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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 me¿rsurement of pavement

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

significant gaps in our ability to arnlyzæ, evaluate and desþ pavements rationally. These gaps

in our knowledge pertain to two areas:

l. Measurement of the mechanical properties of the materials in the pavement

strucfure.

2. 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 tr¡rofold:

l. To develop a finite element model to represent the pavement as a layered elastic

solid with the minimum of restrictive assumptions. In fac't the only restrictive

assumption is that the problem is solved as an axi-symmetrical solid, (i.e) as a

plane stain 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-dependenry.

2. 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

(ro,)
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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 finiæ element prograr¡! AÌIISYS. This program turned out to be

a powerful tool for srch 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 consístent wíth the measured

materíøl oropertíes

2. 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

grwotrwo).

3. The pavements were cored at the test locations to ascertain the exact pavement

structure and to recover materials for laboratory testing.

4. At the test location the moduli of the unbound layers were measured using the

pavement pressuremeter developed by Briaud (1979).

5. 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 (l) above).

6. A regression analysis was ca¡ried out between the measured and the computed

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

(,od)



The following conclusions are drawn from this study:

1. A general-purpose finite-element method such as AITSYS presents a powerful

tool to model the pavement under many different assumptions of material

properties and layer geometry.

2. The most powerfi.rl method ofmæching 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.

3. Based on the above conclusiorç it would be desirable to precede the AI.ISYS

analysis with a curve fitting program such as is used by ISSEM-4. This will

permit closer integration of the basin.

4. Some ofthe pavemøtts tested in this investigation \ilere aged and badly cracked.

In such cases there is an abrupt deviation of the observed basin from the

computed ones.

5. For cracked pavements the classical models, including the one presented hereir¡

cannot properþ analyze the pavement. The model should be capable of

incorporating a "gap" element across which only partial or no load transfer will

exist. The AIISYS model presented herein is capable of modelling such gap

elements.

(:o,ü)



For the pavements tested the unbound layers exhibited cross anisotropic ratios

rangng betweeri 0.5 and 3. These a¡e the general range reported in the literature.

The sFess distn'bution appeared to be relatively insensitive to the va¡iations in the

moduli. This raises a question whether one should be overly concerned with

sract values ofmoduli. 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 sfress distributior¡ 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 l l and 12 below) might be the cause for the less

than spectaarlar 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 furttrer qørnir¡ation ofthe pavernent 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

(ro,üi)
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conclusion regarding aged and fatigued and cracked pavements as discussed

above(see#4above).

11. In the regression relationships presented for asphaltic concrete, no physical

meaning canbe 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 oftwo.

12. ln comparing the computed moduli for the unbound materials with the

presuremeter-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,

\ilithin the length of a runway, a high uniformity of material should be expected.

Under such a condition the data points clustered a¡ound 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 gradæioq 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 zubmitted 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.

13.

14.
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15. Unlike in the case of asphaltic concrete (see # I I above) no physical meaning can

be atFibuted to the regression pa¡ameters for the unbound materials, neither the

slope nor the intercept.

Ctrapter 7 of the thesis presents many zuggestions for further research in the field of

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



CHAPTER ONE

INTR.ODUCTIOF{

1.1 DESIGN AND EVALUATTON 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 marq road building

remained more an art than science until the dawn of the Industrial Revolution. Even then, a

systematic approach to road construction \ilas not taken until in the mid 1800's when

McAdam built his first roads using broken stones. Later,in this century, came new surfacing

materials such as portland cement concrete and asphalt. With rapid industrialization and

gowth 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 ofview 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 symposium (1949) on plate

load tests where many papers vrere presented dealing with the application of this test to

pavement engineering

With the ability to apply loads approximately at the same magnitude and contact

pres$,¡re as the actual tn¡ck or aircraft wheel and measure the deflections under the loads, the

carrying capacity of a pavement could be determined for any pre-iletermíned iletlectíon leveL

The test could be canied 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 aniving at a suiøble "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 quanti$ing the

characteristics ofpavement materials such as zubgrade and granular layers. Thus the concept

of Group Index was born. The Group Index is a number based on the clay fraction and

plasticity cha¡acteristics ofthe soil (Yoder and Witczaþ 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 Skemptoq 196a). These latter

factors a¡e the ones that govern the deformation and rutting of pavements. Thus, for the fi¡st

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 fïeld of geotechnical laboratory testing. Tests such as unconfined compression test,

Proctor and California Bearing Ratio (CBR) tests and triaxial tests \ryere being developed and

perfected. Along with the development of laboratory techniques, geotechnical engineers were

also introducing anal¡ical methods using these laboratory parameters for solving foundation

engineering problems. This had its impact on pavement engineering. Many highway agencies

attempted to use triædal test results for the design pavements. This did not lead to any great

success because pavements differed from foundations in certain basic ways. Some ofthese

are:

FOUNDATIONS

l. Continuous static loading

2. HalfSpace

3. Reasonablyhomogeneous

4. Moderate strains

5. Minor environmental effect

6. Localized problem

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

PAVEMENT

Repetitive dynamic loading

Layered System

Heterogeneous

Very low strains

Environment major factor

Wide area affected



for a rational and fundamental design procedure faded till earþ 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 Amsterdarn, 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.

TheEuropeans 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 bpe of a fatigue law (eg. lvfine/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.,

te77).

4
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InNorth Americathe rezults ofthe AASHO Road Tests v/ere synthesised in the form

ofan "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 inNorth America as well. To reflect this trend AASHO revised the Interim Guide

in 1986 and again in 1993 which leans definiteþ 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 (zuch as the finite-element method) have overcome the diffculties 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 FIIWA (US Federal lüghway 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-oÊthe-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-sitr¡ geotechnical tests and geophysical methods

such as wave propagation. Laboratory testing is still uæfuI in isolating and studying the effect

of individual factors on the overall response ofthe material in a controlled environment. Thus

one should not lose the advantage ofthe 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.

l.l.2.l Lal¡ered 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 ofvæious materials (concretg 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,lg6T; 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 ofthese is the strain levels which can be tolerated for satisfactory

performance.

Fig. l.lr shows the typical stress-strain response of a soil in the laboratory. The

7

Figures and tables are included at the end of each chapter.
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circled a¡ea 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 seer¡ 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 l, the constitutive relationship for such materials would involve only

two elastic constants; the modulus of elasticity (E) and the Poisson's ratio (p) or the bulk

modulus (K) and the shear modulus (G). IVhile some authors (eg. Domaschuk and rùy'ade,

1969; Naylor,1978;Pappin and Brow4 1980; Bowles, 1988) feel that K and G are preferable

to E and ¡r to charactenze earth materials, it is customary to use E and ¡r 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 Mo 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 ofmodels aszuming soils to be cross-anisotropic. A cross-anisotropic material is one

where there is one a,xis of symmetry with respect to the elastic properties2. 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 @ardeq 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 (Genard, 1968; Stock and Browr\ 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 ofjust 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 stiffiress

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

Some ar¡thors (e.g. Wroth and Houlsby, 1985) call this an orthotropic medium. In the
literature on continuum mechanics, the term orthotropy usually refers to symmetry in
tluee planes whereas cross-anisotropy refers to symmetry in six orrnot. ¡un.t. ih.
former requires nine elastic constants while the latter requires only five.



component layers can be done only in an arbitrary fashion. The traditional method

geotechnical engineering for the determination of the moduli is to use the tria"xial 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

insfr¡mented 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 45o (Gibsoq 1967, 1974; Chowåhury, 1972; Atkinsorç

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 (Yue4 1976; Lo et a1.,7977). One of the independent parameters for a cross-

anisotropic soil is the vertical shea¡ 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). It is not diffcult 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 ofmaterials. Finally, there is always the perennial criticism that the laboratory sample

might not represent the field conditions faithf,¡lly. Marcuson and Townsend (1976) have

shown that reconstituting the sample for cyclic triÐdal tests can affect the test results substan-

tially. They found that the sampling procedures, the manner of remolding the sample,

cementatioq stratigraphy and the grain size distribution all affected the results in the case of

t0

in
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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 characteriring earth materials by laboratory

testing, particularly for pavement engineering purposes, attention was directe d to in-situ

testing. The plate load test, which was discussed earlier, is one type of in-situ 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, ín-situ geotechnical

tests and geophysical tests.

Surface deflection is one of the best determinants of pavement response. Deflection

testing was first introduced by Benkelrnan during the WASHO (Western Association of State

Ifighway Otrcials) 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 inEurope 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 Sleukelom and Foster, 1960; Heukelonq 1961; Heukelom and

Klomp, 1964). Thus a deflectíon basín 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 defleøions. 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 ofthese machines can be seen in reports by Clayton Sparks and Associates

(1980), Hofünan 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,

l99l). 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. Ofthe dif,lerent 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 ofthe 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

cofltmon of these are the cone penetration tests, the pressuremeter and the flat plate dilato-

meter. In reality these test procedures have been a¡ound 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 @riau d, 1979;

Briaud and Shields, 1979). Further demonstration ofthe 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, reflectiorl down-hole and cross-

hole seismic tests have long been used by geotechnical engineers to identify soil stratifìcation,

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 W'ave method, is drawing increasing attention from pavement engineers (Nazarian,

1989). It would be later suggested in this thesis that the surface vyave 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 Shortcomin&s

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

summarised as below:

1. 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

acrual 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.

Pavement engineers have not taken advantage of in-situ tests to characterize

the materials of construction.

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 ofmatch between backcalculated properties of material

and measured ones points to the need for more work.

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 va¡ious 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

2.

3.

4.
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pavement structure.

5. 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:

l. A high degree of error is associated with the estimates of traffic loads;

2- Another problem is the adequate modelling of the pavement performance

3- Curently considerable difficulty is encountered in modelling the effects of

climate on the materials and on their performance;

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

5. A high variance is associated with the construction not only with respect to

pavement structure but also with the materials and construction quality.

6. The effect of maintenance and local repairs cannot be adequately considered

at present.



L.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 rwofold 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 charactenzation 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.

l6

1.2.2 Methodology of the Study

1.2.2.7 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 ofthe 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 halfspace. A cross-anisotropic
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layered system has been studied by Gerrard (1967; 1968), Bhattacharya (1968) and by

Genard 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 practical use. This thesis will, therefore, attempt to extend these

previous works by:

L 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



different layers are discussed in Chapter 3.

1.2.2.2 Field Testing

In order to verify the model, deflection tests \ilere conducted at five airport sites in the

Prairie provinces in Canada. The sites selected were Thunder Bay in NW Ontario, Brandon

and St. Andrews inManitoba 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 trafrc 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 \ryas determined by actually coring thnough 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

18
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expediencies are necessaÐ/ to infer the other th¡ee. 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) cbuld 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;Loet 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 Resoonse

In addition to the pressuremeter tests, the response of the pavements to three

diferent levels Qow, medium and high) ofloading 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 ofthe finite element analyses are then compared to

the measured FWD deflection basins to evaluate whether:

1. 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.

3. The techniques of determining the in-situ material properties, as described in

this thesis, are adequate or at least hold some promise.
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2.1 AIIALYSIS: LAYERED ELASTIC SYSTEMS

Pavements are generally analy?Åby modelling them as layered elastic systems. Ttre

assumptions involved in this theoretical model were given in Chapter 1. Because of the

geometry ofthe problem one can amly'znthe system as an a,risynrmetrical case. The equation

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

CHAPTER T\MO

REVIEW OF LITERATT]RE

where ao oøare the normal components of stresses, T,, is the shea¡ stress and r, 0 and z are

the coordinate directions. The z-æcis is assumed to be vertical. The loads are generally

assumed in the form ofFourier series or Fourier integrals or llankel Transforms (Genard,

1967). The series approach will apply to periodic loading at regular intervals (e.g. railway

loads). The integral formulation will apply to finite loading zuch as highway loads. The

Ilankel tra¡tsform is more sitable for æ<i-symmeüical problems form the computational point

ofview. One ofthe assrmptions 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 zurface. The

loading is usually taken as sine (odd) and cosine (even) functions. For an æri-synrmetrical

22
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case the odd function will rezult in zero loading (no shear loads) and the even fünctions will

result in a net force (vertical stresses).

The solution to the set ofEqns. (l) and Q) are generally given by a stress function

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

ô = Jo(mr) [Ae 
u - Be '* + CZcu + DZc-fl (3)

where

O : the stress function to satisfy va O = 0

v : the LaPlace operator

I" : Besel function of order 0

r - radial distance from the load and

nL ,\ B, C and D are constants of integration to be determined from the boundary

conditions.

Since there are four consta¡rts for each of the layers, for an nJayer system one has to evaluate

4n constants. The 4n simultaneous equations required to determine the 4n constants are

supplied by the following boundary conditions:

l. Two equations relating to the loads at the sr¡rface Q.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 (srasses and deformations must

be equal to zero).

3. a(n-l) equations at each ofthe n-1 boundaries.
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Solutions for such a system with isotropic materials for a twoJayer system were given by

Burmister (L943,1945). His workwas extended by many. Table 2.1 zumma¡izes some of

the known results.

Limited solutions for a system with cross-anisotropic properties were given by

Gerrard (1967) and Gerra¡d and Harrison (1971) (see also Poulos and Davis 1974, pp. lB7

and Appendix B). The differential equations and the solution methodology still remain the

same as forthe isotropic case o<ce,ptthat some of the paf,aÍieters 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 (Genard 1967). The

solutions, given by Eq. (3), for stresses a¡e 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 elasticþ. In what follows these constitutive equations are simply stated

first for the most general Hookean material (linear elastic material) and how it witl simptrfy

in the case of cross-anisotropic and isotropic materials. For more detailed discussions the

reader is referred to the extensive literature on continuum mechanics and theory of elasticity

(eg. Timoshenko and Goodier, l%9; Lekhnitskü, 1963; Iaeger,l969;Melverr¡ 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

eristing theoretical and computer models for pavement analysis are discussed.



2.1.1 General Theory of Elasticity

Fig. 2.lr shows an infinitesimal 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 polar coordinates for an æri-synrmetrical case. In order to completely define the

state of stress, inthe most general case, one has to define the nine stress components shown

inFig.2.l.

These are the normal stresses and the six shea¡ stress components: ox; oy; orj (t¡,

t*); (t- to); (r* tJ. Ofthese 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:

25

= lcrt
= lcrt

C,,

Because of the requirement of positive strain energy (i.e. work cannot be extracted from a

bodywhen it is being strained), the coefficient matrix [C] must be symmetrical (e.g. Jaeger,

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

C,, C,,
c* cu
C,, C,,
C,, C,,
C,, C,,
C", C'

= lc.,
= lc'

cr.
C,,
C,,
cu
cr.
C,,c.,

C* C*
C* cu
C,, C,,
C* cu
C,, C,,
C* Cu

Fþres and Tables are appended at the end of each chapter.

(4)
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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 constants2.

F}:

Ifthe material possesses planes of elastic symmetry (i.e. planes in which the elastic properties

are equal) then by s.¡ccessive 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 I 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

ffess srain relæionship shown above will degenerate as shown in Eq. (6) below (Lekhnitskü,

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

cu cu cß cr. cß
C,, Cu C,, C,,

ca3 ca{ ca5

Cu C*
C,,

C,,
C,,
C,,
c$
C,,
C,,

F",,

[=

(s)

cucucr, o o 0

crrcr, o o o

crro o o

cu00
cr, o

zlcrr-Crr)

ktEq. (5) and in many zubsequent rnatrix 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.

Ii

[=

(6)
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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 æres. For such a case:

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

Cr, = Cr, ; Cr, = Cr, ; C+t = 2(Cu - Crr)

€,
€v

ê,

cuc? cr, o o o

crrcrzo00
Crrooo

2(Cr1-Cr2) 0 0

2(C:j--Cn) o

2(Cl|-_C]r.)

ry

yz

E.

In terms of engineering pararneters these coefficients can be written as below (Lekhnitskü"

le63).

For an isotropic material:

Cr, = 1Æ; Ctz= -pll; Z(Ctt- Crr) = 2(l=-p) = l/G (9)
E

where

E = modulus of elasticþ

G = shear modulus

and ¡r : Poisson's ratio.

a)

ThenEqn. (8) can be written in the familiar form:

(8)
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For a cross-anisotropic material the constants in Eqn. (9) oan be written as below using the

engineering parameters (Gerrard, 19 67 ; Pickering, I 9?0).

I -p -tr
-t¡ I -¡r
-F -t¡ I
000
000
000

000
000
000
2(l-¡¡) 0 0
0 2(l-p) 0

0 0 2(l-p)

Thus Eqn. (9) can be written with the familiar engineering units as below (Eqns. I I and l2).

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

to the familiar 4y,z and48,z. The coordinate a:<es are shown nEig. 2.2.

Crr = lÆlr ; Cl2 = -FrÆrr i Crc = -FJEú
C¡¡ = l[Es; C+t = Gr¡ = G¡r
Z(Ct - Crr) = Grr = Gzr
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Cartesian Coordinates

For the sake of clarity the zeroes are not shown.

(10)

fJ:

lEr
tLJE'
ptE,

-ytB, -F/8,
lÆ, -FJE,
-t,/F,. lß,
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0

0

0

0

0

0
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Polar Coordinetes

2.1.2 application of Elastic Theory to Analysis of pevements

As can be seen from Table 2.1 apphcation of the theory of elasticþ to the design of

pavemerÌts had undergone three ditrerent phases of evolution over the past one hundred years.

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

l. The Boussinesq model. (Ilalfspace model.).

2. The Burmister model. (Layered elastic qystems.)

3. Computer based models, particularly based on the finite-element approach.

Ir tltis section the application of these models to the analysis of pavements will be discussed.

(-t /eJ 0 0

Gplrà o o

lE.0o
2(l+1t)lB, 0

llG'-
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0

0

llG'-

2.1.2.1 Boussinesq Model

The fi¡st practical and usable solution for a homogeneous, isotropic linear elastic

halßpace 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 ariy

depth z are given here since these a¡e of most interest.

(13)



Here P is the load intensity, r the radial distance from load, z the depttr, E the Young's

modulus, ¡zthePoisson's ratio, Aand H are influence factors. Ahlvin and Ulery (1962) have

published extensive tabular values for this case.

As pointed out in Chapter l, Boussinesq's model has wide application in foundation

engineering provided one is not concerned with anisotropy or non-homogeneþ. However,

in the absence of a method to calculate stresses and disptacements in a layered systerq

Boussinesq's method was employed for analyzing pavement systems.

The theory was applied in two r¡iays. Some engineers ignored the contribution of

the upper layøs and treated the roadbed and the srbgrade as an elastic halfspace. Thus in the

ASTM symposium on plate load tests (STP 79, 1949) the papers which attempted to anal¡ze

the plate load test results did so on the basis of the classical theory of halfspace @almer,

Mcl^eo4 and Osterberg discussingMcleod's paper). Between 1945 and 1960 theUS ARMY

Corps of Engineers tested full-scale test pavements with instruments and found that the

classical theory ofhalßpace predicted the stresses reasonably closely to the measured values

(Foster and Føgus, 1949; Tumbull et al., 1961). Vesic and his colleagues came to the same

conclusions between 1960 and 1965 (Sowers and Vesic, 196l; Vesig 1962, Vesic and

Domaschuh 1964).

or=

^ _ P(+¡r)a
'' - 

-Ë--

2tcfi + (L)'f'' Z2

z

t3'¡,
a

*(l-p)HI

30

(14)

(1 5)



3r

Another school ofthought is to consider the upper layers but to incorporate it in the

computations as an equivalent layer having the same modulus as the supporting foundation

srbgrade. Thus the pavement would be converted into a homogeneous halfspace satis$ing

Boussinesq's assumption (Steinbrenner, 1947; Palmer and Barber, 1940; Odemarþ 1949;

Vesig 1962; Thenn de Barros, 1966; Ueshita and Meyerhol1967; Briaud, 1979; Ullidtz and

Peattig 1980). The various methods of finding equivalent single loads (eg. see Yoder and

Vñtcaach 1974) a¡e also based on this concept. Once the equivalent hatßpace is found the

stresses and displacements can be calculated at any depth. At least one backcalculation

method forFWD deflections (the ELMOD method) uses this concept (IJllidtz and Stubstad,

less).

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. Ifowever, there are significant

discrepancies in computed radial and vertical displacements in some ca¡¡es. Odema¡k's

solutions suffer from the same criticisms. The ELMOD program often gives results which

are at variance with other accepted algorithms such as ELSY-I\,Í 5 oTILLPA\¿E. Some of

the expressions for finding the equivalent modulus are fairly complicated (Odemarl(, 1949;

ueshita and Meyerhofl 1967). rn general the equivalent modulus is given by:

where,

En = Equivalentmodulus

E*= =- 
(h, . E,)"

L- (16)



h = thickness ofthe ith layer

E, = modulus of the ith layer

n = ari exponent (generally around 3)

The variation between Boussinesq's distribution and the one predicted by layered

theory by Burmister would depend on the relative stiffiress 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 ofEngineers (Foster and Fergus, L949; Turnbull et al., 1961) did not show

much differences between the two theories. It is zuggested that the compaction and

construction techniques in a test pit would not produce the same stiffiresses as in an actual

construction. This was explicitly recognized by Foster and Fergus (1949). Instrumented

sections of actual airñeld pavement sections show significant differences between Boussi-

nesq's and observed stress distribution showing the effect of the stiffupper layer. Thus,

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

2.1.2.2 Burmiste/s Model

32

Burmister was the fi¡st 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 I . IIis 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 gving influence factors which could be used to compute surface

de'flections under the imposd load. At fi¡* he considered Poisson's ratio of 0.5. In a further

pap€r (1962) he published curves with different Poisson's ratios. In general, the theoretical
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oçressions forlayered systems are very involved and cumbersome to handle. Hence multi-

layered systems could not be analyzed without recourse to tabulated values, graphs and

charts. \ilhen the number of layers exceeeded three, the evaluation of the factors became

unwieldy and a high speed computer would be needed.

Burmistedsworkwas ortended by many (see Table 2.1). The extensions consisted

mainly in considering a thi¡d 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.I.2.3 Extensions to Burmiste/s Model

The most notable and probably most used of these additional worlcs were due to

AcumandFox(1951), Jones (1962),Peattie (1962) andUeshita andMeyerhof (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 tookttre layered elastic system one step further in that stress-dependent moduli

as well as non-homogeneous material could be considered in the computations. AIso the

number of layers was theoretically unlimited.

