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I 

Abstract 
 

The response of flexible pavements at vehicle-road interaction has been 
studied in this thesis. A quasi-static and a dynamic framework for 
analysing the pavement structure under moving load has been developed. 
Both frameworks are general, robust and computationally efficient.  

The quasi-static procedure is based on superposition principle and is 
computationally favourable, as it requires only reduced incremental 
problem to be solved numerically. Using the developed framework the 
effect of vehicle configuration and traffic characteristics on the damage 
induced in pavements is investigated numerically. It is shown that the 
developed numerical model provides a more accurate explanation of 
different distress modes. Moreover the conventional analysis and design 
methods with layered linear elastic behaviour assumption for asphalt 
layer are unable to capture several important aspects of pavement 
response. 

In the dynamic analysis approach the pavement roughness and 
vehicle suspension system is linked to a dynamic pavement model in 
order to account for the dynamic effects at vehicle-road interaction on 
pavement response. A finite element method is relied upon in order to 
establish the response function for a linear viscoelastic pavement 
structure with dynamic effects taken into account. The computational 
procedure developed is applied to evaluate the effect of the pavement 
surface roughness on the pavement structure response to truck traffic 
loading. Stress field parameters governing fracture initiation in asphalt 
layers are reported for two measured road roughness profiles. It is shown 
that the dynamic effects at vehicle-road interaction may have a profound 
influence on the stresses induced in flexible pavements; therefore these 
effects need to be taken into account for accurate prediction of the road 
performance in the field 
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1. Introduction 
In Europe, almost half of the freight transport is done via roads. 
Therefore a high quality road network is not only of great importance to 
the transport sector itself, but also is essential to all associated industries 
as well as the whole national economy. There is currently an ongoing 
discussion on using longer and heavier vehicles for road freight transport 
to increase its capacity. A study in Sweden by Swedish national road and 
transport research institute (VTI) showed a decrease of 24% in cost of 
transport when replacing standard EU trucks with longer and heavier 
Swedish trucks (35% longer and 50% heavier) (Björketun, et al., 2008). 
The opinions about the implication of this are, however, quite dispersed. 
In particular, heavier vehicles will induce heavier loads with a more 
complex configuration to the pavement and the damaging effect of these 
loads is not well understood as they may be considerably different from 
the load configuration used in the current state-of-practice design 
procedures. 

In the majority of the current design and evaluation procedures for 
flexible pavements linear elastic analysis is used to evaluate stresses and 
strains induced by moving loads in the structure. However, these types of 
analyses may not provide accurate qualitative and quantitative 
description of the pavements mechanical behaviour. One of the important 
characteristics of asphalt pavement which is often neglected is 
viscoelasticity. The viscoelastic properties of asphalt play a crucial role in 
pavement response and performance, e.g. Pouget et al. (2010). As a 
result, analysis methods based on linear elasticity are unable to predict 
several pavement distresses modes observed in the field, i.e. top-down 
cracking and permanent deformation, cf. Ali et al. (2008), Wang et al. 
(2009), Liao and Sargrand (2010).  

Finite element (FE) modelling of pavement structures has been 
widely used in different research works cf. e.g. (Elseifi et al., 2006; 
Arraigada et al., 2009; Pouget et al., 2010) due to the evident advantage 
of the method in terms of capability of taking into account various aspects 
of material behaviour, arbitrary geometry of the loaded areas and 
different types of loading and boundary conditions. Albeit considering an 
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accurate FE model with 3D geometry, more realistic material behaviour, 
dynamics of the structure as well as accurate tyre contact stresses taken 
into account are essential for capturing many distress types in pavement 
structures, it comes at the expense of much longer computation time. 

