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ABSTRACT

The aim of this research project is to develop an improved backcalculation procedure, for

the determination of flexible pavement properties from the Falling Weight Deflectometer
(FWD) test results.

The conventional backcalculation methods estimate the pavement layer moduli assuming full
adhesion exists between layers in the analysis process. The method developed in this
research can predict the interface condition between the wearing and the base courses in
addition to the layer moduli, which can be considered an improvement to the existing

procedures. A two stage database procedure has been used to predict the above parameters

and to facilitate the determination of the deflection insensitive parameters.

The need for this improvement arises from the large number of debonding failures which
have been reported in the literature between the wearing and base courses, and the

theoretical studies which identified the significance of including the interface bonding

condition in the analysis process.

The validation of the improved method has been carried out firstly by comparing the
backcalculated results for ninety theoretical pavements with their hypothetical values, and

secondly by comparing the improved procedure results with other well known programs
such as WESDEF and MODULUS.

Full scale pavement testing using the FWD has béen performed and the backcalculated
results compared with measured values for the pavement materials. Indirect tensile tests for
resilient modulus of bituminous materials were carried out on cores extracted for the
pavements, whereas Dynamic Cone Penetrometer (DCP) tests were conducted for the

unbound materials. The Backcalculated and the physically measured results correlated well,

validating the improved procedure.
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Chapter 1

INTRODUCTION

1.1 BACKGROUND TO THE PROBLEM

The majority of highway networks have been constructed during the 1960’s and 70’s in
many countries (1), therefore monitoring, evaluating and improving these highways to meet

the increasing traffic loading and frequency has become major concern for highway
engineers.

Pavements deteriorate after construction under traffic and environmental effects. The
assessment of existing pavement conditions with sufficient accuracy is an important part of
a pavement management system. Therefore, different maintenance and rehabilitation

schemes can be considered together with the financial constraints to achieve the optimum
rate of return.

Pavement condition can be classified as functional and structural (2):
1) The functional properties include the pavement ride quality related to surface
roughness and the pavement safety related to skid resistance.
i1) The structural properties include the strength of the pavement and its bearing
capacity. '
The structural condition will depend on the material properties and thicknesses of the
different layers in the pavement structure including the subgrade. Predicting the material

properties of the pavement layers to assess its structural performance is the main concern of
this research.



Pavement structural condition deteriorates gradually during its life to reach the state of
failure. Two main criteria are considered for flexible pavement failure, permanent

deformation or rutting, and fatigue cracking (3).

In the UK a rut depth of 10 mm in the wheel tracks has been proposed to describe the
pavement critical life. If the deterioration progresses the failure will be reached eventually at

20 mm rut depth or extensive surface cracking in the wheel path (4).

An evaluation method based on the maximum measured deflection under standard wheel
load to assess the pavement strength is also implemented. Empirical relationships between
the deflection and the residual pavement life developed from experience on full scale
experimental roads are used (5). However, this method describes the whole pavement as

one number which does not indicate the individual layers’ properties within the pavement.

With increasing use of the mechanistic pavement design and evaluation methods, which are
based on fundamental engineering principles, the knowledge of each pavement layer
property becomes important(2). The layers moduli can be use to calculate the stresses and

strains within the pavement structure and hence predict its life.

To determine the mechanical properties of the pavement materials two different approaches
can be employed; either laboratory testing on samples taken from the pavement structure or
by mean of non-destructive testing (NDT) on existing pavements. The former suffer from
many drawbacks such as the tests being tedious, time consuming, destructive to the
structure and can cause traffic delays. Furthermore, it is difficult, if not impossible, to
simulate an exact state of field stress in the laboratory testing of pavement materials (6).
NDT methods have gained popularity in the past decade because of their ease of use and

their ability to collect large amounts of data in a short time period (7).

Among the pavement responses to surface load such as stresses, strains and deflections, the
only practical measurements are deflections. Many NDT devices have been developed to
measure the pavement surface deflections. The Falling Weight Deflectometer (FWD) is one
of them, where an impact load is applied to the pavement surface and the deflections are
measured at seven locations. The FWD provides a pulse shape load that tends to simulate

moving-wheel load better than any other device (8). The deflection basin is analysed in a



procedure known as backcalculation, to predict the insitu elastic modulus for each
pavement layer. Knowledge of the pavement geometry (layer thickness) and the interface
condition between the layers is essential for the process. The pavement properties are then
input into a mechanistic pavement model to calculate stresses and strains resulting trom the
applied loads. These stresses and strains are used with fatigue and deformation distress

relationships to evaluate the pavement structural condition and predict the pavement failure.

The surface deflections under the falling weight retlect the real insitu pavement conditions in
term of layer moduli, thicknesses, Poisson’s ratios and the interface condition between the

individual layers.

Conventional backcalculation programs for flexible pavements have assumed that full
adhesion exists between the pavement layers in the analysis process. However, debonding
failure between the wearing course and base course has been reported in flexible pavements

(9,10,11).

1.2 OBJECTIVE OF THE PROJECT

The scope of the present research project is to develop and validate an improved
backcalculation procedure for flexible pavements. The process is based on mechanistic

analysis of the pavement response under the FWD.

The new two-stage backcalculation method should predict the pavement layer moduli and
the interface shear reaction modulus between the wearing and base courses from the FWD
test results. This can be considered as an improvement in the existing backcalculation
methods since the common assumption of full adhesion between the wearing and base

course has been relaxed.



1.3 OUTLINE OF THE THESIS

A review of literature relating to flexible pavement evaluation using the FWD and
backcalculation techniques, including pavement and materials modelling, deflection analysis,
assumptions and sources of errors in backcalculation methods are discussed in Chapter

Two.
The reported practical evidence of slippage failures and their causes, together with the
mathematical model and the existing methods for predicting the interface condition, are

presented in Chapter Three.

The effect of the interface bonding condition between the wearing and base courses on

backcalculated moduli and pavement life is discussed in Chapter Four.

Surface deflection sensitivity to pavement parameters is investigated in Chapter Five.

The development of the improved two-stage backcalculation procedure is detailed in

Chapter Six.

The theoretical and empirical validation of the improved method including the discussion of

the full scale pavements testing results are provided in Chapters Seven, Eight and Nine.

Finally, the conclusions of this thesis with the recommendations for further investigation are

given in Chapter Ten.



i) Traditional layered elastic programs based on numerical integration procedures
such as, BISAR, CHEVRON, ELSYM5 and WESLEA.

ii) The method of equivalent thickness instead of numerical integration.

ii1) Finite-element programs such as ILLIPAVE or MICHPAVE.

iv) Plate theory such as the Westergaard solution for concrete pavements.

v) Neural networks trained to reproduce the results.

2.3 PAVEMENT MATERIALS BEHAVIOUR MODELLING

The relationship between stress due to applied load and the corresponding strain is the most
important mechanical property of the material. Therefore to analyse the pavement structure
under the FWD it is necessary to determine the stress-strain model for each pavement

material.

Typical materials found in flexible pavements are bituminous materials, granular materials
and fine-grained subgrade soil. The complex characteristics and variability of the pavement
materials and their sensitivity to temperature and moisture, have lead researchers to
consider simplifying the models to describe, with reasonable accuracy, the materials
behaviour under FWD load.

The deformation of a pavement structure under loading is composed of two parts, the
resilient or recoverable component and the permanent or non-recoverable component (19).
In the case of transient loads the pavement strains are governed by the resilient

characteristics of the materials.

The resilient modulus 1s defined as the applied deviatoric dynamic stress divided by the
recoverable resilient strain, measured between successive stress application in the triaxial

test (22,31), namely;

M,=0y/& [2.6]
where,

Oy , repeated deviatoric stress ) - O3
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& , recoverable axial strain in the direction of principal stress o,

01, 02, O3, principal stresses.

2.3.1 Bituminous Materials

Bituminous mixes are visco-elastic materials, where the stress-strain relationship is a
function of temperature and loading time. At low temperature and short loading time, they

behave like fully elastic whereas at high temperature and long loading time they become

visco-elastic (32).

The modulus of bituminous material is usually represented by the complex modulus,
dynamic modulus or resilient modulus (33). Because of the short loading time associated
with pavement load, the response of the bituminous layer may be assumed to be linear
elastic (19). Mamlouk et al (34), indicated that the resilient modulus may be more
appropriate in analysing the FWD deflection basin using a multilayer elastic system than
other moduli. And the moduli predicted from NDT of pavements are more representative of
the insitu resilient moduli of the materials. Furthermore, other researchers (35,36) have
claimed that the Indirect Tensile Test (ITT) is the most suitable testing method for

estimation of the bituminous material modulus of elasticity in the laboratory.

The ITT for measuring the stiffness modulus of bituminous materials has been used for
many years (36). The principle of the test is that a cylindrical core extracted from the
pavement, or moulded in the laboratory, is subjected to a repeated load pulse along the
vertical diameter, and the resultant deformation along the horizontal diameter is recorded

(see figure 2.4). The stiffness modulus is a function of applied load, horizontal deformation,

Poisson’s ratio and the specimen thickness.

2.3.2 Unbound Materials

Modelling unbound materials is complex since their resilient modulus is a function of many

parameters such as, moisture content and stress level (37).
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A simplified approach widely used in pavement design, is to relate the unbound material
resilient modulus to the insitu California Bearing Ratio (CBR) value using the following

empirical equation (38):

E (MPa) = 10 CBR [2.7]

The Transport Research Laboratory (TRL) proposed other relationship (4):

E (MPa) = 17.6 CBR** [2.8]

Furthermore, many insitu test results can be correlated to the CBR value such as, the

Standard Penetration Test (SPT) (39) and the Dynamic Cone Penetrometer (DCP) (40).

The main advantage of using the CBR value as an indicator to the modulus of elasticity for
unbound material is its simplicity. However the CBR value should only be regarded as a

qualitative measure of the unbound material stiffness.

Uzan (12) describe the general model for non-linear behaviour of the unbound material

found in repeated load triaxial tests:

Mg = K; P, (0/ Py )** (Toa / P, )©° [2.9]

where,
Mg, resilient modulus of unbound material
0, bulk stress or first stress invariant (G; + G2 + O3 )
Tost, Octahedral shear stress or second deviatoric stress invariant
= (V2/3)( 01 - 0,) in the triaxial test
P,,  atmospheric pressure used in the equation to make the coefficient
independent of the unit used

K, K», K3, material parameters.

Two types of unbound materials are found in pavement structures namely granular materials

and fine grained subgrade soil. The stiffness of the fine soil is predominantly a function of
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the deviatoric stress. This stress decreases with depth resulting in an increase in effective
stiffness. Sandy or granular materials are affected by both the confining pressure and the
deviatoric stress. The weight of the materials causes the confining pressure, and thus the
bulk stress, to increase with depth. This and the decreasing load-related stress result in a

rapid increase in effective stiffness (26)

However, in the backcalculation techniques, including the non-linear behaviour of the
unbound materials will result in a large number of parameters to be predicted. This is not

likely to produce an effective and reliable solution (12,26).

It has been suggested that linear elastic system computation can analyse granular layers with
sufficient accuracy when an appropriate modulus value is assigned to them (41). Similar is
the difficulty of establishing a feasible model for the subgrade which can accurately deal
with all situations that may occur. It seems that a linear elastic layered model is a necessary

approximation provided that an appropriate modulus is assigned to the subgrade (20).

Rohde et al (26), suggested accounting for changes in subgrade stiffness with depth, using a
layered elastic approach, by including a rigid layer underlying the subgrade. Many
backcalculation programs assume an apparent stiff layer at certain depth into the subgrade to

simulate its non-linear behaviour.

2.4 THE FALLING WEIGHT DEFLECTOMETER (FWD)

The FWD has been established as the most effective testing device for the structural
evaluation of a pavement (42). A trailer-mounted NDT device applies an impact load to the
pavement surface by mean of a falling weight on 300 mm diameter circular plate. The load
magnitude can be adjusted by varying either the mass of the weight or the drop height. The
impact load has a total duration typically between 25 to 30 ms and a peak force up to 125
kN. The applied force is measured with a load cell. Peak deflections at the centre of the load
plate and at six other locations, away from the plate, are obtained by velocity transducers

(geophones) in contact with the pavement surface (see figures 2.5 and 2.6).
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The geophones settings are usually selected to be 300 mm apart, therefore the seven
deflection values can represent the deflection basin under the FWD load, assuming

symmetry around the load.

The FWD has the following advantages over laboratory testing (6,14,43):

i) Low operating cost. A laboratory test programme for measuring layer moduli will
be 60-80 times more costly than a corresponding field test program using the FWD
(43). This includes factors such as traffic control cost and the monetary value of
project delay.

i) Short test duration and rapid data collection,

iii) Simple testing procedures.

iv) No physical damage to the pavement structure.

v) No disturbance effect to the sample.

vi) It can simulate the effect of moving traffic loads.

vii) Full scale model test where the test measures the insitu pavement behaviour

under traffic load.