Acum and Fox (1951) ortended Burmistefs method to a threeJayer system. The

loading was a uniform load on a circular area. The numerical computations rryere based on

fourparameters whichwere functions of the radius of the loaded area (a), the thicknesses of

the two finite layers (ht and h) and the modula¡ ratios (Er/E and $¡E ). The results were

somewhat limited becar¡se only factors for stresses were given. No factors for strains or

displacements were giverL Only one Poisson's ratio (0.5) was considered. AIso relatively few
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cases were considered. The res.¡lts were presented in the form of tabulated values rather than

charts or graphs so that interpolation would be necessary. Since the solutions were very

complicated and non-linear srch interpolations could introduce significant errors. However,

this work should be considered a big contribution because it evaluated a three-layer system

which was more praÉtical 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 nort mqior breakthrough came with the publication ofmore 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 sa¡ne p¿uameters considered by the ea¡lier

workers. However, the Poisson's ratio was still kept at 0.5. Again Jones chose to publish

his results in the form of tables thougfu because of the wider range of parameters,

interpolation was not necessarily as risþ 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, thougl¡ he presented these results in an ingeneous

graphical way consisting of curvilinear gnds. ßig. 2.4 shows an example ofPeattie's curves.

The works by both lones and by Peattie were still concerned only with stresses in the layers.

No factors were derived for deformations or strains.

Uestrita and Meyertrof (1967,1968) attempted to fill this gap by deriving deflection

factors for a threeJayer 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

res¡lts with approximate methods zuggested by Odemark (Lg4z)previous workers and found

good agreement for specific conditions (i.e. progressively decreasing layer moduli). Ueshita

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

as mentioned in an earlier sectior¡ they also derived equivalent moduli for multi layer systems.

No fi.¡rttrer attempt at numerical waluation orfurther ortension to Burmistet's model

has been reported in the literature. By this time the ShellDesþMethod had been in place

for some years and many computer based algorithms were being developed. With these

programs one can theoretically ar:r'lyze an n-layer system though the computational effort

becomes too large if the number of layers exceeds five. Also the accuracy obtainabte 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 a¡e discussed.

2.1.2.4 Currently Used Computer Models

This section degcribes some of the better known computer progranu¡ for the desþ

and evaluation offlexible pavements. All models assume isotropic, homogeneous and linear

elastic layer properties. Some can consider non-lineæity because they are based on finite-

element techniques. Thus different constitt¡tive equations can be written for different

elements and the non-linearity can be considered. There are basically two tlpes of models:

l. Analysis models

2. Distress models

The oldest known computer bas€d analysis model is probablyBISTRO which formed

the basis of the Shell design procedure. This was later improved and iszued as BISAR

(Claessen et al., 1977). The improvements considered were horizontal loads, variable

ir¡tsåce ûiction arld rwis€d stress-strain relationships of æphalt based on fi¡rther 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 subJayers the prog¡¿rm can be made to consider

non-linearity of the materials. The program can also consider multiple wheel loads. The

drauóack ofthe program is the long computational time required.

Other analysis models that a¡e often referred to in the literature are CEIE\IRON and

CIIE\IRON-N programs. The CHE\IRON is the older version which could consider only

three layers. CHE\¿RON-N is the modified version to handle any number of layers much the

same way BISAR considered multiJayer pavements.

ELSYM 5 is a multi-layer analysis program developed at the Universþ of

Californi4 Berkeley and forms the basis of design management syste¡ns of many agencies.

This is a finite-element-based program using layered elastic theory. The original development

of ELSY-lvf 5 followed the CHE\IRON-S 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 s€t of æ<es. The ouþu! ther¡ would give stresses and strains at any point with

reference to this coordinate qystem. As a default, the program assumes rigid bottom at

infinite deptt¡ but depth to rigid bottom can be specified. Though the program is based on

finite-element af¡al)'sis, only linear elastic material characteristics can be input. Modifications

have been made to the source mde so that non-linearity can be considered. For this purpose

the program was modified to coruider up to 50 layers. Details of the working of the program

can be seen in the EIIWA re,port FIIWA-TS -87-206 (1987).
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ILLI-PA\IE is an analysis tool developed at the University of Illinois (Gomez-

Gomez-Acheca¡ and Thompson, 1984, 1986). This is a complex finite-element-based

program. The pavement is considered to be an axi-rymmetrical solid of revolution. Non-

linear material properties are incorporated in the program. In additioq the Mohr-Coulomb

failure criterion is also included in the model. As input, the program requires pavement

geometry Qayer thicknesses), material constants to define 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 Moh¡-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 lllinois where

deflection measurements were taken with the FWD. Thus the analyses are all done for a

circular load of 40 kl.I and 600 kPa tire preszure (9,000 lb, 80 psi) conesponding to single

wheel of the single-ade highway truck. The program is being continuously upgraded to

consider more and more pertinent desþ factors. Thus, recentþ the effect of climatic factors

onmaterial and pavement response was included @empsey et al., 1985). LLI-SLAB is the

sister program to ILLI-PA\IE 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 halßpace 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 ûom
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FIVD test files. At this point the operator has the option of indicating the zurface condition

ofthe pavernent. Lat€r inthe analysis part the user has the option of modi$ing 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 ofthe modulus as well as viscoelastic

behaviour of asphalt. It can also consider stabilÞed 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 FORTRAI.{. Unlike ELMOD this

program does not read the field FWD file,s directþ. The data has to be re-worked in a specific

format dictat€d by the FORTRAI.I language. The pavement is reduced to an ori-symmetrical

plane-srain problem. The authors call the model generated "a finite cylinder". The program

has tr¡¡o 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 cnfrom the centre of the load to the outer boundary of the model. Once a

satisfrctory curve has bem generated, the data is fed in to the analysis part. It could happen

sometimes that ifthe asymptote cannot be properly deûneq then the progra¡n caffiot generate
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a satisfactoriþ fitting surye urd will abort. Physically this means that the seven sensors in the

FWD do not define the deflection bowl adequately.

ISSEM4 uses ELSYII as the sr¡broutine for the analysis part. Based on the load and

deflection data ELSYIVÍ 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 manimum of four

layers. For pavements having more layers equivalent moduli can be computed and given as

input forthe program. After the calculations, one has to derive the individual moduli of this

composite layer.

D¡stress 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 disct¡ssed above but also incorporate additional response models for predicting

fatigue cracking rutting thermal cracking etc. The best known inthis category is \IESYS

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 StatelÍghwayDeparEnørts. They areused for analysis as well as for selecting

rehabilitation options (e.g. Rauhut et al., 1979; Finn and Monismit[ 1984; Smith et al.,

1986; Ali and Khosla, 1987).

2.L.2.5 Finite-element Techniges

Overthe past twentyyears æalysis of stresses, strains and displacements in soil and

rock masses as well as beneath the pavements has been frequentþ carried out by the finite-
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dement method. The fi¡st application ofthe finite-element method to pavement analysis was

iltustrated 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),

Radhalaishna 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 zuccessive iterations will converge rapidly and not oscillate

about avalue. Cstain values of the material parameters can lead to such a situation. Thus,

for inSance, in the ELSnd 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 elasticþ Poisson's ratio of 0.5 would lead

to results which would exceed the definition of infinity by the computer. In such cases

oçediencies slch as setting p: 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

converge¡rce rate. Some modern finite-element softwa¡e can automatically choose a mesh

conñguration depending on the problem. Finally, regardless of how sophisticated the

program tq the res¡tts 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

va¡ious programs. Ita¡hw et al. (1979) çrote ûom an unpub¡ished report from the University
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of Toras and state that atl the programs yield essentially same results within about I percent,

the maximum difference being 3 percent. In contras! Ali and Khosla (1987) presented results

which compared four different algorithms. The ratio of predicted resilient modulus to

laboratory meas¡¡ed 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 va¡iations. With some the

va¡iæions ofthe mædmum 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. Hoffinan and

Thompson (1982) show that the ILLI-PA\IE and BISAR algorithms can yield quite different

results. Bush et al. (1985) analped 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

rezults obtained from analyse.s n¡n with the BISTRO and CIIE\IRON programs and show that

these could yield seriously divergent results. In their discussion of the paper by Bush et al.,

Uddin st al. (1985) suggest that the deflection rezults of each equipment should be analped

by the qpecial algorithm dweloped for tt¡¿t equipment. Since linear elastic systems should be

st ictly independent ofthe method oftesting, 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 @urdue

1985, Affi A¡bor 1987, Baltimore 1988 and Wes Iæbanon 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 ofpavements.

In comparing these different algorithms and the reviews about these it appears that

the models a¡e sensitive to:

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

2. the material characteristics i.e. the modulus, the t¡pe of stress-strain relation-

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

There is not much one can do about wrong inputs regarding the layer thicknesses.

Even when the thickne.sses are taken from actual cores obtained from the pavement some of

the programs show some variations. Therefore the major wealiness in the progra¡ns lies in

the inadequate characterization of the materials. The following section discusses the

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

2.2 MEASITREMENT OF II{ATERIAL PARAMETERS

The properties ofthe pavement materials can be determined in ¡ro u'ays. The fi¡st

is laboratory determination and the second is in-situ. Laboratory investigations are useful in

that the influence ofthe manyvariables goveming the reqponse of the materials can be studied

in isolation and under contolled conditions. This aspect is very important to understand the

fundamental behaviour of the material. On the other hand it is very nearly impossible to

re,produce the field conditions ftithfully in a laboratory. In pavement engineering this is quite

important becar¡se the response of the stn¡cture is atrected by relatively short-term changes

in the field conditions. Therefore, in-situ tests are very usefi.rl. This section attempts to

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



2.2.1 La,borttorT Investi getions

Since the materials used in the construction of pavements are essentially earth

materials, the method ofæsting reported in the literature is primarily the tria"xial 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:

where,

MR : resilient modulus

€r = recoverable strain (eo - radiali €,n - vertical)

ç : deviator stress level

Many factors affect the value of the resilient modulus. Some of these are:

l. Type of material;

2. Moisture content;

3. Confining pressure;

4. Stress history ofthe material;

5. Stress level of loading and unloading;

6. Number of cycles of loading and unloading; and

7. Tlpe of loading.

43

Mr = orl c, (17)
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The following review is divided into tr¡¡o pârts, one dealing with the fine-grained materials

(srbgrade: generally silts and c,lays) and the other with granular materials (bases and zubbases:

generally crushed rocþ gravels and sand).

2.2.1.1 Resilient Modulus ofFine Grained Materials

Some ofthe earliest investigations on the resilient modulus of fine-grained soils were

due to Seed and his associates at the Universþ 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

sFesses and different sress histories. It was found that clayey soils tend to soften during the

initial cycles of re,petitive loading. However, at large number of cycles of loading they could

show a stiffening effect. Base.d on the series of tests between 1955 and 1962 Seed and his

associæes formulated a model for the resilient modulus for fine- grained soils which is shown

inFig. 2.6. The equations to the two parts ofthe curve shown inFig. 2.6 are uzually given

as follows (Yoder and Witczah 1974):

Mr= L *KrIKr - (o, - o3)l 0. (o, - or)< K,

Mr = K, + K. [ (or - or) -K, ] Kr < (or - oc)

Stress history and frequency of loading had significant influence on the failure strain of the

clays. Thixotropic soils, at high degree of saturatiorL can recover strength and show

considerabty increased stiftress under repeated loading (Fig.2.7).

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

Seed and his associates, up to 1969. All the investigators found that the resilient modulus of

(18)

(1e)
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the fine gnined soils decreased rapidly by as much as four hundred percent up to a deviator

stress between 100 and l50lcPa (14 psi. to 21 psi.). Beyond this stress level there is a slight

stitrening etrect (seeFig. 2.Q. \\einitial decre¿se in the resilient modulus is attributed to the

shea¡ strain (strain-softening effects) and the breakdown of structure. The stitrening part is

atFibuted to:

1. The oveniding effect of the mean normal stress over the shea¡ stress effects;

2. Structural changes in the clay particle arrangements;

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

Chaq 19s8).

Ifowever, Dehlen suggested that the strains at which the stiffening effect was usually

observed would be far in occess ofthe 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

I'æ,1962). This is a relæively low number of repetitions in the life of a pavement and hence

is likely æ 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:

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

Conversely ltd* increases.

a,

3.

Resilient modulus increases as the intensity of stress decreases.

Methods ofcompactionwhichresr¡lt 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 densþ

increases the modulus.

6. Ttrixotropic materials show an increase in modulus after a small number of load

repetitions and long rest pøiods. Howorer, at large number of load repetitions,

thixoüopy does not seemto 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

wt¡ich could not be always controlled. One such factor is the effect of time. The laboratory

resr¡lts a¡e based on accelerated test procedures. However, the authors felt that this would

give conservative values for the desigr. Another åctor 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

rrcrhomogeneity could not be considered in the tests. Further the validþ of the laboratory-

determined modulus was accepted based on the good agreenrent between these results and

the plæe load æsts. Howorer, the plaæ load tests could yield only one deflection. lvfatching

the malrimum deflection does not necessarily mean that the behaviour of the pavement has

beør properly clwacteÍzÅby 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 rezult that the laboratory results agree
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closely with the protoEæe plate load tests is not clea¡. It is suggested that they are not

comparing the same two specimens of the soil. Similar objections can be found in Argue

(1970). Base.d on the series oftests Seed et al. recommended using an equivalent modulus

which would give the same deformation as the actual layered structure (cf. Section 2.1.2.1).

TheyþstiS their recommendation based on tests on prototJæe pavements by McMohan and

Yoder (1960), Sowers and Vesic (1961) who concluded that the halfspace model represents

the pavements quite adequateþ. The objection to such protot)?e pavement tests (e.9.

Turnbull et al., 1961) has been already mentioned (see Section2.l.2.l).

Marcuson and Townsend (1976) and Townsend (1977) report on the effect of

reconstituting samples for cyclic triÐdal testing. Their report was specifically directed to the

shell and foundation materials for the Fort Peck Dam in Montana. In the 1977 reporl

Townsend quotes a number of other workers from different parts of the world who had

obtained similiar res¡lts. From these works it would appear that reconstituted materials show

lí%oto 100% lower strength and modulus than in-situ materials. Further, it was suggested

in their report that most natural soils a¡e anisotropic and that reconstitution would destroy

the fabric and the anisotropic character. Thus it is suggested that neither cyclic tests on

rernolded samples nor snrall-scale tesæ 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; Iücks and Monismittr, l97l;Deacor¡ 1970;) techniques determining

anisotropic parameters had not been developed. The Berkeley tests have shown that the

resilient modulus of fine-grained zubgrade materials is influenced by the stress history ofthe
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soils. Due to the manner of their depositior¡ subsequent consolidation and probable load-

relief these soils do possess inherent anisotropy (e.g. Graharn et al., 1989). Very often the

constn¡ction techniçes s¡ch 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 zubsequent section. In the remainder of this section a few other models for

fine-grained soils are reviewed.

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

clays.

One can rewrite this to yield the modulus:

Thøeforg a plot of l/E and e will be a sraight line the slope of which will give inverse of the

secant modulus at any srainlevel and the intercept of the line will be the inverse of the initial

tangent modulus. This model hasbeen accepted by many @uncan and Chang, 1970;Briaud

et al., 1983, 1986). However, there a¡e a few objections to this model when applied to

pavement engineering. Kondner's paper aimed primarily at the prediøion of the ultimate

strength of the clay. He recognized that except for small strains (less than 4%)the model

predicted the triærial test resr¡lts from many other investigators fairly well. However, in all

cases the oryerimental data differed sigificantþ from the prediction of the model in the range

of small strains. Pavement engineers are mainly concerned with strains in this small range.

For enample Dorman and Metcalf (1964) sr¡ggest tolerable subgrade strains between 600 and

(ole) = f, = ll (a+be)

(+) =¡+b.e

(20)

(2t)
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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 Kondne/s paper, Brinch Hansen (1963)

suggested a modiñed parabolic relationship as given below:

Thiq howorer does not lend itselfto calculation ofthe 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 zuitable for pavement analysis.

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

where,

MR : resilient modulus

ç : cyclic deviator stress

oi = confining pressure

and K and n are constants.

M".= *,
(q / of'

This model will be refened to as the NottinghaÍi model in this thesis. This relationship was

shownto fit data onlaboratory samples ofKarpermarl prepared from slurry and consolidated

to varying degrees of consolidation. The over-consolidation ratio (OCR) ranged between I

and 20. The results are shown in Fig. 2.9.

Q2)

(23)
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It would be interesting to compare the Berkeley and the Nottingham models. The

Berkeley model dop not rængnzæthe effect of the confining pressures explicitly. Thus, for

a glven pavement sür¡cfi¡re as the load increases the modulus will decrease and the deflections

will increase. Howwer, ifthe srbgrade would be restrained against deformation 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 zuction had significant effect on the resilient modulus

(Figs. 2.10 and 2.1 l). Fredlund (1989) presented similar results. Brown et al. call this the

effect ofthe initial confining pressr¡re and consider this in their model by a power of (oi). Fig.

2.12 shows the relationship between the resilient modulus and the ratio of deviatoric stress

to this effective confining pressure as srggested by Brown et al.

Both the Nottingham and Berkeley models require extensive and elaborate

laboratory setup to arrive at the suitable material constants inEqns. (17) to (19) (e.g. Boyce

and Browr\ (1976); Finn and Monismit[ (1984)). Therefore attempts have been made to

relate the resilient modulus to simple soil index properties. Thus Kirwan and Snaith (1976)

a¡rd Jones and Mtczak (1977) have tied to relate water content, plasticþ inde¿ degree of

compaction etc. \ilhile these a¡e usefirl, 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 ñ¡rther discussed here.

Moosazadeh and Witczak (1985) suggest a model as shown below:



\¡/here,

It4 : resilient modulus

od = deviator stress

K, and IÇ a¡e material constants.

By analyzing nearly 3,900 pavement test data from different parts of U.S.A and

using regressiontechniques, they could suggest range of values for the constants & and Kr.

Kt varies between I and 200 while Krvaries between 0 and L 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 densþ increases, is directly proportional to liquid limit urd PI

but is inversely proportional to plastic limit. K, decreases as the dry density increases and is

insensitive to the limits. K, and K, a¡e relatively independent of each other. This model is

similar to the Berkeley model. The resilient modulus is explicitly related to the deviatoric

s:Fess but only implicitly to the confining pressure, through the constants K, and IÇ. 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

e,rplicitly relate the modulus to both the derviatoric stress and the confining stress is preferable

to others.

M, = K, (oJE
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2.2.1.2 Resilient Modulus of Granular Materials

As intlre case of fine-grained soils, the ea¡liest investigations on granular materials

were carried out by Seed and his associates at Berkeley (see prwious section for the relevant

references). Their primary conclusions based on those tests were:

l. The resilient modulus of granular materials depends on the confining pressure. The

resilient modulus can be expressed as:

Mt = Kr'ol'

Alternately it can be also expressed as:

Mr=r/'9v

where,

I\dR : resilient modulus

03 = lateral confining stress

0 = ñ¡st stress invariant

and Kr, & ,Kr'and Iç'are material constants.

The constants can be determined easily by plotting the results of the repeated load

tiardal tests on a logJog sc.b (Fig. 2.13). This model is generally referred to as the

K-0 model in the literature.

2. The modulus increases as the densþ 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 nr¡mber of stress repetitions has no effect on the rnodulus.

(2s)

a6)



6. The sequence of loading has no eflect on the modulus.

7. Load duration and Êequency have no effect on the modulus.

Following the pioneering work by Seed arid his associate.s, there have been a number

ofirvestigstions into the resilient modulus ofgranular materials. Some of these investigations

continued the laboruorytestswhile others determined the modulus by back calculation from

the meas,¡red deflection bowls. A review of the data shows that practically everybody, who

determined the modulus in the laboruory, came to the conclusion that the K-0 model would

be satisåctory. However, those investigators who attempted to evaluate the modulus from

iwsitu 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 ofdeflection tests using the FIIWA

road rater equipment. Their conclusionwas that the theoretically-prediøed deflections based

on laboratory-measred moduli are trvo to four times greater than the actr¡al measured deflec-

tions. By inference, the laboratory-determined modulus values a¡e one-halfto one-quarter

ofthe act¡al i*sifitmoduli. Thr.¡s tlrc laboruory tests consistently underestimated the moduli.

The ar¡thors suggested ur 'adjustment factorn to the K-9 model as follows:

53

Here the syrnbols have the same significance as before orcept þ which is the nadjustment

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

is the ñctor called "deflection ratio", & & is the ratio of predicted to measured deflections.

Ml=Kl'tr'oh Q7)
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For any given pavement section a unique k, can be determined in such a way that the

predicted and meas.¡red deflections are equal (i.e. & = 1.0). This value of þ is called k, &
: 1.0). By repeating the theoretical iterative layer-elastic program D'Amato and Witczak

arived at unique þvalues for different pavement sections but only for the centre deflections.

Their attempt to find such unique þ values for deflections at other points measured by the

road rater r¡/as unsuccessful. They justified this approach because they were essentially

ortending 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 mÐdmum centreline deflections. Hence the nadjustment factorn suggested by

D'Amato and Witczak is valid for only one point under the load. Thus one ¡nay conclude that

the K-0 model is a poor one to represent the true response of the pavement. A valid model

should be able to match not only the ma¡rimum deflections but also the deflection basin as

suggested by Hoftnan *a fnornpson (1982).

The value ofthe adjustment factor k, & : 1.0) decreases with weaker pavements,

highet loads, and increasing deflections. That indicates the stress dependency of the modulus.

D'Amato and Witczak explained this as being due to increasing shea¡ strains in thinner

PaveÍients, higher loads or increasing deflections. Thus they suggest that these bases show

a srain-softening effect. These conclusions wene liater srpported byMay (l9Bl) and May and

witczak (1981) who continued the studies byD'Amato and witczak.

Pappin and Brown (1980), Brown and Pappin (1981, 1985) also nored 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 stress€s calculated in each step of the iteration might exceed the shear



55

strength of the material; or the material might orperience tension. In either case the

comput€r algorithm would arbiüarily reduce the stresses and recalculate the modulus. Brown

and Pappin argue that zuch 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

Frg.2.l4. Here the soil is stressed from point A to point B. Because of the constant

confining pressure the slope ofthis path would be 3 to 1. However, in a pavement the stress

path car¡ have any slope as shown in Fig. 2.15 depending on the loading sequence, the mean

normal shesses 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 pavemen! where a large number ofre,petitions 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 ofthe pavønent can show excessive deformation. Now, the strains

in the soil are complex and can be resolved into tn'o components, the volumetric and the

shear srains. 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 triorial tests one can develop a set of strain

corilor¡rs for both volumeüic and shea¡ strains for different materials (hence the name contour

method) in the p'n 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

ar¡thors a¡e the bulk modulus and the shea¡ modulus (see Section L I.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 a¡e knownthese 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 to the pavement system.

The contour model was originally developed for dry materials so that the effective

stresses can be measured directly. Subsequent work inNottingham showed that the model

can be applied to partially saturated soils if effective stresses a¡e used @rown and Pappiq

1e85).

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 prograr4 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 frst attempt to consider fundamental geotechnical

aspect of materials. Howeveç it relies heavily on laboratory testing of prepared samples.

