgrade and the granular construction and the next one metre below the first one.

Tables 4.2 through 4.6 show the location of pressuremeter tests at the different sites.
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4.5.1 Procedure for Pressuremeter Tests

The pressuremeter was inserted in the ground with the help of a drill rig. It is believed
that the procedure would be closest to what Houlsby and Withers (1988) called the full-
displacement pressuremeter tests. A solid rod with a conical point which is almost identical
to the point at the end of the pressuremeter was pushed into the ground with the hydraulics
of the drill rig. The rod and the cone were approximately 3 mm larger in diameter than the
pressuremeter itself. Once the hole has been made to the required depth, the rod was
withdrawn and the pressuremeter lowered into the hole without any delay. This usually
resulted in a good fit of the instrument in the hole without allowing the soil to relax too much.

All pressuremeter tests were cyclic tests. In order to determine the point at which the
unload-reload cycles should begin, a pilot hole would be first made. The pressuremeter test
was carried out to define the complete pressuremeter curve. From this curve, the pseudo-
elastic range was visually estimated using a "zoom-mode" on the computer screen. The
unload point was, generally, about 80% of the point where the linear segment started
deviating toward plastic behaviour (Fig. 4.9). In the case of granular base layers, the initial
part was very steep and often showed no transition to a plastic range (see for example
Fig. 4.10). In these cases the unload point was arbitrarily chosen between 300 kPa and
500 kPa loading. The unloading would be generally carried out over three to five steps, i.e.
15 to 25 cc of water pumped out. The soil was not completely unloaded. Complete unloading
would have taken the soil very quickly over the plastic range in the unloading stage. Once in
the plastic range it is difficult to estimate the rebound secant modulus.

Cyclic tests consisted of three unload-reload cycles. The author is aware that Briaud

et al (1986) recommended 10 unload-reload cycles to clearly define the modulus, E_.
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However, in this series it was found that the modulus E, remained fairly steady over three
cycles. Therefore, it was decided that three cycles were as good as ten. It may be worthwhile
to investigate the influence of number of cycles to the variation in the modulus values and its
relevance in the pavement analysis and design.

Calibration of the pressuremeter was carried out at the beginning of each day or
whenever the sheath was changed. It was found that the calibration did not change
significantly for extended period of times.

Evaluation of pressuremeter tests were done using a computer algorithm, called
PRESSRED, developed by Briaud and his colleagues in Texas A & M University. Examples
of output from this program are shown in Fig. 4.11 and Fig. 4.12. A complete set of

pressuremeter results are shown in Appendix 4-I.

4.5.2 Testing of Asphalt Cores

Asphalt cores were usually obtained in duplicate at each test location. The cores were
visually inspected and notes made of their condition. Then they were used for extraction,
aggregate gradation, penetration and viscosity tests. All tests were done in accordance with
relevant ASTM standards. Asphalt penetrations were determined at 4°C, 25°C and 40°C,
while viscosities were determined at 60°C 100°C and at 135°C. The results are plotted on the
Shell bitumen chart as suggested by van der Poel and by Bell (1983).

Results of asphalt testing are presented in Figs. 4.13 to 4.17. and in Table 4.9.
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4.5.3 Geotechnical Tests

Bulk samples of base and subgrade materials were recovered at each test location.
These were tested for grain size distribution, plasticity and moisture content. The results are

presented in Figs. 4.18 to 4.22 as well as in Table 4.10.
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1. THUNDER BAY
2. ST. ANDREWS
3. BRANDON

4. REGINA

5. SASKATOON

FIG. 4.1. GEOGRAPHIC LOCATIONS OF THE SITES




THUNDER BAY : TEST LOCATIONS
5+100

5 + 204 \%
5+ 298
5 + 395
5+ 500
5 + 597
5 + 650
5+ 912
6 + 100

6 + 298 . Y

TAXI A | _ / :
10 + 340 %
10 + 740 o

TAXID

10 + 495

FIG. 4.2. TEST LOCATIONS IN THUNDER BAY AIRPORT
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BRANDON: TEST LOCATIONS
RUNWAY 08-26

STA. 4 + 950
STA. 5+ 090
STA.5 + 183
STA.5 + 278
STA.5 + 384
STA. 5 + 488
STA.5 + 588
STA.5 + 691
STA.5 + 787
STA.5+ 895 *
STA.5+978 *
STA. 6 + 108
STA.6+206 *
STA. 6 + 303
STA. 6 + 435
STA. 6 + 500
STA.6+539 *
STA. 6 + 613

* NOT ANALYZED

FIG. 4.3. TEST LOCATIONS IN BRANDON AIRPORT
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ST. ANDREWS: TEST LOCATIONS

RUNWAY 13-31.