2.5 ANALYSIS OF DEFLECTION BASIN

Typical deflection analysis involves estimating the modulus of each layer to describe the
structural condition of the pavement. However, since there is no direct solution that predicts
the layer moduli from surface deflections, the procedures generally utilise iterative inverse
solution techniques, which have been termed as backcalculation. The backcalculation

procedure has the following steps (see figure 2.7):

i) Assume the initial seed layer moduli.

ii) Calculate the pavement surface deflection using any structural analysis model,
such as BISAR (44).

iii) Compare the calculated deflections with the measured deflections under the
FWD.

iv) Adjust the layer moduli until the two deflection basins match within an

acceptable tolerance.
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2.5.1 Backcalculation Methods

Some backcalculation programs use the properties of the deflection basin to adjust the layer
moduli, where these moduli influence different parts of the deflection basin as shown in
figure 2.8. These methods form the basis of many backcalculation programs such as,

PADAL (42), the New Mexico State Department of Transport (45) and MODCOMP2 (46).

Brown et al (42), studied the moduli influence indices for certain pavement structures. The
variations in the deflections relative to the variation in the considered modulus are
calculated at each deflection location, and named as the stiffness influence. The influence
index (II) of the deflection basin is defined as the ratio of the stiffness influence calculated at
a specific radial position to the maximum stiffness influence computed at any radial position.
The index number, ranging from O to 1, measures the sensitivity of the change of deflection
to the change in layer modulus. When the influence index equals one, the radial position

which is most sensitive to the change of modulus is located.

By allocating to each layer modulus a deflection location from the influence index, the initial

seed assumed modulus can be adjusted using the following equation (42):

(Enew)j = (Eold)j ( de/ dw )ik [2 lO]

where,
E..w and Egq , new and old computed modulus respectively for layer j,
d. and d,, , calculated and measured deflections respectively at radial location i,

k , an index number which increases as iteration progresses.

Thus the iteration process continues modifying the moduli of all the layers until a

satisfactory match is achieved between the calculated and measured deflection basins.

De Almeida et al (47) at Nottingham University considered that the above method which

they used earlier in PADAL backcalculation program (42), has some limitations, i.e.
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i) It requires a decision on which geophone location should be assigned to each
parameter.
ii) The remaining deflections are ignored in the deflection matching and,

consequently, more poorly matched.

Therefore they concluded that all measured deflections should be taken into account in the

backcalculation procedure, using the concept of a least squares method.

The method of least squares was first conceived by Hou (48) and has been used in many
iterative backcalculation programs. Newton’s method for adjusting the pavement
parameters, in order to minimise the error between the measured and the calculated

deflections, is used.

Starting with an initial estimate of the solution (P), a linear Taylor expansion of the response

function f( P + AP ) is taken around (P), i.e.
f(P+AP)=f(P)+ Vf. AP [2.11]

where f( P+ AP ), is the measured response corresponding to the value of the function at

the solution (P + AP ), and f( P) is the value of the function at the solution (P).

Equation [2.11] is written in matrix form as follow

9 fi

aP,

AP, [2.12]

fi(P+AP)-fi(P)=

Equation [2.12] can be non-dimensionalized by dividing both sides by f; ( P ),

r=F.a
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or Fl.r=F .F.a [2.13]

fi(P+AP)- fi(P)

The vectorr = r; ]T , and . =

fi(P)

where, f; (P + AP ), represent the measured surface deflection at sensor location i of the
FWD and f; ( P ) represent the most recently calculated surface deflection at the location i.

Therefore the vector r is completely determined.

The matrix F=[F; ], and F;=

oP;  fi(P)

The matrix F is usually called the sensitivity matrix, because its elements (F;; ) reflect the
sensitivity of the deflections to pavement parameters. Since the analytical solution is not
available the derivatives ( @ f;/ 0 P;), where f; (i = 1,2,..m) represent the pavement
deflections and P; (j = 1,2,...n) represent the pavement parameters, are computed
numerically using the forward derived differences. The initial parameters are increased by
5% and the resulting deflections are calculated using the BISAR program. For these small
variations the derivatives (  f;/ 8 P;) can be assumed equal to (A f; / AP;). Thus the
sensitivity matrix (F) can be generated by n + 1 runs of BISAR program.

The vector o = [ay I, and o=

The unknown vector a reflects the relative changes of the parameters. The set of equations
can be solved using any equation solver, such as a Gauss elimination method. As soon as o

is obtained, a new set of parameters is determined as, P, =Py (1 + ).

The iteration process is continued until the observed convergence is reached, i.e. the changes
in the pavement parameters are sufficiently small and the computed and measured

deflections match closely.
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Wang and Lytton (49), at Texas Transportation Institute developed the System Identification
method (SID) for backcalculating the pavement layer properties. The parameter adjustment

algorithm used in their program (SID) was identical to equation [2.13] in the method of least

squares.

Other computer programs have been developed by the US Army Corps of Engineers at the
Waterways Experimental Station (50). They are named BISDEF, CHEVDEF, ELSDEF and
WESDEF, using different forward calculation programs, i.e. BISAR, CHEVRON, ELSYMS5
or WESLEA. These programs employ a gradient search technique for iteration toward the
correct set of layer moduli, where a successive linear least squares approach is used. All the

above programs use the multilayered elastic system for the forward calculation method.

The method of equivalent thickness can be used as a forward model to convert the
multilayer system to a single layer. Therefore backcalculation will be faster and simpler.
Both ELMOD (2) and BOUSDEF (14) programs use this method, however as stated earlier

in this chapter this method has some limitations.

A completely different approach is used by MODULUS program (51) which has been
developed at Texas A&M University. A database is computed for deflection basins using
the BISAR program with layer moduli that cover the range of moduli anticipated in the
field. The database is stored before the actual backcalculation process starts. The measured
deflection basin is compared with the database and a pattern search algorithm is used to
predict the layer moduli that minimises the error between the measured and calculated
basins. When a large number of deflection measurements are made on pavements with the
same configuration, the MODULUS program will be distinctly faster than the iterative
methods. This is because of the reduction in computing time, since the database will be the
same for all cases. The MODULUS program excludes the user dependency in selecting the

initial seed moduli.

A table listing of the most common backcalculation procedures was presented by the
Strategic Highway Research Program (SHRP), and shown in table 2.1. These programs were
used by SHRP for backcalculation software selection and do not represent a comprehensive

list of all available programs.
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2.5.2 Problems Encountered in Backcalculation

Non-unique solution is one of the main problems of backcalculation techniques. It is
possible for two or more combinations of pavement parameters to result in the same
deflections (52, 53, 54). Engineering judgement is the prime measure used to decide if the
process has converged to the correct parameters or not. However, reducing the number of
backcalculated parameters by combining pavement layers with the same properties will

decrease this problem (27,61).

May and Van Quintus (27), in describing the proposed ASTM standard for backcalculation
suggested assigning the thin wearing course modulus a known value in the backcalculation
process. This is because the thin layer modulus has little influence on deflection and its
contribution to the structural pavement strength is small, therefore its prediction will be

difficult and may cause a non-unique solution.

An other problem encountered in backcalculation is the irregularity in pavement deflection
measurement, due to the difference between measured pavement response and the
theoretical models used to predict that response (29). These irregularities may result from a
number of reasons, including pavement distress, variation in layer thickness, non-linear

material response, presence of bedrock or other stiff layers and moisture and temperature

effects.

Uzan et al (55), summarised the possible sources of error in backcalculated moduli as

follows:

1) Measuring devices, which include deflection sensors and load cell.
ii) Pressure distribution on the loaded area.

iii) Pavement structure geometry and condition.

1v) Material modelling.

v) Analysis technique.

2.5.2.1 Errors due to measuring devices and pressure distribution

These errors can be minimised by repeating the FWD test several times at the same location.



2.5.2.2 Errors due to pavement geometry and condition

The errors associated with the geometry and the condition of the pavement structure are:

i) The layer thickness variation with location.
i) The existence of voids and cracks.
iii) The existence of water table or bedrock.

vi) The adhesion properties between the layers.

20

Theoretically, surface deflection at specified location ( 1 ), under the FWD load is a function

of pavement parameters, i.e.
di = f(Ej, v, by, Ky) [2.14]

where,
E;, v;, h;, modulus, Poisson ratio and thickness of layer j

K » interface shear reaction modulus between layers j and j +1

Most backealculation techniques seek to define layer moduli E; on the basis that all other

pavement parameters are assumed or known. The surface deflections under the falling
weight reflect the real insitu pavement conditions in terms of layer moduli, thicknesses,
Poisson ratios and the interface condition between the individual layers. Therefore any
errors in assuming one parameter will affect the backcalculated moduli, and this error

depends on the sensitivity of surface deflections to this parameter.

Layer thicknesses can be measured from cores extracted from the pavement or from ground

penetrating-radar test (56). However some computer programs can backcalculate the
thicknesses in addition to the moduli (49,57). Poisson ratios appear to have insignificant

effect in predicting the pavement moduli (24,58,59).

Full adhesion is commonly assumed to exist between the layers in flexible pavement

evaluation. However, variations in the bonding condition may cause some errors in
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predicting the layer moduli (60). Lee (30) stated that the actual interface behaviour is not

fully understood and therefore it was not considered in the backcalculation procedures.

However, the interface condition can be assigned as full smooth in some backcalculation

programs, if the forward calculation model can handle this condition.

2.5.2.3 Errors due to material modelling

The lack of an accurate material description may introduce an error in the pavement
evaluation. Assuming the materials as elastic, isotropic and homogeneous does not represent
their real behaviour. Using the multilayer pavement model, the subgrade thickness is
assumed to be infinitely thick and has a uniform linear stiffness. The actual condition varies
considerably from this model where the thickness of subgrade is not infinity and often a
rigid layer or bedrock occurs at certain depth. Furthermore, subgrade stiffness changes with

depth due to the stress dependent characteristics of most soils.

Rohde et al (26) suggested, in analysing the deflection basin, placing an apparent rigid stiff
layer of high modulus below the multilayer elastic system to account for an actual bedrock,

a non-linear elastic subgrade or both.

Many backcalculation procedures include this layer at some depth, normally six metres, into

the subgrade (27).

Rada et al (61), proposed using the radial modulus to indicate the degree of non-linearity of
subgrade. Calculating the radial modulus of the pavement at each radial distance can be
carried out using the measured deflection data as input into Boussinsq’s one-layer half-space

deflection equation:

p.a’(1-V*).C
E, = [2.15]
d.r

where,
E, , Radial composite modulus,
p , applied pressure by the FWD,

a, load plate radius,



v, Poisson ratio of the subgrade,

d , measured deflection at a given radial distance (r) from the load centre,

C, deflection constant = 1.1 Logye (r/a ) + 1.15.

Plotting the radial modulus against radial distance as shown in figure 2.9, will give a clear

indication of the degree of subgrade stress dependent properties.

In FWD testing it is known that the outermost deflections are completely controlled by the
subgrade (2,42) and therefore the computed radial moduli corresponding to these sensor
deflections reflect the subgrade contribution. According to Ullidtz (2), if the radial moduli
(Es and Eyy) calculated at the sixth and seventh radial locations are identical, the subgrade
response is linear, and if E and E,; are not identical, the response is non-linear. The

nonlinearity might occur because of subgrade behaviour, the presence of a rigid layer at a
shallow depth, or both.

Some backcalculation programs such as MODULUS and ELMOD can detect the presence
of a rigid layer using regression equations (26). Hossain et al (62), presented a method for

detecting the rigid layer depth from deflections under the FWD. They backcalculated the
subgrade thickness as any other modulus.

2.5.2.4 Errors due to the analysis technique

Most of the current backcalculation procedures use static analysis to model the pavement
response under the dynamic FWD test. Only the peak deflections and the peak load are
considered in the analysis. A comparison between static and dynamic analysis for surface
deflections was carried out by Mamlouk and Davis (63). They found small differences for

stiff pavements but the differences were large for weak and thinly surfaced pavements.

Zaghloul et al (64), used dynamic analysis of the FWD test results employing the finite
element model. Dynamic analysis suffefs from many disadvantages such as the
computational capacity and time required to run the program and the additional parameters
needed to characterise the materials. In a dynamic analysis, the viscous and visco-elastic
properties of the materials should be considered, Poisson’s ratio becomes more critical

when using wave propagation and the density of the different materials must also be known
(29).
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2.6 SUMMARY

The Falling Weight Deflectometer has been in use for many years for pavement evaluation

due to its ability to simulate the insitu conditions of the pavement under traffic load.

Static analysis for a layered linear elastic system is the most widely used method for

pavement design and assessment, and it can be considered appropriate for many practical

applications.

The analysis of pavement deflections to predict the effective layer moduli can be performed
using the backcalculation technique. Some backcalculation programs aim to determine a set
of layer moduli, in an iterative manner, that minimise the error between the calculated and
measured deflections employing a suitable convergence criterion. Other programs build a
database for different pavement structures, from which the layer moduli can be determined

using an appropriate search technique.
In predicting the layer moduli, some errors might arise due to the following:

1) Material modelling as linear elastic homogeneous.

ii) Static analysis of the dynamic FWD test results.

iii) Variation in layer thicknesses and the presence of stiff layer.
iv) Variation in the interface condition between layers.

v) Non-unique backcalculation solution.

However to obtain a reliable solution, engineering judgement has to be employed and some

simplifications have to be made in order to minimise the number of predicted parameters.



Table 2.1, List of the common pavement layer moduli backcalculation programs (29).