It would be recalled that the strain contours for each tlpe of material should be established

fi¡st. This requires a large number of tests on each tlpe of material to be performed in the

laboratory. The equipment needed for these tests are much more sophisticated than the

conventional triædal equipment @rown and Snaitb 1974; Boyce and BrowrL 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. IJzan(1985)
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rwiewed the o<isting hypotheses to charact€rize the granular layers in the pavement structure.

The models examined were:

l. theK-O model

Uzanproduces the res¡læ ofæsts conducted on a dense graded aggregate and shows

tl¡at the K-0 model fits the test results quite well if the first stress inva¡iant 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

ma*edly @ig. 2.17(b), strowing that the K-0 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-0 model and the model suggested by Brown and Pappin. These results were for

crushed limestone, different from those represented in Fig. 2.r7(a) and Fig. z.l7þ).

However, the trends of the K-0 model and the contour model are still valid. Fig. 2.18(b)

slrows that the contour model appears to predict the test behaviour better than the theoretical

predictions by the K-0 model (Fig. 2.18(a)). The decrease in the resilient modulus for lower

strains rnay be oplained by the tendency of dense packed granular materials to dilate at low

shea¡ strains. Therefore it would appear that the K-0 model fails to recognize the effect of

shea¡ sfain on the modulus. TJzanzuggests a modificationto the K-Omodel to include the

strain effe¡t on the modulus. Ifis equations are as below:

3. the contour model due to Brown and Pappin.

the hSperbolic model -+ llB

Ivf" Kr.0o

(a + be)

Mr=Kr'oq'tl (28)
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where, e. and od are the resilier¡t ðdal strain and the deviatoric stress respectively, and Kr, IL

Kr and IÇ are material constants. These constants are to be evaluated by regression analyses

of a large number oftest res¡lts. Uzancompared these equations with the contour model as

well as some other test rezults (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; [Iarris,

19Mb). These invastigatiors are concerned primarily with stresses in bacldll behind retaining

walls. Ttreyincluded field measurements, experimental retaining walls, as well as laboratory

operiments with small scale cylindrical containers. They all refer to a much earlier work by

Whimq in 1954, who measured the stresses under ach¡al rollers, both static and vibratory.

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

Cor¡sider a point in a loosely placed fill. Ihis point will be subjected to an effective vertical

Mr = rr 'eq' o!'
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stress o"'and an e,ffective horizontal stress or'Gig. 2.19). The ratio of the effective vertical

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

Now, due to the operation ofthe roller the fill is zubjected to an additional vertical and

a colresponding 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 Ç 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 wilt be

b-cd. The point C ì¡/ill lie on the\ lint (ttrg passive pres$re tine). Since the lateral pressure

cannot exceed the passive pressure this will be the upper timit. When the unloading cuwe

reaches the Ç line the soil yields and there is a reduction in the lateral stresses. The depth

at which ttris yielding occurs is called the critical depth. Below the criticat 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 a¡e higher than in the original

condition gving 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 clea¡ that the magnitude of the residual lateral

stresses will depend on the location of the point b (Fig. 2.19) on the stress pattr, which is

dictated by the compactive effort and the thickness of the layer. If the fitl is placed in one

thick lift then the pressure is likely to be as shown in Fig. 2.20(a). However, fills are

xo= otrt at" (30)
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compacted in thin |ifts of 150 to 200 mm so that the preszure distribution is more likely to be

as in Fig. 2.20(b).

The tests and results reported by these authors can be zummarized as below:

l. Compaction of fills produces lateral stresses that are considerably in excess ofwhat

would be predicted by classical theories.

2. Compactio4 essentially, produces overconsolidation in the fill. Overconsolidatioq

in turn gives rise to high IÇ value increasing the value of lateral stresses Fig.2.2l

@rooker and keland, 1965; Mayne and Kulhaway, 1982).

3. In a deep fill the ma"rimum lateral stress occurs at some depth Z. below the top

sr¡rface (Fi9.2.20). This depth is called the critical depth by these investigators. In

a pavement becar¡se ofthe 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

asptnlt and granular layers. Thus one can expect high lateral stresses in the granular

layer of the pavement.

4. The magnitude ofthe læeral 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 tr¡rice the stresses measured under static loads. It

depended upon the intensþ of stresses under the roller and the amplitude of

vibrations. Since modern rollers a¡e much heavier than those in Whiffin's days and

can q(ert much higher vibratory loads it could be ass¡med that high locked-in stresses

would be meazured in the granular base layers of today's pavements. This writer is

not awa¡e of any recent work similar to Whiffn'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 r¡/ere measured in these. IÇ values much

geater than 1.0 have been re,ported (Ingold, 1979,1980; Brown and Pappirl 1985).

6- The la¡eral stresses tend to drop slightly with time in the case of clays while no such

reduction was observed with sands @roms, r97l; carder et al., Lg77).

Residual tranwerse stresses have been measured even in such coarse material as

railwayballast by Stewart et al., (1985). In their view the current procedures of computing

resilient modulus ofgranular materials fall into two categories:

1. Ones that do not recognize the development oftensile stresses at the bottom ofthe

granular layers.

2. Ones that do but artificially assrgn low lvf* 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 (l) theMohn4oulomb 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 laboræory. Ttrey describe laboræory tests in a large box where railway ballast

was zubjected repeated loads. Large horizontal stresses on the sides of the box are reported

eving rise to IÇ values as high as 12 atabout the mid point of the box. Considering that they

were testing high quality, angr¡la¡ and free draining ballast, zuch IÇ values are possible. The

important point, thougfu is the existence of high residual lateral stresses. Stewart et al.

conclude that the existence of zuchhigh residual stresses is responsible for eliminating tensile

stresses or permanent deformations. Brown and Pappin (1985) demonstrate that even at
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Ko : 1.0 the necessary horizontal compressive stresses would be developed to eliminate

tensile stresses in a t¡'pical pavement structure.

Kehdr (1985) reviewed the permanent and resilient deformation behaviour for a range

ofcn¡stred 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 resea¡ch efForts in cha¡acteÅzng

granular materials. He noted that most researchers used a static or constant confining

pressure. He adopted a dynamic confining pressure approach whereby the a.xial and lateral

stresses were varied simultaneously. A few other investigators have used this technique

before (e.g. Alleq 1973; Pappin and Brown, 1980; Lan11982). Using this approach and

a series of linear stepwise regression Khedr concluded that the K-0 model holds reasonably

for bulk stress levels greater than 70 lcPa He noticed that below this stress level some of the

samples showed a decrease in MRwith increasing 0. It is suggested that this might be the

range where the stress path might cross the åilure line. (Compare discussion of llzan's paper

above.) Unfortunatel¡ unlike Uzaq 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 wen in plwially deposited granular materials has been suggested by Sada

et at. (1976), Belloti et al. (1989). It will be recalled here that in reviewing the literature on

the resilient modulus of fine'grained soils, inthe previous sectior¡ it was noted that there was

an increasing consensus that anisotropy should be considered in problems involving earth

¡nasses. Cross-anisotropy will be discussed in a zubsequent section.
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In using the hlperbolic model, it should be noted that the modulus decreases as the

strain increases. While this could be true for small strains, both the K-0 model and the

contour model suggest othenpise. Thereforg the hlperbolic model is even a less appropriate

model for granular bases.

Boyce (1980) suggests a non-linear, elastic model cha¡acterized 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 a¡e:

l. The material is elastic and isotropic.

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

3. The moduli apply to any stress patlU the state of stre.ss 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:

where, e¡

p

si,

and õtr

.u=*oun*Isu

a component of strain tensor

the mean normal stress

component of the deviatoric stress tensor

the Kroenecker delta

(3 1)
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He then shows that the moduli are functions of the first and second stress inva¡iants. Using

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

below:3

It will be noted that both the strains are functions of mean normal as well as deviatoric

stresses in contast to the IGO model. Noticing that all the previous research (e.g. Hicks and

Monismittç I97l; Allen and Thompsoq 1974) indicated that the stiffiress ofthe granular

material is related to the mean normal stress by a power law Boyce proposes the foltowing

formulation for K and G:

ê"= [t p akl

[u 
- 
'.' arj

"=[t # ä] q-# ff I

È-å'fr ,

In his papø he then demonstrates that the model eçlains 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 Nouingham University.

Q2)

K = K, p(l-t¡)

G = G, po-a)

(33)

Note that the dot notation here refers to the increment in the strain and not the strain
rate as commonly understood.

(34)

(3s)
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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 triu<iat

tests where the confining pressure was kept constant and the deviator stress was

pulsated to simulate traffic loads.

Such tests showed that the resilie¡rt 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.

Irnproved models considered the dependency ofthe 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 zuggested that a model based on bulk and shear moduli would better

represent granular layer response than a resilient modulus based on resilient alrial

strain and Poisson's ratio.

lvfany researchers presented results that could not be explained by linear elastic and

isotropic materials. It would appear that cross-anisotopy could e4plain some of these

results.

t.

t

3.

4.

5.

7.

8. There is evidence in ttre literature that the construction activities, such as compaøioq

can introduce significant anisotropy both in granular and in the subgrade layers.
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There is also evidence in the literature that reconstituted laboratory samples

underestimate the moduli, becar¡se they destroy the fÌrbric and with it the cross-

anisotropic characteristics of the in-situ materials. Similar objections have been

levelled against small scale sand box tests.

In view 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 srggested that in-situ charaterization of the graunular and subgrade materials is a

viable alternative to characterize pavement materials.

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

complex nature of the materials making up the structure.

10.

11.

2.2.2 ßield Measurements of Resilient Moduli

In the prwious section it was noted that material parameters have beer¡ traditionally,

determined using the repeated load triÐdal 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 th¡ee 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 Defl ection Testing

Deflection ofthe paveme,nt under an applied load is the best indicator of the stiffiress

and load carying ability ofthe structure. This was recognized by pavement engineers as early

as the 1940's when Tenaglnproposed 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:

L The plate load test.

2. The Benkelman Beam test.

3. Modern deflection testing machines.

In what follows these methods u,ill be reviewed and discussed briefly. These discussions a¡e

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.n@) shows the schematic ofthe tast. Fig. 2.22þ) shows the setup of the tesr.

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 plaæ. The deflection at the çentre of the plate is taken to be the average of the dial gage

or the tra¡rsducer readings. Ihe test is usrally 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. After 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 halfto twice the desigr load. Fig. 2.23 shows the tlpical results that would be obtained

from the plate load tests.

The evaluation ofthe res.¡lts of a plate load test va¡ies from agency to agenry. Thus

in the ASIiI\,f symposium (1949) Palmer (U.S. Navy) zuggested 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 srggested anything betrveen 0.1 and 0.5 inch Q.5 to 12.5 mm) as the

limiting deflection. Mcleod srggested that the limiting criterion for the deflection should be

12.5 mm after 10 load repetitions on a760 mm diameter plate.

G€nerally, all agencies conducted plate load tests at different levels ofthe pavement

structure, i.e. subgrade, base and on the surface. However, the timiting deflection criterion

was always the same, at a specified value. As has been pointed out by Nevitt, in discussing

Palmeds paper the strains in the subgrade would be totally different in both the cases. Thus

ariy atternpt to correlate the bearing capacity ofttre entire pavement structure to the subgrade

support value would lead to unsatisfactory results a¡¡ seen from the results presented by

Palmer (Fig.2.2Ð. Mcleod attempted to circumvent this problem by deriving a series of

conversion factors (Table 2.3) which would convert the surface load to load at any level of

the pavement. This was based on extensive tests at Canadian aþorts. 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

çonversion 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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s.¡ch as the perimeter to area ratio of the plate, the ry'pe of base and subgrade, the influence

ofplæe size onthe deflection etc. on these factors. Mcleod, of course, considered these in

aniuing at the factors shown in Table 2.3. Mcleod's recommendation still forms the basis

of desþ for the Canadian Mnistry 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 deflectior¡ 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 ofthese pits in relation to

the size of the plate is significant because of the influence ofthe surcharge provided by the

pavement structure above the level of testing. In additioq 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 ariy other t¡'pical 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 ofthe materi{ at least for the fine-grained materials. If one ca¡ries out

these tests in difrerent 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 s,rfrciently 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 fi,rlly 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 wtreel load. Thus o(c€pt for facilities s.¡ch 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 ma,ximum deflection is

measured as is uzually the case. Two pavements can yield the same centreline deflection and

still have very different load spreading capabilities. Thus the shape ofthe deflection bowl is

a significant factor in judging the stifrress of the pavement. With one deflection value the

layer moduli of a multi-layer systern 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 elasticþ can be applied to the results of plate load tests to obtain the

modulus ofthe materials. Since there is only one measured result (the ma"ximum defleøion

under the load) the analysis can be done strictly for the Boussinesq model only. The

Boussinesq solution for the maldmum deflection under a uniformly loaded rigid circular plate

is:

where,

p

r

ï = i (l -_p2).p.h
2E

and

the measured deflection

the contact pressure

the radius of the plate

Pòisson's ¡atio

(36)
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For a flexible plate (simulating a tire load) this expression is modified as below @urmister,

1949; Osterberg, 1949):

Burmister:

Osterberg:

a=c, }f (r-p2) (38)

In these expressions:

p = the contact pressure

r = radius ofthe plate

s : settlement under the plate

b : width of footing

t¡ : Poisson's ratio

C, : a constant to account for the size, shape and rigidþ ofthe plate.

For a twoJayer system Burmister modified this expression as below:

o=2(l-F2)o.,
E

Here the symbols have the same significance as before and F is an influence factor that is a

fi,¡nction ofthe ratio of the moduli of the two layers. As discussed in Section2.l.2.3,Iones

(1962) and Peattie (1962) extended these solutions for a tlree-layer system. The solutions

for more than tkee layers become very complex and are not possible without computer

(37)

¿=2(l:pt).p.r.F
E

(3e)
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modelling. Burmister (1949) also gives the following expression for an elastic halßpace

where the modulus va¡ies linearly with the depth.

where, Eo is the modulus at the surface and q 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:

A=3 (l-P2).D.r
2 (Eo*CJ'

wherg

€L : strain in the laboratory sample

oL : stress in the laboratory sample

r : radius of the laboratory specimen

E = modulus of elasticþ

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

contained veithin the (0.I oJ isobar (Fig. 2.25). Burmister postulated that the field test can

be approximated as a cylindrical compression test ofa 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 stain can be calculated. For an equal strain in the laboratory sample the ucial compres-

sion canbe det€rrnined" and using the opression above the modulus can be calculated. Both

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

theplæe load thanto arrive at the modulus value. Equating the expression for axial strain in

€L=
a¡. o¡,

4," E

(40)

(41)
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the field and laboratory cylindrical specimens (see Fig.z.zs) and assuming p: o.s, o which

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

or

Here the *rbscripts F and L refer to field and laboratory samples respectively. No such simple
:, expressions are possible for multi-layered systems.

In summary:

l. Plate load tests do not represent the conditions imposed by the traffic except for

stationary loads.

2- The bearing capacity or the s.rpport value obtained from the plate load tests is not an

inherent material property but represents a stiftress of a particular structure for the

specified deflecfion.

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 disnrptive and if done at different layers it is also destructive.

a, = 3.4 o,

o" = 0.29 o,

(42)

(43)



74

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. BenkelmanBeam Test

TheBenkelmanBeamtest is another deflection test conducted at creep speeds of an

ach¡al vet¡icle. The test is shown schematically inFig. 2.26a. Fig.2.26b shows the actual set-

up of the test. The test equipment consists of trryo 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 standa¡d truck axle which carries precisely 80 klil (18 kips)

(Fig. 2.26a). The tires a¡e standa¡d 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 A¡bor

conference. Ifthe tire press¡re and the resilient deflection are known, a resilient stiffiress 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 zuffers 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 so 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 pavemøtt stnrctures or pavements on strong subgrades a¡e insensitive to the

test procedures. Also, ifBousinesq'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

rúound values were observd there could be negative residuals (i.e. an apparent heave after

remor¡al ofthe 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 róound 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 det¿ils of these and other problems are discussed in the 1962 CGRA paper. While

the tests a¡e much faster than the plate load tests they are still operationally disruptive.



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 a¡ea 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. Sinc.e

these are almost completely computer-driven it is possible to feed into the machine further

information regarding the condition of the stn¡cture which can then be considered in some

åshion druing the analysis of the data. The data collected a¡e invariably analysed by layered

elastic theory. Some recent reviews of these machines can be found in papers by Kennedy

(1982), Hoftnan and Thompson (1982), and Elkins et al. (l9g8).

Basically there are two types of deflection measuring devices: (l) the moving t5pe

and (2) the stationary tlpe. 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. Howeveq it is difficult to establish an

unmovable reference point during a measuring cycle. By far the most common tlpe of

machine's are the stationary tlpe. Examples of this t¡æe are the FIIWA Thumper, the Road

Rat€,r, the Dynaflect and the Falling Weight Deflectometer (FWD). These rnachines 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 by a

set of sensitive accelerometers positioned at different distances from the load point. The

accelerations are integræed bythe computer and stored as deflections for later analysis. The

stationary tlpe of machines carL in themselves, be classified in three different categories as

strown below:
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Type

a) Stationary, Dynamic, sinusoidal loading at a
fxed frequency of 8IIz. peak-to- peak

Stationary, dynamic impact tlpe of loading at
fixed frequency of 35 [lz. Impact load
variable.

b)

c) Stationary, dynamic impact t¡pe of load with
variable frequenry and loads.

TheDynaflect 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 lcl.I is

applied through a pair of two rigid steel wheels. The dynamic load is generated by a set of

eccentrically loaded fl¡'rvheels operating at 8IIz. This applies a sinusoidal force of 4.5 lcN

peak-to-peak which zuperimpose on the static load. The resulting deflections are sensed by

a set of fue accelerometers and recorded by an on-board computer. When the deflections a¡e

recorded the equipment is moved to the next test location.

The Road R¿ter (Fig. 2.29) carries a vibræor 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 meas.¡red bytranducers and recorded automatically. The

deflections are measured at four locations, including under the load. Like the Dynaflect the

Road Rat€r applies a static load, due to the weight ofthe equipmenÇ through two square steel

pads. h the analysis these are replaced by equivalørt cirølar loads (Fig. 2.29). The dynamic

load is superposed on the static loads.

Commercial Version

Dr/raflect

Falling Weight Deflectometer of
dif[erent designs (e.g. Dynatest, Kuab
and Phoenix)

Road Rater, The Thumper and the
Heavy Vehicle Simulator (South Africa"
dr¡$¡alia and FHWA)
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The Thumper and the Heavy Vehicle Simulators are essentially research-gæt

equipment used by the agencies which developed them.

The Falling Weight Deflectometer (FWD) Gie. 2.30) is of the impacr r¡pe which

drops a weight on to a rigid steel plate dampened by rubber buffers (Fig. 2.31). The lighter

version of the model Dynatest 8000 (Fig. 2.32a) can apply loads up to 107 kl.I wbile the

heavierversiontheHearyWeight Deflectometer (Fig. 2.32b) can apply loads up to 240 kN.

The frequency of the load is approximately 35IIz. 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

ar¡thor does not have personal experience with all of them and hence is not competent to

undertake s¡ch an er¡aluation. This has been done by others based on personal research and

the reader is refered to these papers in the literature (Clayton Sparks and Associates, l9g0;

Busb 1980; Hoftnan and Thompsoq 1982; Kennedy, L9B2; Bush et al., l9g5; smith and

LyttotU 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 strenglh profile ofthe road. However, as mentioned earlier, it is difficult to

have a fixed reference point with this tlpe of testing. On the other hand, the

stationary equipment cannot reproduce the actr¡al 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 sationary 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 R¿ter 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 (Iloftnan and

firompso4 1982; Kennedy, 1982; Bushetal., l9B5; smithandLytto4 l9g5;Elkins

et al., 1988). The difrculty is attributed to the inertial effects attendant to the

vibratory- orimpact-t¡pe 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 (Iloftnan and

Thompsoq 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

combinæions will generate different load- and frequency-patterns, equipment with a

single frequency Q)5rnaflect, FWD) cannot tnrly 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 \{ES

(WaterwaysExpøiment Stæion) Ihumper 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

)

3.

4.
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the D5naflect and theRoad Rater are said to have serious deficiencies. On the other

hand carrying heary loads will seriously hamper the portability of these equipment.

It may be recalled that portability was the primary motivation in the desþ 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 a¡ea to define satisfactorily the

deflection basin. In this respect the Dynatest F\{D is better than the other machines

including the KUAB or the Phoenix FWD's because the Dynatest machines have

seven sensors arid can be positioned at va¡iable distances. It is the authofs

understanding that the equipment used for research by the USAF has eleven sensors

inst€ad of the usual seven. It might be added that the boundary of the loaded area is

a special point ofload discontinuityinthe analysis. Hence one sensor must be placed

here to actually meaÍ¡ure the deflection rather than interpolate between others.

Loaded area: All devices load the pavement with a circula¡ rigid steel plate. The

pressure distibutionunder a rigid plæe is not uniform but has the shape of an inverse

saddle (see for orample Timoshenko and Goodier, L949; TerzaSt| 1942). Ilowever,

in all the analyses the press,re is taken to be unifonn Observations with instrumented

pavernents 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 manuûcn¡rers have attempted to overcome this difrculty

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

5.
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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 a¡nbient and pavement temperatures

afect 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 Smittç 1985). There is also quite a different equipment-

related temperature problem. Fo:cwortlry and Da¡ter (1986) observed that the deflec-

tions measred under the FWD could vary during different times of the day due to the

etrect oftemperature onthe 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 techniqug 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 atgorithms require

the user to input a seed modulus value for each of the layers as well as the thickness of each

layø o<ce,pt the subgrade layer, which is assumed to be infiniteþ 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 or¡ the computations are automatic whereby

the computer softwa¡e attempts to compute the stresses and strains at each point in the
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pavement strt¡ctr¡re in accordance with the specified material model. The material model is,

generally, one of the models discussed in the previous section. Finall¡ 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

perc€nt or less is deemed to be satisfactory. The final set of moduli, stresses and strains are

then assrmed to be the ach¡al 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 orrrently have been, at best,

unsatisfactory. There are a few reasons for this:

1. fire models or the constitt¡tive equations used in most of the computer algorithms to

describe the süess-strain behaviour are not realistic. Most of these relationships have

been obtained from laboræory 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 ofthe layer moduli can produce an acceptable match between observed

and computed conditions. In other words, the uniqueness of the solution is not

c€rtain.

3. \ilhen a pavement is tested at any particular point in time its response has been

modified by the stress history prior to the test. lvlany of the current algorithms do

not, or cannot consider this factor. As far as the author is aware o[, ELMOD is the

only program which allows for a consideration of stress history. On the other hand,



the equivalentJayer concept which is the basis of the ELMOD program has

drawbacks.