5+ 030
5+120
5+ 210
5 + 300
5 + 390
5 + 480
5 + 570
5 + 660
5+ 750
5+ 840
5+ 900

FIG. 4.4. TEST LOCATIONS IN ST. ANDREWS AIRPORT
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REGINA: TEST LOCATIONS
RUNWAY 12-30

STA. 5 + 055
STA, 5 + 100
STA.5 + 330
STA.5 + 390
STA.5 + 510
STA.5 + 570
STA.5 + 700
STA. 5 + 800
STA. 5 + 950
STA, 6 + 100
STA. 6 + 290
STA. 6 + 400
STA. 6 + 850
STA. 7 + 050
STA.7 + 190
STA.7 + 220
STA.7 + 310
STA.7 + 370

FIG. 4.5. TEST LOCATIONS IN REGINA AIRPORT
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SASKATOON: TEST LOCATIONS
RUNWAY 15-33

STA.5 + 100
STA. 5 + 150
STA. 5 + 360
STA.5 + 450
STA. 5 + 540
STA. 5 + 630
STA.5 4+ 750
STA. 5 + 840
STA. 5+ 930
STA. 6 + 020
STA. 6 + 140
STA. 6 + 260
STA. 6 + 380
STA. 6 + 470
STA. 6 + 590
STA. 6 + 680

-—$+690

S ..

T b and

-+
3

—,
i

FIG. 4.6. TEST LOCATIONS IN SASKATOON AIRPORT

LET
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3.0m Dia. CIRCLE
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| | o' | |E

L I
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@ DENOTES THE TEST STATION

@® DENOTES ADDITIONAL TEST LOCATIONS

FIG. 4.7. SCHEMATIC FOR FWD TESTS IN THE 1985 SERIES
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RTreY RN Raaal *ATIRE L4 e -rd
- * L4 - » L L4 . "R * '
- » - » - L 2 - . "y
- rReR EARY "yww ~ L * AEANER
- * - * * L 4 e
»t - - - - * * L - e
RS Rtk KERR EARARR R *te e
PROPRIETARY PROGRAM BY:
DYNATEST CONSILTING, INC
P.0. BOX 71 / 208 BALD STREET
OJAI, CALIFORMIA 83023
TELEPHONE: (B0S) 646-2230
646-5531
INPUT DATA {UNDER COLUMM NUMBER):
1 2 3 4 4 5 & 7
258 ] 4 2 0 8 [ 4 2
E2 1 THUNDER BAY: RWY 07-25: STA. 5+600: 3 m R: LOC. MEAN-3
0. 300, 610.  915. 1219. 1524, 1828,
145. 109, 9. 8. n. "%, 62,
1148, 150.
6
4 100. 200,
1 240. .30 7500,
2 170. .35 20000,
3 110. .35 130.
4 .35 120.

DEFLECTION BASIN VALUES FROM CURVE FITTIHG ROUTINE:

*{INCLUDES MEASURED PTS.)*

(EXTRAPOLATED OR INTERPOLATED)

POSITION DEFLECTION *

*

POSITION DEFLECTION *

‘ (NOTE - POSITION = DISTANCE FROM CENTER OF LOAD IN MM; DEFLECTION IN M{)

*  pOSITION DEFLECTION *  POSITION DEFLECTION *  POSITION DEFLECTION *

. 0.0 0.1460 * 30.0 0.1451 * 60.0 0.1425 * $0.0  0.1387 * 120.0 0.1341 *
. 150.0 0.l1288 * 180.0  0.1236 * 210.0 0.1186 * 240.0 0.1143 * 270.0 0.1108 *
* 3000 0.1090 * 3310  0.1079 * 362.0 0.1068 * 383.0 0.1058 * 4240 0.1048 *
* 455.0  0.1038 * 485.0  0.109 * 517.06  0.1018 * 548.0  0.1010 * 579.0 0.1000 *
* 610.0 0.0890 * 640.5 0.0880 * 67:.0 0.0370 * 7015 0.0850 * 732.0 0.0950 *
* 762.5 0.0341 " 793.0 0.0931 * 823.5 0.0321 * 8s4.0  0.0911 * 834.5 0.0900 *
* 915.0  0.0890 * 945.4  0.0879 * 975.8 0.0368 * 1006.2 0.08% *  1036.6 0.0844 *
* 1067.0 0.0832 * 1097.4 0.0819 * 1127.8 0.0807 * 1158.2 0.0794 * 11886  0.0782 .
- 1219.0  0.0770 *  1243.5 0.0761 *  1280.0 0.07% * 1310.5 0.0754 * 1341.0 0.0754 .
. 1371.5  0.0755 * 1402.0 0.075 * 1432.5 0.0756 * 1463.0 0.0754 *  1483.5  0.0749 .
. 1524.0 0.0740 * 15545 0.0728 * 15850 0.0716 *  1615.5 0.0703 *  1646.0  0.0690 .
* 1676.5  0.0678 * 1707.0  0.0865 * 1737.5 0.0653 * 1768.0 0.0641 * 17985  0.0630 .
* 1829.0  0.0620 *  1865.6 0.0668 *  1902.2 0.0597 * 1938.8 0.058 *  1975.4  0.0575 .
* 2012.0 0.0565 * 2048.6 0.0555 * 2085.2 0.0545 * 2121.8 0.053 *  2158.4  0.057 *
* 2195.0 0.0519 *

ITERATION SUMMARY:

FINAL CENTERLEINE E-VALUES FOR LOOP 1 = 7500.0013513.50 2365.47 295.40
1.1 + ET(5) 15 6E ET(6), ET(5)=1319.4 ET(6)=1383.3 ;TRY LARSER TH{3) FOR RERWN