Program | Developed | Forward Forward Back- Rigid layer Seed
name by calculation | calculation | calculation | analysis moduli
method | subroutine | method
Multilayer
BISDEF USACE elastic BISAR Iterative Yes Required
WES theory (proprietary)
BOUSDEF Zhou et al Equivalent | Equivalent Iterative Yes Required
thickness thickness
Multilayer
CHEVDEF USACE elastic CHEVRON Iterative Yes Required
WES theory
ELMOD Ullidtz Equivalent | Equivalent Iterative Yes None
thickness thickness (variable)
Multilayer
ELSDEF USACE elastic ELSYM5 Iterative Yes Required
WES theory
Multilayer
EMOD PCS/LAW elastic CHEVRON Iterative No Required
theory
Multilayer
EVERCALC | Mahoney elastic CHEVRON Iterative Yes Required
etal theory
Muitilayer
FPEDD1 W. Uddin elastic BASINPT Iterative Yes Program
theory (variable) generated
Muldlayer
ISSEM4 R. Stubstad elastic ELSYMS5S Iterative No Required
theory
Muitilayer
MODCOMP L. Irwin elastic CHEVRON Iterative Yes Required
theory
Multilayer
MODULUS Texas elastic WESLEA Database Yes Program
Trans. Inst. theory (variable) generated
Multilayer
PADAL S.F. Brown elastic UNKNOWN | Iterative Unknown Required
et al theory
Multilayer
WESDEF USACE elastic WESLEA Iterative Yes Required
WES theory
Multilayer
MICHBACK | Michigan elastic CHEVRON Iterative Yes Required
State theory
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Figure 2.1, Boussinesq ‘s half-space loading system (14).
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Figure 2.2, Conceptual representation of method of equivalent thicknesses (14).
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Figure 2.3, Multilayer linear elastic model of pavement.
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Figure 2.4, Repeated load indirect tensile test for stiffness prediction (35).
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Figure 2.5, Configuration of the FWD.
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Figure 2.6,

The Falling Weight Deflectometer.
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Figure 2.7, Flow diagram for a typical backcalculation procedure (37).
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Figure 2.9, Radial modulus (E;) Vs radial distance (61).
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Chapter 3

BONDING CONDITION BETWEEN
PAVEMENT LAYERS

3.1 INTRODUCTION

Slippage failure between bituminous layers is hardly a new phenomenon in flexible
pavements (65). If the bonding between the wearing course and base course is poor,
slippage arises. This is a failure condition which is local and does not imply complete

structural failure of the road, though it obviously becomes unserviceable (66).

The state of adhesion at the interface between various layers affects the pavement
performance through its influence on the stressing level of the materials (67). This fact is of
significant importance, since the upper layers are sometimes constructed in stages, causing

poor adhesion between the existing surface and the new layer.

In the UK a large number of debonding failures between wearing and base courses have
been reported in road pavements (9,10,66,68). As a result the Transport Research
Laboratory (TRL) investigated the factors which might contribute to slippage failure by
testing existing pavements (9). Pavement structural condition was assessed with the
Deflectograph. The Ring and Ball softening point of the binder recovered from the wearing
courses were also measured. Figure 3.1 shows the relationship between deflection, hardness
of the wearing course binder and the slippage. The results illustrate that slippage can occur
on a stiff pavement if their binder has been hardened unduly and also on a weak pavement

whose wearing courses have been hardened to a normal extent.

TRL also carried out full-scale experiments on pavements under controlled conditions (9).

The results show that the slip plane is most likely to develop with wearing course rolled at
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elevated temperatures on chilled base courses founded on pavements of inadequate stiffness.
Therefore the following recommendations have been suggested to reduce the risk of

slippage:

1) Improving the quality of unbound materials used in roadbases and subbases by

paying attention to compaction.

i) Avoiding high rolling temperatures when laying the wearing course.

Pell (69) stated that neither the above TRL laboratory experiments nor site studies throw
much light on the development of slippage at the slip plane.

During late 1980, the Department of the Environment for Northern Ireland observed a
number of premature debonding failures on several pavement sections of recent overlaid
roads (65). Whereas in France, a 1986 survey showed that the slippage problem affected
5% of the French highway network at that time (11).

The studies of Van Cauwelaert et al (50) indicated that partial friction is the best
representation of the insitu interface condition between pavement layers but no experimental

data to quantify this parameter has been reported.

The report of the discussion group on practical limitations of pavement non-destructive
testing using the FWD and backcalculation techniques (70), stated that “the methodology is

not sensitive to the degree of bonding between pavement layers”.

Brown and Brunton (66), stated that relatively little is known about the actual shear

strengths at the interface, and that more research is needed.

Therefore the common assumption of full adhesion between pavement layers in the design

and evaluation of flexible pavement does not represent the real conditions.
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3.2 CAUSES OF PAVEMENT LAYERS DEBONDING

Good bonding between bituminous pavement layers is clearly desirable since it improves
the strength of the overall structure. However slippage occurs when the shear stress at the

interface is greater than the adhesion or bonding between the layers (68).

Shuab (71) summarised the connection between the types of failures in flexible pavements
and the reasons for the damage. Table 3.1 shows an extract from his table which includes

the effect of poor bonding between pavement layers and slippage failure.

Pavement corrugation is a deformation parallel to the direction of vehicles progress, where
the waves are short in length but relatively large in amplitude. This deformation type can
be caused by instability of the asphalt pavement, lack of base layer or poor bonding
between layers (71). Moreover slipping, peeling and i)lucking of the wearing course can

develop due to insufficient adhesion between the wearing course and the layer under it

(71).

Previous works (11,65,67,68,71) suggested that a slip plane may develop between

pavement layers due to many reasons such as:

1) Lack of binder coat or defficient binder coat.
ii) Pollution of the base before spreading of the binder.

iii) Surfacing or overlaying in cold weather.

iv) Construction in stages.
v) Insufficient compaction of the base.
vi) Absorption of the binder coat by the base materials.

vii) Under designing of the wearing course resulting in excessively large shear

stresses at the interface.

As a result the interface will fail to ensure the continuity of displacements between the

layers, hence the slippage will start to progress under the effect of traffic and

environmental conditions.
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3.3 MATHEMATICAL MODEL

A numerical solution of a multilayered system requires the knowledge of the boundary
conditions between layers in order to predict the structural responses to surface loading.
These conditions can be either full bonding, with the same shear stresses on both sides of
the interface, or complete debonding where no shear stress will transfer between layers. A

more general fundamental model to describe the interface condition is needed.

Considering the interface as a thin layer of thickness (t), the shear stress (7) at the interface

produces shear strains (y) according to the following equation;
t=GYy [3.1]
where, G is the shear modulus of the interface material.

For small horizontal displacements of the thin interface layer, the shear strain may be
defined as;

y=Au/t [3.2]

where, A u is the relative horizontal displacement of the two faces at the interface.

Therefore;
T=G(Au/t) [3.3]
T=K;(An) [3.4]

where, (K= G/ t) is the horizontal shear reaction modulus at the interface.

This equation represents Goodman's constitutive law to describe the interface behaviour
(72).

This model has been used in many pavement analysis programs, such as BISAR, to predict

the stresses and strains in multilayered system due to surface load.
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3.4 THEORETICAL EFFECT OF THE SHEAR REACTION MODULUS ON
PAVEMENT PERFORMANCE

Many researchers have demonstrated theoretically the effect of the bonding condition

between layers on overall pavement performance (67,73,74,75).

Romain (73), carried out a systematic theoretical investigation into the influence of the
interface condition in several four-layer pavements. He presented the variation of stresses, .
strains and deflections due to bonding conditions. Table 3.2 illustrates the summary of some

of his finding as cited by Uzan et al (67).

The actual magnitude of stresses, strains and deflections for three cases of different interface
conditions relative to the stresses, strains and deflections computed for the case of full
adhesion at all the interfaces were presented in table 3.2. It can be seen that in most cases,
stresses, strains and deflections increase when any one of the interfaces changes from prefect
adhesion to full debonding. Table 3.2 also shows an increase in tensile strain at the bottom

of the layer which is located adjacent to the interface whose properties have been changed.

Uzan et al (67), demonstrated the distribution of the radial strains within the pavement layers
by changing the interface condition between the first two layers, using the BISAR program.
They stated that by changing that interface from full rough to complete smooth, the tensile
radial strain at the bottom of the first layer becomes higher and the tensile radial strain at the
top of the second layer reverses to compression (see figure 3.2). Similar results were

presented by Shahin et al (75) in figure 3.3.

Brown and Brunton (66) investigated the effect of poor bonding between layers on the lives
of pavements (see table 3.3). As a reference case, the structures were initially analysed with
rough interfaces, which implies complete bonding. Subsequently the structures were re-
analysed with the top interface, then the lower interface, being taken as partly rough and
smooth, but with all other interfaces rough. Table 3.3 shows the poorly bonded pavements’
lives as percentage of the good bond case. However for good bonding at both the interfaces

all the results would be 100 per cent. Brown and Brunton concluded that a very poor bond
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would lead to premature local failure and a mediocre bond at either interface could reduce

pavement lives by up to 30 per cent.

The above authors expressed the importance of including the actual interface condition

between layers in the design and assessment of pavements.

3.5 THEORETICAL EFFECT OF THE SHEAR REACTION MODULUS ON
PAVEMENT FAILURE MECHANISM

A pavement does not fail suddenly, its deterioration is considered as a fatigue phenomenon
in that it is the result of the stresses and strains in the pavement caused by the magnitude

and number of load applications.

The two main failure mechanisms in flexible pavement are rutting and fatigue cracking.
Rutting arises from the accumulation of permanent strain throughout the pavement
structure. If the vertical strain at the top of subgrade is kept below a certain level, excessive
rutting will not occur unless, of course, poor bituminous mix design and inadequate
compaction are involved. Cracking of the bituminous materials on the other hand is
considered to arise from repeated tensile strain, the maximum of which occurs at the bottom
of the bituminous layer. The crack, once initiated, propagates upwards and causes a gradual

weakening of the pavement (76).

The distress mode due to fatigue cracking may be influenced by the presence of layer

debonding in two possible scenarios:

i) The crack will initiate at the bottom of the bituminous layer and propagate
towards the surface. If the crack reaches a debonded or partially bonded interface it
may propagate in the horizontal direction causing more slippage between the layers,

rather than vertically as shown in figure 3.4.

ii) If complete slippage occurs between pavement layers, additional tensile strain will
result at the bottom of the bituminous layer above the interface as the two layers will

act independently (see figures 3.2 and 3.3). Therefore two cracks may initiate at
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both bituminous layers as shown in figure 3.5. This will lead to a faster deterioration

in the bituminous layers and quicker pavement failure.

The effect of interface debonding on theoretical and practical failure mechanisms in a
flexible pavement is not the objective of this research. However it is stated here to show the
importance of predicting the condition of bonding at the interface in order to analyse the

causes of pavement failure.

3.6 EXISTING METHODS FOR PREDICTING THE INTERFACE CONDITION

Vergne et al (74) used the shear box test for measuring the interface shear reaction modulus
(K,) between any two concrete materials prepared in the laboratory, employing Goodman’s
law, i.e.

1=K (Au)

The slope of the shear stress-relative displacement curve can describe the shear reaction

modulus at the interface as shown in figure 3.6.

Uzan et al (67) carried out an extensive testing programme to investigate the interface
properties between laboratory prepared bituminous materials using the shear box test. They
studied the effect of tack coat rate, testing temperature and normal pressure during testing.

An example of their results is shown in figure 3.7.

The reported tests were conducted at only one rate of shear (2.5 mm/min). Uzan et al stated
that this rate is appropriate for bearing capacity computations, but not for stress analysis in
flexible pavements where the loading rate is dictated by the vehicle velocity. Hence, the

measured interface shear reaction modulus should be corrected.

They reported a value for K, between bituminous layers at 25 °C of 10* MN/m®. However
the practical prediction of the interface condition from existing pavement using the shear

box test has some limitations such as;
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i) The difficulty in cutting intact square samples from an existing pavement for
laboratory shearing.

i1) It is destructive testing.

ii1) Many testing parameters will affect the measured K, , such as sample size, rate
of shearing and the magnitude of the applied normal load during shearing. Therefore
it is difficult to select the appropriate testing configuration to represent the real
insitu pavement conditions.

iv) The non-linear properties of the interface condition between bituminous layers,
where the relationship between the shear stress and relative displacement is not

linear (see figure 3.7).

Woodside et al (77,78), used the shear box test on circular cores to investigate the
properties of Stress Absorbing Membrane Interlayer (SAMI). Similar tests can be carried
out at the layer interface on cores extracted from an existing pavement. However, coring

may damage the interface properties through the torque applied by the cutter.

Researchers at the “Laboratoire Central des Ponts et Chausees” in France have developed a
wave propagation technique (COLEBRI) to diagnose the state of adhesion between the
pavement layers (11). The COLEBRI is designed to measure the impedance of pavement
materials in the frequency range 300 to 3000 Hz. The ongoing French development, which
is at the early prototype stage, is considered to offer a promising approach to the detection
of pavement layer debonding in bituminous pavements. Test results suggest that pavement
impedance measured at the wave propagation frequency of 1500 Hz, is most sensitive to the
presence of layer debonding. Future work is aimed at developing a robust version of the
COLEBRI and at obtaining a better understanding of the factors that affect the reliable
detection of layer debonding. However the test results are indicative only and can not be

incorporated in the structural analysis model for pavement evaluation.

