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ABSTRACT
A new 'whole-life' pavement performance model
(WLPPM) has been developed that is capable of making
deterministic pavement damage predictions due to realistic
traffic and environmentailoading. The WLPPM is divided
into three central areas: (i) dynamic vehicle simulation,
(ii) pavement primary response (stresses, strains etc.)
simulation, and (ill) material damage (surface rutting and
fatigue) simulation. Particular attention is given to
modelling strength variations in the pavement and the
pattern of dynamic tyre forces applied by a typical vehicle·
fleet
The model is used to investigate the relationship
between 'hot spots' (due to peak dynamic loads), 'weak
spots' (due to initial pavement stiffness variations) and longterm pavement wear. It is concluded that both dynamic
vehicle loads and asphalt layer stiffness variations can
significantly influence long-term flexible pavement
performance.

INTRODUCTION
A whole-life pavement performance model attempts to
predict damage (rutting, fatigue cracking, roughness etc.) due

to traffic and environmental loading conditions throughout
the life of the pavement A detailed review of previous
whole-life pavement performance models that have included
dynamic vehicle effects is given in [1] and will not be
repeated in detail here. Typically, the whole-life models
found in the literature [2-5] have been validated with
measurements from the AASHO road test where the loading
conditions were simplified by using one vehicle travelling at
a constant speed to load each test lane. None of these
models have investigated the relationship between damage
propagation due to 'weak spots' in the pavement structure
(produced by asphalt layer thickness variations etc.) and 'hot
spots' on the pavement surface produced by peak dynamic
loading. Consequently, there is some doubt as to which
damage propagation mechanism is more important. This
information is central to understanding the influence of
dynamic loads on long-term flexible pavement wear.

The model descnbed in this paper attempts to include
the important mechanisms of pavement smface degradation
using a deterministic (rather than statistical) approach. The
first part of this paper briefly describes the operation of the
Whole-Life Pavement Performance Model (WLPPM) using a
simplified case study. The WLPPM is then used to evaluate
the relative importance of dynamic loads and asphalt layer
stiffness variations in three typical UK pavement
constructions. For brevity, only the results from a minor
road are presented.

WHOLE-LIFE PAVEMENT PERFORMANCE
MODEL (WLPPM) DESCRIPTION
Figme I shows a schematic view of the WLPPM
calculation procedure. It follows a similar pattern to the
models developed by Ullidtz [4, 5] but differs considerably in
the detail. The overall calculation procedure is summarised
in the following few paragraphs and then described in detail.
Referring to figure 1, the initial inputs to the WLPPM
are: (i) the specification of the pavement being simulated
(i.e. layer thicknesses, mix specifications etc.), (ii) the time
increment to be used in the simulation, (iii) the rate of traffic
loading, and (iv) the climatic conditions the pavement is
operating under. From this initial specification, a length of
pavement surface profile is generated and divided into smaller
sub-sections. Each sub-section is then assigned a random
value for the thickness of the bound asphaltic layers, with
the overall variation between sub-sections being
representative of measured thickness variations. The
thickness of the granular layer is assumed to be constant, and
the subgrade is modelled as semi-infmite.
A time domain vehicle simulation is used to generate
dynamic tyre forces for one or more vehicles that are a
function of distance (or time) along the pavement The
vehicle model parameterS and initial road surface roughness
are chosen to best represent the traffIc conditions for the type
of pavement being simulated.
A set of primary response influence functions, for each
sub-section and each mode of damage, is generated (i.e.

Road transport technology--4. University of Michigan Transportation Research Institute, Ann Arbor, 1995.

201

ROAD TRANSPORT TECHNOLOGY--4

oose

horizontal asphalt
strain for fatigue, subgrade strain and
rate of pennanent vertical surface deflection for rutting).
These primary response influence functions are combined
with the previously calculated dynamic tyre forces to give
primary pavement response time histories at a large number
of equally spaced points along the pavemenL
These primary responses are combined with the
appropriate pavement damage models (rutting and fatigue)
and the number of load. applications. to give damage as a
function of distance alOlig the pavement for the cmrent time
incremeDL
An updated surface profile is then generated by
subtracting the calculated vertical deformation in the wheel
path from the initial profile used for that time incremenL
This mechanism accounts for the effects of changing surface
roughness on the dynamic tyre forces. The resulting fatigue
damage is used to reduce the elastic modulus of the asphaltic
material for each sub-section. This mechanism reflects the
effects of cumulative fatigue damage on the primary
responses and hence subsequent pavement damage.
The above process is then repeated for the next time
increment, and so on. until the pavement has reached the end
of its serviceable life. The following section describes the
models used in each area of the WLPPM in more detail.
CLIMATIC FACTORS

environmental effects that are currently included in the
WLPPM are the temperature and ageing of the asphalt layer.
However. due to the modular structure of the program. it is
relatively simple to include other environmental effects such
as the effects of frost and moisture on unbonnd materials,
(e.g. (6~ 7]) provided these effects can be easily quantified.
Temperature of the Asphalt Layer Changes in
the temperature of the asphalt layer affect the elastic and
viscous properties of the bitumen. The variation in the
monthly mean air temperature TGir (oC) was assumed to be
sinusoidal of the form:
T·=
tIIr

(T:+T:) + (T;U-T:) cos((U-Uo)1r).(1)
2

2

where T:::X is the maximum monthly air temperature
is the minimum monthly
throughout the year (oC).
air temperabJre throughout the year (oC). U is the month
number from the new year and Uo is the month number
corresponding to the maximum monthly temperature.
U1lidlz [4] noted that, in many cases. EQ(I) gave a good
approximation to measured mean monthly temperatures. If
more detailed temperature data is available, it can easily be
incorporated in the WLPPM. For simulation time
increments of longer than 1 month. the air temperature was
determined by averaging the appropriate monthly

-r:

temperatures together (determined from EQ(I)).