HERE THE RUN WAS ABORTED BECAUSE THE SEED MODULI AND THICKNlm
COMBINATION COULD NOT LEAD TO A MATCH BETWEEN OBSERVED AND COMPUTED
DEFLECTION BASINS. THE SYSTEM SUGGESTS TO FICTTTIOUSLY ALTER THE LAYER
THICKNESS TO SUIT THE COMPUTATION ¢

FIG. 4.8-A. EXAMPLE OF AN ABORTED ISSEM-4 RUN
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] roen wwre wremwe  wn - ren
- » * ¥ T * ww we -
L - * » sty x e w
*x e anen e * 2 s mxmea
xe * * * * . "
' « . e -« » r o« - -
wran rann Py wrraan  wAn e en
PROPRIETARY PROGRAM BY:
DYNATEST CONSULTING, INC
.0. BOX 71 / 209 BALD STREET
OJAI, CALIFORNIA 93023
TELEPHONE: (805) 546-2230
646-5531
INPUT DATA (UNDER COLUMN NUMBER):
1 2 3 4 4 5 6 ?
258 6 4 2 0 8 8 4 2
E1 1 REGINA FVD TESTS 1885: RUNWAY 12-30: STA.5+498: 3 m R: LOC. MEAX-1
0. 300. 610. 914, 1219. 1524, 1828.
123, 104, 8, 72. 59. 51, 42.
618. 150.
3 .
3
1 330. .30 10000.
2 1070. .35 200.
3 .35 100.

DEFLECTION BASIN VALUES FROM CURVE FIYTING ROUTINE:

*(INCLUDES NEASURED PTS.)*

*  POSITION DEFLECTION
* 0.0 0.1230
* 150.0  0.1156
- 300.0  0.1040
. 455.0  0.0964
. 610.0  0.08s0
. 762.0  0.0803
. 914.0  0.0720
* 1066.5  0.0649
* 1219.0  0.0590
. 1371.5  0.0548
. 1524.0  0.0510
. 1676.5  0.0454
. 1829.0  0.0420
. 2012.0  0.0378
. 2195.0  0.0346
ITERATION SUMMARY:

*

LI N I B N A 2 O A

POSITION DEFLECTION *

30.0

0.1226
0.1131
0.1023
0.0943
0.0874
0.0785
0.0705
0.0636
0.0580
0.0541
0.0501
0.0454
0.0411
0.0371

CURVE FITTING RANGE EXCEEDED, WLP = 1 IERR = 2,
FINAL CENTERLINE E-VALUES FOR LOOP 1 »)2981.70 239.56 125.59
CURVE FITTING RANGE EXCEEDED, MLP = 2 IERR = 2,

60.0
210.0
362.0
517.0
670.8
822.8
875.0

1127.5
1280.0
1432.5
1585.0
1737.5
1902.2
2085.2

LR SR BN N N B N I I

0.121%
0.1106
0.1007
0.0335
0.0857
0.0768
0.0681
0.0624
0.0571
0.0533
0.0482
0.0445
0.0402
0.0364

POSITION DEFLECTION *

% % 2 5 % 8 % & %0 AN

{EXTRAPOLATED OR INTERPOLATED)

POSITION DEFLECTION *

$0.0
240.0
383.0
548.0
701.2
853.2
1005.5
1158.0
1310.5
1463.0
1615.5
1768.0
1938.8
21218

ET(J) = 2065.3, GNP =1829.0, 3= 5

ET(J) = 2254.0, GHXXP »1828.0, J = 4

0.1198
0.1081
0.0992
0.0921
0.0833
0.0751
0.0677

L2 2 IO R T B N N N B B

POSITION DEFLECTION *

120.0
270.0
424.0
578.0
731.6
883.6
1036.0
1188.5
1341.0
1493.5
1646.0
1788.5
1975.4
2158.4

0.1179
0.1059
0.0378
0.0306
0.0821
0.0735
0.0663
0.0601
0.0855
8.0518
0.0473
0.0428
0.0386
0.0352

HERE THE RUN WAS ABORTED BECAUSE THE DEFLECTION SENSORS DID NOT REACH
FAR ENOUGH OUT FROM THE LOAD TO RESONABLY WELL DEFINE THE DEFLECTION

BASIN.

FIG. 4.8-B. EXAMPLE OF AN ABORTED ISSEM-4 RUN

L 0 2N I O B B B B 4

(NOTE ~ POSITION = DISTANCE FROM CENTER OF LOAD 1N MM; DEFLECTION N W)
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REGINAR AIRPORT
TAXI ‘B’

CORRECTED PRESSURE (KPA)

-

2080
1888

16688

1488

1288

° 80% POINT

1080 L

888 _
UNLOAD - RELOAD CYCLES

PSEUDO ELASTIC RANGE

6808 L

4p0 | :
. . '

288 -

.
.
-"‘
.e

1 1 1 ' ? ! [ Il

8 18 2o 38 48 58 68 7’8 88
’ CORRECTED VOLUME (CM3)
HOLE #!  STATION 5+38BB 3M. RT. DEPTH 1,28M.