In order to overcome this shortage two computational methods 
based on finite element analysis have been developed and are presented 
in this thesis. The first approach is a quasi-static analysis and is based on 
superposition principle. The procedure is computationally favourable as 
only a reduced problem corresponding to one load increment is to be 
solved numerically. The application of Fast Fourier Transform (FFT) for 
superposition algorithm has ensured the computational efficiency of this 
framework. The aforementioned computational procedure is however 
based on quasi-static solution and thus is incapable of capturing the 
dynamic effects at vehicle-road interaction. In the second developed 
framework, the dynamic aspects at vehicle-road interaction are accounted 
for. In this framework the frequency response function of the linear 
viscoelastic pavement structure is obtained using finite element analysis. 
The quarter car model combined with the measured road roughness 
profiles is relied upon to estimate the dynamic loads induced on the 
pavement by a moving vehicle. The response of the pavement structure to 
moving vehicles is obtained then in a frequency-wavenumber domain 
through a convolution procedure. 
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2. Mechanism of vehicle-road interaction 

The major components of the vehicle-road interaction mechanism are 
illustrated in Figure 1. A vehicle moving on the road induces loads on the 
pavement. The loads are transferred from the vehicle to the pavement 
through the tyres; the contact stresses on the pavement surface and the 
geometry of the loaded area are thus affected by the tyre type and 
inflation pressure. The stress-strain state induced in a pavement by the 
contact stresses on its surface is controlled by the geometry and 
mechanical properties of the pavement layers. 

In this section two approaches of dealing with the problem of moving 
loads on the pavement are presented. Finite element analysis has been 
utilised for both approaches. 

 

Figure 1 : Mechanism of the vehicle-road interaction 

3.1. Quasi-static approach 
A quasi-static process is a slow process in which acceleration and inertial 
effects are neglected. In such a process, time becomes a parameter 
(artificial time) instead of an independent variable (Strang, 2007). The 
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problem of moving loads on the pavement can be approximated to a 
quasi-static problem. 

To analyse the pavement structure with this approach, the structure 
response is first obtained to a single tyre, which loads and unloads the 
pavement. A loading history matrix (F) consisted of positive, negative and 
zero coefficients is then constructed. Zero coefficients indicate the areas 
whose loading conditions are not changed at a given time increment, 
positive coefficients indicate areas loaded at given time increment and the 
negative ones indicate areas being unloaded. This matrix contains all the 
information concerning the loading configuration and speed. Figure 2 
illustrates the construction of impulse matrix for an arbitrary axle 
configuration moving along the line parallel to x coordinate. 

 
Figure 2 : Impulse matrix for a moving input 

The response of the pavement to an arbitrary surface loading history 
may be obtained in a computationally favourable way through the 
equation below, provided that the pavement response (σ ) to a unit load 
increment is known  

 * *( ( , ), , , , ) ( ( )  ( )) ·F S t x y z t ifft fft F fftσ σ=   (1) 

here fft is the Fast Fourier transform operator and ifft is the inverse Fast 
Fourier transform. fft multiplication produces the cyclic convolution. To 
fix this, 1N −  zeroes have to be added to F  and σ  so that cyclic and non-
cyclic convolution involve the same multiplication, where N  is the size of 
the vectors. In equation (1) the asterisk sign returns the vectors extended 
by 1N −  zeroes. More details on derivation of equation (1) and obtaining 
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the pavement response to a unit load (σ ) are given in Paper A. using 
equation (1), one may obtain the response of a linear pavement structure 
to any arbitrary loading history. 

3.2. Dynamic approach 
When the pavement surface unevenness is considered, the result of 
vehicle interaction with an uneven surface is a dynamic process. Dynamic 
loads in general are assumed to increase pavement damage 
approximately by 20 to 30% (Cebon 1988). Therefore the dynamic effects 
at vehicle-road interaction have significant influence on the stresses 
induced in asphalt layers and thus have to be taken into account to 
achieve accurate predictions of the pavement structures service life. 