Many climatic and environmental factors influence the
performance of a flexible pavemenL
The only
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Figure 1. Whole Life pavement performance methodology.
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Predicting the temperature prof"JIe of the asphaltic
material (TArp) from the air temperature (T..,.) is
complicated. and requires detailed information about the
thennal properties of the asphalt and the ambient conditions
(see, for example [8]). Consequendy, a simplified approach
was used, where the effective monthly temperature of the
asphalt layer was estimated from the air temperature nsing
the following empirical equation (see [9] for further details):

Tep

= T..,.(I +

76.2)

h.u" + 304.8

84. 7

ha.tp + 304~8

+ 3.3,

(2)

(Ta.tp) is the effective smface layer temperature (OC),
(T..,.) is the measured mean air temperanue (OC), and hArp is

where

the thickness of the surface layer (mm).
PAVEMENT SURFACE DISPLACEMENT PROFILE
MODEL
The pavement smface roughness profiles were genezated
from the equations given in reference [10] for single sided
pavement surface profile spectral densities Sz (r) :

Sz(r)=crwhere ris
follows:

Class
Motorwav
Princioal
Minor

w

(O<r<rmuJ,

(3)
the wavenumber (cycles/m), w=2.5 and c as

Typical J3Dge of

Geom. mean value of

C IIO~m1l2cycle3'2

C /lO-lm1l2cycle 312

3-50
3-800
50-3000

49.0

which they validated with experimental measurements

performed on the 1RL test track. They concluded from their
research that a two dimensional vehicle model should be
satisfactory for predicting the tyre forces of typical leaf
spnmg articulated vehicles with well damped unsprung mass
modes of vibmtion, opemting nnder typical UK conditions of
speed and road roughness. However, Cebon [15] noted that a
simpler linear 'quarter car' vehicle model has dynamic
characteristics that are broadly representative of the majority
of single axle truck suspensions in current use.
Consequendy, a linear 'quarter car' vehicle model was used
in the case studies descnDed in tbls paper. The WLPPM can
incorporate more realistic (validated) articulated vehicle
models without difficulty, but at the expense of significantly
increased computation time. 'Quartel' car' parameters for a
fully laden vehicle with typical air and steel suspensions
(from reference [16]) are shown in figure 2.

Typical parameters
Steel
Air
~

4SOOkg

"f SOOkg

4500kg
500kg

ks

IMN/m

0.4MN/m

Cs

20kNsIm

2(lcNs/m

le,

2MN/m

2MN/m

Cs

12.2
3873

A one-dimensional surface displacement history was
generated from EQ(3) by applying a set of random phase
angles, uniformly distributed between 0 and 2n, to a series
of coefficients derived from the desired spectral density (see
[11] for further details) and applying the invezse Fast Fourier
Transform (FFT).
Typically, the resulting surface
displacement profiles were geneIated with data points every
O.Im giving a lower wavelength limit (corresponding to the
Nyquist frequency) of 0.2m. The upper wavelength limit
(1/r mu) was several hundred metres.
In order to quantify pavement surface roughness using a
single statistic is used in this paper: the International
Roughness Index (IRI) [12]. The IRI is the ratio of the
accmnulated suspension motion divided by the total distance
travelled, calculated from the response of a linear 'quartez car'
vehicle model travelling at 8Okm/h over the pavement
proftle of interest. On the IRI scale, a perfectly smooth
pavement is rated as 0, an asphalt pavement in good
condition is rated at approximately 2mm/m and a severely
damaged pavement may be rated as high lOmm/m. A
detailed description of. the method used to calculate the IRI
for a given prof"JIe is given in reference [12].

DYNAMIC VEHICLE SIMULATION
The subject of dynamic tyre force modelling was
extensively reviewed by Cole in 1990 [13] and will not be
repeated in detail here. Cole and Cebon [14] developed
various non-linear two and three dimensional vehicle models