NOTE:

t. DETERMINETHE PSEUDO FLASTIC RANGE

2 MARK 80 % POINT OF THE UPFER LIMIT OF TI1IS RANGE

X START UNLOAD. RELOAD CYCLES OVER 3 TO 4 VOLUME STEFS
4 MINIMUM NUMBER OF CYCLES THIREE

8B

FIG. 4.9. DETERMINING THE UNLOAD-RELOAD POINTS FROM

A PILOT HOLE
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PRESSURE ON CAVITY WALL (kPa) -

Po = 5.3 kPa Eo = B9780 kPa
P1 = - kPa Er = kPa
Pl® = kPa Eo/Plx =
2250
-
2000 :__ NOTE THE STEEP RISING CURVE WITH
L. NO YIELDING OR PLASTIC RANGE
1750 L
1500 -
1250 -
1000 -
750 F
. 500 |-
250 -
1 ] 1 1 1 1 ] ] 1 1 ) 1 1 [} 4 1 1 1 [

0

10 20 30 40 50
RELATIVE INCREASE IN PROBE RADIUS, dR/Ro (X)

FIG. 4.10. TYPICAL PRESSURE METER CURVE FOR GRANULAR BASE
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Regina R/W12-30:0ctober/88:6+300:3mRt:Hole#5:2.25m.

POINT VOLUME PRESSURE CORR. VOL. dR/RoO CORRECTED
NUMBER MEASUREMENT MEASUREMENT INCREASE PRESSURE
(cm”3) (%) (kPa)
1 0.000 300.0 0.00 0.00 27.00
2 5.000 370.0 4.76 1.01 82.00
3 10.000 405.0 9.64 2.04 102.00
4 15.000 435.0 14.54 3.07 122.00
5 20.000 465.0 19.44 4.08 147.00
6 25.000 480.0 24.39 5.09 157.00
7 20.000 345.0 19.39 4.07 27.00
8 15.000 265.0 14.39 3.03 -48.00
9 10.000 200.0 9.39 1.99 -103.00
10 5.000 175.0 4.39 0.93 -113.00
11 0.000 130.0 ~-0.61 -0.13 -143.00
12 5.000 220.0 5.00 1.06 -68.00
13 10.000 300.0 10.00 2.12 -3.00
14 15.000 360.0 14.80 3.12 47.00
15 20.000 425.0 19.57 4,11 107.00
16 25.000 465.0 24.44 5.10 142.00
17 20.000 330.0 19.44 4,08 12.00
18 15.000 250.0 14.44 3.04 -63.00
19 10.000 200.0 9.44 2.00 -103.00
20 5.000 155.0 4.44 0.95 -133.00
21 0.000 120.0 -0.56 -0.12 ~-153.00
22 5.000 185.0 5.00 1.06 -103.00
23 10.000 255.0 10.00 2.12 -48.00
24 15.000 330.0 14.90 3.14 17.00
25 20.000 395.0 19.68 4.13 77.00
26 25.000 450.0 24.49 5.11 127.00
27 . 20.000 325.0 19.49 4.09 7.00
28 15.000 235.0 14.49 3.06 ~78.00
29 10.000 195.0 9.49 2.01 -108.00
30 5.000 150.0 4.49 0.96 -138.00
31 0.000 110.0 ~-0.51 ~0.11 ~-163.00
32 5.000 170.0 5.00 1.06 -118.00
33 10.000 250.0 10.00 2.12 ~-53.00
34 15.000 320.0 14.93 3.15 7.00
35 20.000 385.0 19.71 4.13 67.00
36 25.000 450.0 24.49 5.11 127.00
37 30.000 475.0 29.40 6.11 147.00
38 35.000 495.0 34.34 7.10 162.00
39 40.000 510.0 39.29 8.08 172.00
40 45.000 520.0 44.25 9.06 177.00
41 50.000 530.0 49.22 10.03 182.00
42 55.000 540.0 54.18 11.00 187.00
43 60.000 550.0 59.15 11.95 192.00
44 65.000 §55.0 64.13 12.90 192.00
45 70.000 560.0 69.11 13.84 192.00
46 75.000 570.0 74.08 14.77 197.00
47 80.000 575.0 79.06 15.69 197.00
48 85.000 575.0 84.06 16.62 192.00
49 90.000 580.0 89.05 17.53 .192.00
Po = 24.3 kPa Pl = 190.0 kPa Pl* = 165.7 kPa
Eo = 7248 kPa Er = 8458 kPa Eo/Pl*x = 43.7

FIG. 4.11. EXAMPLE OF PRINTOUT OF CALCULATION FROM
PRESSRED PROGRAM (TEXAS A & M UNIVERSITY)
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Po = 23 kPa Eo = 4073 kPa
Pl = -410 kPa Er = 6851 kPa
P1x = 387 kPa Eo/Pl¥ = 40.5
-
400
~ "
o
] 5
_, 300
|
< -
=
> o
|-—
- -
-
<
U =
g 200
| | /g/
o
= "
wn
wn
w L.
c
n‘ =3
100
0 lllllllllllllllll!l
4] 10 20 30 40 80
RELATIVE INCREASE IN PROBE RADIUS, dR/Ro (%)

Saskatoon R/Wi5-33: Oct/8B: 5+150: 3mLt: Hole#2: 2.20m.