Tschegg et al (79) have recently developed a wedge splitting test for evaluating the bonding
condition on cores extracted from the pavement. They used the energy required to fracture

the core at the interface by splitting to describe the interface behaviour (see figure 3.8). The
load-displacement curve is obtained by plotting the force (Fy) versus the displacement () as

illustrated in figure 3.9. The energy required to fracture the specimen (G) is derived from
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the area below this curve. The specific fracture energy (Gg) is obtained by dividing the

fracture energy through the fractured area;
Ge=G/A [3.5]

While this method describes fundamentally the interface condition the results can not be
incorporated into the structural analysis model for multilayered elastic system, such as the
BISAR program, to calculate the pavement strains and its remaining life. Furthermore,
some other limitations can be highlighted such as the sample stressing conditions not being

the same as in the pavement and the likelihood of interface damage during coring.

3.7 SUMMARY

Considering the literature stated above and the practical evidence of debonding failure in
flexible pavements, it is certain that the common assumption of full adhesion between the
pavement layers does not represent the real insitu condition of the pavement. Therefore a
method for predicting the insitu interface condition in addition to the pavement structural
properties is required for a more reliable pavement model. These parameters need to be

included in the structural analysis model to predict the pavement performance and its

remaining life.

Goodman’s constitutive law has been suggested to describe the interface condition.

Several testing methods are under development for predicting the interface condition,

however their results can not be incorporated into the pavement analysis model, based on

non-destructive testing techniques.
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Table 3.2, Relative results of four layer pavement with different interface conditions (73).

First interface = Smooth Rough Smooth
Interface condition Second interface = Rough Smooth Smooth
Third interface = Rough Rough Rough
First layer Max. compressive stress 0.79 1.07 0.89
Max. tensile stress 2.19 1.92 2.69
Max. compressive strain 2.83 1.07 3.07
Max. Tensile strain 1.93 1.10 2.07
Deflection 1.20 1.19 1.43
Second layer Max. compressive stress 1.74 0.98 1.81
Max. tensile stress 1.08 2.26 2.73
Max. compressive strain 1.27 1.72 2.25
Max. tensile strain 1.30 1.44 1.89
Third layer Max. compressive stress 1.55 1.48 2.29
Max. tensile stress 1.38 1.23 1.77
Max. compressive strain 1.28 0.92 1.18
Max. tensile strain 1.22 0.92 1.29
Fourth layer Max. compressive stress 1.40 1.74 2.40
Max. compressive strain 1.37 1.37 1.97
Deflection 1.19 1.39 1.58

40
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Table 3.3, The lives of pavements with poorly bonded layer expressed as percentages of
the good bonding case (66).

Structural 1st interface: Ist interface: | 2nd interface: | 2nd interface:
details Partly rough Smooth Partly rough Smooth

40mm HRA 79% 48% 100% 37%
60mm DBM
60mm DBM
330mm S-base

40mm HRA 86% 61% 69% 32%
60mm DBM
230mm DBM
450mm S-base

40mm HRA 81% 65% - -
60mm DBM

190mm W-mix
330mm S-base

40mm HRA 87% 43% 82% 25%
60mm HRA
50mm HRA
330mm S-base

40mm HRA 93% 61% 82% 23%
60mm HRA
125mm HRA
450mm S-base

Average 85% 56% 83% 29%

HRA, Hot Rolled Asphalt,
DBM, Dense Bitumen Macadam,
S-base, Subbase,

W-mix, Wet mix.
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Figure 3.1,  Relation between deflection, hardness of the binder in the wearing course

and the incidence of slippage (9).
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Figure 3.2,  Distribution of radial strain (e;) with depth using different interface condition
between the top two layers (67).
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Figure 3.3,  Horizontal strain under centreline of a single DC-9 wheel (75).
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a) Possible crack shape when there is no debonding failure.
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b) Possible crack shape when there is an interface debonding.

Figure 3.4,  Effect of debonding between layers on crack's propagation in flexible
pavement.
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Figure 3.5,  Effect of debonding failure on possible crack initiation in flexible pavement.
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Figure 3.6,  Shear stress-relative displacement curve at the interface as a function of
normal load (74).
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Figure 3.7,  Shear test results for bituminous materials at 25 °C (67).
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Figure 3.8, = Wedge splitting test to measure the interface properties (79).
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Figure 3.9,  Load displacement curve under wedge splitting test (79).
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Chapter 4

SIGNIFICANCE OF THE BONDING
CONDITION BETWEEN WEARING AND BASE
COURSES ON PAVEMENT LIFE AND
BACKCALCULATED MODULI

4.1 INTRODUCTION

Most flexible pavement design and evaluation methods have assumed that full bonding
exists between the pavement layers in the analysis process. This is probably due to
modelling limitations and the assumption that good quality control will take place during
construction. However, debonding failure has been reported between wearing and base

courses in flexible pavements (9,10,11).

The literature review in the previous chapter showed that the adhesion properties between
the pavement layers affect the performance of flexible pavement through their influence on

the stressing level of the materials (67).

Therefore, in this chapter the investigation of the theoretical influence of bonding condition
between wearing and base courses has been carried out. Firstly the reduction in the
pavement life calculation during the design stage has been studied and secondly the
reflection of the interface condition modelling error on backcalculated moduli has been

analysed.

The study of the impact of the bonding condition between wearing and base courses for this

research is due to the following reasons:
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i) Practical evidence of slippage failure that has been reported between the wearing
and base courses.

ii) Lepert et al (11) indicated that the road base subbase interlayer is rarely damaged
in bituminous and semi rigid pavements. In contrast the interlayer between the

wearing course and the layer just below it is most often defective.

However in principle the bonding condition between any two layers of the pavement can be

investigated.

4.2 PAVEMENT LIFE PREDICTION

Most of the analytical design procedures for flexible pavements adopt the concept of
limiting the horizontal tensile strain at the bottom of bituminous layer to control fatigue
cracking and the vertical compressive strain at the top of subgrade to control permanent
deformation. In this study the semi-empirical relationship developed by Transport Research
Laboratory (TRL) (4), between the above strains and the pavement life in terms of the

number of standard axle load of 80 kN was used, namely

Log N;=-9.38-4.16 Log e, [4.1]
LogN,=-721-395Loge, [4.2]
where,
N, is the number of standard axle load to cause fatigue cracking,
N, , is the number of standard axle load to cause permanent deformation,
et , 1 the horizontal tensile strain at the bottom of bituminous layer,

e, , is the vertical compressive strain at the top of subgrade.

The final pavement remaining life (N) is the smallest of the fatigue and deformation lives.

The selection of the above relationships is due to their wide use in the UK.
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4.3 PAVEMENT STRUCTURE MODELLING

Here the pavement is modelled as a layered linear elastic system. The stresses, strains and
displacements within the structure due to external load are calculated numerically, using the

BISAR program (44).

Four theoretical structures were investigated in this study to represent a wide range of
flexible pavements in terms of strength. Weak, medium, strong and very strong pavement
terms were used for comparison purpose. The thicknesses and Poisson ratios were fixed in
all pavements whereas the moduli of wearing course, base, subbase and subgrade were
varied as shown in figure 4.1. The pavements consist of four layer systems with an
additional rigid layer at 6m depth, to represent either bedrock or the depth where the

vertical deflection is negligible.

For each pavement structure the interface shear reaction modulus between the wearing and
base courses was changed gradually from complete debonding to full adhesion, with Ky
varying as, 10', 10%, 10°, 104, 10° MN/m®. All other interface conditions were kept constant

and assumed as full adhesion.

Numerical analysis using the BISAR program to identify the range of shear reaction

modulus between wearing and base courses for flexible pavements has been carried out.

The BISAR program was used to calculate i) the surface deflections at the load centre, at
300 and 600 mm radial distance, and ii) the two critical strains for pavement life under 40
kN load for the four pavements. The 40 kN load is selected to represent the impact of
traffic loading (80). The shear reaction modulus between wearing and base courses was

changed gradually from 1 to 10’ MN/m’ for each case.

Figures 4.2 and 4.3 show the deflections and strains respectively as a function of (Kj;) for
the four structures. Two limits can be established from the above figures, beyond them there

are no significant changes in pavements response such as deflections and strains.

Therefore (Kq) can be taken to vary from 10 MN/m’ (complete debonding) to 10° MN/m’®

(full adhesion) in flexible pavements.
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The effect of K, on surface deflections decreases as the radial distance increases with its
maximum influence on the deflection at the load centre (do) (see figure 4.2). Hence

deflections beyond the 600 mm radial distance were not considered in the analysis.

4.4 INFLUENCE OF THE SHEAR REACTION MODULUS BETWEEN WEARING
AND BASE COURSES ON DESIGN LIFE OF PAVEMENTS

Flexible pavements are designed, in term of material selection and layer thickness, to carry
traffic load during a specified life. However if a slip plane develops between the wearing and
base courses, due to lack of binder coat or surfacing in cold weather, the stress distribution

within the structure will change, reducing the pavement performance and life (75).

The four pavement structures shown in figure 4.1 have been studied in this section. The two
calculated critical strains were used to predict the fatigue and deformation lives employing
the TRL equations mentioned above, for each bonding condition. The pavements’ lives

were presented for each case in table 4.1.

Figure 4.4 shows the percentage reduction in pavement lives due to variation in the first
shear reaction modulus from full adhesion. An average decrease in pavement life of 20%
was recorded in figure 4.4 when the value of Ky reached 10* MN/m®. Further reductions of
up to 50% were observed when complete debonding occurs between wearing and base

COurses.

These findings agree with the results of Brown and Brunton (66) shown in tablé 3.2.

4.5 INFLUENCE OF THE SHEAR REACTION MODULUS BETWEEN WEARING
AND BASE COURSES ON PAVEMENT BACKCALCULATED MODULI

Most of the procedures followed in this section are based on the methodology proposed by

Briggs and Nazarian (81), in studying the effects of unknown rigid layer on backcalculated

moduli.
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Five surface deflection basins under 40 kN load were calculated for each pavement
structure shown in figure 4.1 using the BISAR program. Each basin represents an interface

condition between wearing and base courses, with K varying as, 101, 102, 103, 104, 105

MN/m3. The twenty deflection basins were assumed as the measured basins under Falling
Weight Deflectometer (FWD) tests.

The twenty basins were used to backcalculate the layer moduli. The pavement parameters
assumed in the backcalculation process were identical to those in the theoretical structures
shown in figure 4.1, except the first interface condition was fixed as full adhesion as is

commonly found in most backcalculation programs.

The moduli of the second, third and fourth layers were backcalculated, and the modulus of
the 40 mm wearing course was fixed as recommended by May and Van Quintus (27), in
describing the proposed ASTM standard for backcalculation. These backcalculated moduli
should carry some errors to compensate for modelling the interface conditions as full

adhesion rather than the actual values.

Figure 4.5, illustrates the ratio of backcalculated to actual modulus of the layer 2 versus the

ratio of actual to assumed interface condition between bituminous layers, (note that log Kg;

was used in the graphs). The above moduli ratio of layer 2 has decreased on average by

35% for a full adhesion assumption instead of complete debonding in the backcalculation

procedure.

Figure 4.6, shows the ratio of backcalculated to actual modulus of the layer 3 versus the
ratio of actual to assumed interface condition between bituminous layers. The ratio of
backcalculated to actual subbase modulus varied between 70% and 120%. These results
may be interpreted not only as error in modelling K, but also as error in predicting the
subbase moduli. The prediction of a weak subbase modulus for a pavement with a strong

bituminous base will be difficult, since its contribution to the structural pavement response
is small (47).
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Figure 4.7, demonstrates the ratio of backcalculated to actual modulus of the layer 4 versus
the ratio of actual to assumed interface condition between bituminous layers. It is apparent
that by modelling the interface condition as full adhesion instead of the real cases, there is

no significant effect on backcalculated E,.

4.6 SUMMARY

Lower pavement life than the specified design value may result if a slip plane develops
between the bituminous layer during construction. Up to 50% reduction in pavement life
was recorded when complete debonding exists between the wearing and base courses and

therefore weaker pavement will be produced.

Flexible pavement evaluation using the FWD and backcalculation of moduli, assuming full
adhesion between wearing and base courses may cause some errors in moduli prediction.

For the analysed structures, a maximum errors of 35% was recorded for bituminous base.

Due to the above results and all the practical evidence of debonding failures, an
improvement in the existing backcalculation methods is required to give better modelling
possibilities. The new method should predict the interface shear reaction modulus between

the wearing and base courses in addition to the layer moduli from FWD test results.



a) Pavement structure

h; =40 mm Bituminous Wearing Course
Layer 1 v, =04
K, = variable
h, =200 mm Bituminous Base
Layer 2 v,=0.4
K., = full adhesion
h; =300 mm Granular Subbase
Layer 3 v3=0.3
K; = full adhesion
h, = 5460 mm Subgrade
Layer 4 v,=0.4

b) E values of different pavements
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Pavement E, E, E; E,
(MPa) (MPa) (MPa) (MPa)
Weak (W) 1000 2500 80 40
Medium (M) 2500 4000 100 80
Strong (S) 5000 7000 200 80
Very Strong (VS) 7500 10000 500 200
Figure 4.1,  Summary of pavements properties.
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Figure 4.2,  Surface deflection as a function of first shear reaction modulus (Kj,) for the

Weak (W), Medium (M), Strong (S) and Very Strong (VS) pavements.
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pavements.