4. Linear elastic theory permits tension in the pavement layers. Howwer, 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 moduli and, more importantþ, the

computed stresses and stains, need not necassariþ be the true material values. In this

respect the Nottingham model and ILLPA\IE are zuperior because of the

incorporation of acceptable failure models based on geotechnical principles.

Residual stresses and cross-anisotropy caffiot 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.

While many algorithms have considered matching the mærimum deflections and the

defleøion basrq their algorithms do not properþ 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 prwious trial. This sometimes leads to untenable layer moduli.

This is orplained in subsequent paragraphs in discussing the characteristics of the

deflection basin.

5.

6.
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Cha¡acterization of the Deflection Basin

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

deflection along in aniving at the layer moduli (Vaswanf L97l; Ìvfajidzadeh, 1982; Hoffinan
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æd Thompson, 1982). These authors have quantified the shape of the deflection basin with

va¡ious parameters.

Vaswani introduced the concept of spreadability based on his work with the

Dynaflect. The spreadabilþ is defined as below:

whereDr Dr, 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 Vrginia subgrades. This approach is somewhat limited for the

following rea¡¡ons:

l) The spreadability was based on the calculation of the area of the basin based on a

Boussinesq medium Ttrus he anives 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 mærimum deflection (see for example Hoftran and

Thompso4 1982).

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

averege modulus for the pavement structure as below:

S%=
Do+Dr*Dr*Dr*Dr

5Do
x 100 (44)

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 po\ryer fi¡nctions (see Eqn. 16) to a¡rive at the equivalent modulus. It is suggested

tåat a simple weighted average a¡¡ proposed by Vaswani is not realistic.

E.r =
hrEr*hzEz+...

hr+hr+... (4s)
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3) In some ofthe oramples he has shown pavements with lower spreadability deflect frr

less 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 urd acts as part of the much more rigid

confining layers. Similarly the pavement (d) with its thick sandwich layer acts essen-

tially as a twoJayer system. The third layer acts as a rigid bottom. The majority of

the deflection in this strr¡cture 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 dgdlty

ofthe pavernent. 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 ofthe structure to the

evaluation ofpavements. He carried out theoretical studies relating deflectior¡ curvature of

the sråce, 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 fr¡nctions of vertical and radial stresses and the modula¡ ratios. These

functionscouldbeevaluatedwithpublisheddatabylones (1962) orPeattie (1962). Huang

published tabulated values relating deflections, surface curvature, asphalt tensile strai4 and

srbgrade compressive strains to the ratios of layer thicknesses and the modular ratio. \ilhile

his re.s¡lts 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.

lvf4iidzadeh (1982) related the concepts of curvature directly to the deflection basins

obtained by Dynaflect. He introduced the various curvature indices zuch as the Surface



86

Õ¡nature Indo< (SCÐ, the Base Curr"¿ture Inder( (BCD as well as the Spreadability. He also

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

The va¡ious indices are given by:

SCI = Wr - \il, = Deflection differential between the fi¡st uid second sensors.

BCI : Wn - W, = Deflection ditrererüial betu¡een the fourth and the fifth sensors.

Spreadability is still defined according to Vasrani" Eqn. (+4). Based on studies on pavements

in Ohio Statg Mazidzadeh makes the following observations:

l. The SCI is a strong indicator of fatþe cracking in the asphalt layer. SCI is

dependent onthe thickness of the surface layer as well as the ratio Er&. For thick

pavements, SCI decreases with an increasing Er&. For thin pavements the

variæion of SCI with ErÆ, depends on the thickness ofthe surface layer. This is not

quite in accordance with Huang's theoretical results (see Fig. 2.35). According to

Huang for thick pavernents Or/a > 1.0 in Fig. 2.35 the modular ratio Etlþ has very

little influence. For thinner pavements the thickness will have a sFong influence

because of excessive radial strains; however the modula¡ ratio has little influence.

2. SCI is also a strong indicator of vertical strains in the zubgrade.

3. BCI is a good indicator of stresses and strains in the base course. Some states

specify tolerance limits to BCI to ensure adequate performance ofthe pavements.

4. The fifth sensor reading \il, is a unique pararieter which depends on the subgrade

modulus and is practically independent of the stiftress ofthe pavement structure.

5. Spreadability, by itse[ is not a very useful concept in determining the adequary of

the pavement structure (compare the discussion of Vaswani's results above).
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Hoftnan and Thompson (1982) forwarded the idea ofthe 'ARFA" ofthe deflectionbasin

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, zuch as the deflection basir¡ Simpson's rule

would be better zuited. The difference between the two methods of computation would

amount bett¡ieeri 5%o and 12%o. Ttrc area has the units of length and for the Boussinesq case

will be I I lin or cm or m] and for a perfectly rigid body will be 72l:m or cm or ml when using

the FWD with seven sensors. In the case of Road Rater where there a¡e four sensors, the

nARFArr works out to be ll and 36 for the two cases mentioned above. Hoftnan and

Thompson tested a number of road sections in Illinois using the ILLI-PA\IE algorithm. Their

principal conclusionwas that while there could be a number of combinations of surface and

subgrade moduli which would yield satisfactory match of the mÐdmum deflection or the

UAREAU 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. I and 2) they

fi¡rd an oçression for the surface deflection at any radial distance, r, from the load point as:

ô(r) = 
[-tr î) {'ro(.Ðê,.'c-.-B,ne--c,"-.+Dre.) (46)

where,

q=

a:

r:

Er:

the load per unit area

radius of the loaded area

radial distance of the point from load point

modulus of elasticity (= resilient modulus)



Jo : Bessel function of 0- order

m : adummyvariable

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

conditions.

Then they compute the change in $rface 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 seru¡or locations of the Road Rater. Based on their analyses

for a four layer system they conclude that:
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ô. = f. CEa)

ô¡=å(E'EJ

ô z = f, (E¡, 82, E3, El)

6r = f, @p 82,83, E4)

It is seeri that from Eqns. (7a) and (a7b) ôn and ô, can be determined uniquely. owwer, E,

and F, cannot be determined as uniquely since both deflections will be affected by change in

either of them. Therefore, one has to resort to some tlpe of parametric analysis. For the

Pennsylvania conditiong lVurg and Anani fixed the rafroF'rlB2 at 0.1 and proceeded with the

analysis. The ratio 0.7 was obtained from laboratory investigations on the materials in the

pavemørts analped.

$7a)

(47b)

@7c)

(47d)
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All the works cited so far have dealt with deflection basins generated by Dynaflect

orRoad Rater. The number of sensors is four for the Road Rater and five for the D5maflect.

Thus, it is relatively easy to identi$ the contributing layer to the deflections sensed by a

particular sensor (see for example \Mang and Anani cited above). Such discussions a¡e not

found in the literature for the FWD deflections though the analysis programs zuch as ISSEM-

4 (wtrich uses the ELSYII-5 as an analysis subroutine) can indicate the radial influence of the

layers @ig. 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 I and 2. Brown et al.

(1986) have published somewhat similar results (Fig. 2.38). In these figures Ân is the

difference in deflectio¡ls between the i-th and j-th sensors. Thus from Fig. 2.38 one concludes

that the deflections I and 2 are most sensitive to the stiftress of surface (there is some

contribution from the other layers too) while deflections 2to 4 are governed by base tayers

and the rest primæily by srbgnde. It is suggested that a detâiled study of the FWD deflection

bowls ì/eill be useful to establistr criteria similiar to those found for the Dynaflect or the Road

Rater.

The above discussions were meant to focus the attention on the difficuþ one

encounters in interpreting the ddection 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 seru¡or point. Then one can isolate the

co¡¡üibution 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 stifrress of that layer.

Thus, in the numerical analysis of the basrL 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 ofthe 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 inøeasingly useful to charac'terize material properties (Nazarian et

aL,1987; Sanchez-Salinero et al., 1987; Nazariar¡ 1989). Of these the Spectral Analysis of

SurfaceWave (SAS!Ð method and the down-hole or cross-hole seismography are probably

most relevant to pavement engineering.

l. Fundamentals of Geophysical Testing

Thismethod oftesting 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 tSaes of waves:

1) the compression or P-waves,

2) the shear or S-waves, and

3) the Rayleigh orR-waves (surface waves).

The velocity of propagation of these ì¡¡aves in any medium (such as concrete, asphalt, or

earth materials) is a measure ofthe material properties such as density, rigdity, or stiffiress

modulus. Each type of wave travels at its own cha¡acteristic wave form and velocþ 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 whictq in turq are related to the material properties.

It is said (Nazariar\ 1989) that in an isotropic homogeneous elastic medium

approximately two-thirds ofthe energy is carried by the Rayleigh rilaves while the remainder

is canied 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 ofthe 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

fister than the S-waves. The ratio ofthe velocities ofthe P- and S- waves is a measure of the

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

where G : shearmodulus

p : mass densþ

and V. : velocity of the shear wave

Knowing G and LL, the modulus of elasticþ E can be calculated using the relationship E =

2G/(l+¡). Thus in any geophysical testing the objective is to generate and capture the

diferent ì¡raves using a source of impulse energ'y and a receiver (geophone).

c=p.vÍ

2. Spectral Analysis of Surface Wave (SASW) Method

8i9.2.39 shows the test setup for the SASW method. This method is based on the

generation and detection ofRayleigh waves. Since Rayleigh waves travel close to the velocþ

ofshearwaves, the elastic parameter that will be measured (or interpreted) will be the shea¡

(48)
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modulus G. In a homogeneous medium Rayleigh waves are not frequency-dependent.

Howwer, in a layered mediun¡ zuch as a pavement structure, the velocþ of the R-waves is

frequency- dependent. Thus the wave spectrum will be dispersed. Details of obtaining the

dispersion curve, the aszumptions behind the theory of the SASW method and the factors

atreøing the test can be seen in papers by Douglas and Eller (1986) and Naza¡ian (1989).

It might be recalled that while discussing the anisotropy of the soil mediun¡ it was

mentioned that the independent shear modulus, G,6 is diffcr¡lt to measure. fire laboratory

setup requires testing the sample at three different orientations catling for three triædal

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 sectiorL 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

seis¡nic tests exists to a sufficient degree of sophistication for use in pavement invesiigation

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 v/ay. A schematic view of the down-hole seismic test is shown in Fig. 2.40.

Ag¡ún an energy source at the surface generates all types of waves of which the shear urave
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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 (Campanella and

Robertson, 1986; Campanella et al., 1986). It is zuggested that the development of a simple

in-situ apparatus combining the features of a pavement pressuremeter @riaud, f 979) but

operated by gas, and the features of down-hole seismography would be a worthwhile resea¡ch

effort for the future. Such an instrument could measure the necessary five parameters for

treating the pavement as a layerd cross-anisotropic elastic medium. For example,Fig.2.4l

shows a cone pressuremeter developed by Campanella et al., (1986) and a seismic cone

suggested byRobertson 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 pulposes.

The application of geophysical methods to pavement engineering is still relatively

new. Hence, ortensive data is not available to review this method more thoroughly.

Howwer, its use in geotechnical engineering is well accepted. The few reported correlations

in pavement engineering offer much encouragement and promise (Fig.2.a4. It is seen in

Fig. 2.42 that the matdmum discrepancies occur in the upper layers, particularly in the

r¡nbound granular layers. However, it is in this layer where most of the discrepancies between

different computer based algorithms also occur. Furdrer, lack of agreemeff 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.



2.2.2.4 .Ii/-S/ZU Geotechnicat 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 @auer et al., 1973; Bauer and McRostig 1986; Bauer and

Tanak4 1988; Mrchelt 1988). Furthermore high-quality samples are very expensivg 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 ofthem relevant

or applicable to pavement investigations. Ofthese equipments only the flat plate dilatometer,

the screw plate and the pressuremeter can measure modulus directly. Because of the

geometry, only the press¡rerrleter is amenable to rigorous mattrematical treatment. Thereforg

in this sectioq only the use of the pressuremeter for pavement investigations will be

discussed.
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1. The Pressuremeter

The development ofthe first practical presslremeter is generally credited to Menard.

Fig. 2.43 shows schematically the Mena¡d preszuremeter. As seen in the figure, the

instn¡ment is a ti-cell apparatus with a measuring cell in the middle and rwo guard cells, one

above and the other below the measuring cell. The purpose ofthe guard cells is th¡eefold:

l. to eliminate the end effeds of restraint when the measuring cell is inflated.

2. The middle cell would thus exert a uniform pressr¡re on the cavity wall.

3. The guard cells also ensure that the middle cell orpands only radially.

This is slrown schematically in Fig. 2.44. Therefore, the expansion of the pressuremeter can

be modelled as the expansion of a long cylindricat cavity. Rigorous mathematical solutions

are available for this problem (see for example Baguelin et al., lg7ï, 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 la.boratory 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 @riaud et al., l9B5; Hughes

et al., 1986). Thus the cavity expansion theory would still be valid. Thereforg if one can

build a press¡remeter with a long probe to satisfy the lengfh-to-diameter ratio then the guard

cells can be eliminated. This would result in an e4uipment which is far less complicated or

cumbersome to operate and maintain than the Mena¡d pressuremeter. lvfany modern

pressuremeters such as the OYO, Cambridge, Texam and the PENCEL are of the mono-

cellular desigr 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

95
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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 preszuremeter was fi¡st developed by Briaud (1979) for use in

pavement inva*igations. The foren¡nner ofthePENCEL 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 \ilas a laboratory prototj?e with triæ<ial-test-type

volumeter etc. It was later redesigred 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 pavernent pressuremeter is somewhat different from that used

forfoundationinvestigations. 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 simplg robust but able to be dismantled, moved around

and reassembled easily and quickly. Also because the pavement layers a¡e rather thir\ the

entire probe strould be short ørough to be able to be buried completely in the layer for the test

to be meaningfut. 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

lF'NcEL is the registered trade mark of RocrEST Inc. of Montreal, euebec,
Ca¡rada.
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38 mm in diameter and 600 mm long, the inflatable part being 230 mm long. The operation

ofthePENCEL press.¡rerneterhas been described elsewhere @ocTestManual (1981); Briaud

and Cosentino, (1989)).

Fi5.2.46-A'shows, schematically the pressuremeter test in a pavement and t¡'pical

in-situ results. It also shows the raw curve that would be obtained from a field test. Fig.

2.4ÇB strows this curve on an enlarged scale and oçlains 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 withthe 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-strain 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 BI)

denotes the yielding phase of the soil. In some cases a shear failure rnay be achieved.

fi9.2.46 shows anunload-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

canbe ass.¡med. Poisson's ratio may also be infened from the test results as follows. Since

the point A represents the re-establishment ofthe existing geostatic conditions, the preszure

at point A is approximately the lateral stress in the ground. From the lateral stresses IÇ, and

hence Poissort's ratio, can be caloiæed using the following relationship: (Fedq 1978, pp. 2l).

Ko= (4e)
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Feda (pp. 27-28) has also suggested other relationships between IÇ *d anisotropic

parameters which are discussed later. Lanrb and Whitman (1969, pp. 159) suggest ür

orpression for the young's modulus, E" which relate the modulus to the initiat vertical princi-

pal stress, o, and Ç:

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

is given by Eq. 5l below (Briaud and Cosentino, 1989):

E=
Y

(l+2Ko)

E=(l+f)(oo-oor)

Briaud zuggests that the modulus is influenced by many factors, in particular, by the stress

levef 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 Janbu's model as modified by

Duncan and Chang (1970):

(s0)

For the influence of strain level he uses Kondneds hlperbolic model:

I lE-- a*b e (SeeEqn. (20), Section2.2.2.l).

Eo=

(s 1)

K (i). (s2)



For the rate of loading he uses a model proposed by Riggins (1981):

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

Briar¡d combines these individual models to obtain the following expression for the resilient

modulus:

8,, 
- I ttl'

%-l..J

tüith the use of these models one is left with the task of measuring five material constants:

flr,fl¡n,Kandb.

Briat¡d and Cosentino (1989) suggest a field procedure to conduct cyclic pressure-

meter tests whereby all the five parameters can be evaluated from a single test. According

to Briar¡d the test could be completed in 45 to 60 minutes. He also presented field results to

verify the model (Fig. z.a8 to Fig. 2.50).In presenting their results Briaud et al. (1987)

attempted a three way correlation between pressuremeter based results, cyclic triærial tests

in accordance with the U.S. Army WES procedure and the observed deflections using the

Srnate,st FWD. ILLI-PA\IE was used to compute the deflections from the preszuremeter or

the cyclic triÐdal test results. The following comments can be made on these rezults:

5 = ¡-+
E1

E=
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. ¡-\

(s4)
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Neither the pressuremeter nor the cyclic triædal test yields an exac"t match with the

observed deflections.

The dwiation 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 res.¡hs appear to be dependent on the site. This should be more appropriately

interpreted as a dependence on the type of zubgrade 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 resea¡ch 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 triðdal

and the prese¡remet€r) u¡hich measure the moduli directly appear to correlate better

betrree¡r themsetves than either ofthem with the backcalculated moduli. Therefore,

the backcalcr¡lation procedure should be more s¡spect than the two geotechnical test

methods.

There is a need to continue the resea¡ch on the application of pressuremeter testing

to pavement design and evaluation.

,,

3.

4.

5.

6.
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In the following paragraphs a brief review ofthe 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 ofpressre,meter is based on the theory of expansion of long cylindrical

cavity. Consider an infiniteþ long cylinder subjected to an intemal pressure po which would

be gradually increased to p (Fig. 2.51 B and C). Under the increasing pressurg the walls of

the cavity strains the s.¡rrounding medium. Fig. 2.5 I 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. Thereforg 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 cær

then write: (see Baguelin et al., pp. 336-3al).

Radial strain:

Circumferential strain:

Using the geometry given in Fig. 2.51

volumetric strains:

. =llÌ r

duÊ=-
dr

one can arrive at the following expressions for the

(s6)

(s7)



Herg Vo 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. white 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 difrcult to know the exact

volume in the deformed state, it is zuggested that the use ofEqn. (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

æriqymmetrical plane stain case, inthe plane of rymmetry 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):

AVgo=ï-

avao=ìil
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(s8)

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 revrritten" for incremental stresses and strains, as:

(se)

uo"*or-oo=o
ôrr

IÊ=-
L lAoo-p(Aor*¿oJl

(60)

(61)



Noting again that the strain in the vertical direction, e,, should vanish one can orpress the

incremental sEesses in the z-directior¡ Ao,, in terms ofthe incremental stresses in the other

rwo directions, Eqn. (64).

I
tE lAor-p(Aoe+Ao),

."=å laor-p(Ao,+Aoe)¡

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:

Aor= t¡ (Ao, + Aor)
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(62)

For a cross-anisotropic medium with the plane of isotropy perpendicula¡ to the ods of

symmetry the differential equation will still be Eqn. (65). The general solution to Eqn. (65)

is given by:

(63)

t2 d'o*rdo-o=o
drz dr

By substituting this in Eqn. (6a) it can be shown that the oçponent n will have roots * l.
Thus the solution for u is written as a combination of all roots of n as below:

(64)

u = ro

(6s)

(60



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: ro) the displacement is e¿. Therefore B : €o ro2.

Thus the displacement u can be finally written as:

u=Ar*å
f

Noting that the circr¡mferential and radial strains are given by u/r and dt¡/dr respectively, one

can write:

2

.r= I (69)
t'

and

2€o fou=-
r
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(67)

From these the stresses can be computed as (see Baguelin et al., L978, pp.347-348):

t,, tÍoo=po+Aoe=po-2G+ (71)
t'

2€o 1o€r= --T
r'

(68)

(70)



At the cavþ wall the stress is equal to the inflation pressure inside the probe, so that the

pressure at the wall is given by:

or=poaÂor=po+rO+

Eqns. (71) and (72) canbe plotted in the o-r space and Eqn. (73) as a stress-strain diagram

as shown in Figs. 2.52 and2.53. It will be noted that o, and o" are symmetrical about po.

They are equal in magnitude and opposite in signs. Thus the inflation of the probe does not

produce any rotation of principal æ(es 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+p) if the Poisson's rafio is known Poisson's ratio can be also obtained

from po in Fig. 2.53 using Eqn. (a9).

For an anisotropic soil the pressuremeter yields the horizontal shear modulus, Grp

and the Poisson's ratio in the horizontal plane, ¡.rot. From G*, $6 can be calculated as men-

tioned above (r*is known). The other tlree parameters should be determined by some other

means. This will be discussed in a zubsequent section.

p=po+2Ger=po+2G5
10
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4. Relevance ofPressuremeter Moduli for Pavement Desigr and Evaluation

There have been many concerns or objections regarding the relevance of the

pressuremeter tests to determine the resilient modulus ofthe pavement layers. These are:

1. The validþ 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 ofstess level, strain level, creep, and number of cycles to truly measure

the resilient modulus;

4. The fact that the pressuremeter measures a horÞontal 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 ofthe 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 s¡rface ofthe 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

assrmption ofa plane'srain condition (the strain in the vertical direction is zero) is not valid

anymore. Nor can these move¡nents be predicted. Thus the results discussed in the previous

section would not be valid.

This question wa¡¡ 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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(similarto the critical depth concept in other geotechnical problems) below which the plane

saaintheorywould hold, while above this depth the influence ofvertical strains would have

to be considered. They tested their hypothesis by laboratory triÐdal, and sand box tests on

clean sand, and by field tests in a silty clay under a g¡ain silo. The laboratory tests were done

with both the Mena¡d and the PENCEL (actually the protot¡'pe of the PENCEL) pressure-

meters. Their essential results are reproduced in Figs. 2.54 to 2.56. As can be seeq the

larger diameter Mena¡d equipment showed a clear break in the modulus profile. It would

appearthat forthis pressremeter the critical depth appears to be around l.2O rq confirming

some earlier conclusions by Baguelin and Jezequel. However, for the PENCEL

press[erneter no s¡ch influence is seen. The results from all the tests (triæ<ial, sandbox and

field tests) strowed similar profiles indicating only the influence of increasing overburden but

not of a critical depth. It is, thereforq srggested that the moduli measured with the PENCEL

equipment are valid rezults and that the plane strain theory is applicable to tests in the base

layer.

Another concenL which was mentioned briefly at the beginning of this sectior¡ is the

validity ofthe 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

worls and recommend that in orderto apply the long cylindrical expansion th"ory the length

to diameter ratio strould be 6.5 or more. The PENCEL probe has an L¡D ratio of over

sixteen Ïhe alærnate theorywould be to use the expansion of a spherical cavity in an elastic

medium. In the same paper these ar¡thors show that even in the extreme case of IID = I
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(expansion of a sphere) the error introduced by aszuming long cylindrical cavity expansion

is only in the order of 35 percent. However, spherical expansion theories a¡e also available

to obtain oract solutions. Houlsby and Withers (1988) show an ingenious method whereby

the same form ofthe ditrerential equation @qn. 65) can be used with a slight modification as

shown below:

rn this equation setting m : I will apply to the cylindricat case and m= 2

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

u=Ar.å

The stresses and strains are then written as:

, d2u

dr2

duu+m--ml=0
drr (74)

to the spherical

€r=-DÊo=

or=2Geu

Y-*l

Other ûctors which could ir¡fluence the pressuremeter modulus a¡e the effect of stress level,

strain level, creep, number of cycles and the method of insertion. These factors were

nB+-
Yt*l

(7s)

or=-2nGe.