FIG. 4.12. EXAMPLE OF A PRESSUREMETER CURVE OBTAINED USING

THE PRESSRED PROGRAM FROM TEXAS A & M UNIVERSITY
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FIG. 4.14. SHELL BITUMEN CHART FOR ASPHALT CEMENT
RECOVERED FROM CORES IN BRANDON
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FIG. 4.15. SHELL BITUMEN CHART FOR ASPHALT CEMENT RECOVERED
FROM CORES IN St. ANDREWS
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TABLE 4.2. TEST LOCATIONS AND PAVEMENT STRUCTURE
IN THUNDER BAY AIRPORT.

STATION PAVEMENT YEAR | USC ANALYSIS | DEPTH
STRUCTURE OF SYST. TO
(mm) CONST. PMT
(m)
5 + 100 AC 70 1984 5L 4P
AC 100 1965
AC 100 1954
BASE 280 1954 GP,GW 0.6
SB 600 1954 SW,SM 15
SG SP,SM 25
5 + 300 AC 70 1984 5L 4P
AC 100 1965 #
AC 70 1954
BASE 230 1954 GP,GW 0.6
SB 680 1954 SM 15
SG 25
5 + 500 AC 70 1984 5L 4P
AC 100 1965
AC 70 1954
PCC 170 1942
SB 110 1942 SW,SM 15
SG SP,SM 2.5
5 + 650 AC 80 1984 5L 4P
AC 100 1965
AC 70 1954
PCC 190 1942
SB 100 1942 SM
SG SP,ML
6 + 100 AC 100 1984 5L 4P
AC 100 1965
AC 70 1954
| PCC 180 1942
SB 100 1942 SW
SG SM
TAXI A AC 135 1983 3L 4P
10 + 740 BASE 300 1983 SW
SB 905 1983 SM
SG ML
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TABLE 4.3. TEST LOCATIONS AND PAVEMENT STRUCTURE
IN BRANDON AIRPORT.

e
STATION PAVEMENT ANALYSIS
STRUCTURE SYSTEM
(mm) PMT
(m)
5 + 400 AC 110 1983 3L 4P
BASE 990 1957/83 | SW-sM 0.6
SG CL 15
5+ 600 AC 120 1983 3L 4P
BASE 1100 1957/83 | SW-SM 0.6
G CL 15
5 + 900 AC 120 1983 3L 4P
BASE 1040 1957/83 | SW-sM 0.6
“ G cL 15
6 + 300 AC 120 1983 3L 4P
BASE 980 1957/83 | SW-SM 0.6
SG CL 15
6 + 500 AC 110 1983 3L 4P
BASE 990 1957/83 | SW-SM 0.6
SG CL 15
AC 100 1983 4L 4P NO
4 + 950 EC 300 1983 TEST
SB 350 1983 SP-SM
SG CL-ML

NOTE: EC IS ECONOCRETE: A LEAN CONCRETE BASE.
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TABLE 4.4. TEST LOCATIONS AND PAVEMENT
STRUCTURE IN ST. ANDREWS AIRPORT.

STATION PAVEMENT YEAR OF | USC ANALYSIS | DEPTH
STRUCTURE CONSTIR. SYSTEM TO
(mm) PMT
(m)
5+ 030 AC 45 1968 3L 3P
BASE 150! 1968 SW-SM 0.25
SB 300! 1968 SW-SM 0.70
5G CH 1.70
5+ 120 AC 40 1968 3L 3P
BASE/ SW-SM 0.26
SB 470" 1968 0.75
5G CH 1.75
5 + 480 AC 50 1968 3L 3P
BASE/ GP-SW 025
SB 470 1968 SM 0.75
SG CH 1.75
5+ 660 AC 50 1968 3L 3P
BASE/ 0.28
SB 550 1968 SW-SM 0.80
| 5G CH 1.80
5+ 840 AC 50 1968 3L 3P
BASE/
SB 460 1968 SW-SM 0.23
SG CH 0.70
1.70
NOTE 1. IT WAS DIFFICULT TO DISTINGUISH BETWEEN BASE AND SUB BASE

MATERIAL UNDER THIS PAVEMENT, THOUGH CONSTRUCTION RECORDS
SHOWED THAT 150 mm OF GRANULAR BASE (GW-GP) WAS PLACED IN
1968.
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TABLE 4.5. TEST LOCATIONS AND PAVEMENT STRUCTURE IN

REGINA AIRPORT.
STATION PAVEMENT YEAR OF usC ANALYSIS | DEPTH
STRUCTURE CONSTR. SYSTEM TO
(mm) PMT
(m)
5+ 510 AC 40 1979 U? 6L 3P
AC 120 1979 L2
AC 950 1967
AC 80 1953
BASE! 0.68
SB 1070 ‘| 1953 SM 1.20
SG CH 220

5+990 AC 45 1979 U 6L 3P
AC 110 1979 L
AC 115 1967
AC 60 1953
BASE/ 0.67
SB 710 1953 SW-SM 1.20
SG CH 220

6 +290 AC 55 1979 U 6L 3P
AC 110 1979 L
AC 115 1967
AC 95 1953
BASE/ SW-SM 0.71
SB 740 1953 1.25
5G CH 225

6 + 890 AC 40 1979 U 6L 3P
AC 70 1979 L
AC 115 1962
AC 120 1953
BASE/ SW-SM 0.72
SB 780 1953 1.30

5G

AC 35 1979 U
AC 70 1979 L

AC 9 1966
PCC 265 1960
BASE/ 1960 SP 0.65
SB 355 1.05

SG

NOTE 1: BASE AND SUB BASE ARE NOT EASILY DISTINGUISHABLE
NOTE 2: U = UPPER COURSE; L = LOWER COURSE.