Table 4.1, Effect of variation of first shear reaction modulus on pavements life in
million of standard axle (msa).
K, (MN/m’)
Pavement 10 10* 10° 10* 10°
(full debonding) (Full adhesion)
Weak 0.8 0.9 1.1 1.5 1.7
Medium 5.6 5.6 6.5 9.8 12.2
Strong 48.5 48.5 54.0 80.2 109.2
V.Strong 460.2 460.2 504.2 671.9 1018.8
é 100% + .‘ :
§ —A
i °T —@—Vs
3 =l
k] o 0% T
% S 4o
§ 20% 4
g 0% — t + —
1.0E+1  1.0E+2 1.0E+3 1.0E+4 1.0E+5
Shear reaction moduius (Ks1), MN/m3
Figure 4.4, Reductions in pavements life due to variations in the first shear reaction

modulus, as percentage of full adhesion case.
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Figure 4.6,  Influence of the first shear reaction modulus modelling error on
backcalculated modulus of unbound subbase.
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Chapter 5

THE INFLUENCE OF PAVEMENT
PARAMETERS ON SURFACE DEFLECTIONS

5.1 INTRODUCTION

The pavement surface deflections under the falling weight deflectometer reflect the real
insitu pavement conditions in terms of layer moduli, thicknesses, Poisson ratios and the
interface condition between the individual layers. Theoretically all the above parameters can
be predicted from the surface deflections, however the number of parameters should be
reduced to eliminate the likelihood of a non-unique solution from the backcalculation

process (27).

In this chapter, the influence of each pavement parameter on pavement deflection variation
is determined. The result of the analysis together with the practical applications and
mathematical limitations will be used for the selection of the parameters to be
backcalculated, and hence the development of the proposed improved backcalculation
procedure.

5.2 SURFACE DEFLECTION SENSITIVITY TO PAVEMENT PARAMETERS

3.2.1 Methodology

The methodology used to investigate the deflection sensitivity analysis is summarised in the

following steps:

1) Assume a standard pavement structure with known properties.



60
11) Vary one parameter at the time keeping the remaining as in the standard
structure, and calculating the resulted deflection basin using the BISAR program.

ii1) Analyse the variation in both the shape and magnitude of the deflection basin

due to the parameter variation.

The larger the influence of the parameter on surface deflections the higher its contribution to
the pavement strength and the easier its backcalculation (1,2,12,42). Therefore a strong thick

layer will be backcalculated more reliably from surface deflections than a weak thin layer.

Conventional backcalculation programs predict the layer moduli assuming all the other
pavement parameters are known. Hence any error in assuming one parameter will affect the

backcalculated moduli, and this error depends on the sensitivity of surface deflections to this

parameter (60).

Figure 5.1 illustrates a four layer pavement with additional bedrock at 6m depth from the
surface. This standard structure represents a typical flexible pavement with two bituminous

layers, i.e. wearing and base courses, and granular subbase over subgrade.

The properties of the standard pavement in term of moduli, layer thickness, Poisson’s ratio
and the interface condition between layers are shown in figure 5.1. The deflection basins for

this structure were computed using the BISAR program (44) under 40 kN surface load.

5.2.2 Deflection Sensitivity to the Layers Moduli

Each layer modulus was changed by +50% from the original value, keeping all the other
parameters as in the standard structure, and the deflection basins were calculated under 40
kN load for each case. Figures 5.2 to 5.6 demonstrate the influence of varying the modulus
of each layer on surface deflections. It is observed that changes in the modulus of
bituminous layers only influence the deflections close to the load centre, up to a distance of
900 mm. However the modulus of the wearing course has very little effect on the deflection

compared with the base modulus.
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The moduli of subbase and subgrade influence the whole deflection basin with E4 having the
largest effect on surface deflections. However the quantification of these effects will be
carried out later in this chapter. The modulus of the rigid bedrock (Es) has no influence on
the deflection basin, and therefore its assumed value will not affect the backcalculated

parameter results.
5.2.3 Deflection Sensitivity to the Layers Thickness

Figures 5.7 to 5.10 show the effect of layer thickness variations on surface deflections. The
base layer thickness has the largest influence on deflection near the loaded area, whereas the
depth of the bedrock has influenced the whole deflection basin. Both the thicknesses of

wearing course and subbase have little effect on surface deflection.

Therefore, accurate measurements of bituminous layer thickness and the depth of the rigid
layer, especially if it exists at shallow depth, is essential for a good estimate of the
backcalculated parameters. These results support the finding of many researchers

(27,57,61,81).
5.2.4 Deflection Sensitivity to the Poisson’s Ratio

Figures 5.11 to 5.15 present the effect of Poisson’s ratio variations on surface deflections.
Poisson’s ratios of all the pavement layers including the rigid bedrock have insignificant
influence on surface deflections and therefore on predicting the pavement parameters

(24,58,59).
5.2.5 Deflection Sensitivity to the Interface Shear Reaction Moduli

The influences of the interface shear reaction modulus (K;) between the pavement layers on
deflection basins were illustrated in figures 5.16 to 5.18. The (K,) value has changed from a
standard structure of full adhesion with K, = 10° to an intermediate case of 10" and tinally to

10 MN/m® which represents complete debonding.

The upper layers’ interface properties have most influenced the deflections near the loaded

area, whereas most of the deflection basin has been affected by the bonding condition
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between the lower layers. Generally (K;) has little influence on surface deflections compared

to that exerted by the thick layers’ moduli.

5.2.6 The Selection of the Pavement Parameters to be Backcalculated

The following findings can be drawn from the above studies:

The upper pavement properties mostly affect the deflections near the load centre, whereas
the deflections far from the loaded area are influenced only by the lower properties. These

findings are supported by other researchers (1,21,42,82).

The modulus of the thin wearing course has very little influence on deflection. Therefore
assigning its modulus as a known value in the backcalculation process, as recommended by
May and Van Quintus in describing the proposed ASTM standard for backcalculation (27)
and SHRP’s layer moduli backcalculation procedures (61), will be acceptable. The modulus
value may be measured in the laboratory, using the Nottingham Asphalt Tester (NAT) for
indirect tensile test for resilient modulus of bituminous mixtures (35), or mathematically
estimated using the Asphalt Institute regression equations (83) or Shell International -

monographs (84).

The modulus of the rigid layer has no effect on surface deflections, therefore a typical value
of 7000 MPa is to be assumed for this layer in the calculation process as found in the
literature (50,85).

The layers’ thicknesses have variable influences on the deflection basin, however their value

can be measured physically and they can be excluded from the backcalculation process.

Poisson’s ratios for all the layers have not influenced the surface deflections, hence they can
be assumed as known values in the backcalculation procedure. A typical value for each

material can be assumed in the backcalculation process as found in the literature (37).

The shear reaction moduli between layers (K;) have varying influence on deflections.
However, as explained in previous chapters and from the practical evidence of debonding

failure, the interface condition between the wearing and base courses prediction is the
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objective of this work, and the other interface conditions are to be assumed as full adhesion

in the analysis process.

Therefore, the moduli of bituminous base, subbase and subgrade in addition to the shear
reaction modulus between wearing and base courses (K1) are the only parameters to be
backcalculated from surface deflections, using the proposed improved backcalculation

procedure. However, if the radial modulus investigations indicate the presence of a rigid
layer at shallow depth, the subgrade thickness should be included in the backcalculation

process.

These parameters are commonly predicted using the conventional backcalculation programs
apart from the shear reaction modulus between the wearing and base courses, which is the

proposed improvement to the current methods.

5.3 THE DETAILED ANALYSIS OF THE INFLUENCE OF THE SELECTED
PARAMETERS ON SURFACE DEFLECTIONS

The percentage variations in surface deflections due to the effect of each layer modulus and
the shear reaction modulus between wearing and base courses (K;), are investigated for the
Weak (W), Medium (M), Strong (S) and Very Strong (VS) pavements shown in figure 4.1
(see chapter 4).

The absolute relative errors in deflections at the load centre due to each of the above
parameter variations are presented in figures 5.19 to 5.23. Maximum deflection errors of
5%, 22%, 12% and 46% were recorded when varying the moduli of wearing course, base,
subbase and subgrade respectively by 50%. The interface condition variation from full
adhesion to complete debonding between wearing and base courses has changed the central

deflection by up to 15% as shown in figure 5.23.

Similar studies have been carried out to investigate the influence of the above parameters on
the whole deflection basin. The absolute sum of the relative errors in deflection locations

due to each parameter variation is illustrated in figures 5.24 to 5.28.



Maximum deflection errors of 18%, 50%, 69% and 535% were found due to 50%

alternation in E,, E,, E; and E4 respectively, whereas a maximum value of 44% was

recorded in figure 5.28 for (Kq).

The subgrade modulus has the largest influence on surface deflection followed by both the
base and subbase. The shear reaction modulus (Kg;) has a lower effect on surface
deflections, hence its prediction may be more difficult. Finally the modulus of the thin
wearing course has the lowest influence on deflections, therefore the literature
recommendation of fixing the wearing course modulus in the backcalculation process is
acceptable. However, it is not likely to estimate the wearing course modulus from

laboratory testing with 50% error and a small variation in its value will not affect the

calculation results (27).

However, if the wearing course thickness is more than 75 mm its modulus should be

included in the backcalculation process (27,61).

5.4 CONCLUSIONS

The results of the deflections sensitivity to pavement parameters and the mathematical
limitation of the backcalculation process in reducing the number of parameters to be

predicted, lead to the following recommendations for the proposed improved method:

i) Radial modulus analysis should be performed to detect any rigid layer at shallow

depth.

ii) If the wearing course is a thin layer, as commonly used in the UK (86), its
modulus should be assigned a fixed value as recommended in the literature.
However a small variation in this modulus will not influence the calculation process

since it has little effect on surface deflections.

ii1) The shear reaction modulus between the wearing and base courses in addition to
the normal layer moduli of base, subbase and subgrade are to be backcalculated

from surface deflections using the proposed improved backcalculation procedure.



h; =40 mm Bituminous Wearing Course
E, = 2500 MPa v; =0.4
K, =10° MN/m?, full adhesion
hy =200 mm Bituminous Base
E,= 4000 MPa v, =0.4
K, =10° MN/m’, full adhesion
h; =300 mm Granular Subbase
E; = 100 MPa V3 = 0.3
K =10° MN/m?, full adhesion
hs = 5460 mm Subgrade
E; =80 MPa vs=0.4
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Figure 5.1,

Standard pavement structure for the sensitivity analysis.
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Figure 5.2, Effect of variation of the wearing course modulus (E,) on surface deflections.
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Figure 5.3, Effect of variation of the base modulus (E,) on surface deflections.
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Figure 5.4, Effect of variation of the unbound layer modulus (E;3) on surface deflections.
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Figure 5.5, Effect of variation of the subgrade layer modulus (E4) on surface deflections.
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Figure 5.6, Effect of variation of the rigid layer modulus (Es) on surface deflections.
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Figure 5.7, Effect of variation of the wearing course thickness (h;) on surface deflections.
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Figure 5.8, Effect of variation of the base layer thickness (h,) on surface deflections.
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Figure 5.9, Effect of variation of the unbound layer thickness (hs) on surface deflections.
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Figure 5.10, Effect of variation of the rigid layer depth on surface deflections.
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Figure 5.11, Effect of Poisson’s ratio of the wearing course (v;) on surface deflections.
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Figure 5.12, Effect of Poisson’s ratio of the base layer (v2) on surface deflections.
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Figure 5.13, Effect of Poisson’s ratio of the unbound layer (v3) on surface deflections.
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Figure 5.14, Effect of Poisson’s ratio of the subgrade (v4) on surface deflections.
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Figure 5.15, Effect of Poisson’s ratio of the rigid layer (vs) on surface deflections.
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Figure 5.16, Effect of the first shear reaction modulus (Kj;) on surface deflections.
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Figure 5.17, Effect of the second shear reaction modulus (K;;) on surface deflections.

Radial distance, mm -

o o o 88 8 Stand.

o S 3 8 N v @ —4@—ks3=10+3
0 f———+—+—+— —A—ks3=10

e 504

o

o 100 4

E 150 W

5

= 200 +

(3]

2 250

[}

Q 300

350

Figure 5.18, Effect of the third shear reaction modulus (Ks3) on surface deflections.
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Figure 5.22, Absolute relative error in deflections at the load centre due to the subgrade
modulus variations.
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shear reaction modulus between wearing and base courses variations.
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Chapter 6

DEVELOPMENT OF THE
BACKCALCULATION PROCEDURE

6.1 INTRODUCTION

In the previous chapters the need to develop the existing backcalculation procedure and the
influence of the pavement parameters has been established. The development of the new
model, which can backcalculate the bonding condition between the wearing course and base
course in addition to the layer moduli from Falling Weight Deflectometer (FWD) test

results, is detailed in this chapter.

An optimisation procedure using the common method of least squares (48) is firstly
employed to try and predict the above parameters for a given hypothetical theoretical
pavement. This method failed to estimate the pavement parameters accurately from the
surface deflections. Hence, a two-stage backcalculation procedure is developed to overcome

the limitations of the first method.