Figure 2. 'Quarter Car' vehicle model.
The dynamic tyre forces generated by the vehicle model
were obtained by numerically integrating the equations of
motion using the pavement surface profile displacement as
the input to the tyre (see [13] for further details). If the
pavement smface proftle is sufficiently rough, the model
incorpor.ues a facility for the wheel to leave the ground.
PAVEMENT PRIMARY RESPONSE MODEL
Previous work: on pavement primary response models
was extensively reviewed by Hardy in 1990 [17] and Cebon
in 1993 [15] and will not be repeated here. Hardy and Cebon
[18] concluded that the influence function method is
sufficiendy accmate to calculate the dynamic response of a
pavement to dynamic tyre forces, providing the pavement
model includes the effect of speed accmately. Consequendy,
a modified version of the VESYS llIA quasi-static pavement
model [19] (modifications by Cebon for NCHRP project 125, see [20)) was used to generate the required primary
pavement response influence functions. Typical contact radii
for single and super single tyres were taken to be 108mm
and 135mm respectively [21]. Dual tyres were modelled as
two separate circular contact areas of mdius IOSmm.
All the pavement SbUCIUres investigated were modelled
as three layer systems comprising; (i) an asphaltic layer
(wearing course plus base course), (ii) a granular sub-base
layer, and (ill) a subgrade or soil layer. The primary
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response model required the elastic properties (Young's
modulus and Poisson's ratio) and the thickness of each layer
(except the subgrade which is of infinite thickness). The
methods used to obtain these parameters are described in the
following sub-sections.
Asphalt Surface Layer Elastic Properties
Typically, a full-depth aspbaltic pavement consists of three
separate layers of bituminous material; a wearing comse, a
road base and a basecourSe. The properties of the road base
and baseconrse are usually similar whereas the wearing
course has different mix proportions and hence properties.
However, according to Brown [22], typical UK wearing
courses have a relatively small influence on the sarucbJIal
performance of the pavement and it may be combined with
the other two layers. Consequently, a single asphaltic layer
of typical road base (or baseconrse) material has been used to
represent the aspbaltic layers of a full-depth flexible
pavement
The elastic modulus of the bituminous binder E,,(MPa)
was calcu1aled using the following equation derived from the
Van der Poet nomogtaph [23]:

t

E" =1.157 X 10- t;C· 2. 71S- (R) (T1:) - TGIp
(4)
where T1:) is the recovered bitumen 'Ring and Ball'
softening temperatute ( Dc), T,.,. is the tempeI31Ure of the
asphalt layer (DC), p/CR) is the recovered bitumen
7

P/

368

'Penettation Index' and I; is the loading time (secs).
The bitumen ~ recovered after the asphalt has
been mixed and laid (T1:) and P1(R») were obtained from the
initial penetration of the bitumen p(l) using the following
empirical equations [22]:
peR) =0.65P(/).
(Sa)

T1:) =98.4 - 26.35log10 (p(R»),
P1(R)

271og10 p(/) - 2165
16.3510g10 p(/) - 232.82 '

(Sb)

(Se)

where p(/) is the initial penettation of the bitumen.
The effective loading time I, was estimated from [23,
,24]:

log10(t,) =5 x 10~ ~ -

0.2 - 0.9410g10 (V),

(6)

where h"", is the thickness of the asphalt layer (mm) and V
is the vehicle speed (kmIhr).
The elastic modulus of the asphalt mixtme E .. (MPa)
was calculated using the following empirical equation [22]:

E =E

[1+ 257.5-2.5VMA]"
n(VMA-3)
,

1II"

[26]. A typical constant value was taken to be
[22].

v,.,. =0.4

Ageing of the Asphalt Layer
Ageing of
bituminous materials has been shown to occur in two
stages: (i) short term and (ii) long term [27-29]. Short term
ageing occurs dming manufacture and laying, and is mainly
due to the loss of volatile components and oxidation while
the mix is hOL Long term ageing is mainly due to
progressive oxidation of the mixture while it is in service.
Short term ageing was included in the model by using
~ical bitmnen ~ recovered after mixing and laying
tTg) , p/(R) ,
Long term ageing of the bibJIDen was accounted for by
increasing the recovered 'Ring and Ball' softening point
temperaJUre T1:) , with the age of Ihe pavement, according to
a one-dimensional kinetic diffusion model developed by
Verhasselt and Choquet [29]:
r.(R)
=r.(R) I + 'Ai,
(8)

etc-J.

RB

T1:>

I

1=11

RB

k=o

'V.lU

is the recovered 'Ring and Ball' temperature
at time t ='I' T~)
is the initial Ring and Ball
temperaJUre (DC) at time ~O, A is the reaction constant
(De2 I hour) and, is the time (hours).
Verbasselt and Choquet [29] determined the value of A
from accelerated laboratory ageing tests on different types of
biblIDen and they found that the reaction constant A
where

(DC)

I

depended strongly on the temperature of the bitumen.
Consequently. to apply EQ(8) to an in-service pavement
where the tempera1Ure of the asphalt layer is constantly
changing, they related the m=m annual air temperature to the
effective temperature at which the reaction constant should
be determined (see [29) for further details). For typical .
climatic conditions in Belgiwn, the average reaction constant
A
was found to vary between 1.2 x 10-3 to
2.1 x 10-3 De2 I hour depending on the type of bibUDen
being considered. Verbasselt and Choquet used these values
of the reaction constant to predict ageing of the whole
asphalt layer for typical pavements in Belgium. They
obtained a reasonable agreement with the measured ageing of
the material. A value of A 165 X 10-3
I hour
together with EQ(S) was therefore used to model ageing of
the whole asphalt layer in a typical UK pavement
An ageing model of this type will affect both the elastic
and viscous properties of the aspbaltic material since they
both depend on the properties of the bituminous binder.