(77)

(78)

(78)

(7e)
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investigated by Briaud et aI. (1980.' Based on this investigation they recommended using the

models mentioned before. These were:

1. Kondne/s hlperbolic 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 ldriss.

Finall¡ they recommend pre-boring the hole for the least disturbance. As can be seen from

Figs. 2.48 to 2.50, comparison ofF'WD deflections and deflections using these above models

has not proven conclusively the advantage of the models. Moreover, some of the objections

to the h5'perbolic model and theK-O modelwere discussed earlier. While pre-boring the hole

rnay be the best method of installatio4 full displacement pressuremeters give reasonably close

res,¡lts (IIoulSy and Withers, 1988). Therefore for pavement investigations full displacement

pressuremeter or the cone pressuremeter @riaud et al., 1986) should give zufficientþ

accurate res¡lts. The rate of loading might be a drau¡back 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 simila¡ to the OYO pressuremeter but keeping the size of the

PENCEL. It is srggested thæ 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 pressurem€ter measures

a horizontal modulus rather than a vertical modulus while the loading is vertical. It is

s¡bmitted that this is not a valid criticism if one is to analSze the pavønent layers as elastic,

isotropic and homogeneous medium. For zuch a mediun¡ by definitiorr, the moduli in all

dire¡tions must be equal. The criticism is quite legitimate, however, if one recognizes that
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pavemerit layers are indeed anisotropic. In such a case one has to, of course, determine the

five elastic constants which can be dong at preserit, only in the laborat ory. In-situ procedures

for the det€rrnination of anisotropic parameters have not been reported in the literature. As

has been mentioned previously, the cr¡rrent backcalculation algorithins cannot consider

anisotropic layers. In addressing this question Briaud (1979), and B¡iaud and Cosentino

(1989) maintain that the error involved is no more than l5 percent in the calculation ofthe

deflections. It is srggestd tt¡at 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 Robertsoq 1986;

Campanella et al., 1986; Mtchell, l98B).

2.3 CONSIDERATION OF AI{ISOTROPY OF PA\¿EMENT LAYERS

2.3.1 Elastic Halfspace

Table 2.4 shows the research or publications on linea¡ elastic cross-anisotropic

halßpace or layered systems. The earliest attempt to consider anisotropy of soil masses is

attributed to Mchell in 1900. Subsequently in 1935 Wolf published some results assuming

equal Poisson's ratio in ail directions. Thus Wolfs solutions were rest¡icted in applications

@arden, 1963; Fedq 1978, pp. 66). Following WoE the first attempt to analyze cross-

anisotropic halßpace see¡nsi to be by Koning (1957). He gave a general analysis and limited

numerical e\¡aluation for the stresses and displacements in a cross-anisotropic halfspace . His

res¡lts are zummarised inFig. 2.57 (b). Barden (1963) used Mchell's solutions and published

re.q¡lts for stresses and displacements in an anisotropic medium. However, Barden made an

urtenable assrmption regarding the shea¡ modulus G* @ooley, 1964). He assumed that the
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strear modulus is the same in the plane of anisofiopy and in a plane at 45o to this plane i.e. the

shear modulus is independent of the rotation of the coordinate ¿xes. The rezult of this

assrmption was that Barden could characterize the anisotropic medium with only four instead

offve constants. The nro essential results from Barden's work a¡e 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 Ba¡den's unacceptable aszumptions, his analysis leads to acceptable

solutions in some cases (Fedç 1978, pp. 68). One can observe a few interesting

cha¡acte¡istics inFigs. 2.57. Asthe anisoüopy factor (i.e. the ratio of the horizotal to vertical

moduli) increases the ma:rimum deflection decreases and there is a tendency for the stress

bowl to spread out to a g,erter 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 a¡¡ deflection basins (with a scale factor of lÆ) for the halfspace.

It is clear then that anisotropy has a tendency to flatten the deflection bowl. In terms of the

spreadability concept (Vaswani, l97l), anisotropy leads to greater spreadability. Looking

fromthe point ofview of curvatures (Majidzadeb 1982) anisotropy would result in smaller

curvature indices. Therefore, one could use Fig. 2.57 @arden'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 fromBa¡den 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-

anisofopic soils. Since then until the early 1980's, there have been many other publications

dealing with this problem. This section reviews these works urd 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 uzually taken as E- E",p,r, fr¡¡,

and the independent shear modulus G*. While these are independent constants, they cannot

take any aôitrary values. They have to satis$ the following conditions and inter-relationships

@ickering, 1970):

l. E E, and G* must be all positive;

2. -l<l¡* < l;

3. 2p; < n(t-pnJ.

where n is the anisotropy factor equal to E/E\" Noting that in condition (3) abovg n is

always positive it follows that (l-¡r*)-2p* must be positive. Setting these terms to zero,

Pickering anives at the bounding s¡rfac€ for elastic constants in an n,Fm,[\ù space (Fig. 2.59).

As is seen in Fig. 2.59 the bounding s¡råce is a paraboloid. Any section parallel to the (¡r.6 -

n) plane and any section parallel to the (p* - pJ plane is a parabola. The paraboloid is

bounded on the open side by aplane tuaving limiting values F¡¡ = I (see condition (2) above).

Thus in this diagran¡ looking down the n-æris one obtains a set of parabolas (Fig. 2.60)

relating 4 Ftu ard ¡r.^ (Nayalq lg73). It is therefore possible that if some of the paramerers

can be measured in the field others can be determined becar¡se ofthe above conditions. Of

course, it would b€ ideal ifthese parameters could be all measured independentþ in the field.
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This would require c€rtain modifications to the cr¡rrent equipmørÇ testing procedures or both.

The question offield mea.s,¡rement will be disanssed in a later chapter. It should be noted that

the n-(¡ro-l\,nt space does not contain the independent shear parameter Go. This will have

to be measured independentþ. One method is the down-hole seismic test as zuggested in the

previous section Some ofthe developments in the anal¡ical treatment of cross-anisotropic

soils were directed toward approximating the problem in s.¡ch a u/ay so that only three instead

of five parameters need to be measured or determined. Gibson (1974) showed that for an

incompressible soil (Fo: F¡": lr"¡:0.5) only three elastic parameters (E* E,ô and GJ need

to be known. For this case he also showed that the anisotropic factor, rç should satisfy the

limiting condition 0 < n < 4. Further he showed that the deflection of a cross-a¡isotropic

incompressible medium could never exceed 2.7 times the isotropic case. For $/F-, = 4 the

medium is rigid and no settlement will occur.

Van Cauwelaert (1977), who specifically deals with pavement structures,

proposes that under certain conditions onty three constants need to be determined to charac-

tenzß the pavement mæerials. These would be E" n and ¡r.¡. His definition of the paraÍieters

is shown in Fig. 2.61. He then proceeds to rotate the anes by an angle and transforms the

elastic constants to the rotated coordinate æ<es. The transformation constants are essentially

as given by Iækånitskü (1963). Using Lekhnitskü's transformation constants for 0 = æ14, G6

can be shown to be:

Here he assumes the invuiance ofthe shear modulus Gq i.e it is independent of the rotation

of ores (cf. discussion of Barden's work above). Therefore Go is given by Eqn. (80). By

l+n+2p (80)
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using a similar argument for the Poisson's effect along the Y-aris due to a tangential stress

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

Thus, having managed to express trvo 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 aszumptions as follows:

1. The independence of the shear modulus to the rotation of æres is just another way

of saþg that the average modulus in the anisotropic planes are considered.

2. The correlation of computed values ofthe elastic constants of pavement materials

with laboratory measured 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 conelæions 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

inde'pendent comments of Grbson 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 aspec"t will be useful.

Grattam and lloulsby (1983) and Graham et al. (1989) zuggest a method whereby

the anisotropic parameters can be detennined from triædal tests. Since only three parameters

can be measured in a tria¡rial test they devise a matrix formulation relating the mean normal

stresses and the deviator stress to the volumetric and æ<ial strains as shorpn below:

F¡r
F.,ù = 

-n
(81)



Here K and G are the bulk and shea¡ moduli respectively while, f is a coupling parameter

linking mean normal sEesses, õp', to the shear strain, ô", and the deviator stress, ôq', to the

volumetric shai4 ô* They show how these tlree can be in turn related to the ñve anisotropic

parameters through four other constants. These four constants are evaluated by multiple

regrassion analysis of a large number oftriædal tests. The model is validated using the data

collected for the \ilinnipeg 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 ín-situ tests such as pressuremeter tests because not enough parameters can be

measured in zuch a test. However, their results are used later in the anslysis of the data

collected during the field tests for this thesis.

CrazetÀs (1981, 1982) anallzd 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-

anisonopic medium. Treating this as a plane-strain problenr, he formulates the stress-strain

relations as below:

[:l;] 
= 

t¡,¿l ll,]
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He, thenuses a consFaint proposed by Carrier in 1946 to express the shear modulus in terms

ofthe four constants C¡ abovg

ot

a I

a,

f t¿

= Ctt

= Ctz

- ul3

= Gv,

€r*C,,G,

€t + Cr, ê,

€t+Crez

'l,u-

(83)



He demonstrates that Caniet's constraints are realistic by comparing computed and measured

values of the shear modulus published in literatr¡re (Iable 2.5). Thus the number of constants

are reduced to fouq F*, E pr¡,and ¡r*. In the second paper he carries out a series of para-

metric analyses to show that the influence of pu is insignificant compared to that of Aa

@ig.2.62). Also, since ¡r*varies vrithin a narrow range (0 to 0.5) an error in its value might

not rqq¡lt in any error ofpractical significance (see Fig. 2.63, for instance). Thus in extreme

cases one could even arbitrarily assume ¡r* without any serious eror. These results are, to

a c€rtain 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

accordingto van Cauwelaert. The difficuþ 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 disct¡ssions it would appear that solutions for the analysis of cross-

anisotopic halßpace exist. rilhile five parameters are needed, there could be ways to reduce

these to three, which can be measured in a triærial test.

G", =
cll ca3- Gr32

Crr+ 2Crr+ C*
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(84)



2.3.2 Cross-anisotropic Elastic Layered Systems

fn contrast to foundation engineering, concepts of anisotropy have not found

application in pavement engineering. It is s¡spect€d that most analytical procedures are based

on the theory ofBurmister (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 ofrecent orign. 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 thoug[ 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

Ar¡stralia (Crerra¡d and Mulholland 1966; Crerrard, 1967, 196g: Gerr¿¡d and Hanisor,, lg7l)

and by Bhattacharya (1968). In the fi¡st of these Gerrard and Mulholland suggest a finite-

difference technique to arrive at numerical solutions to the complex analytical expressions

involved. They also srggest 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

bas€d on a srggestionby Taylor on the discr¡ssion of the 1966 paper used integral transforms

(Fourier or Ha¡rkel transforms) to evaluate the Bessel integration. In these papers Gerrard

deals with l0 cases with one or two layers, in plane-strain or od-symmetrical loading and for

uniform circular loads or linear shear loads (Table 2.6). As can be seen these cover I very

limited range. The l97l publication by Gerrard and Ha¡rison gives analytical solutions with

no numerical evaluation. Therefore it is suggested that these solutions have to be extended

tt7
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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.

Bhattactrarya (1968) also used finite difference methods to compute the stresses and

deformæions. He restricted himself to the Boussinesq model of a homogeneous anisotropic

halÊspace 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 s¡råce. He dernonstrated the vatidity of his solutions for ttre extreme

cases ofBoussinesq þmogeneous, isotropic solid) and of Westergaard (homogeneous solid

reinforced with strips of stiff horizontal layers). However, there was no validation by field

observations.

Thus the \üorh found in the literature to date, on anisotropic halÊspace or layered

systems is of limited value. With more powerful numerical techniques (eg. finite-element

method) available at presen! pavements should be modelled more realistically as layered

elastic systems and anal¡zed. 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 worh involving deflection measr¡re-

ments, will be described in Chapter 4. Chapter 5 presents the analysis and results while

Chapter 6 presents a discussion ofthe results.
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TABLE 2.L ELASTIC TAYER THEORIES FOR 2 AND 3 LAYER SYSTEMS.

AUTÏIOR

TWO IAYER SYSTEMS

W¡STERGA/CRD
0926)

ASSUMT'TIONS

HOGG (1938)

E¡astic plate on a
subgrade. Subgrade
rpmedby
æ¡ings.

Bmiste¡ (1q/ß)

INTERFAG

Fd (1948)

Elastic plate on a
æmi infmlÞ elâstic
subgr

Dircntinuou6

HÐl( md Scñvne¡
0948)

Elastic layer on a
æmi inñnite elætic
subgrade.

ade.

LOADING

Pickett ad Ai
(1 948)

ElÂGtic lâyer on a
*mi inlinite elastic
subgrade.

D!*ontinuoG

Unifo¡m circula¡
load

ElÂstic lÂye¡ on a
*mi infi¡ite elætic
sqbe¡ade

a) Cmtinuous
b) Dmtinuous

Odemk (1949)

PARAMETERS

Elastic platÊ on a

*mi inlnih elaçtic
subgrade.

a) Cmtinuous
b) Disontinuous

mifom circulu
læd.

THREE LAYTRED SYSTEMS.

l',lodulu of
subgrade reaction

a) Cmtinuous
b) Dirontinuou

Beæl Fuction.

Bumi¡ter (1945)

Elastic plate on a

emi infi¡ite elastic
subgrade.

RESULTS

d DiscontinuoE
b) No slip at
interfae.

Unib¡m circula¡
load-

Yomg's modulus
md Polm's ntio
fo¡ sube¡ade

Hml md Scrivrer
0948)

l8l

Tensi¡e st¡s in the
plaÞ

Unifo¡m circula¡
lqd.

Two elastic layem
m a sni inlnite
elastic zubgrade.

alh,EJFa

Disontinuous.

Acu md Fox
o951)

COMMENTS

Unifo¡m cirular
load.

alh,E'lFa

Tmsile stes in
tlP plåte

Two elastic layeF
m a *mi infinite
ehstic zubgrade.

|euffry ud
Eaclclez (1957)

Model ol
subgrade nca
Falistic.

a/h,EJEz

w,z,rr,rz in bdh
tÌp laveF.

a)cmtinuou6
b)d içcontinuo u

Unifom circul,a¡
led.

Two elãstic layeF
ñ a smi intinite
elistic ilbtrade.

a/h and fuciore
oÍ Er/E¡tvvz

All stre in both
l"y"o.

|m (1962)

Extmsion of
Westerg,aard's
thæry

Continuou

ElÀstic PlaÞ on il
elastic layer m a

$mi inftiiE elåstic
subsrade.

Stles at tlE
inÞrfae

Beæl Fmction

ThæÉtical work
in l9{3; ChaÉs

oublished in 1c46.

Itaüþ (196Ð

a/h ad fu¡ctions
o{ Er/F+tsvttt

Continuos

Allitffiõd
deflectiorc in both
hyo

Extension of
Bumister's wo¡Iç
Tabulai values.

Two ehstic layen
m a *ml inñnite
elastic uþrade.

Unifom ciEular
led-

Slip at l-ust

interfaæ, no rlip at
wnd inte¡faa.

Extension of
Burmiste¡'s wo¡h
Tabular valuæ.

a/h,EJE¡F¡/Et

Two ela*ic layer
6 a *mi inlinite
ebstic rubgnde.

Deflectioffi at the
süfac; 6tEs in
sub6rade,

Uniform circula
læd.

E¡tmsim of
Wesærgaard's md
Brmister's tlrory
to 6uit æncEte
pavelmts;

No slip.

alh,E¡/EvWEt

Unifom cirular
l@d.

AII 6tffi in aU

la}æs; deflecims
at tÌ€ surfae and

No slip.

E¡tension of
BumisÞr's wok
Tabula¡ md
cnnhical ffiuls.

a/b'EJEyEz/F<

m

Uni.fom cirular
load.

toD

All stffi ln a¡l
L)¡ere.

ol sube¡ade

a/h2 fuctim6 of
elasticity nnduli
br the layeF.

Limied n¡¡ærisl
evalutim.

Ilnifom cirula
lo¿d.

All stræ in all
layere.

zlh,ÊrlE¡Fa/Ê,

F¡tensim of
Bumiste¡'s work
in 19¡15; Tabular
cvaluâti6.

w.¡f,z

altvE,lEy4/Et

Further ãtensim
of Bumiste¡'s
worl; Morc
stendd tabulâr
values.

All stffiud
defo¡mtlms ln all
l"y.n.

Intmded to mod€l
æphalt pavemt
m groular
baæ/subtraæ.

Allstrcmd
deformtiø5 in all
l¿yer.

Extens¡m of
BumfsÞ¡'s wqL
ExÞn6ive tåbular
æaluatlm.

ExÞnsim of
Bumlste¡'s wøL;
Excnded grphical
waludm.



Table 2.2: Some Better Known Computer Alsorithms for

Program

LayereC Elastic systems

BISAR

Source/
.A.uthor

cHEV-s

Shell Intl.
Petroleum

DAMÀ

#ot
Layers

Chevron
Research

ELSYM.s

Asphalt
Institute

10

#of
Loads

Univ. of
Califor-
nia,
Berkeley

PDMÀP
(PSAD)

5

10

VESYS

5

2

isotropic; lineaç full continuity;
temperature effects

NCHRP

ILLIPAVE,
ILLISLAB

5

2

isokopic; lineaç full continuity;
temperature effects

Assumptions

FHWA

2

CI{EVTT

isotropic; nonlineaç full continuity;
fatigue, temperature effecb

Univ.
Illinois,
Urbana.

5

182

CIRCLY

isotropic; lineaç full continuity

5

U.S. Army

2

Rema¡ke

5

ISSEM.4

Austra-
lian Road
Research
Board

2

Full Continuity; Lineaç temperature
effects; probabilistic

long computer time

ELMOD,
ELCON

5

2

Full Continuity; Visco+lastic; Rut-
ting Model; Fatißue considered

DynaTeet,
California

5+

Full Continuity; Isotropic; Linear;
temperature effects

SENOL.s

2

based on CHEV-S

DynaTest,
California

10+

Full Continuity; Isotropic; Linear;
Probabilistic

Based on CHEV-S;
Recent ve¡sion can
handle up to 10 lay-
ers. An airport ver-
sion is available.

4

Univ. of
Notting-
ham, UK

Full Continuity; Isotropic; Linear;
temperature effects

4

4

Long computer time

4

Full Continuity; Isotropic; Linear

5

Not available to
public

Full Continuity; Isotropic; Linear;
Fatigue considered; temperature
effects

Mainframe; PC ver-
sion available
Long running time

4 Full Continuiþry Isotropic; non lin-
ear; yield criteria; temperature
ef fects; fatigue considered

Based on
cHEV-5

Specifically for FWD
tests

Specifically for FWD
tests;
Remaining life calcu-
lations

Most general yet



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

TEST
L/q,YER

Surface
Subgrade

PLATE
DIAMETER
ô (mm)

Suúace
Subgrade

305
305

Surface
Subgrade

457

457

Surface
Subgrade

l.2s

610
610

Surface
Subetade

10.904
IL7L3

LOAD RATIOS

TEST DEFLECTION À (mm)

762
762

Surface
Subgrade

7.252
7.979

2.50

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, Â mm deflectiory L0 rep.

(Source: Transport Canada: AK-Manual Series: AK-68-L2-31, Table 3)

6.362
7.482

914
914

5.323
5.521

5.0

4.280
4.700

1067
1.067

4.287
4.188

4.054
4.748

3.215
3.334

3.475
3.296

2.725
3.022

7.5

2.589
2.536

3.259
3.797

2.940
2.708

2.050
2.150

2.174
2.013

2,182
2.410

10.0

1.655
1.646

2.834
3.291

1.871
1.675

1.636
1.714

1.391

1.313

1.890
2.082

12.5

1.315
1.312

1.199
1.083

2.559
2.984

1.409
1.476

1.100
1.047

1.692
1.887

1.129
1.125

0.945
0.861

1.250
1.318

0.935
0.894

1.000
1.000

0.799
0.730

0.827
o.791

0.703
0.658

æþ¡



TABLE 2.4 CROSS-ANISOTROPIC MODELS FROM LITERATI,JRE.

AT.TTEOR

KONIC (r9sÐ

ASSUMP-
TIONS

BARDEN (T963)

Eomogeneous,
Cross ¡nlsotro-
plc seEl l¡¡flnlte
el¡sdc b¡lf
tp¡ce

INTERFACE

BEATTACEARYA
(le6Ð

Eomogeneous,
Cross rDisotro-
plc seBl ¡nflDlte
el¡sdc h¡lf
rprce. Sbear
modulus l¡v¡rl-
¡nL

LOADINC

CERRARD, OR
CERRÂRD ET AL
(r96Ð,0969Xr970)

Uniform lo¡d.
otr r ci-rcul¡-r
lreL

Homogeneous,
Cross ¡DIsolro-
plc seml lnfiolle
el¡stlc b¡lf
8p¡ce.

PARA.
METERS

Ed E¡,

Ole, end two
hyer cross rn-
lsotropic el¡stlc
ryrtems.
Tbe botao¡o

byer Is r seml
lafinile cross

enlrotropic helf
sp¡ce.

¡) polna lord
b) unlform
lord on r
cl¡cul¡r rre¡-

RESI,JLTS

184

¡ll stres¡es

¡¡d dl¡-
pl¡cenents-
Ilmlled
nurnerlc¡l
ev¡lu¡don.

4' E"

Do sUp.

COMMENTS

polnl Io¡d

Plckerlng (1970)

¡ll ctresseá

¡¡d dls-
pl¡cehenls.

r) unlform
strip lo¡d
(pl¡De Blrrln)

b) rdsymmet-
rlc, uulform
lo¡d over r
clrcul¡r ere¿

c) lherr shear
rlresc.

E"' Er
Irsrl¡hi
l\¡

Eomogeneous,
Cross enlsotro-
plc seml lafinlle
elutlc h¡lf
lprce.

.{ssuuptlon regrrd-
ilg sberr modulus ls
not qulte correcl.

dl stresses

¡nd dls-
pl¡ceBeDtE.

&. E"
Fu'ltx.
l\¡'

slngulerlly aerr tbe
loed polal

¡Il slrgses
¡nd dis-
pl¡c€EeDts

I¡cluding ¡t
ahe loter-
frce. Com-
plele sol-
ullons

All lo¡ds
applled rs
Besel fonctlo¡.