6.2 ASSUMPTIONS FOR THE BACKCALCULATION PROCEDURE

A simple static analysis for a layered linear elastic system, which is the most widely used
due to its simplicity (12, 27, 29), is adopted for the backcalculation method. As concluded
from chapter five the moduli of the bituminous base, unbound subbase and subgrade, in
addition to the interface shear reaction modulus between wearing course and base course,

are the only parameters to be backcalculated.
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The analysis results of the previous chapters have lead to the following assumptions for the

improved backcalculation procedure:
i) Assumptions inherent in the use of layered linear elastic theory are applied (16).
ii) Deflections and load measurements are accurate.

ii1) The modulus of the thin wearing course is assigned as a known value in the

backcalculation process.

iv) Only the interface shear reaction modulus between the wearing and base courses (Ky) is

to be backcalculated, and all other interface conditions are assumed as full adhesion.

v) Typical values of Poisson ratios for UK pavement materials are used (37). These values
are assumed to be exact. This would be seen reasonable since results show that small
variations in Poisson ratios do not have any significant effect on pavement response

(26,58,59).

vi) All bituminous layers except the wearing course are combined into one layer and the
unbound pavement layers above the subgrade are also combined. The combination of
pavement layers with similar properties has been used in many backcalculation programs to

reduce the number of parameters to be predicted (27,61).
vii) The thickness of each layer is assumed to be known and exact.

viii) An apparent rigid layer is assumed at a depth of 6m from the surface to represent either
bedrock or the depth where the vertical deflection is negligible (27,61). However, if the
shoulder boring data or other similar information indicates the depth of bedrock, then it
should be included in the backcalculation procedures. This layer is used in many
backcalculation procedures to simulate the stress dependent modulus of subgrade. Research
has shown that the results of the backcalculation analysis can be significantly inaccurate
when not including such a layer or by not locating this stiff layer near the actual depth,

particularly if the actual depth is less than 4.6m. (27). The radial modulus of the pavement
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at different radial distances from the load can indicate if the rigid layer exists at shallow

depth (see chapter 2).

6.3 THEORETICAL PAVEMENT STRUCTURE

The hypothetical theoretical pavement structure is shown in figure 6.1. The BISAR
program is used to compute the deflection basin under FWD load for this pavement, and
this is assumed to be the measured basin. Then the pavement parameters are backcalculated

and the results compared with the hypothetical values shown in figure 6.1

6.3.1 Backcalculating the Theoretical Pavement Parameters Using the Method of

Least Squares

This method has been used in backcalculation of the four parameters of the theoretical
pavement shown in figure 6.1. The method of least squares is the most widely used

optimisation process for the parameters adjustment in the backcalculation procedures (12).

The initial seed parameter values have very large influence on the backcalculation results
(27), the closer the seed values to the real parameters the more likely that the results will
converge to the correct solution of parameters. However, the problem of a non-unique

solution still needs to be overcome in many cases.

In developing the sensitivity matrix using the forward derived differences (see section
2.5.1), it was decided to consider log (K¢ ) instead of (K1), because the latter has little

influence on the deflection basin.

Table 6.1, illustrates the results of the backcalculation process using the above iterative
method. Different numerical trials have been performed to backcalculate the moduli of base,
subbase and subgrade (E;) and the first interface shear reaction modulus (K1) and these

include:

i) Using different seed values for the pavement parameters.
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ii) Changing the rate of parameter variation in the forward derived differences necessary for

the calculation of the sensitivity matrix, where one of the following combinations are varied

by 5% as explained in chapter 2:

Ej and Ksl ’
E; and Log (Ky)),
Log (E)) and Log (Ks1)-

iii) Changing the parameters to be backcalculated. This approach will accelerate the speed
of convergence of certain parameters compared with others. The parameters considered
were:

E;and K; »

E; and Log (K)),

Log (E;) and Log (Kyy),

E; and 1/ (Ky;),

E; and o, (a dimensionless parameter which represents the first interface condition

given by,
E, /(1 +v)(@)K)

o=
1+ [E /(1 +v)(@)(K)]
where (a), the diameter of the loaded area by the FWD (see reference 44)).

E*; and K*;, , (rescaled parameters). Rescaling the parameters before
backcalculation has been used in the ADAM program (8). After scaling, all the
parameters will be between (-1 and +1). This method will convert the parameters to

the same magnitude and help to eliminate some numerical problems in the

backcalculation process.

Table 6.1, demonstrates acceptable results for backcalculation of E; and E, for the subbase

and subgrade respectively in most cases. However, E, and K, are not very accurate

compared with their theoretical values shown in figure 6.1.



81

6.3.2 Possible Reasons for the Inaccurate Results

The main reason for the inaccuracy in the above results is that both E, and K, influence the
same portion of the deflection basin (see the deflection sensitivity analysis in chapter 4) . To
study this phenomenon, the deflections of the theoretical pavement shown in figure 6.1, are
computed for different combinations of E, and K, using the BISAR program. E, was varied
to cover a wide range from 2000 to 10000 MPa and K, varied from complete debonding (10
MN/m?) to a full adhesion case (10° MN/m’).

Figure 6.2, shows the deflection contours in microns, at the load centre d, and at 300 and
600 mm from it, for the pavement structures. The non-un.queness problem can be seen in
that a pavement with an E, value of 4000 MPa and K; of 10° MN/m® can produce the same
surface deflections as a pavement with an E, value of 6000 MPa and K; of 10 MN/m’ . In
the same manner a pavement with E, of 6000 MPa and K; of 10* MN/m’ can produce the
same surface deflections as a pavement with E, of 8000 MPa and K, of 10 MN/m’ .

Figure 6.3, illustrates the deflection basin of the pavement shown in figure 6.1 with E, of
6000 MPa and K; of 10° MN/m’, and the identical basins caused by reducing the first shear
reaction modulus (K;) to 10 MN/m’, or the base modulus (E, ) to 4000 MPa.

Therefore backcalculating these deflection basins may lead to convergence to either set of
values. Engineering judgement and / or additional destructive testing are currently the main

means to select the correct parameters.

Roque et al (54), have studied the effect of changing the FWD test configuration to
discriminate between backcalculated parameters with a similar effects on deflections. They
used dual-load FWD and measured the longitudinal as well as the transverse basins to
backcalculate different parameters. They found that the transverse deflection basin has been
influenced in different locations by changing the pavement parameters. Therefore they used
the transverse basin to predict the surface modulus, and the longitudinal basin to compute

the base modulus.

A similar approach has been followed in this research to discriminate between the modulus

E, and shear reaction modulus K, for the theoretical pavement. Figure 6.4 shows a plan of
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the dual-load FWD configuration, figures 6.5 and 6.6 demonstrate the longitudinal and the
transverse basins under dual-load FWD for the same pavements shown in figure 6.3. It can
be seen that the deflection basins are almost identical and therefore this approach failed to

discriminate between the effect of E, and K, on deflections.

De Beer et al (87), used a multidepth deflectometer under dual-load FWD to validate the
backcalculation results. Theoretical study of the influence of E; and K; on deflections at
different depth was carried out for the same pavements shown in figure 6.3. Figure 6.7,
illustrates the deflections' results at different depths from the surface. Again this approach

failed to discriminate between the effect of the above parameters on deflections.
The non-unique solution problem can arise from to a number of possible factors, such as:
i) Two combinations of pavement parameters producing the same deflections.

ii) Each parameter having a different influence on deflections, e.g. (Kq) has very little
influence on deflections compared with E4. K; has not significantly influenced the

deflections in the sensitivity matrix and therefore it was kept close to its seed value after the

backcalculation process.

111) The difference in the magnitude of the pavement parameters to be backcalculated being

too large.

iv) The seed values are far from the real pavement parameters. The selection of the seed
values far from the real parameters will result in convergence to a local minimum rather than

to a global minimum in the optimisation process.

v) The nature of the influence of (K;;) on deflections, i.e. (Ky) below 10 and above
10° MN/m® have no effect on deflections and therefore in the backcalculation process the

program will not result in any deflection’s amendment after iterations beyond these limits.

The above reasons are common to all iterative backcalculation programs except the last
one, since no method backcalculates (Kq) in the analysis process. However some programs

combine different layers with the same properties to reduce the number of parameters,
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eliminating parameters with little influence on deflections from the backcalculation process

and using a database for the initial prediction of the seed values (12).
6.3.3 Suggested Solutions to the Problems

To reduce the influence of the above factors on the backcalculation results, the following

can be considered:

i) Reducing the number of parameters to be backcalculated, as suggested by May and Van
Quintus (27).

ii) Separating the parameters in the backcalculation procedures, each parameter being

predicted from the whole deflection basin.
iii) Using the database backcalculation approach to overcome the results' sensitivity to seed
values. A data bank can be developed for the analysed pavement with different

combinations of the parameters.

iv) A two stage backcalculation process, first predicting the parameters which have a larger

influence on deflections, then the remaining parameters.
v) Using engineering judgement to discriminate between results.

vi) Carrying out physical measurements to support the backcalculation finding, such as

destructive testing on cores extracted from the pavement.
Of all the above, an improved backcalculation process was developed.
6.3.4 The Improved Two Stages Backcalculation Procedure

The assumptions made in section 6.2 are still applicable in the improved backcalculation

procedure.
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If the radial moduli of the pavement structure indicate the presence of the bedrock at
shallow depth (see chapter 2), the thickness of the subgrade layer can be backcalculated as a
parameter in the first stage of the procedure. Otherwise, an apparent rigid layer is assumed

at 6 m depth from the pavement surface.

Figure 6.8 illustrates the flow diagram for the improved method.

The surface deflections under FWD, materials' types, layers' thickness and Poisson ratios

have to be known for each pavement to be analysed.

Sensitivity study has shown that K, has little influence on deflections compared with the
subgrade and thick bituminous moduli (see chapter 5). Therefore the backcalculation
procedure involves predicting first the parameters which have significant influence on
deflections, such as subgrade, subbase and bituminous base moduli, then computing the
interface shear reaction modulus between wearing and base courses with little adjustment to
the bituminous layer modulus. Chapter 4 has shown that changing the interface condition
has the largest effect on adjacent layers. Uzan et al (67), noticed variations in the tensile
strain in adjacent layers to the interface whose properties have been changed. Therefore the

subbase and subgrade were kept fixed in the second stage.

The first stage involves developing a deflections database for the analysed pavement with
different combination of moduli, using any forward calculation program such as BISAR
(44). The detlection locations should be selected to correspond with the sensors of the
FWD. Seven locations are commonly used, at the FWD load centre and at six other radial
positions with 300 mm spacing. Multi-variable regression analysis (88), for each modulus as
dependent variable with the deflections as independent variables was performed. Finally,
statistical models for moduli prediction from measured deflections can be found. This model
is unique for each case and has to be selected carefully, i.e. the model with the highest

coefficient of correlation (R*) should be considered.

The search technique for the best model using the multiple regression analysis is performed
in a systematic manner for each dependent parameter as follows;
tirstly considering that the moduli E; are the dependent parameters whereas the independent

variable are all term of d; , 1/ d;, V' d;, and Log;o (i) separately and collectively
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(1, deflection sensor of the FWD test),
secondly considering 1/E; , v E;, and Logio (E;) as the dependent parameters respectively

with all the above combinations of the independent variable (d; ).

For each case a multi-variable regression analysis is carried out using statistical software
(MINITAB)(89), which predicts a model with a coefficient of correlation to describe how
well this model fits the database values. Sixteen runs for each parameter are performed and

the model with the highest (R?) should be selected for the modulus prediction.

Each modulus has been predicted separately from the measured deflection basin. The
moduli of the lower layers need to be fixed in the next stage, therefore a good match in the
deflections far from the loaded area (which control these moduli) is essential for an accurate

calculation.

The second stage involves developing another deflection data base with bituminous base
modulus varied by 25% from the values found from the first stage, and the first interface
condition varied from complete debonding to full adhesion. The 25% variation in the
bituminous layer modulus is a fine tuning to reflect the error which might occur at the first
stage due to the assumption of K as 10° MN/m? rather than the real value (see Chapter 4).
The deflection at the loaded area and the three next deflections are to be used for the data
base (i.e. doo, do3, dos and dos ), since they control the moduli and parameters of the upper
layers. The calculated deflection basin which has the lowest error compared with measured

values is considered for parameters' prediction.
Finally the moduli of the lower layers as found from the first stage together with the
modulus of the base layer and the first interface condition as found from the second stage

are considered as the backcalculated parameters.

Engineering judgement and the knowledge of the deflection sensitivity to pavement

parameters are still needed to direct the process to better prediction of parameters.

The above procedure has the following advantages:

i) The database approach excludes the user selection of the seed values.
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ii) The two stage procedure reduces the number of backcalculated parameters to three in
this case, which can be predicted accurately if the suitable model is found from the
regression analysis search technique, though the base modulus is to be adjusted in the
second stage. However fixing the interface condition in the first stage at any value,
preferably at the most probable value of 10* MN/m* (67), will not affect the results

significantly since it has little influence on deflections.

iii) Fixing the predicted E; and E4 and varying E; by * 25% in addition to Ky , will magnify
the influence of K on deflection. Therefore a suitable model can be found for computing
the two parameters in the second stage. Furthermore the data base in the second stage will
cover the whole range of the interface condition from complete debonding to full adhesion

and hence it forces the prediction process to the correct solution.

iv) The separation in the parameter prediction will reduce the effect of their interaction in
the backcalculation process. However the data base generated by the BISAR program

reflects the influence of the combination of the parameters upon the deflections.