=

DCl

(l)

4

_
( 4x10 ) and
where n - 0.8310g10 E,,(MPa)

VMA =% Voids in Mixed Aggregate
=% vo1 air voids + % voL bitumen.
The thickness of the asphaltic material was determined
from the standard UK design procedure for the type of
pavement being simulated (see [25] for fwther deIails).
Poisson's ratio for aspbaltic material has been shown to
be highly dependent on temperature with values ranging
from 0.15 (low temperatures) to 0.45 (high temperatures)

Subgrade Layer Elastic Properties The elastic
modulus of the subgrade E"",,(MPa) was estimated from the
empirical equation [22]:
E., =10CBR.
(9)
where CBR is the 'Califomia Bearing Ratio' of the subgrade.
For details of the CBR test refer to [30]. Poisson's
ratio for soil has been shown to depend on the degree of soil
cohesion and ranges from 0.3 (cohesive-less soils) to 0.5
(very plastic clays, cohesive soils) [26]. A typical value was
taken to be v_ 0.4 [22].

=

Granular Sub-Base Layer Elastic Properties

The elastic modulus of the granular base layer was taken to
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be a constant

l00~

(i.e. Egra = 100 MPa) corresponding

to a good quality granular base [22]. The thickness of the
granular base was taken to be a standard 200mm from [22].
Poisson's ratio for the granular material depends on the
degree of crushing of the material and ranges from 0.3
(crushed material) to 0.4 (unprocessed gmvels,lsands) [26]. A
typical value was taken to be v"PIZ 0.3 [22].

=

FATIGUE CRACKING MODEL
From [31] it was concluded that under almost all
circumstances, traffic-generated fatigue damage initiates at
the base of the bound aspbaltic layers and propagate towards
the surface. Themlalload cycles and stress concentrations at
the smface due to non-uniform contact conditions have little
effecL Consequently, the fatigue model chosen for the
WLPPM was a 'traditional' fatigue model which assumes
that cracks originate at the bottom of the asphaltic laye£S.
where the tensile strain is greatest, and propagate vertically
upwards towards the pavement surface.
Simplified laboratory test OD asphaltic specimens have
led to a relationship between fatigue life and strain of the
form (see, for example [15, 32, 33]):
il
NJ1 kt Ei- ,
(10)

=

where Ny> is the number of cycles to failure at strain level

Ei (micro strain), and Ai and Icz are fatigue constants
descnDiog the fatigue behaviour of the material.
Cooper and Pell [34] examined the effect of various
asphalt mix variables and tempelatUre on the fatigue life of
over 2000 specimens of a wide variety of both basecourse
and wearing course aspbaltic mixes. They concluded that
fatigue performance, OD the basis of applied tensile strain,
was primarily influenced by the type and amount of
bituminous binder. The effects of temperature and loading
time were assumed to be accounted for by their effect on
elastic stiffness. However, it was found that the resulting
fatigue law gave conservative results when compared with
experimental field data and thus required 'calibrating' [35].
This calibration was performed for avemge UK conditions
giving fatigue constants Ai and Icz as a function of the
properties of the asphalt mix [35]:

IOglO(k1)= 14.391og10(VB)+24.21og10(T~»-46.06,
Icz 5.131og10(VB)+8.631og10(TZ»)-15.8,
(11)

=

where VB is the pel'CeDtage volwne of biluminous binder and
TfB> is the initial 'Ring and Ball' softening tempelatUre of
the bitumen (oC).
The initial 'Ring and Ball' softening temperature T~IJ of
the bitumen may be obtained from EQ(Sb) by replacing the
recovered penetration pCR} with the initial penetration pC/).
The fatigue properties defined by EQ(11) include a factor of
440 to allow for differences between laboratory test
conditions and those in the pavement [35]. This 'correction'
compriseS a factor of 20 for rest periods between load
applications, a factor of 20 for the time taken for the crack to
propagate through the bituminous layer, and a factor of 1.1
for the lateral distribution of wheel loads on the pavement
surface [35].

The accumulation of fatigue damage D at each point
along the road due to the passage of a vehicle was estimated
using Miner's hypothesis of linear damage accumulation
[24]:
j
NCi)
D=
(if
(12)
i=1 NI
where N(i) is the number of cycles of strain level Ei' NJ1 is
the number of cycles to failure of strain level Ei and j is the
number of different stmin levels.
Gillespie et al. [20] investigated two different methods
for reducing a complex strain time history to a number of
equivalent strain cycles, 'rainflow' counting and 'peak'
counting. The 'rainflow' counting method involves
determining the ovenill strain range (largest peak to lowest
valley) and removing this from the history. This is taken as
the flI'St strain cycle and the process is repeated until all
strain reversals have been considered. This method is
commonly used for metal fatigue due to complex time
histories and corresponds to counting complete hysteresis
loops in the stress-strain cmve for the material (see [20] for
further details). The 'peak' counting method considers just
the peak tensile strain to be the equivalent strain cycle. This
type of approach cannot account for compressive strains
between tensile peaks or strain levels that do not recover to
zero between multiple axles. Gillespie et al. [20] concluded
that the ranking of the vehicles in their study was not greatly
affected by the method of cycle counting. Consequently, the
simpler 'peak' counting method was used in the WLPPM

L

PERMANENT DEFORMATION MODEL
The rutting model used in the WLPPM comprised two
parts. The first part is the linear visco-elastic rutting model
presented in [36], which was used to model the asphaltic
layers of the pavement where permanent deformation is
primarily due to viscous flow. This linear visco-elastic
calculation requires the viscosity of the bituminous binder,
and the mix specification. The viscosity of the bituminous
binder Ah (MPa.s) was obtained using the following
approximate expression [4]:

T

A, =3XIO-<{L3XIJ>+(TW- ...