IN SASKATOON AIRPORT.

YEAR OF

ANALYSIS
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TABLE 4.6. TEST LOCATIONS AND PAVEMENT STRUCTURE

STATION PAVEMENT UsC DEPTH
STRUCTURE CONSTR. SYSTEM TO
{mm) PMT
{m)
5 + 360 AC! 30 1976 5L 3P
AC 95 1961
BASE 655 1961 GP-SP 0.50
AC! 55 1947
BASE/SB 175 1947 SP-SM 1.30
SG CLAY TILL 2.30
5+ 630 AC 35 1976 5L 3P
AC 115 1961
BASE 550 1961 GP-SpP 0.50
AC 150 1947 1.00
BASE/SB 350 1947 GP-PLASTIC 150
SG CLAY TILL 210
5+ 840 AC 40 1976 5L 3P
AC 110 1961
BASE 600 1961 GP-SP 0.50
AC 125 1947 1.10
BASE/SB 425 1947 SP-PLASTIC 150
SG CLAY TILL 210
6 + 140 AC 35 1976 5L 3P
AC 105 1961
BASE 590 1961 GP 0.50
AC 70 1947 1.20
BASE/SB 600 1947 GP-SP (PL) 1.80
SG CH 2.80
6 + 470 AC 35 1976 5L 3P
AC 90 1961
BASE 615 1961 GW
AC 95 1947
BASE/SB 465 1947 GP-SP (PL)
SG

NOTE: 1)

2)

CH

THE 1961 SURFACE WAS BADLY CRACKED. THE THIN OVERLAY IN 1976
REFLECTED ALL THE 1961 CRACKS.

THE 1947 ACWAS TOTALLY STRIPPED AND WAS NO MORE THAN GRAVEL




TABLE 4.7. TYPICAL FWD RESULTS AND VARIABILITIES FROM

TESTS IN THUNDER BAY (1985 SERIES)

SITE: THUNDER BAY DATE: 8OCT.85
FACILIT RWY 12-30
STATION 5+300 OFFSET: 3mR LOCATION: 1to6

FWD DEFLECTION DATA

LOAD LEVEL
1 2 3 4
kPa 730 1001 1305 1479 MEAN
33 19 20 13 STD.DEV.
4.5% 1.9% 1.5% 08% CV%
SENSOR DEFLECTIONS IN MICRONS
1 135 209 280 317
n 16 25 34
8.1% 7.8% 9.0% 10.7%
2 109 168 228 253
5 7 9 10
4.9% 4.1% 4.1% 4.1%
3 80 124 165 186
2 2 3 2
2.7% 1.4% 1.6% 13%
4 57 89 119 133
1 1 2 2
2.0% 1.6% 1.7% 1.7%
5 40 64 85 97
1 1 2 2
25% 2.1% 1.9% 1.6%
6 31 49 67 7S
1 2 2 2
4.1% 4.1% 34% 3.0%
7 24 38 52 60
1 1 1 1
3.9% 2.8% 2.0% 2.5%
049 0.49 049 0.49 RIGIDITY
FACTOR (Vaswan) ___|
INOTE: THE FIRST ROW IS THE AVERAGE FOR THE
SIX LOCATIONS
THE SECOND ROW IS THE STANDARD DEVIA-
TION FROM THE MEAN
THE THIRD ROW IS THE COEFFICIENT OF
VARIATION.
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TABLE 4.8: TYPICAL FWD TESTS AND VARIABILITIES FROM
TESTS IN BRANDON (1985 SERIES)
SITE: BRANDON DATE: 22 OCT.85
FACILITY RWY 08-26
STATION: 5+900 OFFSET:  3mR LOCATION: 106
FWD DEFLECTIO N DATA
LOAD  LEVEL
1 2 3 4
kPa 588 844 192 1360 MEAN
5 5 5 5 STD.DEV.
09% 05% 0.4% 04% CV%
SENSOR # DEFLECTIONS IN MICRONS
1 405 574 826 947
8 27 230 173
21% 47% 279% 182%
2 m 389 539 605
4 6 10 16
1.6% 14% 18% 27%
3 147 216 305 344
: 4 6 8 8
3.0% 28% 27% 2.4%
4 83 125 181 206
3 5 6 7
39% 39% 34% 34%
5 57 85 121 138
2 3 4 3
31% 35% 36% 2.0%
6 45 68 97 112
2 2 4 2
35% 33% 43% 19%
7 37 55 7 92
1 2 2 2
26% 40% 27% 2.0%
034 0.35 034 034  RIGIDITY
FACTOR . (Vaswani}
INOTE:
THE FIRST ROW IS THE AVERAGE PRESSURE
OR DEFLECTIONS.
THE SECOND ROW IS THE STANDARD DEVIA-
TION OF THE MEAN,
THE THIRD ROW IS THE COEFFICIENT OF
VARIATION.