6.3.5 Backcalculating the Theoretical Pavement Parameters Using the Improved

Procedure

The four parameters (modauli of the bituminous base, unbound subbase and subgrade in
addition to the first interface shear reaction modulus) of the theoretical pavement shown in

figure 6.1 were backcalculated using the improved procedure:.

BISAR is used to compute the deflection basin under 40 kN surface load for the theoretical

pavement and the results are assumed as the measured basin.
The measured theoretical deflections (in microns) at different radial distances are,

d%.0 = 444, d% 3 =372, d"96 =297, d"oy = 231, d“,, = 177, d"; 5 = 135

and d™ 5 = 102 micron
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A database is developed for the three pavement moduli, i.e. bituminous base subbase and

subgrade, assuming all the other parameters as constant. Layers' thickness, Poisson ratios as
in figure 6.1. The interface conditions were assumed as full adhesion except K, was fixed as
10 MN/m”. The moduli were selected to cover the whole range for the type of materials as
recommended in the literature (37), and the deflections for each combination are computed

using the BISAR program at the seven locations. Table 6.2, illustrates the combination of
moduli with their deflection database.

The resulting models from the multi-variable regression analysis search for the above
pavement are,

Logio (E2) = 3.6402 - 0.0039499%* dgo + 0.0011255* dgs - 0.017751* d;»

+0.014026* dy 5 + 55.65/ doo + 101.63 / do3 - 84.4 / dos + 105.67 / dos
-79.44/ dis - 26.62/d;5+27.03/ dig

(R? = 96 %)

Logio (E3) = 2.2887 + 0.0022259* dgo - 0.009775* do - 0.0007* di2 + 0.01616* dys

+38.75/ doo - 58.35/ do3 +168.32/ dos - 62.44 / doo - 13.74/ d; 2
+19.6/dys-16.12/d;3

R*=172.6 %)

Logio (Eg) = 1.99341 - 0.00014153* doo - 0.0001512* dge - 0.001466* d, ,

-0.006114* dy 3 +3.104 / doo + 3.581 / do3 - 3.584 / dos - 5.348 / doo
+8.827/di2+5.315/d15+0.893/d s

(R?=99.9 %)

Substituting the above measured deflections in the regression equations, the first stage

moduli results can be computed as,

E,=5113 MPa
E3 =108 MPa
E, =40 MPa.

The new deflection data base is developed for the second stage using the BISAR program
for E, and Ky, , as shown in table 6.3.
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The calculated deflection basin which has the lowest error compared with the measured

basin is considered and the backcalculated values for the second stage are,

E, = 3835 MPa
Kq = 10* MN/m?>.

And the final backcalculation results using the improved method are,

E, = 3835 MPa
E; = 108 MPa
E4 =40 MPa

K, = 10° MN/m>.

These results can be considered acceptable compared with their theoretical values,

E, = 4000 MPa
Es; = 100 MPa
E4 =40 MPa

K, = 10* MN/m®,

6.4 CONCLUSIONS

For the pavement considered, the improved two stage database backcalculation method
yields results which compare favourably with the theoretical parameters, especially for the

parameters with little influence on deflection basin such as the first interface shear reaction

modulus.

However there is a clear need to validate the above method and study its robustness. Hence

three different approaches were adopted, and are explained in the next chapters, i.e.

1) Theoretical validation by comparing the backcalculation results for assumed pavements
with their theoretical values. Ninety pavements were selected to cover a wide range of

structures in term of thickness and materials properties.



i) Empirical validation by comparing the backcalculated moduli for real pavements tested

under FWD load and physically measured moduli.

iii) Validation by comparing the backcalculated moduli with the results from other well
known programs, such as WESDEF (50) and MODULUS (51), when identical pavement

conditions are assumed.
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Table 6.1, Pavement backcalculation results using the method of least squares.

Theoretical values
E; E; E, K

Test Seed Values Sensitivity Back 4000 100 40 10*
No. matrix for; calculate;
Backcalculated values
E; E; E, Ka
(MPa) (MPa) (MPa) (MN/m’) E; E3 Eq K
(MPa)  (MPa) _ (MPa) (MN/m’)
1 |2500 150 70 10> | Ej, Log(Ky) Ej, Ky 5522 103 39 87
2 |[2500 150 70 10°| Ej, Log(Ky) Ej,Log(Ky) | 5158 142 39 172
3 |2500 150 70 10? | Log Ej, Log(Ky;) Ej, Ky 3537 193 40 63
4 2500 150 70 10? [ Log Ej, Log(Ky) | Ej, Log(Ky) 5370 79 39 71
5 |2500 150 70 10> | Ej, Log(Ky) Ej, 1/(Ky) | 5490 103 39 117
6 |2500 150 70 10> | Ej, Log(Ky) Ej, o 5678 87 39 10
7 (2500 150 70 10| Ej,LogKy) | Ej* Log(K*y) {1000 63 116 478
8 |2500 100 70 10° Ej, Ky Ej, Ky 5029 82 40 577
9 [2500 100 70 10° | Ej, Log(Ky) Ej, Ky 378¢ 99 40 3.2%10°
10 | 2500 100 70 10* | Ej, Log(K) Ej, Kg 3578 122 40 1.9*10*
11 | 2000 200 70 10° | Ej, Log(Ky) Ej, Ky 708 340 38 1.6*10°
12 | 6000 150 60 10° | Ej, Log(Ky) Ej, Kg 4723 107 39 566
13 {6000 200 70 102 | Ej, Log(Ky) Ej, Ky 5371 113 39 120
14 | 8000 60 30 10> | Ej, Log(Ky) Ej, Ky 6109 53 41 263




Table 6.2, Deflection database for the hypothetical theoretical pavement with different
moduli combination.

E. Es E4 doo dos dos dos di2 dis dis
MPa MPa MPa | micron | micron | micron | micron | micron | micron | micron
1000 50 40 852 602 393 259 176 124 90
1000 150 40 668 465 325 233 171 126 95
1000 150 100 457 266 157 100 68 48 36
1000 150 160 390 205 108 63 41 29 22
1000 250 40 589 410 300 224 169 128 97
1000 250 100 399 230 144 97 68 49 37
1000 250 160 337 173 98 62 42 30 22
1000 250 220 305 143 75 45 30 22 16
3000 50 40 592 478 357 258 186 134 98
3000 150 40 499 399 305 230 173 130 98
3000 150 100 322 229 154 103 91 50 37
3000 150 160 266 176 109 68 44 30 22
3000 250 40 453 362 282 218 168 129 99
3000 250 100 289 204 1M a8 70 51 38
3000 250 160 236 154 98 64 44 31 23
3000 250 220 208 128 76 47 31 22 16
5000 50 40 497 418 329 249 187 138 103
5000 150 40 432 361 287 223 172 132 101
5000 150 100 273 207 148 104 73 52 38
5000 150 160 222 159 106 69 46 32 23
5000 250 40 399 333 268 212 166 130 101
5000 250 100 250 188 137 98 71 52 38
5000 250 160 201 142 96 65 45 32 23
5000 250 220 177 118 76 49 32 23 16
7000 50 40 441 380 308 241 185 140 106
7000 150 40 391 334 273 217 170 132 102
7000 150 100 245 192 143 103 74 53 39
7000 150 160 198 148 103 70 47 33 23
7000 250 40 365 311 256 206 164 130 102
7000 250 100 226 177 132 97 71 53 39
7000 250 160 181 133 94 65 45 32 24
7000 250 220 157 111 74 49 33 23 17
9000 50 40 403 352 291 232 182 140 107
9000 150 40 362 314 261 211 168 132 103
9000 150 100 225 181 138 102 74 54 40
9000 150 160 181 139 100 69 48 34 24
9000 250 40 340 294 247 201 162 129 102
9000 250 100 210 167 128 96 72 53 40
9000 250 160 167 126 91 65 46 33 24
9000 250 220 145 105 73 49 34 24 17
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Table 6.3, Deflection database for the second stage backcalculation procedure.

E: Ke1 do.o dos dos dos
MPa MN/m® micron micron micron micron
3835 10 500 410 317 239
3835 10* 490 401 310 234
3835 10° 465 382 299 230
3835 10° 444 3711 296 230
3835 10° . 438 370 296 230
5110 10 457 383 304 234
5110 10* 449 376 298 230
5110 10° 428 360 288 226
5110 10* 412 352 285 225
5110 10° 407 350 285 255
6390 10 425 362 292 229
6390 107 418 356 287 225
6390 10° 401 342 279 221
6390 10* 388 335 276 221
6390 10° 383 334 276 211
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h; =40 mm Bituminous Wearing Course
E[ = 2500 MPa V)= 0.4
K, = 10* MN/m’
h, =200 mm Bituminous Base
E, = 4000 MPa v, =04

K, = 10° MN/m? (full adhesion)

h; =300 mm Granular Subbase
E, =100 MPa v3=0.3
K = 10° MN/m® (full adhesion)
Subgrade
E,= 40 MPa Va4 = 04
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Figure 6.1,

Standard pavement structure.
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Figure 6.3,  Deflection basins caused by reducing the base modulus to 4000 MPa or the
first shear reaction modulus to 10 MN/m®, under single load FWD.
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Transverse deflection basins caused by reducing the base modulus to 4000
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FWD test results: Number of Layers (n). Estimate the thin wearing
1. Number of geophones. Layer thickness (h). course modulus (E, ):
2. Measured deflection at each Poisson’s ratio (V).
geophone (d™). N LITT
3. Load magnitude and radius || Assume K,; = 10* MN/m’ 2. Shell monograph ,
of loaded area. K , Kg = full adhesion. 3. Asphalt Institute equations.

+ + +

Compute the deflection basin database to cover the range of material’s moduli Ej using BISAR.

~
i=2,n |‘
~
Depend = Ej
MRA
Call MRA
Perform multiple regression
analysis for Depend as the Depend = 1/E;
dependent parameter and di,
1/di, V di and Log di as the Call MRA
independent parameters
separately and collectively. Depend =V Ej
~
Find the statistical models
and compute the coefficient
of correlation (R?) for each Depend = Log Ej
model.
Call MRA
RETURN| | getect the statistical model with the highest R2.
Compute Ej from the measured deflections.
-~
j=j+1
For j =3, n, fix the values of Ej Second Stage
e

Compute second deflection database for E; = 75% E,, E;, 125% E, and
Ka=10',10*,10°, 10*, 10° MN/m’ using the BISAR program.
~>-
For each deflection basin compute Er = > 1 d;" - df I, for (i=1,4).
s
Select the basin with the lowest error.

~
Output the layer moduli Ej and Kj,.

Figure 6.8,  Flow chart for the improved method back-calculation procedure.
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Chapter 7

THEORETICAL VALIDATION OF THE
IMPROVED BACKCALCULATION
PROCEDURE

7.1 INTRODUCTION

Potential errors in backcalculation are associated normally with the deflection measurement

device, pavement geometry, material modelling, analysis technique and non-unique solution.

Assuming that static analysis for layered linear elastic pavement is suitable and that the
FWD device can produce deflections with reasonable accuracy, the correctness of the
backcalculation method depends primarily on the ability of the procedure to converge to the

appropriate parameters.

The aim of this theoretical verification is to examine the capability of the inverse solution
technique and the uniqueness of the solution. Therefore the improved backcalculation
method is evaluated by comparing the backcalculated parameters with hypothesised values

for theoretical pavements.

The pavement properties in term of layers’ moduli, thickness, Poison ratios and the interface
condition between layers are assumed. BISAR is used to generate a simulated deflection
basin. Seven deflections are computed under a 40 kN surface load, at the load centre and at
six other radial distances at 300 mm uniform spacing. This basin is considered as the

measured basin under the FWD and used as input to the backcalculation procedure.
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The moduli of bituminous base, subbase and subgrade in addition to the interface condition
between wearing and base courses are backcalculated from this basin. The three layer
moduli were computed firstly from a multiple regression analysis technique. An interface
shear reaction modulus between wearing course and base is assumed as 10* MN/m" in the
first stage. Then a second database for the modulus of the bituminous base and the first
interface condition is developed to predict the remaining two parameters, as described in
Chapter 6. Finally the backcalculated parameters are compared with the theoretical assumed

values to verify the backcalculation procedure.

The numerical correlations and the engineering knowledge of the materials properties are

the main criteria to evaluate the success of the backcalculation methods.

7.2 THEORETICAL PAVEMENTS

Ninety hypothetical theoretical pavement structures are assumed to cover wide range of
moduli (E;), thickness (h;) and the interface condition between wearing and base courses
(Kq). The thickness of wearing course, Poisson ratios, depth of bedrock and the remaining

interface conditions are kept constant in all pavements as shown in table 7.1.