Jf']}

(13)

The effective viscosity of the asphalt mix was then

obtained from the following equations (see [36] for more
details):
log10(A4I )= ,z,l(VMA)+ tP2(VMA) 10glO(Ah)'
(14)
where A4I is the extensional viscosity of the asphalt mix
(MPas), Ah is the extensional viscosity of the bitumen
(MPa.s) at the temperature of the mixture, and
tP1(VMA) = 1.86 x 10-3 VMA 2 -1.65xl0-1 VMA+6.98
,z,2(VMA) =-2.2xl0-4 VMA+ 7.5xl0-1 •
A simple relationship between vertical subgrade strain
and permanent defonnation was used to include rutting in the
subgrade and gmnular layer. This relationship is of the same
general form as the model used to relate vertical subgrade
strain 10 permanent surface deflection (see, for example [37,
38]). The incremental permanent deformation in the
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subgrade and granular layer due to a single axle load may be

expressed as:

=

D; Lt e/'1, ,
(15)
where D; is the incremental vertical permanent deformation
in the subgmde and granular layer due to vertical subgrade
compressive strain ei. and Lt and ~ are mat.ezia1 constants.
This model will be refeIred to as the subgrade rutting
model. As with the fatigue model, Miner's cumulative
damage law, EQ(I2), and peak cycle counting were used to
calculate subgrade rutting due to strain cycles of different
magnitudes.
In the literature reviewed by Hardy [17]. the value of the
exponent ~ in the damage law relating vertical subgrade
strain to permanent surface deformation was found to vary
considerably from 1.85 to 7.14 depending on the pavement
design and the test conditions. Brown [38] investigated the
relationship between the maximum allowable elastic
subgrade strain and the number of load repetitions and
concluded that a value of ~ 3.57 was suitable for typical
UK. pavements. However, no models capable of predicting
these constants from the subgrade specification and operating
conditions were found in the literature. The parameter ~
was therefore considered to be an unknown input variable to
the WLPPM and its importance was investigated in a
parametric study.
The multiplicative subgrade rutting constant Lt in
EQ(I5) directly affects the proportions of surface rutting to
subgrade and granular layer rutting. These proportions have
been shown to wiry from pavement to pavemenL In a
typical UK pavement, approximately half the rutting was
found to occur in the surfacing and roadbase and half in the
sub-base and subgrade [38, 39]. Consequently, the subgrade
rutting multiplicative constant Lt in EQ(15) was chosen
such that, for a thick asphalt pavement (25Omm), at a mean
yearly air temperature of lOoe (typical of a UK. climate
[35]), approximately half the rutting occmred in the asphaltic
layers and half in the subgIade and granular layers.

=

ASPHALT MODULUS DEGRADATION MODEL
Several studies on experimental and in-service
pavements have shown that there is a significant relationship
between long-term pavement performance and changes in the
ttansieot deflection of the pavement surface (see, for example
[4042]). To include this effect in the WLPPM, a modulus
degradation model has been developed.
Surface deflection data was obtained from two
Accelerated Loading Facility (ALF) trials [43,44] performed
by the AuslIalian Road Research Board (ARRB). A back
calculation procedure (with appropriate temperature
correction [45]) was used to deteanioe the set of layer moduli
that gave the best fit between calculated and measured surface
deflection bowls. The moduli were plotted as a function of
the cumulative fatigue damage experienced by the test
section using EQ(I2). The resulting asphalt modulus
degradation model was of the following fono:
E/Eo == expKD
D< I,
E/Eo ==(E/Eot
D~I,
(16)

K = log.(E/Eo>C.
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where E/Eo is the reduction in elastic modulus of the
asphaltic material, D is the cumulative fatigue damage (see
EQ(12» and (E/Eo)c is a constant that detennines the level
of modulus reduction corresponding to the end of the fatigue
life of the asphalt (i.e. D 1).
Figure 3 shows a typical plot of EQ(I6), with
(E/Eo)c 0.2, together with the back calculated data, using
measured surface deflections from the ALF trials. It can be
seen that the moduli conform reasonably well to the
modulus degradation law. A deIailed description of the back
calcularion method is given in reference [45].
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Figme 3. Reduction in normalised asphalt layer modulus.

One of the major causes of stiffness variations along the
length of the pavement is variations in the thickness of the
asphalt layer. The method used to quantify this variation is
explained in this section.
Figure 4 shows the thickness spectrum S" calculated
using a number of sections of measmed data from the ASOOT
trunk road. The data was measured by GB Geotechnics using
ground penetrating radar techniques (e.g. [46,47]). Also
plotted in figme 4 is a fitted equation of the form:
F
S,,(r)
H·
(17)

= (

1+ r/ro)

The

fitted

constants

were

found

to

be;