The dynamic response of the pavement system assuming that the 
pavement structure is comprised of materials with linear behaviour, e.g. 
linear viscoelastic layers, to mechanical loads can be calculated from the 
equation below, provided that the impulse response function is known: 

( , , , ) ( , , , ) ( , , , )x x x xf k y z F k y z h k y zω ω ω= ⋅ 


 
    (2) 

In equation(2), ( , , , )xh k y z ω

  is the response function for the flexible 
pavement structure and ( , , , )x xF k y z ω

  is the dynamic moving load 
induced from the vehicle on the pavement in frequency wavenumber. 
Assuming the load is moving along the x-axis on the surface, the load 
description in three-dimensional space with t  being time vector and v  
the speed of moving vehicle can be presented as follow: 

0 0 0 0( , , , ) ( ) ( ) ( ) ( )x y z tF x y z t F x vt F y F z F t= − ⋅ ⋅ ⋅   (3) 

Applying double Fourier transform on equation (3) the load 
description in frequency-wavenumber domain is defined as (Lombaert et 
al., 2004): 

0 0

( )
0 0

( , , , )

( ) ( ) ( ) ( ) x

x

it k v
y z x t

F k y z

F y F z F k F t e dtω

ω
+∞

− −

−∞

=

 
⋅ ⋅ ⋅ ⋅ ⋅ 

 
∫







 (4) 

In equation (4) the bracket term is the frequency shifted Fourier 
transform of time-dependent amplitude of the moving load (Lombaert 
and Degrande, 2001). Applying shift in frequency domain and replacing 
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equation (4) to equation (3), the response of the pavement to moving load 
can be written as: 

0 0

0 0

( , , , )

( ) ( ) ( ) ( ) ( , , , )

x

x x t x y z x

f k y z

F k F k v F y F z h k y z

ω

ω ω

=

⋅ − ⋅ ⋅ ⋅








 

  (5) 

in which ( ) ( / )x x xF k F vω=   is the load description in wavenumber domain 

and ( )t xF k vω −  is the frequency of moving load. The dynamic load is 
presented as below in a deterministic way, when the surface roughness,

( )xkx , and the vehicle response function, ( )f xh k , are known: 

0 0 0 0( , , , ) ( ) ( ) ( ) ( ) ( )x f x x y z t xF k y z h k k F y F z F k vω x ω= ⋅ ⋅ ⋅ ⋅ −

    (6) 

The reader is referred to Paper C for more details on derivation of the 
equations and on obtaining the vehicle and the pavement transfer 
functions. 
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3. Results and discussions 
Both the quasi-static and dynamic type analyses are performed in order 
to analyse the pavement structure under moving loads. In the finite 
element analyses, the pavement system is modelled as a multilayer 
system, depicted in Figure 1, with the first layer modelled as a linear 
viscoelastic layer, while the rest of the layers are considered to be 
homogeneous and elastic with different stiffness. The properties of the 
pavement layers used in this thesis are listed in Table 1. The viscoelastic 
behaviour of the asphalt layer is assigned through a Prony series 
formulation of the shear relaxation modulus, represented with 
generalized Kelvin: 

 /

1
( ) 1 (1 )

G
i

PN
t

R
i i

g t g e τ−

=

= − −∑   (7) 

with P
ig , and G

iτ  are material constants; N  is the number of terms in 
Prony series expansion; and ( )Rg t  is a normalized shear relaxation 
modulus. The Prony series parameters used in the current thesis are 
listed in Table2. 
 

 

Figure 3 : Schematic view of a layered structure of a flexible pavement 



8 | Results and discussions 

Table 1 : Pavement structure geometry and material properties 

Layer type Thickness 
[mm] 

Material Properties 

E [MPa] υ ρ[kg/m3] 
Bituminous Layer 160 See Tabe 2 2200 

Base Layer 150 450 0.35 2400 
Sub-Base Layer 350 240 0.35 2400 

Subgrade Infinite 100 0.35 2400 

 

Table 2 : Prony series coefficients for defining viscoelastic behaviour of asphalt 
mixture 