Nine groups of pavements are considered, each group having unique moduli values, two
combinations of layers thickness and a variety of interface conditions between wearing and
base courses. Two subgroups are considered according to layers’ thickness, either 100 and
200 mm or 300 and 300 mm for bituminous base and granular subbase respectively. The
first interface condition is changed gradually from complete debonding to full adhesion in

each subgroup, with K, varying as, 10", 10%, 10°, 10*, 10> MN/m" (see table 7.2).

Table 7.2 illustrates the calculation results. The four backcalculated parameters for the
ninety structures are close to the theoretical assumed values from engineering point of view.
However, the backcalculated moduli of the subbase are less accurate which can be
explained by the fact that the contribution of this layer to the structural response of the
pavement structure is small relative to that of the thick bituminous layer and subgrade (47).

Therefore, it is difficult to obtain a reliable estimate of the granular layer modulus, since
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even large differences in its value do not change the overall pavement load response

significantly (90).
7.2.1 Layer Moduli Comparison

A comparison between the theoretical and backcalculated moduli is shown in figure 7.1 for
the ninety pavement structures. A very high correlation of 97.7% was found between the
two sets of moduli, indicating that the improved method has the capability of
backcalculating the pavement parameters. However considering each layer modulus
correlation individually will result in lower values. Figures 7.2 to 7.4 illustrate the

correlation for base, subbase and subgrade modulus respectively.

A coefficient of correlation of 86.6% was found between the backcalculated and theoretical
moduli of bituminous base, whereas the subbase moduli correlation is lower due to the
reasons stated earlier, with a coefficient value of 35.7%. Figure 7.4 shows very good
subgrade moduli correlation (99.9%), which is the case in most backcalculation programs

due to the large influence of the subgrade on surface deflections.
7.2.2 Interface Bonding Condition Comparison

The theoretical interface shear reaction moduli between the wearing and base courses (K,)
were not compared numerically with their backcalculated values. Numerical comparison
for (K,;) has some disadvantages since a large variation in the value of (K;) will not
indicate large differences in the bonding conditions (K, value of 10° MN/m’ is ten time

bigger than 10 MN/m’ and they still considered as good bonding).
Therefore the range of (K;) was divided into three parts:
i) K, < 10> MN/m? (debonding)

i)  10*<Kg <10* MN/m? (intermediate case)
i) K, >10* MN/m® (adhesion),
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and a good estimate of the state of adhesion between wearing and base courses can be

established, as weak, intermediate or strong.

Figure 7.5 presents a comparison between the theoretical and backcalculated (K;,) on the
range's basis, where the percentages of the compatibility between the estimated and
theoretical values were indicated. A white space on the graph means a ‘winner’ case where

the estimated (K;) has fallen within the same range part of its theoretical value. Figure 7.5

shows 62% of the ninety pavement structures as ‘winners’.

Some values were predicted outside their ranges, however they can still be considered as
good estimates since they are close to their theoretical values. These cases occur when the
(K,;) theoretical value is 10° and predicted as 10* MN/m” or the theoretical value is 10 and
predicted as 10> MN/m”’. These cases have been named as ‘semi-winners’ and presented as
grey areas in figure 7.5. The dark spaces represent the ‘losers’ where the estimated results
are very far from their theoretical values, (e.g. when the theoretical value of Ky is 10°

MN/m® and predicted as 107 or as 10 MN/m* ). No ‘loser’ from the ninety analysed

pavements was recorded in figure 7.5.

However, from a practical point of view, the maintenance engineer needs to know if the
interface between the wearing and base courses exhibits good adhesion or poor bonding.

This can established by dividing the (Ky) range into two separate sections:

i) Kq < 10* MN/m® (poor bonding)
ii) Kq > 10* MN/m® (good bonding).

Figure 7.6, demonstrates a comparison between the predicted and the theoretical bonding

condition for the ninety pavements, where 80% of the estimated results agree with their

hypothetical values..

7.3 COMPARISON WITH OTHER BACKCALCULATION PROGRAMS

The aim of this section is;
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i) to study the errors which might evolve by assuming the interface conditions as tull
adhesion,

i) to verify the improved backcalculation procedure by comparing it with other programs
when identical pavement conditions are assumed in the analysis process,

i1) to show the improvement in the moduli prediction result from including the first shear

reaction modulus in the backcalculation process.

The same ninety deflection basins for the theoretical pavements are used to backcalculate
the moduli of bituminous base, granular subbase and subgrade using different
backcalculation programs. WESDEF (50) and MODULUS (51) are used assuming full

adhesion between pavement layers, as is commonly found in backcalculation procedures.

These moduli should carry some errors to compensate for modelling the first interface

condition as full adhesion rather than the actual value.

Table 7.3, illustrates the comparison between the theoretical and backcalculated moduli

using the improved, WESDEF and MODULUS programs for the ninety pavements.

Figures 7.7, 7.8 and 7.9, demonstrate the relative error in predicting the moduli of
bituminous base, subbase and subgrade respectively, using the improved and WESDEF

programs for the ninety structures.

Table 7.3 and figure 7.7 show that the backcalculated modulus of bituminous base is most
affected by first interface condition modelling errors. The weaker the pavement the larger
the reduction in the modulus values, and the closer the real interface condition to the
assumed values ( full adhesion with K = 10° MN/m3) , the lower the effect on
backcalculated base modulus. Up to 60% reduction in base modulus was recorded in the
extreme cases using the WESDEF program to compensate the modelling error. Therefore
an improvement of up to 40% was observed in base modulus when complete debonding

occurs.

The estimated moduli of subbase and subgrade have not been affected by the above
modelling error (see figures 7.8 and 7.9), however the results show some scattered valucs

for subbase moduli in all backcalculation programs. This conclusion will validate the
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assumption made in the improved backcalculation procedure, of fixing the moduli of lower

layers in the second stage and tuning only the base modulus and the interface condition (see

chapter 6).

The backcalculated results of the theoretical pavements having full adhesion between
wearing and base courses (Kg = 10° MN/m’), ie. pavement's number with their last digit as
a (5), are compared for different backcalculation methods. Figure 7.10, illustrates a
comparison between the improved method and WESDEF moduli for the eighteen
pavements with full adhesion between layers. Similarly figure 7.11 shows the comparison

between the improved procedure and MODULUS moduli.

Very good correlation between the improved method and both WESDEF and MODULUS
results can be seen in figures 7.10 and 7.11 for the eighteen pavements. Coefficients of
correlation of more than 97% were observed for both cases, hence the improved
backcalculation method has been validated by comparing its results with other known

programs.

Table 7.3 also presents the improvement in.the backcalculated moduli over the conventional
methods, when the interface condition between wearing and base courses is considered in
the backcalculation process. This improvement was mostly noticed when complete

debonding occurs between wearing and base courses.

Figures 7.12 to 7.15 demonstrate the relationship between the hypothetical moduli and the
WESDEF backcalculated values for the three layers together, the bituminous base, subbase
and subgrade respectively. In the same manner the comparisons were presented for the

ninety structures using MODULUS program in figure 7.16 to 7.19.

Coefficients of correlation of 86.5% and 85.8% for all the moduli were recorded for
WEDDEF and MODULUS program respectively, compared with 97.7% using the

improved method.

Considering each modulus relationship individually, coefficient values of 42.7% and 41.3%

were found for bituminous base using WESDEF and MODULUS respectively, compared
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with 84.6% for the improved method. These low values are mainly due to the first interface

condition modelling error which affects mostly the adjacent layers.

Coefficients of 35.9% and 23.2% were predicted for subbase modulus relationship whereas
99.8% and 99.4% were found for subgrade moduli using WESDEF and MODULUS
respectively. On the other hand the improved method coefficients of 35.7% and 99.9% were

presented in figure 7.3 and 7.4 for subbase and subgrade respectively.

No improvement was noticed for both the subbase and subgrade since (Ks) has no influence
on lower layer moduli. The poor agreement between the backcalculated moduli of subbase

and their theoretical values using the three procedures is explained earlier in this chapter.

Therefore the improved method has advantages in predicting the layers moduli if the
bonding conditions were not perfect between the wearing and base courses. The
improvement was mainly noticed in the estimation of bituminous modulus, where up to 40%

improvement was recorded. The subbase and subgrade moduli were predicted with the

same accuracy as the conventional methods.

7.4 SUMMARY

Flexible pavement's evaluation using the FWD and backcalculation of moduli, assuming full

adhesion between layers may cause some errors in the predicted moduli.

The backcalculated modulus of the bituminous base was most affected by the first interface
condition modelling errors, the modulus of subbase was not significantly influenced,

whereas the subgrade was not affected by the above errors.

The improved backcalculation procedure has been verified by comparing the backcalculated

parameters with hypothesised values for theoretical pavements.

The improved backcalculation method has been also validated by comparing the

backcalculated moduli with other programs’ results, i.e. WESDEF and MODULUS.
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Employing the improved method will result in a better moduli prediction compared with the

conventional programs. Moreover, the ability of this method to detect poor bonding

between the wearing and base course can demonstrate the improvement achieved by the

developed procedure.

Table 7.1, Properties of hypothetical theoretical pavement structures.

Layer Category Properties
Bituminous wearing course | Modulus (MPa) 2500, 5000, 7500
Thickness (mm) 40
Poisson ratio 04
K. (MN/m®) 10, 10%, 10%, 10%, 10°
Bituminous base Modulus (MPa) 4000, 7000, 10000
Thickness (mm) 100, 300
Poisson ratio 04
Ko (MN/m?) 10°
Granular subbase Modulus (MPa) 100, 150, 200
Thickness (mm) 200, 300
Poisson ratio 0.3
K (MN/m?) 10°
Subgrade Modulus (MPa) 40, 80, 120, 160
Thickness (mm) 6000 - (pavement thickness)

Poisson ratio

0.4




Table 7.2, Theoretical and backcalculated parameters for structures 2, 3 and 4.
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Theoretical Parameters

Backcalculated Parameters

St.No. hz h3 E1 Ez E3 E4 Ksl Ez E3 E4 Ksl
mm|mm| MPa MPa MPa MPa MN/m® | MPa | MPa | MPa | MN/m®
2A-1 {100]200| 2500 | 4000 100 40 10! 3340 | 65 40 10°
2A-2 10* 3970 | 68 40 10°
2A-3 10° 4040 | 87 40 10°
2A-4 10* 4900 | 77 40 10*
2A-5 10° 6235 | 73 40 104
2B-1 [300]300| 2500 | 4000 100 40 10! 4010 | 96 41 10
2B-2 10? 4010 | 111 41 10
2B-3 10° 4350 | 130 39 10?
2B-4 10* 4125 | 123 40 10°
2B-5 10° 3650 | 114 40 10°
3A-1 |100]200| 5000 | 7000 150 40 10 6350 | 66 41 10°
3A-2 10* 6390 | 75 41 10
3A-3 10° 4050 | 129 40 10*
3A-4 10* 6455 | 155 40 10*
3A-5 10° 8160 | 145 40 10*
3B-1 |300]300| 5000 | 7000 150 40 10! 6790 | 114 | 40 10?
3B-2 10* 7930 | 106 41 10!
3B-3 10° 6160 | 147 40 10°
3B-4 10* 6740 | 151 40 10°
3B-5 10° 7630 | 147 40 10°
4A-1 |100[200| 7500 | 10000 [ 200 40 10! 9865 | 91 41 10°
4A-2 10? 9590 | 118 4] 10°
4A-3 10° 9835 | 226 40 10°
4A-4 10* 11795 | 171 40 10*
4A-5 10° 10390 | 180 | 40 10°
4B-1 [300]300| 7500 | 10000 | 200 40 10! 10230 | 100 | 40 10
4B-2 10? 10435 | 101 41 10?
4B-3 10° 9035 | 141 41 10*
4B-4 10* 11590 { 180 40 10°
4B-5 10° 11330 | 151 41 10°
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Table 7.2 ( cont.), Theoretical and backcalculated parameters for structures 5, 6 and 7.

Theoretical Parameters Backcalculated Parameters
St.No. hz h3 E1 F/) E3 E4 Ksl Ez E3 E4 Ksl
mm|mm| MPa | MPa | MPa | MPa | MN/m® | MPa | MPa | MPa | MN/m®
5A-1 (100200 2500 | 4000 100 80 10! 3175 | 90 80 10°
5A-2 10? 3250 | 92 80 10°
5A-3 10° 4210 | 99 80 10°
5A-4 10* 3570 | 94 80 10°
5A-5 10° 4675 | 95 80 10°
5B-1 |300]300| 2500 | 4000 100 80 10* 3925 | 95 80 10
5B-2 10? 3840 | 110 80 10?
5B-3 10° 4150 | 145 78 10?
5B-4 10* 4250 | 125 79 10°
5B-5 10° 4600 | 107 79 10°
6A-1 |100]|200]| 5000 | 7000 150 80 10! 6420 | 93 81 10°
6A-2 107 6360 | 100 81 10°
6A-3 10° 5150 | 131 81 10*
6A-4 10* 6570 | 159 80 10*
6A-5 10° 6996 | 150 80 10°
6B-1 (300300 5000 [ 7000 150 80 10 6540 | 98 81 10°
6B-2 10* 6640 | 101 82 10°
6B-3 10° 6040 | 141 82 10*
6B-4 10* 8630 | 162 80 10?
6B-5 10° 6785 | 134 82 10°
7A-1 |100[200] 7500 | 10000 | 200 80 10* 823