No rpecllc
loadlng.
Gener¡llsed
rlgorour E¡th-
em¡dc¡l lre¡t-
mert,

Theoretlcd work
No evdurtion for
rpeclfic crses.

Solullon b¡¡ed o¡
ôtrlte dlEerence6-

4' E"
l¡u'Éx'
A¡.

BoundlDg
v¡lue¡ for
the p¡r¡-
metr¡. (see

Flg. 2.61).



TABLE 2.5: ANISOTROPIC ELASTIC CONSTANTS (AFTER GAZETAS 1e81)

DESCRtrÏION OF SOIL

Heavi¡y wer cmslidated
london clay
û4shford)
dçth:30 ft.
depth: 50 fL
avte :

REFERENCE

Heavily over mdidaFd
London clay
(Ba¡bica Centre)

Ward (1959) Ward (1965)

Gibsm (194)

Lightly over coMlidat€d
laolinite clay (Florida)

o. = 40 Psi
w, = 40.7 %
o. = 60 Fsi
w, = 38.7 %

AtLiM (1975)

Normlly conslidated clåy
(Grudite)
o. = 70 Fsi
w, = 295 9.
o. = 60 Psi
w, =3E.1 %

n

MEASURED VATUES

Sa¡da (1978)

¡35
159
1.80

Colorado clay *rale

185

Seroitive Champlian Sea clay
(Cmada)

050
050
050

200

Binchini (19E0)

Note: l. Computed baæd on Canie¡'e coretraining eqution.
2 Fo¡ fu¡the¡ details refe¡ to Gaætas (1981).

0325
0205

0.08

G*/F.

0.19

1.25

1.36

Kaar$erg (1968)

COMPUTED
(note I )

0.00

0.35

037
038

Yong & Silvisry (1979)

0.50

0.50

1.17

l.l3

0536

0.35s
0.41

0.46

0375

0322

r38

0.50

0.50

0.62

0.s3

0356

0.362

0.197

0.415

0.435

0.35

036rf

0378

0.26

0.355

0.322

0.20

0.423

0.N5

0.353

03t0

0.s24

o.187



Probten
Number Geomct¡

1
P[one
Stroin

2

Looding

TABTE 2.6: ANALYSIS oF cRoss ANrsorRoprc sysrBMs

3

Uniform
NormoI

Stress(p,

tt

Nqof
Loyer:

4

,t

5

,,

HA

1

,,

(AFTER GERRARD (1e6e))

6

,t

6xo

HB

1

tt

Ax i-
symmetri<

(E'L

7

tt

6xo

2

(Eu)n

t,

lunttorm
!Normot
iStress (pl

I

2xo

En/E

2

tt

I

2xo

Lineor
Sheof _

Stress (sh

4xo

1.5

1

f/Eu
þter

tt

10

L
4

6xo

4xo

Uniform
NormoI

Stress lol

2

3.0

0-9.

A

,,

yH

1.5ro

0.25

1.5

L¡¡'¡egr
Sheor -

Stress(sf"

2

1.0

4

'tt

DHv

1 .5ro

Uniform
NormoI

Stress ( p)

3.0

0-9

dt

0.1

0.30

2

Dvx

Loyer B

1.0

1.5 ro

0-25

qt

1.0

Evr.,

0-20

0-9

2

5 1.0

1.5ro

0-7
( lso

0.30

0-1

0.30

@

z

5

î/"
t-v

0-43
roÞic

1.0

1-5ro

0.8 | 0.25
( lsotropic

0.2a

0.9

G'

5

yH

0-43

0'8 
I

( lso

cft

3.0

0-3

3.0

5

Dxv

o'2q 
I

:roPtc.

0.25

0.43

1.0

3.0

1.0

1-5

I

!vx

0.25
)

0-25

1.0

1.0

0.1

0-9

0-1

0'8 I
( lso

0.25

.0.9

2-0

0.1

0-9

025

o.2s I

!ropic

0.30

0.9

0.9

0.3

0.3

,t

0.25
)

'0.3

0-25

0-20

t,

,t

0.25

0-35

n

,,

t,

0-175

1.0

tt

tt

t,

0.8

It

t,

tt

(l
0.25 | o.2s
otropic )

,,

,t t,

0-25
æ
Or



PROPOSED MODEL FORAN ELASTIC,

CROS$ANISOTROPIC LAYEREI} SYSTEM

3.1 GEI\IERAL

CHAPTER THREE

In the prwious chapter it was shown how the generalised Hooke's law can be reduc¿d

for a cross-anisotopic mediurq leaving five elastic constants to be determined (Eqns. 12 a¡d

13). These five constants are:

In the Ca¡tesian qfstem:

In Pola¡ coordinates:

It was also mentioned that, at present, the anisotropic parameters can be determined only in

laborafory lriðdal tesIs. Iwsitu geophyscal or geotechnical æsts to determine these constants

have not been developed or reported. 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 engine€ring and in pavement engineering that

anisotropy may be a significant f¿ctor in computing settlements or deflections under surface

loads.
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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 ûom data collected by in-situ testing. Finatl¡ a finite-element

solutionwill 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.



3.2 TEF'. MODEL

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

dependent layer moduli. The following assumptions are made:

l. Each layer of the pavement, except the bottom-most or the subgrade, is of fnite

thickness but e:rtends laterally to infinity;

2.

3.

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

Each layer orc€pt the asphaltic concrete zurface layer is elastic and cross-anisotropic.

The plane ofisotropy is assumed to be horizontal and the æris 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 additioq 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 a:risymmetrical problem.

4.

5.

6.

7.

8.
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9.

10.

11.

3.2.1 Meteriel Characteriz¡tion

Forthe numerical evaluatior¡ 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 3.2r

(see for orample: Yoder and Witczah 1974, pp.27l and pp. 395). Brown (19g2) suggests

a different modification of the van der Poel nomograph based on British experience. More

recentþ, Valkering and Stapel (1992) combined the different components ofthe original van

der Poel's nomographs into a single nomograph and have incorporated this into the Shell

desigt metlpd for personal computers. Howwer, in this study Mcleod's method is used since

it is felt that this will be more releryant to the Canadian conditions. The bitumen stiffiress and

mix characteristics were determined from cores obtained ûom 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 s.¡bmitted 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 extribits 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 Coftnan et al. (1970). Genard

and Mulholland (1966) also quote an earlier work by ShHarsþ and Livneh (1961) who

presumably reported cross-anisotropic behaviour of asphaltic concrete based on laboratory

tests. These latter ar¡thors reported ratios of anisotropy varying between 1.4 and 3.5.

depending onthe 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 hlpothesize that such distresses are due to

directional properties ofthe a¡phaltic 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 ofloading etc.

They describe carefully conducted triædal and diametric tests to determine these constants.

firey 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 byFinn

and Nair as well as by Secor and Monismith in the discussion of this paper by Busching et al

(læ. cit.)there would be conceptual difficulties vyith 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

necesity ofsix elastic constants stemmed from not considering the strain energy requirements

of an elastic continuum (the so-called Caucþ 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 zuggested that the

oveniding 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., Coffinran et al. (1970) studied laboratory compacted

qpecimens as well as cores and dabs taken from in-service pavements urd concluded that the

behaviour of asphaltic conçrete 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 ofthe aggregates in the di¡ection of rolling. However, they had not related such

particle orientation to any mechanical behaviour or strength properties, anisotropic or

othenrise.

Since then G.e. late 1960's and early 1970's), considerable research has been reported

on asphalt testing and layered theory. \ilhile there is a definite conserisus emerging to

consider anisotropy in the unbound layers no such consideration has been suggested for the

asphaltic concrete. Thereforq 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 ofknowledge 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 zubgrade) 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

ma,ximum of two parameters. They a¡e the horizontal modulus and the Poisson's ratio 4¡.
The other three have to be inferred. Forhnately, the anisotropy of the soils at the sites tested

in this study have been investigated by others in long-term high-quality laboratory tests

(Yuer,, L976; Lo el.al.,1977; Gratram and Houl$y, f9$; Lee and Rowe 1989). Therefore

their resrlts ì¡¿ill be used in this study to infer the missing parafüeters. It is admitted that this

approach is somewhat speculative. A parametric study to determine the sensitivity of the
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s¡rface deflections to errors in the inferred values of the elastic constants would have been

useful. Howwer, the optimization technique used in this thesis served the same purpose. In

the following section the conceptual basis for the infened values are presented. The

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

3.2.2 Conceptual B¡sis for the Inferred Änisotropic Psrameterc

For an anisotopic soil the five independent elastic constants cannot take any arbitrary

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

E* E, and G* nust be all positive

-l . po * I

Also Feda (197S) establishes that:

Zp?*. n (l - p¡r)

Ko=(E"/8").

A pressuremeter test would yield basically tlree values, the horizontal modulus F ,,.

the lift-offpressure po md the timit pressure p, (see Fig.2.a6b). Of these the limit pressure

is of little relevance to pavement engineering. The lifr-offpressure is generally taken to be

approximately eçral to the in-situ latml stesses (e.g. Bagrrelin et al., 1978; Davidsor¡ 1979;

Shields et al., 1986). This is strictly tnre only if the probe can be placed in the hole and

inflatd be,fore 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.

=tt.(l - pr¡)
lr¡¡

n

(8sa)

(85b)

(8sc)

It¡6

(l - ¡¡n)
(86)
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However, these a¡e very complicated and cumbersome to use. It has beerq thereforg

zuggested that the full displaccment preszuremeter would be a reasonable compromise

between the self-boring preszuremeter and others (Wrotb 1984; Houlsby and Withers,

1988). Inthe series oftests reported here the method of insertion was not quite the same a¡r

in a full dþlacement test but approaches close to tl¡at. Therefore, it is suggested that the lift-

offpressre may be assumed to be the in-situ lateral stresses. This approach will be fr¡rther

justified because the iwsitu shesses are used to determine the Poisson's ratio ¡,r"¡ (using Eqn

(86) above), which has been shown by Gazetas (1982) as having only minor influence on

s¡rfac€ deflections and vertical sEesses. Thus it is zubmitted that the pressuremeter tests will

yield rwo ofthe required five constants, $* and ¡z*. The other th¡ee constants a¡e infened

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.l,below, sumnurizes the results from these

previous investigations.

Then using Eqns. (85), (86) and Eqn (8a) from Chapter 2 the three other paramerers

a¡e inferred. Since Eqns. (85) are in ûct ineqrulities and not equalities there would be a range

ofparameters possible. Howwer, refening to Fig. 2.62 and2.63 one can see that this range

is rather narrow. Details ofthe test procedureg rqqrlts and analyses are presented in Chapters

4 and 5.

3.2.3 Mathematical Bacþround to the Solution

The mathematical treatment of an etastic, cross-anisotropic layered system was

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



Table 3.1 Anisotropy Retios for Subgrede Soils As Reported in the Litersture

SIÏE

TÏ{I]NDERBAY

ÏIITINDERBAY

DEPTIT

WINNIPEG

lml

t0.2

WINNIPEG

PI

t3A

452; wftgrrysiþclay

4.9

Notc Clays ñom Sr A¡rdrcws and Rcgir¡s arc vøy eimils¡ to Wnnipcg Clay. lhc sþ ctay in Brandon is normally consolidsted

and ie considered to bc elight¡y anisohopic.

16.5; firm rcddish brown grry

wrvcd

Tl;finn brown laminated clay

clav

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 forthe formulation of the solution is Eqn. (13) in Chapter 2 which

can be written in the abbreviated form as below:

ocR

t.4

E/EY
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1.8 -

1.0

REF'.

2.0

1.8

0.95

{€rr €ô, €", Yre, Yro To}t = [C] ¡or, oo, oo,3rô, ,ro r'l'

Iæc andRowc

t1989)

1.8

Lcc a¡rd Rowe

11989)

where, {e }t atd {o}r are the transposes of the strain and stress tensors respectively, and [C]

is the coefficient matrix involving the five elastic constants. Gerrard rewdtes Eqn. (87)

expressing stresses in terms of strains as below:

1.65 -

1.8

I¡h andHolt

(l974\

Graham ct al.

(1989); Gralu¡¡r

andHoulsþ

( I983)

o, = a€r¡+b€aoao€22

(87)

(88a)
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gee = b€,,*o€oeac€¿ (ggb)

a= = c €tr + c €oo a d €¡z

ro = f. ï".= G'.l.-

tto=tzo=0

where the constants 4 b, c, d and f are the terms involving the five elastic constants and are

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

EE (l - FH\,, l¡ur)
(l * Fs) (l - Fs - 2 p*n l¡r¡s)

5 = 
E" (¡t" * lt"u tt*)

(l * p¡r) (l - p,, - 2puv t¡\¡E)

(88c)

(88d)

(88e)

Es tlr/H

The condition stipulated by Eqn. (85) should still hold. In addition Gena¡d invokes a

restriction intpos€d byKoning (1957) on the r¡alue ofthe shear modulus G.6 (or f in Gerrard's

notation):

I - Fx - 2puv p\¡E

, _ Ep(l - F¡¡)

1 - Fn - 2Fsv Frnr

f . - l¡r¡sFgv+ (þlnF¡nr(l - præl¡rrr)(f - p¡¡) ll + F")to
EH PEv (l - Fs - 2Prnrt¡srr)

(8ea)

(8eb)

(8ec)

(8ed)

(e0)
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This is similar to the restriction imposed by Gazetas (1981). The next step is to

formulate the sfains in terms of displecements u, (= v for axi-symmetrical case) in the radial

direction and w in the vertical direction as shown below:

ôu
tf

df

u
'ee-- r

a=ô*
EZ oz

t(æ awl,== 
1, l.; -;J

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

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

Here J" and Jt a¡e 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 Genard

arrives at the following differential equation.

w = Jo 0ç) .e.(z)

v = Jr G) . h.(z)

(ela)

D4 -, ,8Å' c.2. - cft t2 D2 * -1 ta = 0fdd

where D is the differential operator,

or,

(elb)

(elc)

(etd)

(ela)

(e2b)

(e3)



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 a¡e expressed in terms oftrvo parameters a and p and the

dummy variable k and are given by:

u=9å
ôz

o=È
ôz

E2=

Due to requirements that strain energy should be positive a 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 F can be either zero or positive. For

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

F,=

t97

(e4)

ad - c2 -cf -f rla¿
2îd

g(z) = Arê(-t*p)tz + Are(-r-P)tz + A3Ê(r+p)tz + A.c(¡-g)tz

h(z) = g¡Arc(-r+p)tz + grAre(-¡-F)tz - g2Are(r+p)tz - {¡A.c(:-F)tz

where gr and q2 are given by:

(es)

(e6 a)

112-d(-a+p)2
tlt ' (c +fl2) (- c * F)

(e6 b)

(e7 a)

(e7b)

(e7 c)
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,, = !12 --!./s-n - Ff
(c + 1t2) (- c - Þ) (97 d)

For the case p is 0 (isotropy) the solutions are:

h(z) = (nrCr-nrCr)e-'r'*nrCrZe-.b+(-nrCs-nrC.)e.Lr-l.rCräe.r, (g7 f)

where n, and n2 are given by:

d,s,2 - flz

g(z) = Cr" -tk + Crze-tÞ + Cr"'tt + crze'Í.

In either crise one is left with four constants of integration for each layer. These

constants are to be daermined Êom the boundary conditiors. For an N-layer systerl this will

be 4N corstants which require 4N equations to solve. These 4N equations are obtained from

the boundary conditions as follows:

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

2. At the rigid bottom or at infinity, the vertical load is zero as is the deformation thus

yielding two more equations;

3- For ur NJayer system there a¡e (N-l) 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-l) equations).

With these 4N equations the solutions for the displacements can be found. From the

Dl=
G + fl2)e

i!s,2 + flz12=
(c + fl2)e2 K

(e7 e)

(e8a)

(e8b)



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,

displacements and strains in layer i are given by:

Vcrtical displacement W, = /'s¡ (z) . Jo Gr) dk

Radiat displaccmcnt U, = Io- h, (z) . I, (kr) dlc

Vcrtical srrain .) = Io- e! þ). Jo Gr) dk

Radial strain ., = Í- n/ 1z¡ . J, (tr) rtk

Shear srrain T o = [o' n,' t"l - kgr (z)] . Jo ftr) dk

substituting for g(z), lt/z), dr@), and h, (z), from Eqns. 97 (a) and 97 (b), the displace-

ments and strains can be computed as shown in Table 3.2. Orúy the results are given here.

For the algebra see, for example, Spiegel (1969). Knowing the strains and using the stress-

snain relationships @qn. (13) orEqn (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). The

(eea)

(eeb)

(eec)

(eed)

(eee)



3.3 I\TUMERTCAL EVALUATION OF lHE RESI]LTS

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 prograrq ANSYS, marketed by Swanson Analysis Systems Inc.

inPhiladelphia, USA.

Before deciding upon to use this "black box" approacl¡ many existing programs were

oømined. These were ISSEM 4 @ynatest Inc.), ELSYM 5 @erkeley), ILLIPA\IE (Illinois)

and two other finite element programs available with the mainframe computer at the

University ofMa¡ritoba. The füst tfuee of these are extensively reported in the literature and

are being used by nuny researchers and practising engineers all over the world. The last two

were part of¡vo graduate theses in geotechnical engineering at the University of lvfanitoba

ISSEM-4, ELSYI4-5 and ILLIPA\IE cannot consider non-homogeneity, stress dependency

of materials, viscoelastic properties of asphalt, and anisotropy. They cannot consideruser-

imposed limíß to material properties for each lay"r. 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 bythese

programs. Using these programs would also be a "black boxn approach. Though the ar¡thor

could obtain the source code for ISSEM-4 and ELSY-IvÍ-5, modi$ing these to consider a

generalised pavement model proved to be a nearly impossible task. Source code for

ILLIPA\IE \üas not available.
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The two programs at the University of Manitoba were written to analyze specific

foundation problerns. While they were smaller programs than the other three, they were also

restricted in ttreir applications. All the above objections would apply to these too. In additior¡

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,

dúugging and testing before being used to amlyzethe data collected for this investigation

It is submittd that when powerfirl general purpose finit+element algorithms are available and

which have beeri tried and te.sted on many known theoretical and practical problems, there is

little additional benefit in developing a similar and new program. Thereforg all analyses

reported in this thesis were done using the AIISYS finite-element program. A later section

in this ctrapter and sections in Chapter 5 give more details and documentation of the prograÍL

In the following sections a brief overview of finite-element methods, in generaf and the use

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

3.3.2 Steps in Developing a tr'initeelement Model (FEM).

It is not intended to go into any great details about the theory or concepts of the

finite-element method (FEl\Ð Numerous text books, journal papers, and conference

proceedings have been publistred on this srbject (see for orample Mackerle, l98B). Here only

the basic steps are enumerated and the implementation ofthese ste,ps as relevant to the current

problem on hand is discussed. The implementation of a finite-element program involves the

following steps:

l. Model Definition: In this step the mesh geometry (triurgular, quadrilatera! number
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of nodes etc.) is defined;

2- Definition ofelement stiftress: This is the step where the material properties for each

element in the continuum are assigned. It is in this step the va¡ious theoretical

material models (such as isotropic, anisotropic, homogeneity, linearity or non

linearity, etc.) are defined;

3- Definition ofnodal stiffitesses: Since the elements are joined at the nodes and finally

the forces and deformations are solved at these nodal points, the element stiffiresses

a¡e to be combined in some appropriate manner to define the nodal stiffiress;

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 sep involves choosing an appropriate mesh pattern to suit the problem at hand.

For analysing pavement problems, generally, a mesh as shown in Figs. 3.  @)and 3.a.ç5) 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 @g. 3.a (a).

However, the user has the option of defining the mesh ir atty manner to suit the problem.



a) Horizontal Direction

It was mentioned ea¡lier that the pavement stn¡cture could be approximated as an a,xi-

symmetdcal solid. In fixing the geomeny ofthe 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 ofthe drauôacls

of the available programs since they cannot consider this condition This condition implies that

the vertical boundary should be a little beyond the point where the deflection bowl becomes

asymptotic to the s¡rfacÊ. In heavy pavement strr¡ctures, such as airfield pavements that were

tested during this study, the deflection bowls were usually large. This was confirmed by

observation duting the F'\{D 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 possiblg but no

horizontal movements. Twenty-five node points were specified within this distance. Four of

these nodes were under the loading platg 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 ofthe model and the mesh geometry are described

in Chapter 5 where the theoretical basis for the analysis using AI.{SY'S is presented.
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b) Vertical Direction

The total height ofthe finite cylinder is taken to be approximately 15 metres from the

loaded sråce to the as$¡med depth of the rigid bottom. This depth was a¡rived at after some

preliminary calculations using published data by Gerrard (1967) and Bhanach.rya (196g).



These results are presented in Chapter 5.

The mesh distances in the vertical direction were related to the thickness of the

individual layers and consider, to some exten! the usual construc-tion practices. The asphalt

surface layer is divided into rwo layers. This corresponds to the general practice of laying

two layers ofthe asphaltic concrefe, the lower levelling cor¡rse and the upper surface course.

Usuall¡ these are two different mixes and have different mix properties. In the case of very

thick asphalt layers, (zuch as withFull-Depth2 Asphalt pavements) additional layers may be

necessary. The grurular base layer is divided into three zubJayers. With the usual pavement

construction this would result in layer thickness of 200-300 mm which is generally the

specified thickness ofbases from the compaction point of view. Since one of the reasons for

the existence of anisofropy in granular layers is compactior¡ it would be logical to treat each

lift of compacted base as a layer and assign its appropriate material properties, if they can be

mea^s¡red. Using simila¡ arguments the granular subbase, when present, is divided into four

laye"s. Finally the subgrade is divided into layers of 1,000 mm each. Generally, this resulted

in seven to ten þers of zubgrade 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.
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Step 2. Element Stiffness

The objective of this step is to formulate an expression for the stiffiress of each

element in the mesh so that given either the displacements or the forces, the other can be

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

Full-Depth asphalt is the registered trade mark ofAsphalt Institute, College parþ M¿
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materials in tttat element. The area is defined by the geome,try of the element described by the

coordinates ofthe nodal points (Step I above). The following explanation for obtaining the

element stiffitess follows the presentation by Girijavallabhan and Reese (1968).