F=6.3xl0-2 m 3/cycle, ro =(3.13XI0 3 )2.2S m/cycle and
H = 2.25. It can be seen by comparing E6(17) with EQ(3)
(the equation for the spectral density of the pavement profile
surface displacement) that the value of the exponent is
similar (2.25 from EQ(I7), compared with 25 from EQ(3».
Consequently, the amplimde of the thickness spectrum and
the amp~ of the surface displacement spectrum decrease
at approximately the same I3fe with increasing wavenumber
(decreasing wavelength).
A random asphalt layer thickness displacement history
can be obtained from EQ(I7) using the same inverse FIT
method used to obtain the pavement surface profile. Note
that this method gives a Gaussian amplitude distribution,
which agrees well with the measurements. The phase
relationship between the various roughness components in
the surface prof"lle and the thickness prof"lle is not known.
This relationship would require information about the cross-

MODELING PAVEMENT RESPONSE AND PERFORMANCE

spectrum between tbe surface roughness and the thickness.
Such information could only be obtained from simultaneous
measmements of the surface profile and thickness, and daIa
of this type could not be found. Consequently, in the
absence of suitable cross-spectral information, the thickness
profile was asswned 10 be uncorrelated with the surface
profile. This was implemented by using random phase
angles to generate the thickness profile that were unco.ne1ated
with the random phase angles used 10 generate the surface
profile. Any other degree of correlation could be included in
the model, if suitable cross-spectral information was
available, using the method in [11].
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Figure 4. Asphalt layec thickness spectral density.
To determine thickness profiles for pavements with a
different mean asphalt layer thickness 10 the A500T (different
mean asphalt layer thickness), the thickness spectruJD
(EQ(17», was scaled such that ratio of the Sl3Ddani deviation
10 the mean asphalt thickness was the same for all
pavements.
Once a thickness profile was generated. it was divided
into a nwnber of equally spaced. discrete sub-sections where
the thickness was asswned constanL This simplified
thickness variation was then used in the WLPPM.
To avoid step changes in the primary responses at a
boundary between sub-sections with different asphalt layer
thicknesses and/or different asphalt layer moduli, linear
interpolation was used between the two adjoining influence
fimctions (see [45] for furthec details).
SIMPLIFIED CASE STUDY
To illustrate the various features of the· WLPPM
described above, a simplified case study is examined here.
The vehicle loading was applied using a linear 'quarter car'
vehicle model tIavelling at a constant speed of 22.5m/s
(SOkm/h) over a lOOm length of surface profile. The loads
generated by the vehicle model were applied to the pavement
through a 'super-single' tyre with a contact patCh radius of
0.135m. The parameters used in the 'quarter car' model
corresponded 10 a fully laden vehicle with a steel spring
suspension.
A typical 50 pen modified hot rolled asphalt was used,
and to simplify the simulations. all the material properties
that are functions of temperature (e.g. asphalt modulus,

viscosity etc.) were IIXed at a temperature of l00C. Full
details of the mix specification and input parameters are
given in the Appendix. For each of the case studies, the
nominal thickness of the asphalt layer was 250mm and
ageing of the aspbaltic material was assumed not to occur.
The subgrade was assumed to have a CBR of 4%. Where a
random surface profile was required, an initial profile with
IRI = 2 was used. This corresponds to the typical roughness
of a new principal road.
To include asphalt layer thickness variations in the
model the pavement was divided into O.5m sub-sections.
each of constant thickness. To limit the nwnber of
computations required, the random lhickness variation was
disaetised into 6 levels and the modulus of the asphalt layer
was degraded in 10% steps (9 increments altogether). The
pavement surface proIlles were updated 80 times
(approximately every 260,000 load passes). It was found
that, using the above parameterS. a satisfactory trade off was
achieved between computation speed and convergeuce of the
results (see [45] f<r furthec details).
The rutting due 10 the static vehicle loads at the end of
the loading period (i.e. after 20.75 million load applications)
was approximately 2Omm. This is typically taken 10 be the
point at which a flexible pavement has failed [22].
To investigate the importance of the subgrade rutting
law, the rutting exponent L,. in EQ(l5) was taken 10 be
eithec I or 4. The corresponding values of the multiplicative
ruaing constant ~, were chosen Such that approximateiy
half the rutting occurred in the surface and half in the lower
layers: L,. = 2.47 x 10-3 mm and L,. =3.31xl0smm
respectively. The importance of the modulus degradation
law feedback loop on the primary response model was also
investigated