TABLE 4.9.A: TEST RESULTS ON ASPHALTIC CONCRETE CORES

SITE: BRANDON FACILITY: RUNWAY 08-26
< AGGREGATE GRADATION > BITUMEN [[<-——- BITUMEN VISCOSITY / PENETRATION >
(% PASSING mm) %
<——PEN dmm———> <~-VISCOSITY (Poises)—>

STATION 25 125 | 4751 2.00{ 0.425] 0.180] 0.075 4C 25C 40 C 100 C 135C 145C

100 93.2 60.9 435 193 9.7 6.4 592 70 50.0 188.0 57.8 55 3.5

100 96.6 618 44.7 189 94 65 5.57 70 503 188.0 58.9 5.7 3.6

100 96.6 672 489 205 105 13 5.46 70 488 188.0 64.5 6.0 38
MEAN 100 | 95.5| 63.3| 45.7] 19.6] 9.9 6.7 5.65 7.0 49.7] 188.0 60.4 5.7 3.6
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TABLE 4.9.B: TEST RESULTS ON ASPHALTIC CONCRETE CORES

SITE: ST. ANDREWS FACILITY: RUNWAY 13-31
< AGGREGATE GRADATION > BITUMEN BITUMEN VISCOSITY / —
(% PASSING mm) %
<——PEN dmm-——> <—VISCOSITY (Poises)—> )

STATION 25 1251 4751 2001 0425} 0.180| 0.075 4C 25C 40 C 100 C 135C 145C
5+030 100 100 622 46.7 182 12.5 6.7 5.39 5.0 450 253.0 175 21 135
5+120 100 98.4 64.7 48.7 215 14.8 85 547 43 370 202.0 229 25 159
5+300 100 100 59.7 458 20.6 13.6 72 4.92 4.3 440 201.0 203 25 1.60
5+480 100 98.9 602 45.7 200 13.1 7.2 517 55 430 199.0 217 25 157
5+ 660 100 98.0 60.1 46.1 224 10.1 5.2 6.13 58 360 156.0 55.8 5.0 302
5+ 840 100 98.6 613 46.1 242 10.6 5.2 6.4 55 43.0 195.0 45.7 . 4.5 273
MEAN 100| 9901 6141 46,5 21.2| 125 6.7 5.55 5.2 41,3 201.0 30.7 ' 3.2 1.98
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TABLE 4.9.C: TEST RESULTS ON ASPHALTIC CONCRETE CORES

SITE: REGINA FACILITY: RUNWAY 12-30
< AGGREGATE GRADATION > BITUMEN |i< BITUMEN VISCOSITY / PENETRATION >
(% PASSING mm) %
<——PEN dmm——> <—VISCOSITY (Poises)—>

STATION 25 12.5 4.75 200 | 0425 ] 0.180 | 0.075 4C 25C 40 C 160 C 135C 145C
5+510 100 99.5 71.0 555 23 10.8 7.2 59 30 385 1200 550 57 310
5+950 100 992 ns 524 19.1 10.1 10 59 50 51.0 1980 429 44 3.00
6+ 290 100 99.4 724 541 214 11.7 75 596 45 450 1720 531 49 2.86
6+ 890 100 99.6 .6 538 25 115 12 59 45 420 1770 526 8.0 2.82
7+310 100 99.8 2.4 54.0 260 14.4 8 6.1 50 430 1880 482 46 27

MEAN 100] 9951 71.8| 540 219] 117} 74 5.95 4.4 43.9 171.0 50.2 5.5 2.90
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TABLE 4.9.D: TEST RESULTS ON ASPHALTIC CONCRETE CORES

SITE: SASKATOON FACILITY: RUNWAY 15-33
< AGGREGATE GRADATION > BITUMEN |[|<-——— BITUMEN VISCOSITY / PENETRATION —o> _
(% PASSING mm) %
<——PEN dmm-——> <--VISCOSITY (Poises)—>

STATION 25 125 ] 475 ] 2.00| 0.425] 0.180| 0.075 4C 25C 40 C 100C 135C 145 C
5+360 100 100 68.1 492 195 85 51 55 58 312 1100 90.0 69 4.10
5+ 630 100 100 69.7 50.8 198 9.0 5.0 5.69 4.8 315 130.0 70.0 63 4.10
5+ 840 100 100 710 51.1 198 9.0 53 537 6.2 318 150.0 63.0 55 410
6+140 100 100 685 482 185 7.8 38 497 65 330 140.0 55.0 53 330
6+470 100 100 653 46.8 176 75 35 5.65 55 373 162.0 550 49 3.80
MEAN 100} 100 68.5] 49.2] 19.0] 84 4.5 5.44 5.8 34.0 138.4 66.6 5.8 3.88
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TABLE 4.9.E: TEST RESULTS ON ASPHALTIC CONCRETE CORES