Consider a discreet element (ij) in an axi-synrmetrical medium (Fig. 3.5). The

displacement within the element can be written as:

where,

{o}ü = [i] =

l'l t z tz o
[0]=lt000 0l

töl {es}

where, {ô} is the displacement vector, u and w a¡e the displacement components in the radial

and vertical directions respectively, {a} is a vector of deflection coefficients and [Õ] is a

position vector. Now, strain is defined as the rate of change of deformation and hence can

be written as fi¡nctions of the derivatives of u and w. Since the displacements are expressed

in terms of deflection coefrcients { ø }, it is possible to write srains in terms of { a } as below:

{a}T = lu,, a, tr3 ût Es tre a,, o,rl

0 0 0l
rzrrl

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

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

(1oo)

te)=¡q¡.{c}

(101)

(t02)

{6}=¡Çl .to}

(103)

(104)
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where [C] is the inverse ofthe coefficient matrix containing the elastic constants and {o} is

the stress tensor. Using the strain energy principle, the work done by an extemal force should

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

Internal strain encrgy

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

Extcrnal work

_1f-t J"

dooc = -l-
2

It will be noticed that the elements of all the matrices in Eqn. (107) are fünctions of

the geometry and material properties only. In the finite-element algorithms these matrices are

waluafed once the geometry and the material properties are given in a systematic way. The

element stiftresses are calculated with respect to the local coordinates of each element. The

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

{e}r to} ¿v

lkl =

{u}r . p¡ .{u}

to-'r'f tQIr tcl-r tel dv . tOI-r

Step 3. Nodal Stiffness

Once the element stifttesses 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 stifrtesses of the contributing elements. These matrices can then

be transformed to the global oces using a transformation matrix [T] as shown below:

(los)

(106)

(107)



where [G] is the global stiftress matria K] is the block matrix obtained at each node and [T]

is the transformation mafü( It is in this step that the individual finite-element programs differ

in their efficiency. Because the elements of the matrix tG] u/ill form the coefficients ofthe

systøn of equations to be solved, the computer time involved will depend on the optimization

of this step and trytng to keep the half band-width of the matrix to a minimurn For this

reason it was decided to use existing FEM programs rather than to develop a nerr¡ prograûr

IGI = [T]'Kl trl

Step 4. BoundarT Conditions

The boundary conditions for an a"xi-symmetrical case considered here a¡e:

1. Along the load a;<is there can be only vertical displacements. This is synrbolized by

rollers inFig. 3.a @) and 3.a @);

2. Likewise, along the other vertical boundary only vertical displacements can take

place. Thereforg this boundary is also, represented by rollers;

207

(r08)

3.

4.

At the bottom there will be no movements, as symbolized by a rigid boundar¡ç

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 ofthe slrface 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 orrveñtting 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. a.8 (a) and (b)). The fitted curve forms the constant

conditions at the free surface;

6. Becar¡se ofthe æri-symmetrical nature, only one half of the cross section needs to be

considered.

Step 5. Analysis

Finite elment algorithms are generally classified into tu¡o categories: (l) the

incremental method and (2) the iterative method.

The inc¡emental 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. kr Fig. 3.6 the tangent modulus at O for the first

load increment OAis estimated and the computation ca¡ried out. If the same modulus were

used for the nsrt increment then the strains would be as at point Bo instead ofB. Hence the

modulus is estimæed again urd the computations carried out. This procedure is repeated till

the fi,¡ll load is applied. The advantages of this method are:

1. Non-linear problems can be treat€d as series of linear problems. If the increments are

chosen small enoug[ the errorin the estimated tangent modulus is likely to be small;

2. Becar¡sethe loads a¡e inincrementq the computations are in a way like a triorial 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

ofpavements, whether tensile stresses in unbound materials are developing.

The disadvantage ofthe 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 Valliappaq 1974; Naylor, 1978).

The iteretive method is shown schematically in Fig. 3.7. Inthis 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 fa¡ removed from the actual stress-strain path. Then a

correction is made whichmight result in the conditions as shown by point 2. This process is

repeated until the calculated strains or stresses a¡e within an acceptable tolerance of the true

stress-strain curve. The advantage of this method is essentially the speed of computations.

For anuna¡nbigous and fairly well understood stress-strain path this method would result in

acceptable reults. Tle disadvantage is that the stress path cannot be traced nor can a failure

criterion be specified by this method. f{owever, since the F\ryD can apply up to eight steps

ofload one can circumvent this diffictþ by applying diferent loads below the design load

and carry out an iterative analysis. This way the stress path can be traced.

As &r as this r¡niter is awarg except for the SENOL program from the Universþ of

NottinghanL all the progtranrs 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:

l. The asphalt modulus 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 and are assumed to vary within the limits suggested by Lam

(1982) and Emery (1983);

3. Anisotropy was considered by specifying a probable range of anisotropic ratios

G/Ð forthe materials actually found in the pavement structure. These ratios were

obtained from published research results as mentioned in Section3.2.l.

Existing back-calq¡lation procedures are not capable of considering restriøing bounds

for the material properties ofthe 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 pavemørt stn¡cture @'Amoto and Witczacþ l98O). Therefore, it is submitted that while

they deliver ø mothematícal solutíon to the problen¡ that solution does not necessarily

reflect the actual material properties or the true system stiftress 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-eleme¡rt

program must be able to perform iterative calculations to match the observed and computed

deflection basins by choosing a combination ofmaterial propertie swíthín the rønge specífteil

by the nser. This process is not unlike linear programming or optimization procedures

common in the operations resea¡ch field. None of the existing programs can achieve this

objective. Since AIISYS has this capability, it was proposed to use this program as a

backcale¡lation tool in this study. Chapter 5 presents the ANSYS algorithm and a discussion

of this optimization procedure.



Step 6. Output

The format ofthe output is more a preference ofthe progranrmer or the user, rather

than a feature of the IiEM. Generally, these outputs have to be redsigned and re-processed

with other spreadsheet, database, or graphics programs to make them easily readable and

u¡rderstandable. Parts of the output from the EEM program used in this thesis is included as

Appendices to Chapter 6.

3.4 AhTALYSIS USING AITSYS

3.4.1 General

In the previous sections it was argued that in order to solve for the stresses and strains

within a pavement stnrcture, numerical techniques are to be resorted to. It was suggested that

the most powerful numerical technique available today is the finite-element model. The

assrmptions 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.aa). 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 Gerra¡d (1968) were

disct¡ss€d. It was noted that many of the existing commercial programs for back-calculating

FWD dat¿were inadequate in that they anived at ø mathemafícal solutíonwhich does not

necessarily rçresent the physical pavement stn¡cture or the material making up that structure.

Thereforg it was argued that pavement problems are best solved by developing a general-

Purpose finite-element programwhich permits the treatment of the layered elastic systun in

the most general way capable of considering non-homogeneþ, non-linearity, stress and

2tt
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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

combin¡tion of meterial properties that are consistent with the actual physical structure

being analyzed. It was suggested that the A]{SYS finite-element algorithm satisfies these

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

3.4.2 
^ 

Short Oveniew of the ANSYS Model

Chapter 5 disct¡sses the AI.ISYS 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 diferent 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

ofthis elernent qpe is discussed in Chapter 5. Finally, in the later chapter a discussion of the

optimization module as employed by the AlISys program is presented.
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r,2,0 = local cylindricsl coordinates

r\¡ = nodal dispalcement in r direction at nodal point (i,j)

tsri = nodal disparcement in z direction at nodal point (ij)

H *, = coordinates of nodal points in r direction

b = height of the element
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Function

Table 3.2. Summary of Displacements and Strains in layer i.

Vertical
Deflection
w'

p'> 0

where,

R¿dial
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4.T GEI\"ERAL

The field testing reported, hereirU formed part of a larger study undertaken by

Transport Canadar, to establish a correlation between plate load test results and the results

from non-destn¡ctive testing s¡ch as the Falling Weight Deflectometer (FWD). The objective

of Transport Canada was to determine whether the time-consuming, o<pensive and

operationally very disruptive plate load tests could be replaced with a much faster, lighter, and

less disruptive te.*ing technique without compromising their design standards or creating any

abrupt discontinuþ in their design procedures. These procedures were developed by

Trurport CanaÅainthe eady 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

adminisrative urd budgetary constaints, all the tests were not done in a few montfu 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 Trowltd., ofToronto, Canada in 1985. Excepting some passing

comments in a later sectiorq this firm's report is considered beyond the scope ofthis thesis.

Furttrermore, Transport Canadahad o<tended these tests to many airports across the country

CHAPTERFOI]R

F'IELD TESTING PROGRAM
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Transport Canada is aDeparünent intheMnistry of Transport of the Government of
Canada. This Department regulates and sets standards for the construction and
maintenance of civil aviation aþorts 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 Àrtilitary 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 ofthe present study is the ¡h-siâ¡ characterization of material properties

in the pavement structure. In the literature one finds that FWD testing and the back-

calcr¡lation procedures themselves are often referred to as in-situ testing. However, the aim

ofthis thesis is:

1. 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 zurface material was to be established using the

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

4.2 ADDMONAL FIELD :ESTS FOR TEIS STTIDY

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

l. Preszuremeter 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.



4.3 SITES TESTTI)

From the first series of tests in 1985, four aþorts representing different traffig

environmental, and geotechnical conditions \¡rere chosen. They also represented a broad

spectrum ofpavement stn¡ctures. These sites were Thunder Bay in Ontario, St.furdrews 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.l2 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 \¡/as 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 (IIWD) with a450 mm diameter plate.

Fig. 4.2 to 4.6 show the plan layout ofthe airside facilities at these aþorts and the

locations ofthe field æsts. At Regin4 Saskatoon and St.Andrews (the 1988 series) the FWD

testswere done, by Transport Canad4 for the purpose of aniving at rehabilitation strategies

for these facilities. Ilence the tests were done on hundreds of points on each runway.

However not all were used for this study. Onty a few randomly selected points along the

wheel pæhs ofthe aircraft Q.e. 3 m left and 3 m right ofthe 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
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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)

SITE

LATITUDE

LONGITT.JDE

TEMP.. C
MAX
AVG.
MIN.

TI{T'NDER
BAY

N 48.22'

PRECIP.
RAIN(cm)
SNOWfcm)

\ry 89p t9'

BRANDON

32.9
2.3

-35.7

SUBGRADE
TY?E

N 49'.55'

w 99'57'

BTIILT
TESTED
AGE AT
TEST

ST.ANDREWS

52.7
213.0

35
1.5

38.1

N 50" 03',

SP/SM
MIJCL

w 97.02'.

DESIGN
ATRCR¡.FT

33.9
116.9

REGINA

1984
1985
IYR

35.7
1.2

-39.6

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

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

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

224

N 500 26',

CIJì4L

w 104.40'

B-727

1983
1985
2YRS

SASKATOON

38.3
85.6

35.9
2.2

-38.6

N 520 l0'

CH

w 106.42'

B-737

1968, 1970
1988
20,18 YRs

4.4 TEST LAYOUT

4.4.1 1985 Test Series

28.7
115.7

34.9
1.6

-39.1

CH

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

Brandor¡ 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

DC-3

24.5
113.1

t979
1988
9ns

MUCL

B-727

t976
1988

12 m.s

B-727
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followed the standa¡d 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 preciseþ at the specified

station but the mea¡r 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 ri¡nway. Eig.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

standa¡d 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-homogeneþ 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 ofthe seven FWD sensor locations was

averaged and reported æ the deflection at the particular station. Tables 4.7 and 4.8 show the

r¡ariations in the applied loads and the deflection responses of the pavements. The coefficient

ofvariation is generally low partiorlarly 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 nea¡er sensors are influenced by all the layers but predominantly by the

asphaltic layer. Thus the highø variatipn could indicate the variability in the top layers of the

pavement. The 1985 test series was also conducted with the lighter D¡rnatest 8000 FWD.

It was felt that the mærimum loads and the small- diameter loading plate would generate

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

requires fi¡rther study.

4.4.2 l98t Test Series

The 1988 series of tests in this study and a subsequent study by Transport Canada

used the heavierDynatest 8001 Heavy Weight Deflectometer (IIWD). 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 densþ 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 case-s it was attempted to simulæe the trafrc at that particular ai¡port. As shown

in Table 4.1 the design aircraft ranged from Boeing B-737 toB-727. However, many other

types of aircraft with different weight and tire pressure combinations ìilere 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 lPa, 1,200 kPa and 1,500 lcPa. The loads were applied through a

300 mm diamet€r plate. In the 1988 series four loads were applied but the highest load (the

1,500 lPa load) was applied ¡ryice. Thus the load steps were 700 kPa, 1,200 lcpa and

1,500 kPaforRegina and Saskatoonwhile they were 500 kP4 750 lcPa and 900lcpa 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 platewas used at St. Andrews. The last mentioned aþort is

a trainer aþort with a high volume of predominantly light aircraft and consequentþ had a

light pavement stn¡cture. As itturned ou! oren the 900 kPa load indicated that the pavement

had probably ûiled. Thæe reslts will be presented in alater chapter and discussed. Again the

detailed printout of the large number of tests showed that the FWD or II\ilD could apply

loads with high precision and reproducibility.

4.4.4 D eflection Measurement

The FWD and the I{WD used in the two se¡ies measured the pavement response with

sex/en accelerometers. The location ofthese sensors could be va¡ied within certain limits. For

the 1985 series the sensors were at 0, 300, 610, 915, 1,219,1,524 and 1,829 millimetres3

from the load point. During the zubsequørt analysis by the ISSEM-4 prograrn, many sections

could not be analyzed becar¡se the program was not able to define the deflection basin with

s¡fficient accuracy. A qpic¿l o<ample of s¡ch an ISSEM4 run is shown in Fig. 4.8 O). 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 and2,250 millimetres.

These mea.s,¡rernents are converted units from the imperial units of 0, l, 2,3,4, 5 and
6 feet.



4.4.5 Temperature Measurements

Temperature measurements ì¡rere recorded by the machine with a built-in sensor and

also manually by a srface thermomster. In additiorç a thermometer was stuck in a small hole

in the pavement so that temperatures could be measured between 50 and 75 mm below the

s¡rface. Air temperatures were obtained each hour from the meteorologicat stations at each

aþort.

4.5 IN-SITU ]I{AITRIAL TTSTS

Immediately after the completion of the deflection tests, the pavements were cored

at these locations. This coring progr¿rm 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 preszuremeter 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. Ofterl due to

the age of the pavements and probably due to the quality of materials placed during the

original cons'tn¡ctioq a clear distinction between the high-quality crushed granular base and

pit-run granular subbase material was difficult to ascertain. In the zubgrade materia!

generally, two pressuremeter tests were done; the fust one immediately below the interface

of the subgrade and the granular construction and the next one metre below ttre first one.

Tables 4.2 through 4.6 show the location of preszuremeter tests at the different sites.
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4.5.1 Procedure for Pressuremeter Tests

The pressrøneter was inserted in the ground with the help of a dri[ rig. It is believed

that the procedure would be closest to what Houlsby and Withers (1988) called the fr¡ll-

displacement preszuremeter tests. A solid rod with a conical point which is almost identical

to the point at the end of the preszuremeter was pushed into the ground with the hydraulics

of the drill rig. The rod and the cone v/ere approximately 3 mm larger in diameter than the

pressuremeter itself. Once the hole has been made to the required deptlL the rod was

withdrawn and the preszuremeter lowered into the hole without any delay. This usually

resulted in a good fit ofttre insrument in the hole without allowing the soil to rela:r too much.

All pressremeter tests were cyclic tests. In order to determine the point at which the

unload-reload cycles should begq a pilot hole would be first made. The preszuremeter 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 ìilas, generally, about 80% of the point where the linear segment sta¡ted

deviating toward plastic behaviour (F g. 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. a.l0). In these cases the unload point was arbitrarily chosen between 300 lcPa and

500 kPa loading. The unloading would be generally carried out over th¡ee to five steps, i.e.

15 to25 cc ofwater punped 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.

Clclic tests coruisted of three unload-reload cycles. The author is aware that Briar¡d

et al (1986) recommended l0 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 th¡ee

cycles. Thøeforg it was decided that three cycles weÍe as good as ten. It may be worthwhile

æ investigaæ the influence ofnumber of cycles to the va¡iation in the modulus values and its

relevance in the pavement analysis and design.

Calibration of the pressuremeter was ca¡ried out at the beginning of each day or

whenever the sheath was changed. It was found that the calibration did not change

significantly for eftended period oftimes.

Evaluation of pressuremeter tests were done using a computer algorithnL called

PRESSRED, doreloped by Brizud and his colleagues in Texas A & M Universþ. Examples

of output from this program are shown in Fig. 4.11 and Fig.4.l2. A complete set of

pressuremeter results are shown in Appendix 4-I.

4.5.2 Testing of Asphalt Cores

Asphalt oores were usrally obtained in duplicate at each test location. The cores \ilere

visually inspected and notes made of their condition. Then they were used for extractior¡

aggregate gradatior¡ penetration and viscosþ 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 detennined at 60'C 100'C and at 135'C. The results are plotted on the

Shell bitumen chart as zuggested by van der poel and by Bell (19g3).

Rezults of asphalt testing are presented in Figs. 4.13 to 4.L7. andin Table 4.9.



4.5.3 Geotechnical Tests

Bulk samples of base and subgrade materials \ilere recovered at each test location.

These were tested for grain size distributioq plasticity and moisture content. The rezults are

presented in Figs. 4.18 to 4.22 as well as in Table 4.10.
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THUNDER BAY: TEST LOCATIONS
5+100
5 +204
5+298
5+395
5+500
5+597
5+650
5+972
6+100
6+298

TAXI A

10 + 340
70 + 740

TAXI D

10 + 495

oñ
I(tr

o\g\
t
lf
\s

FIG. 4.2. TEST LOCATIONS IN THIJNDER BAY AIRPORT b,Jt,
t



BRANDOÑ TEST LOCATIONS

RI.JNWAY 08-26

STA.4 + 950

STA. 5 + 090
STA.5 + 183

STA.5 + 278

5T4.5 + 384
STA.5 + 488
STA.5 + 588
STA.5 + 691

STA.5 + 787

STA.5 + 895 t
5T4.5 + 978 I
STA. 6 + 108
STA.6 + 206 *
STA.6 + 303

STA.6 + 435
STA. 6 + 500
STA.6+539 *

STA. 6 + 613

* NOT ANALYZED

/...-

5+85?-

osæ,f

Í'o
,tr,

ooo

,r
f

f

\%

5 +000

FIG.4.3. TEST LOCÄ.TIONS IN BRANDON AIRPORT Nwà
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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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.å, 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

F'IG. 4,5. TEST LOCATIONS IN REGINA AIRPORT lt)
(j)

or



SASKATOON: TEST LOCATTONS

RL]NWAY 15.33

STA.5 + 100
STA. 5 + 150
STA.5 + 360
STA.5 + 450
STA.5 + 540
STA. 5 + 630
STA.5 + 750
STA.5 + 8-10

STA.5 + 930
STA.6 + 020
STA. 6 + 140
STA.6 + 260
STA. 6 + 380
STA.6 + 470
STA.6 t 590
STA. 6 + 680

FIG. 4.6. TEST LOCATIONS IN SASKATOON AIRPORT b,J
f¿)*¡
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HERE THE RT]N WAS ABORTÐ BECAUSE TIIE DELECTION SE¡¡SORS DID NøT REACH

FAR Eñ¡OIJGU OUT FROM TEE I¡AD TO RESO¡TA3LY WHJ,DEFINE TEE DEFLECTION

BÄSIN.

FIG. 4.&8. EXAMPLE OF AN ABORTED ISSEM4 Rt]N
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' Regina R/v¡12-30 :october/88 : 6+300:3mRt:Holet9 :2.25m.

================================================================
POINT
NUMBER

1 0.000
2 5. 000
3 10.000
4 15. 000
5 20.000
6 25.000
7 20.000
I 15.000
9 10.000

10 5.000
11 0.000
12 5.000
13 10.000
14 15.000
15 20.000
16 25 . 00:0
r7 20.000
r.8 15.000
19 10.000
20 5.000
2L 0.000
22 5.000
23 10.000
24 15.000
25 20.000
26 25. 000
27 20.000
28 15.000
29 10.000
30 5.000
31 0.000
32 5. 000
33 10.000
34 15.000
3s 20.000
36 25.000
31 30.000
38 35.000
39 40.000
40 45.000
4L 50.000
42 55.000
43 60.000
44 65.000
45 70.000
46 75.000
47 80.000
48 85.000
49 90.000

======================
Po = 24.3 kPa
Eo = 7248 kPa

VOLUME PRESSURE CORR. VOL. dR/RO
MEÀSUREMENT MEÀSUREMENT INCREÀSE

(cm^3) (t)

300.0
3?0.0
405.0
435.0
465.0
480.0
345.0
265 .0
200.0
1?5. 0
130.0
220.0
300.0
360.0
425 .0
465.0
330.0
250.0
200.0
155.0
120.0
185. 0
255.0
330.0
39s.0
450.0
325.0
235.0
195.0
150.0
110.0
1?0.0
250.0
320.0
385.0
450.0
4?5.0
495.0
510.0
520.0
530 .0
540.0
550.0
555.0
560.0
570.0
575 .0
575 .0
580 .0

0.00
4 .16
9.64

14 .54
L9 .44
24.39
19.39
14.39

9.39
4.39

-0.51
5.00

10.00
14.80
19 .57
24.44
L9.44
14 .44

9 .44
4 .44

-0.56
5.00

10.00
14.90
19.68
24 .49
19 .49
t4 .49

9 .49
4 .49

-0.51
5. 00

10.00
t4.93
19.?1
24 .49
29 .40
34.34
39.29
44.25
49.22
54.18
59.15
64.13
69.11
74.08
79.06
84.05
89.0s
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0. 00
1.01
2.04
3. 0?
4.08
5.09
4.07
3. 03
1.99
0.93

-0. 13
1.06
2.t2
3.12
4.11
5.10
4.08
3.04
2.00
0.9s

-0.r2
1.06
2.L2
3.14
4.13
5.11
4.09
3.06
2 -0L
0.96

-0.11
1.06
2.L2
3. 15
4.13
5.11
6.11
?.10
8.08
9.06

10.03
11.00
11.95
t2 .90
13.84
\4.'17
15. 69
L6 .62
1? .53

CORRECTED
PRESSURE

(kPa)

21 .00
82 .00

102.00
L22.00
147.00
157 .00

27 .00
-48.00

-103.00
-113.00
-143.00
-58.00
-3.00
47.00

10? .00
142.00
12.00

-63.00
-103.00
-133.00
-1s3.00
-103.00
-48.00
17.00
77.00

t27 .00
7.00

-?8.00
-108.00
-138.00
-163.00
-118.00
-53.00

? .00
67.00

r27 .00
14?.00
L62.00
L72.00
177.00
182.00
18?.00
192.00
192.00
192.00
19?.00
197.00
192.00

. 192.00

FIG.4.1I.. EXAMPLE OF PRINTOUT OF CALCUI"ATION FROM
PRESSRED PROGRAM (TEXAS A & M UNMRSITY)

Pl = 190.0 kPa
Er = 8458 kPa

= = = = = === ==== ===== = ======
PI* = 165.7 kPa
EolPlr = 43.7
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FIG.4.12. EXAMPLE OF A PRESSUREMETER CI.]RVE OBTAINED USING

TIIE PRESSRED PROGRAM FROM TEXAS A & M UNTVERSITY
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F'IG. 4.1.3. SHELL BITTJMEN CHART FORASPHALT CEMENT RECOVERED
FROM CORES IN THUNDER BAY
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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 FORASPHALT CEMENT RECOVERED
FROM CORES IN St. ANDREWS
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FIG. 4.16-4. SHELL BITUMEN CHART FORASPHALT CEMEÌ{T RECOVERED
F'ROM CORES IN REGINA

(1966 LOWER COURSE)
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FrG. 4.16-8. SHELL BTTUMEN CHART FORASPHALT CEMENT RECOVERED
FROM CORES IN REGINA

(Le66 UPPER COURSE)
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TE¡¡PERAfURE I,

FIG. 4.16.C. SHELL BITTJMEN CHART FORASPHALT CEMENT RECOVERED
FROM CORES IN REGINA

(1967 UPPER COTJRSE)
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¡EUP€FAIURE I

FIG. 4.16-D. SHELL BITUMEN CHART FORASPHALT CEMENT RECOVERED
FROM CORES IN REGINA

(1967 LOWER COURSE) l.)
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FIG. 4.16.E. SHELL BITUMEN CHART FORASPHALT CEMENT RECOVERED

FROM CORES IN REGINA
(L979 LOWER COURSE)
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FIG. 4.16.F. SHELL BITUMEN CHART FORASPHALT CEMENT RECOYERED
F'ROM CORES IN REGINA

(r97e UPPER COURSE)
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FIG. 4.17- A. SHELL BITUMEN CHART FOR ASPHALT CEMENT
RECOVERED FROM CORES IN SASKATOON

(L976 UPPER COTJRSE)
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FIG. 4.17. B. SHELL BITUMEN CHART FOR ASPHALT CEMENT
RECOVERED FROM CORES IN SASKATOON

(1961_ LOWER COURSE)
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FIG. 4.I-7- C. STIELL BITTJMEN CHART FOR ASPHALT CEMENT
RECOVERED FROM CORES IN SASKATOON

(1961 UPPER COURSE)
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FIG. 4. 18. GRAIN SIZE DISTRIBUTION OF UNBOUND

MATERIALS IN THUNDER BAY
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FIG. 4.21. GRAIN SIZE DISTRIBUTION OF UNBOUND

MATERIALS IN SASKATOON
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TABLE 4.2. TEST LOCATIONS AND PAVEMENT STRUCTURE
IN THUNDER BAY AIRPORT.