RANDOM THICKNESS VARIATION AND A FLAT
PROFILE
This case Sbldy examines damage propagation on a
pavement with a random asphalt layec thickness variation
and an initially flat surface profile. The random thickness
variation was created using the procedme detailed earlier.
Figure 5 shows the random asphalt layer thickness
distribution (dashed line) together with the distribution
averaged over O.5m intervals and discretised into 6 levels
(dashed line). This discretised distribution was used in the
WLPPM.
Figure 6 shows the initial pavement surface prome
togethec with profiles after 10.11 million and 20.75 million
load passes using L,. =1 in the subgrade rutting law
(EQ(I5». It can be seen from this figure that the swface
level drops as the number of load passes increases. This
corresponds 10 the formation of a rut in the wheelpath. For
no modulus degradation (solid line), the pavement surface
profile degrades at an approximately unifonn rate due to the
static vehicle loads, with only a small effect from dynamic
loading induced by the surface roughness. Also shown in
this figure (dashed line) are the results of the same case, but
including degradation of the asphalt layer modulus as the
pavement becomes progressively fatigue damaged. It can be
seen that in this case, including this feedback loop has
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virtually no effect on the surface profile. This is because.
even at the most heavily loaded areas, only a small
proportion of the fatigue life has been used up by the time
the permanent deformation becomes excessive.
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heavily loaded areas (troughs). This is because the
cmnulative fatigue damage, and hence modulus reduction, is
greatest at these areas of greatest load concentration and this
effect becomes more important when the subgrade is more
sensitive (Lz =4). Consequently. the permanent vertical
subgrade strain is increased at these locations. resulting in an
increased rate of subgrade defannatioo (rotting).
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Figure 5. Random asphalt layer thickness variation.
Figure 7 shows the corresponding situation using
Lz == 4 in the subgrade rotting law (EQ(IS». It can be seen
from this figure that. with no modulus degradation (solid
line), the magnitude of the damage is significantly increased
and dynamic loads induced by the initial asphalt layer
thickness profile have a more prominent effect. For
example, it can be seen that although the average rotting
(due to the static loads) after 20.75 million load passes is
2Omm, the profile at 90m along the pavement shows a
depression approximately 4m long and 40mm deep (2Omm
below the 'static' rut depth). It can also be seen by
comparing this figure with the input thickness profile (figure
S) that the depression has formed where the asphalt layer is
at its thinnest.
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Figure 6. Pavement surface displacement profiles at various
loading stages. using Lz = 1.
It can also be seen from this figure that the surface
irregularities excite the modes of vibration of the vehicle
model with the result that the downstream surface profile
fluctuates about a mean rut depth. The wavelength of these
fluctuations corresponds to the frequency of sprung mass
vibration of the vehicle model (approximately 2.5Hz). The
dashed line in figure 7 show the same test case but including
degradation of the asphalt layer modulus. It can be seen that
including this damage feedback mechanism increases the
amount of permanent deformation, particularly at the most
208
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Figure 7. Pavement smface displacement profiles at various
loading stages. using Lz =4.
PARAMETER STUDY

The case study examined in the previous section was
useful to help explain the various component parts of the
WLPPM. However, it is not representative of in-service
conditions. The following section explains the method used
to simu1ate a realistic fleet of heavy goods vehicles operating
on a number of typical UK pavement constructions. For
brevity, only the results for the minor road are presented.
SPATIAL REPEATABlllTY
To assess the importance of dynamic tyre forces in the
pavement degradation process, it is important that the
dynamic loads used in the WLPPM are representative of the
distribution of loads applied to the pavement by a typical
vehicle fleeL
In particular, the levels of 'spatial
repeatabilily' of dynamic loads should be included accmately
[49].
In the WLPPM, four quarter car simulations were used
to represent measured vehicle fleet speed variations (taken
from the National Speed Survey [48]). The values of
suspension stiffness for each model was chosen such that the
overall pattern of loading applied to the pavement by the
simulated vehicle fleet (spatial repeatability) matched
previously measured patterns of loading from the A34 in
Oxfordshire [45,49, SO]. Further details of this process are
given in [45] and details of the suspension stiffnesses and
speed ranges are given in the Appendix.

WLPPM INPUT PARAMElERS
The thickness of the asphalt layer was taken to be
12Smm (from standard UK design procedure [25]) and the
length of the pavement section simulated was lOOm. As in
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the simplified case study, a typical 50 pen modified bot
rolled asphalt was used for the bituminous binder and the
subgrade was assumed to have a CBR of 4%. Full details
of the mix specification and input parameters are given in
the Appendix. An initial IRI roughness of 3 was used. The
variation in monthly air temperature for each pavement type
was sinusoidal, with a mean temperature of 11 0 C and a
temperature ampliblde of -,oC. These are typical of UK
climatic conditions [38]. .
One of the conclusions from the simplliied case Sbldy is
that predictions of damage are significantly influenced by the
exponent chosen in the subgrade rutting model (EQ(15».
For this Sbldy two different assumptions were considel'ed. In
the first, a value of Lz = 3.5 was used. This corresponds to
the value proposed by Brown [38] for use with pavement
design procedw'es in the UK. The value of the sub~
multiplicative constant was taken to be Lt =4.63x10 mm,
giving approximately half the rutting in the asphaltic
material and half the rutting in the lower layers for a thick
pavement with an air temperature of 10 <>c. For the second
assumption a value of Lz = 1 was used. This can be
considered to be a pessimistic estimate of subgrade damage
and gives lower layer rutting that is proportional to the
instantaneons value of the vertical subgrade strain. The
value of the sub~ multiplicative constant was taken to be
~ = 2.47 x 10- mm, giving approximately half the rutting
~ theaspbaltic material and half the rutting in the lower
layers for a thick pavement with an air telDperature of 10

<>c.

.