SITE: THUNDER BAY FACILITY: RUNWAY 12-30
< AGGREGATE GRADATION > BITUMEN |<——- BITUMEN VISCOS] TY / PENETRATION >
(% PASSING mm) %
<——PEN dmm-—-m> <-VISCOSITY (Poises)—>
STATION 25 125§ 475 | 260 | 0.425] 0.180| 0.075 4C 25C 40 C 100 C 135C 145C
5+100 100 95.9 571 40,9 276 19.9 7.1 592 433 185 61.00 5.79 354
5+300 100 939 703 536 303 124 7.0 5.88 468 185 5473 520 328
5+500 100 92.7 659 453 21.6 13.7 16 5.19 423 256 20.87 245 1.62
5+ 650 100 96.0 71.7 494 225 14.7 9.1 5.38 340 252 3255 3.41 219
6+100 100 93.6 674 464 229 14.6 8.1 577 458 256 21.72 2.83 1.68
TXTB10+740 100 97.0 698 46.7 232 14.7 79 5.71 528 256 18.77 498 156
MEAN 100 | 94.9 67| 47.1| 24.7 151 7.8 5.64 44.2 2281 34.94 3.66 2.31
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TABLE 4.10.A. RESULTS OF LABORATORY TESTS ON

GRANULAR AND SUBGRADE MATERIALS

AT BRANDON
MOIST.
STATION DEPTH LAYER CONT. LL PL PI qu -
(m) () o) () (%) (KPa)
5+400 0.60 B 53
1.20 SG 263 418 158 26
5+ 600 0.60 B 54
1.30 SG 199
5+ 900 0.60 B 63
130 SG 18.4 337 145 212
6+300 0.60 B 45
1.20 SG 158
6+500 0.60 B 6.0
1.30 SG 199 352 152 20
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TABLE 4.10.B. RESULTS OF LABORATORY TESTS ON

GRANULAR AND SUBGRADE MATERIALS

AT ST. ANDREWS.
MOIST.
STATION DEPTH LAYER CONT. LL PL PI qu
(m) (o) ) (%) (%) (KPa)
5+030 0.25 B 7.6 NP
0.70 SG 16.1 385 154 231
1.70 SG 348 887 299 588 180
5+120 0.30 B 73 NP
0.75 SG 325 845 311 534 250
175 SG 423 9%.0 303 657 170
5+480 0.25 B 6.4 NP
0.75 SG 33.1 737 309 428 270
175 SG 432 0.1 296 715 150
5+660 0.28 B 43 NP
0.80 SG 36.0 764 309 455 275
1.80 SG 38.1 948 303 645 180
5+840 0.20 B 53 NP
0.70 SG 389 830 311 519 280
1.70 SG 39.7 973 303 670 260
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TABLE 4.10.C. RESULTS OF LABORATORY TESTS ON

GRANULAR AND SUBGRADE MATERIALS

AT REGINA
s
STATION  DEPTH LAYER CONT. LL PL PI qu
(m) (%) () (H) (%) (kPa)
5+510 065 - B 57
1.20 SG 2717 772 263 509 400
220 SG 317 300
5+990 0.70 B 56
120 SG 339 776 263 513 375
2.20 SG 323 814 253 561 290
6+290 0.70 B 5.7
125 SG 318 350
225 SG 336 81.4 253 561 275
6+890 0.72 B 6.8 300
130 SG 3038 250
230 SG 315
7+310 0.65 B 6.6
115 SG 298 817 263 554 350
215 SG 323 325




277

TABLE 4.10.D. RESULTS OF LABORATORY TESTS ON
GRANULAR AND SUBGRADE MATERIALS

AT SASKATOON.

MOIST.
STATION DEPTH LAYER CONT. LL PL PI qu
(m) (%) () (%) (%) (KPa)
5+360 0.40 B 32
0.90 B 8.1
130 SG 9.9 352 238 114 400
5+630 0.69 B 52
110 B 5.2
210 SG 108 46 184 62 100
5+840 0.50 B 33
1.10 B 8.4
150 SG 233 609 249 360 250
6+140 0.40 B 24
0.60 B 37
2.80 SG 109 287 184 103 300
6+470 0.50 B 23
1.00 B 4.8

1.60 SG 254 79.0 26.8 522 375
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TABLE 4.10.E. RESULTS OF LABORATORY TESTS ON

GRANULAR AND SUBGRADE MATERIALS

AT THUNDER BAY
MOIST.
STATION DEPTH LAYER CONT. LL PL Pl qu
(m) (%) _ (%) (%) (%) (kPa)
5+100 0.24 B 76
0.42 B 638
1.20 SG 19.2 NP (SM)
5+300 03 B 6.9
0.6 SB 65
12 SG 187 NP (SM)
5+500 0.50 SB 6.6
0.65 SG 25 NP
(SP-SM)
5+650 0.47 SB 103
0.57 SG 9.1 NP
(SP-SM)
6+100 0.44 SB 6.2
0.54 SG 18.1 NP (SM)
TAXI A 0.13 B 37
10+ 740 0.43 SB 45

148 SG 232 NP (SM)