STATION

5+100

PAVEMENT
STRUCTURE
(mm)

AC 70

AC 100
AC 100
BASE 280
SB 600

SG

5+300

YEAR
OF
CONST.

USC

AC 70
AC 100
AC 70
BASE 230
SB 680
SG

1984
7965
1954
1954
1954

5+500

ANALYSIS
SYST.

262

AC 70
AC 100
AC 70
PCC 170

SB 110

SG

1984
't965

7954
1954
1954

5+650

GP,GW
SW,SM
SP,SM

5L 4P

DEPTH
TO
PMT
(m)

AC 80
AC 100
AC 70
PCC 190
SB 1OO

SG

1.984
1965
1954
1942
1942

6+100

GP,GW
SM

5L 4P

0.6
1.5
2.5

AC 100
AC 100
AC 70
PCC 180

SB 1OO

SG

TA)o A
'10 + 740

1984
1965
't954

1942
1942

SW,SM
SP,SM

5L 4P

0,6
1.5
2.5

AC 135
BASE 3OO

SB 905
SG

1984
7965
1954
"t942
"t942

SM
SP,ML

5L 4P

1.5
2.5

1983
1983
1983

SW
SM

5L 4P

SW
SM
ML

1.5
2.5

3L 4P

1.5
2.5

0.75
2.00



TABLE 4.3. TEST LOCATIONS AND PAVEMENT STRUCTURE
IN BRANDON AIRPORT.

STATION

5+400

PAVEMENT
STRUCTIJRE
(mm)

5+600

AC 110
BASE 990
SG

5+900

YEAR OF
CONSTR.

AC 120
BASE 11OO

SG

6+300

AC 120
BASE 1O4O

SG

USC

1983
7957 /83

6+500

263

AC 120
BASE 980
SG

1983
1,957 /83

ANALYSIS
SYSTEM

SW-SM
CL

4+950

AC 110
BASE 990
SG

1983
1,957 /83

SW-SM
CL

3L 4P

DEPTH
TO
PMT
(m)

NOTE: EC IS ECONOCRETE: A LEAN CONCRETE BASE'

AC 100
EC 300

SB 350
SG

1983
1,957 /83

3L 4P

SW-SM
CL

1.983

1957 /83

0.6
1.5

SW-SM
CL

3L 4P

1983
1983
1983

0.6
1.5

SW-SM
CL

3L 4P

0.6
1.5

3L 4P

SP-SM
CL-ML

0.6
1.5

4L 4P

0.6
1.5

NO
TEST



2Ø

TABLE 4.4. TEST LOCATIONS AND PAVEMENT
STRUCTURE IN ST. ANDREWS AIRPORT.

STATION

5+030

PAVEMENT
STRUCruRE
(mm)

5+120

AC 45
BASE 150 '
sB 300 I

SG

YEAR OF
CONSTR.

5+480

AC40
BASE/
sB 4701

SG

1968
1968
1968

USC

5+660

AC s0
BASE/
SB 470
SG

1,968

1968

5 + 8,10

ANALYSTS
SYSTEM

SW-SM
SW-SM
CH

AC 50
BASE/
SB 550
SG

1968

1968

3L 3P

DEPTH
TO
PMT
(m)

SW-SM

CH

AC 50
BASE/
SB 460
SG

7968

1968

3L 3P

GP-SW
SM
CH

NOTE 1.: IT WAS DIFFICULT TO DISTINGUISH BETWEEN BASE AND SUB BASE
MATEzuAL LJNDER THIS PAVEMENT, THOUGH CONSTRUCTION RECORDS
SHOWED THAT 150 MM OF GRANULAR BASE (GW-GP) WAS PLACED IN
1968.

0.25
0.70
1..70

1968

1968

3L 3P

SW-SM
CH

0.26
0.75
1.75

3L 3P

SW-SM
CH

025
0.75
7.75

3L 3P

0.28
0.80
1.80

0.23
0.70
't.70



265

TABLE 4.5. TEST TOCATIONS AND PAVEMENT STRUCTURE IN
REGINA AIRPORT.

STATION

5+510

PAVEMENT
STRUCTURE
(mm)

AC 4O

AC 120
AC 90
AC 80
BASE'
sB 1070
SG

5+990

YEAR OF
CONSTR.

't979 u2
ß79L2
1967
1953

1953

AC 45
AC 110
AC 115
AC 6,0

BASE/
sB 71,0

SG

USC

6+290

ANALYSIS
SY9TEM

1979 U
1979 L
1967
1953

1953

AC 55
AC 110
AC 115
AC 95
BASE/
SB 744
SG

6+890

6L 3P

DEPTH
TO
PMT
(m)

SM
CH

1,979 U
7979 L
1967
1953

1953

AC 40
AC 70
AC 1L5
AC 720
BASE/
SB 780
SG

7+310

6L 3P

SW-SM
CH

0.68
7.20
2.20

1979 U
1979 L
1962
1953

1953

AC 35
AC 70
AC 95
PCC 265
BASE/
SB 355
SG

SW-SM

CH

6L 3P

NOTE 1: BASE AND SUB BASE ARE NOT EASILY DISTINGUISHABLE
NOTE 2:U = UPPER COURSE; L = LOWER COURSE.

0.67
1,.20

220

1979 U
7979 L
1966
1960
1960

SW-SM

CH

6L 3P

0.7't
1.25
2.25

SP

5L 3P

0.72
1.30
2.30

0.65
1,05
2.05
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TABEE 4.6. TEST LOCATIONS AND PAVEMENT STRUCTURE
IN SASKATOON AIRPORT.

STATION

5+360

PAVEMENT
STRUCruRE
(mm)

AC¡
AC

5+630

BASE 655
AC'

YEAR OF
CONSTR.

30

BASE/SB 175
SG

95

55

AC
AC 115
BASE 550
AC 150
BASE/SB 350
SG

5+840

1,976

1,961

1961
1.947

1947

USC

35

AC

ANALYSIS
SYSTEM

AC 110
BASE 600
AC 125
BASE/SB 425
SG

6 +'t40

GP-SP

SP.SM
CLAY TILL

',,976

1.961.

7967
1947
t947

40

5L 3P

DEPTH
TO
PMT
(m)

AC
AC 105
BASE 590

GP-SP

GP-PLASTIC
CLAY TILL

1976
1,961,

1,961.

1947
1947

6+470

AC

35

BASE/SB 600
SG

5L 3P

0.50

1.30
2.30

70

AC

GP-SP

SP-PLASTIC
CLAY TILL

7976
1961
1961.

1947
7947

NOTE: 1) TIIE 1961 SURFACE WAS BADLY CRACKED. THE THIN OVERLAY IN 1976
REFLECTED ALL THE 1961 CRACKS.

2) THE'1947 AC WAS TOTALLY STRIPPED AND WAS NO MORE THAN GRAVEL

AC
BASE 615
AC

35

BASE/SB 465
SG

90

5L 3P

0.50
1.00
1.50
2.10

95

GP

1976
1961,

7961,

1.947

1947

GP.SP (PL)
CH

5L 3P

0.50
1.10
1.50
2.1,0

GW

GP-SP (PL)
CH

0.50
1,.20

1.80
2.80

5L 3P

0.50
1.00
1.60
2.50



TABLE 4.7. TYPICAL FWD RESI.JLTS AND VARIÄBILITIES FROM

TESTS IN THTJNDERBAY (19E5 SERIF,S)

SITE: THTJNDERBAY DÀTE: SOCT'85

FACILTT RWY 12.30

STÄTION 5+3O() OFFSET: 3MR IOCATION: ItO6

fWD DEIILECTTON DÀTA

ItP¡

SENSOR

I

2

t

IÍ)AD I,EVEL

2

730 l00l 1305
33 19 7Ã

45o/o 1.9/o lSo/e

r35
l1

8.l%o

DEFLECTIONS IN MICRONS

3

261

3

r09
5

4,f/o

&)
2

LTYo

s7
I

Lïo/o

Æ
I

2SVo

3l
I

4,lo/o

209
l6

7.tr/o

168
7

4.lo/o

t24
2

l.4o/o

s)
t

l.60/o

4

4

1479 ilIEAN
13 STD.DEV.

0ßYo An o/o

280 317
2534

9.0yo l0i%

5

,)a
9

1.lo/o

6

165 186
32

l.60/0 l3o/o

7

253
l0

4.lo/o

&
I

2.lo/o

19

2
4.lo/c

38
I

2.F/"

ll9
)

lJYo

85
a

l.f/o

A
I

3,9/"

133
2

l.7o/"

OA9 0.49 OA9 OA9 RIGIDITY
FACTOR fV¡.sw¡¡tl)

{OTE: Tffi FIRST ROw IS TIIE AVERACE FoR TIIE
stxLocÄTIoNs
TTIE SECOND RO\ry IS TI{E STA¡ÍDARD DEVIA-
TIONFROMTTIEMEAN
THE THIRD RO\T IS TIIE C1f,EFFICIENT OF
VÀRIATION.

6I
2

3Ao/o

n
I

2.0o/o

n
2

l.60/0

75

2

3.0o/o

60

I
2So/"



TABLE 4.8: TYPICAL FIryD TESTS AND VARI,A'BILITIES FROM

TESTS IN BRANDON (198s SERTES)

SITE: BRÄIV)ON DAÏE'

FACILtrTY RWYO&2ó

STATION: 9r9fi) OFÍSET: 3nR

FWD Dtr'LECTIO N DATA

kP¡

SENSOR#

I

2

I

22 OCT"85

I.OAI)

588

5

09%

LEVTL

I-IOCa-TION: I to 6

2

u4
5

03'/¡

DtrLECIIONS IN MICRONS

268

405

8

Z.l/.

27t
4

r.6%

t47
4

3.0%

83

3

39Yo

.s7
1

t,tv.

45

3St/t

t7
t

2.6V.

3

3

tt92
5

0AV.

s74

27
4,7t/o

:t89

6
lAY.

zt6
6

28o/o

t25
5

t9t/c

85

3
3St/o

68

z
3i%

55
,

1ß.

4

I

1360 MEAN
5 STD,DEV.

ÙAt/c 6l/.

826

230

275.

539

l0
ta%

305

8

2.7U.

l8l
6

3At/o

t?t
4

3.6.h

97

4
43t/o

T)
2

2.7c/c

5

6

947

173

l82c/o

605

l6
L7.h

u1
t

L4%

206

7

t.4%

138

3

LO%

ll2
z

l9/.

92

2

LO%

7

{OTE:
TsE ITRST ROW IS TEE AVERAGE PRESST,,RE

ORDEFLECTIONS
TgE SF¡OND ROW IS TqE STA¡IDARI} DE1/I,A.

TIONOFTEEMÊAN.
THE TSIRD ROW IS TEE COEFTTCIET{T OF

VARIATION.

034 035 034 034 RICIDITY
FÂ..'TllP ôUrs¡nfì



STÂ'

<- AGGREGATE GRAD,ATION 

->
(%PASSINGmn)

flllN

TABLE 4.9.4: TEST RESIILTS ON ASPHALTIC CONCRETE CORES

2\

SITE: BRAI\DON

t2.

t00

5

100

tl-7\

vt.2

100

96.6

2-OO

609

6lJ

67296.6

o42\l o-t80t oo75

MT',AN

435

44.7

48.9

193

BITI]MEN
o/o

FACILITY: RUIYWAY 0&26

1fn

189

9J

205

95_5

9.4

6.4

10.5

63-3

65

< PnN drnrn->

5.92

4C

45.7

73

5.57

19.6

2sc

7.0

5.4

9.9

7.0

40c

50.0

7.O

6.7

<-VISí-f|SYTV lPnisesl->

503

188.0

IEE.O

188.0

r00 c

4E.8

5.65

57.8

58.9

13s C

7.0

145 C

5.5

GS

49.7

5.7

3.5

188.0

6.0

3.6

3.8

60'¿ 5.7 3.6

hJq
\o



STATION

<- ÀGGRT',GATE GRADATION
(o/oPASSINGmm)

5 +03{)

5+120

5+300

5+480

5+660

5+840

TABL,E 4.9.8: TEST RESULTS ON ASPHALTIC CONCRETE CORES

25

SITE: ST. At\DRE\ryS

12.5

100

4.75

100

100

100

98.4

2.00

622

&J

591

100

0.425

100

46.7

18.7

MT]AN

100

98.9

0.180

t82

2ts

20-6

t00

BITTJMEN
o/o

9E.0

û2

45.8

4sJ

46.1

AßI

FACILITY: RUNWAY 13-31

0-075

100

t2.5

14.8

13.6

98.6

6t).1

613

99.0

6.7

20.0

61.4

8.5

22Á

,4.'

t3.1

10.1

539

4C

7.2

46.s

s.41

4.92

5.17

6.13

7.2

21.2

2qc

5.0

10.6

5.2

12-S

Lt

40c

45.0

5.2

4.E

6.7

t1.o

253.0

r00 c

55

6.U

44.O

202.0

201.0

199.0

156.0

195.0

5.5t

5.8

43.0

l7s

22.9

135 C

5.5

36.0

l. 2

t45C

2.1

43.0

203

21.7

55.8

451

41.3

2S

135

159

1.60

ts7

1.02

2:r3

201.0

2S

2S

30.7

5.0

4.5

3.2 1.98

l\)\¡o



STATION

<- AGGREGAIE GRADATION 

->
(%PASSINGmm)

5+510

5+950

6+290

6+890

7+310

TABLE 4.9.C: TEST REST]LTS ON ASPIIALTIC CONCRETE CORES

25

STTE: REGINA

12.5

100

4.75

100

995

100

99.2

2.

71.0

71.5

n.4

11,6

72.4

00

100

It .4

0.425

MF"AN

55.5

100

99.6

0.180

s2.4

Lt.3

19.1

zt.4

215

26.0

BITT,IMEN

%

99.E

54.r

FACILIIY: RIII\ITVÄY 12-30

0.075

too

10.8

10.1

il.7

lt.5

14.1

53.8

99.s

,t

54.0

71.8

<_PEN dtnm_>

7.0

54-0

4C

7S

5.9

7.2

5.9

21.9

25C

3.0

5J6

8

ll-7

5.0

5.9

3&5

51.0

45.0

40c

4.5

7.4

<-VISCOSITY lPoises)->

6.1

r20.0

l9&0

tTz.a

Ln.0

l8&0

4.5

100 c

s.9s

5.0

42,.8

s5.0

135 C

43.0

4.4

42î

145 C

5.7

53.1

43.9

1.4

s2.6

3.10

3.00

z.ui

2.82

2.n

t71.0

1.9

¡18¿

&0

50.2

1.6

5.5 2.90

N)\¡



STAT|f)N

<- AGGREGATEGRADATION
(% PASSINGnm)

5+360

5+630

5+t40

6+140

6+ 470

TABTB 4.9-D: TEST RESULTS ON ASPIIALTIC CONCRETE CORES

7S

SITE: SASKATOON

t, 1

t00

100

il1<

t00

100

2-OItIl-425 | 0-180

100

6t.l

100

100

69:t

71.0

685

MEAN

49.2

50.8

51.1

48.2

46J100

100

195

BITI]MEN
o/o

100

FACILITY: RUITNVAY 1133

0.075

100

19.8

E.5

653

19"8

100

9.0

5.1

tE5

68.5

9.0

5.0

<_PEN dmnr_>

17,6

7.8

55

5.69

537

4.n

5.65

49.2

4C

53

7.5

3.8

19.0

25 f-

5.E

3.5

8.4

4.8

¿oc

3t2

3r5

31.8

38.0

37s

6.2

â.

<-VISCOSffY lPoisesl->

fl

110.0

I30.0

150.0

140.0

162.0

65

t00 c

5.44

55

90.0

t15 C

70.0

5.8

1d5 C

6.9

63.0

34.0

63

55.0

4.10

4.10

4.10

330

138.4

5.5

55.0

53

66.6

4.9 380

5.8 3.88

ì,J
-¡N



STÂ'

<- AGGRÍ'-GATE GRADATION
(%PASSINGmm)

ffllN

5+100

5+300

5+500

5+650

ó+100

TXTBIlÞ7¿0

TABLE 4.9.8: TEST RESIILTS ONASPHALTIC CONCRETE CORES

21

SITE: THT]NDERBAY

tr,.\

100

100

415 t 2.t|0 1 0.425 t 0-180

95.9

93.9

92.7

96.0

vt.6

vt-0

100

57.t

703

659

7tJ

67.4

69J

100

MT]AN

40.9

53.6

453

49.4

&.4

46.7

t00

27.6

303

21.6

225

229

2t2100

BITT.]MEN
o/o

FACILITY: RIIIYWAY lL30

tfn

0.075

19.9

94-9

12.4

t3.7

7.1

7.0

< ÞTN ¡lm¡ru-)

67

14.7

14.6

l4-7

s.92

5.88

5.19

538

5.n

s.7t

47.1

1.6

4C

9.1

24.7

2sc

5

8.1

1{

5

40

7.9

433

46ß

423

34.0

45.8

s2ß

C

7-8

6

<-VISCOSTTV lPoiresl->
100 c

r85

6

\_

1t5

6

6¿

61.00

54.73

20,87

325i5

21.72

ß.n

t35 C

256

6

fì

252

5.79

5.20

2.4s

3.41

2.8t

4.98

145 C

44.2

256

354

328

t.62

2.19

1.68

156256

228 ?4-q4 3.66 2.31

t\)\¡
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TABLE 4.10.A RESULTS OF LABORATORY TESTS ON

GRANIJLAR AND SUBGRADE MATERIALS

MOIST.
STATION DEPTH LAYER CONT. LL PL PI qu .

5 + 400 0.60 B 53

1.20 sG 263 41A ls.8 26

5 + 600 0.60 B 5.4

130 SG 199

5+900 0.60 B 63

130 SG 18.4 351 t45 2t.2

274

6 + 300 0.60 B 45

120 SG 15A

6 + 500 0.60 B 6.0

130 SG 19.9 352 t52 20



TABLE 4.10.8. RESULTS OF LABORATORY TESTS ON

GRANULAR AND SUBGRADE MATERJALS

MOIST.

STATION DEPTH LAYER CONT. LL PL PI qu

0.25

0.70

t.70

0.30

0.75

1.75

0.2s

0.75

1.75

0.28

0.80

1.80

0.20

0.70

1.70

275

r\lP

23.1

58.8 180

l\IP

53.4 250

65.7 170

NP

42.8 270

715 150

NP

455 275

645 180

NP

51.9 280

67.0 260



TABLE 4.10.C. RESULTS OF LABORATORY TESTS ON

GRAIIULAR AND SUBGRADE MATERIALS

STATION DEPTH L^AYER CONT. ll- PL PI qu

0.65

r.20

2.20

0.70

1.20

2.20

0.70

t.25

225

0.72

1.30

230

0.65

r.15

2.15

276

5.7

27.7

31i

5.6

339

323

5.7

318

33.6

6.8

308

315

6.6

298

323



TABLE 4.10.D. RESULTS OF LABORATORY TESTS ON

GRA¡IT.JLAR AND SUBGRADE MATERIALS

MOIST.

STATION DEPTH LAYER CONT. LL PL PI qU

0.40

0.90

130

0.69

1.10

2.t0

0s0

1.10

150

0.40

0.60

2.80

0.50

1.00

1.60

B

B

SG

B

B

SG

B

B

SG

B

B

SG

B

B

SG

277

3.2

8.1

9.9

5.2

5.2

10-8

33

8.4

233

2.4

3.7

109

2.3

4.8

25-4

æ.8 LtA 400



TABI,E 4.10.E. RESULTS OF LABORATORY TESTS ON

GRANULAR A}ID SUBGRADE MATERIALS

MOIST.
STATION DEPTH LAYER CONT. LL PL PI qu

5 + 100 0.u B 7.6

0.42 B 6.8

t.20 sG 19.2

5+300 03 B 6.9

0.6 sB 6.s

12 sG 18.7

5 + 500 0.50 sB 6.6

0.65 SG 225

278

5+650 0.47 SB 103

057 SG 9.1

6 + 100 0.44 SB 6.2

0.54 SG 18.1

TA)(IA 0.13 B 3.7

10+740 0.43 SB 45

1.¿18 SG 23.2

llIP(SM)

NP(SM)

NP

(sP-sM)

NP

(sPsM)

r{P(sM)

NP(Sn4