. To assess the importance of various factors, 4
were considemI:

Case
0
1
2
3

Initial Profile
Smooth

Random
Smooth

Random

Thickness
Uniform
Uniform

Random
Random

cases

Vehicle Loads
Static
c
Static

i)

NCO) - NCi)
CO)
x 100%,

=

N

(i =1,2,3), . (18)

.

where NCi) is the number of load passes in case i required to
produce 'aitical' conditions, and NCO) is the number of load
passes in case 0 required to produce 'aitical' conditions.
'Critical' conditions are defined to be the first point
where the 95th percentile rut depth reaches IOmm (often
defined as the point where overlaying is required [25]) or the
95th percentile fatigue damage reaches 0.5. The 95th
percentile level can be interpreted as the damage incurred at
the worst 5% of locations along the pavement The PLRF
is a measure of the importance of dynamic loads or asphalt
layer thickness variations OD predicted pavement life.
The second criterion is the 'Simulation Error' (SE). For
case i, this is defined as:
SE

n
I

F(3) _FCi)

=

F(3)

x 100%,

PARAMETER S1UDY RESULTS
Minor Road Figure 8 shows the increase in 95th
percentile rutting as a function of cumulative load passes for
cases 0, 1,2 and 3 using ~ 3.5 in the subgrade rutting
model It can be seen from this figure that, for case 3, the
pavement fails by excessive rutting after approximately 0.48
million vehicle passes. It can also be seen from this figure
that, after the nominal failure condition has been passed.
there is an inaeased rate of rutting. This is due to the nonlinear relationship that exists between subgrade rutting and
the thickness of the asphalt layer. From figure 8 it can be
seen that the inclusion of surface roughness induced dynamic
loads (case 1) and asphalt layer thickness variations (case 2)
produce pavement life reductions PLRF of 48% and 58.7%
respectively. Including both these effects (case 3) produce a
PLRF of 66.7%. The SE values are 63.1% (case 0),28.2%
1) 3nd i6.5% (case 2);
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To compare results from the 4 cases. two aiteria were
used. The first is denoted the 'Pavement Life Reduction
Factor' (PLRF). For case i, this is defined as:
PLRF'I

'Failure' conditions are defined to be the point where the
95th percentile rut depth reaches 20mm or the 95th
percentile fatigue damage reaches 1.0. The SE is a measure
of the error in predicted pavement damage if dynamic loads
and/or asphalt layer thickness variations are neglected.
'Failure' conditions have not been used in the PLRF
calculation because they are not reached in some of lhecases
and thus extrapolation would be required to calculate the
PLRF.

(i = 0,1,2),

(19)

where FC;) is the case i 'failure' condition when Ihe case 3
'failure' condition F(3) is reached.
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Figure 8. Accumulation of 95th pen:.entile rutting on a
minor road, using Lz 3.5.
Figures 9 and 10 show the increases in 95th percentile
rutting and 95th percentile fatigue damage as a ~on of
cumulative load passes for cases 0, I, 2 and 3 using Lz = 1
in the subgrade rutting model. It can be seen from these
figures that, for case 3, instead of failing by rutting, the
pavement lasts longer and fails by fatigue damage after
approximately 0.55 million load passes. At failure, for case
3, the 95th percentile rut depth is only 1.5mm. This change
in the mode of failure is due to the lower power in the
subgrade rutting model reducing the weighting applied to the
peaks of Ihe dynamic loads and hence lowering the amplitude
of the dynamic rutting damage in the subgrade. The SEs for
cases 0,1 and 2 are 90.6%, 69.4% and 70.9% respectively.
PLRF values have not been calculated because the 95th
percentile fatigue damage for case 0 does not reach 1. It can
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be seen from this data that neglecting dynamic loads and
asphalt layer thickness variations results in a 90.6%
underprediction of the fatigue damage at failme.
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Figure 9. Accumulation of 95th percentile rutting on a
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mode of failure was predicted to be fatigue, whereas for a
high power (Lz 3.5) the mode of failure was predicted
to be rutting.
(1) For a thin pavement (I2Smm) where the mode of failure
was predicted to be fatigue, neglecting surface roughness
induced dynamic loads and asphalt layer thickness
variations results in a 90% undeIpred.iction of the fatigue
damage at failure.

capable of making deterministic predictions of fatigue,
rotting and surface roughness throughout the life of a
pavement has been developed.
The model includes the following features: (i) dynamic
tyre forces. (ii) environmental effects. (iii) realistic
pavement stiffness variations. (v) a realistic asphalt
modulus degradation law due to fatigue damage. and (v)
smface and subgrade rutting.
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pavement wear (fatigue. rotting, roughness).
Asphalt modulus degradation has been shown to have a
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PARAMETER STUDY
S~ Range, V m/S

Suspension
stiffness I MN/m
0.396
0.817
1.616
1.017

APPENDIX

This Appendix contains details of the WLPPM
parameters used in the simulations.
SIMPLIFIED CASE snIDY

PavementclUVCILY
Maximum air temp.

Value

r:::r. 1° C

r:: r

Minimmn air temperature
c
Asphalt layer thickness hMp 1 mm
Percentage volume of bitumen Vb
Percentage volume of air voids v"
Initial bitumen uenetration

r

p(l)

Ageing constant A C2 I bolD'
Sube:rade CBR rercen~
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Pavement

10
10
250

12

4
50
165 X 10-3
4

r::x r c
Minimmn air temperature r:: r c

Maximum air temp.

Asphalt layer thickness hMp I

mm -

Percentage volume of bitumen Vb
Percentage volmne of air voids v"

Initial bitumen oenetration
Ageing constant A
SubmldeCBR

rC

2

p(l)

I holD'

Value
18

4
250
12
4
50
1.65 X 10-3
4