i  1 2 3 4 
P

ig  
8.13 e-1 1.70 e-1 1.47 e-2 8.44 e-2 

[ ]G
i sτ

 
1.75 e-1 5.03 1.14 e+2 2.72 e+5 

   0G =4740 MPa  

Typical results from quasi-static analyses are shown in Figure 4. In 
Figure 4 the maximum principal stresses induced at the pavement surface 
by passages of 6 different truck types with 15 meters interval are shown. 
In the figure for a more clear visualization, the envelope over stress 
history has been shown on graphs, i.e. only points corresponding to the 
maximum stresses caused by passage of each vehicle are selected. One 
may notice in Figure 4 that the magnitude of residual tensile stresses 
increases with time. In general, vehicles with more axles cause more 
stress in the pavement as the rate of loading increases. Moreover one may 
observe that increase of the speed has different effect on induced stresses 
by different truck types. In this case, increasing the speed from 10 km/h 
to 45 km/h results in 5% decrease of tensile stress level for 2 axle truck, 
while changing the same parameters for a 6 axle truck leads in an 
increase of 6.5% in the level of surface tensile stresses. More results on 
quasi-static analyses are reported in Paper A and B. 
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Figure 4 : Evolution of maximum principal stress on the surface of asphalt 
layer at passages of trucks with the speed of (a) 10 km/h and (b) 45 km/h 

The dynamic effects at vehicle-road interaction is studied for a 
pavement structure as shown in Figure 3 with the properties listed in 
Table 1 and 2. The dynamic load induced on the pavement by a quarter 
car model representing a heavy vehicle is calculated for two different road 
roughness profiles. The first profile belongs to a fairly new and fairly even 
highway and the second profile belongs to a highway with a higher level 
of unevenness compare to the first road profile. 

In Figure 6, the dynamic load induced by a quarter car vehicle model 
(as shown in Figure 5) over road profile 1 and 2 with a speed of 30 m/s is 
shown. The main visible peak at approximately 2 Hz corresponds to the 
main body bounce mode of vibration, while the resonance frequency for 
wheel hop is not visible in this figure as the level of the road excitation is 
very low at that range frequency (Cebon, 2000). One may see in Figure 6 
that the maximum force amplitude from profile 2 is approximately 40% 
higher than the one from profile 1. 
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Figure 5 : Quarter car model with 2 degrees of freedom 

The pavement response from this type of analysis can be obtained in 
frequency-wavenumber domain. Figure 7 is one of the typical results from 
dynamic analysis (Paper C). In this figure, the horizontal stress 
distribution on the surface of the pavement along a line under the moving 
path for different frequencies is depicted. The pavement response is 
obtained by calculating the transfer function for a typical pavement 
structure (as shown in Figure 3) and applying equation (6). More details 
on pavement response function is given in Paper C. One may notice that 
the range of wavenumbers in pavement response increases by increasing 
the frequency. Moreover, the majority of the wavenumber range for 
profile 2, which was the rougher pavement, has higher maximum values 
than the ones for profile 1. 

 

Figure 6 : Dynamic loads induced on the pavement by a quarter car vehicle 
model for two different longitudinal road profiles 
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Figure 7 : Horizontal stress on the surface of the pavement 
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4. Summary of findings 
In this thesis two computational frameworks for analysing flexible 
pavements under moving loads are presented. First a quasi-static 
computational procedure is presented. A superposition procedure based 
on Fast Fourier transform techniques is applied to find the pavement 
response to an arbitrary loading history. In the second approach a 
numerical framework for quantifying the dynamic response of 
viscoelastic flexible pavement to moving loads has been developed. The 
dynamic nature of the vehicle pavement interaction problem is taken into 
account by bringing the road profile roughness into calculations. In order 
to obtain the response of the pavement to the moving load, first the 
transfer function for the pavement structure using three dimensional 
FEM is calculated. Afterwards, the response is found in frequency-
wavenumber domain by multiplying dynamic load and the transfer 
function.  

Both computational frameworks presented above are numerically 
efficient as they utilise Fast Fourier transform technique and the finite 
element solution is needed to be calculated only once. Such an approach 
is much more computationally favourable as compared to the full scale 
finite element solution 

Based on quasi-static analysis, it has been found that traffic 
characteristics have a profound impact on viscoelastic stress 
redistribution in the pavement structure. Furthermore, a build-up of the 
tensile stress at the surface of the asphalt layer has been observed, which 
provides at least a qualitative explanation of the top-down crack initiation 
found in the field 

Performing dynamic analysis, it was found that as the frequency 
increases, a higher range of wavenumbers gets involved in the pavement 
response. For the specific case of horizontal stress at the surface and the 
bottom of the asphalt layer, the response of the pavement to the rougher 
profile is approximately 50% higher in the majority of the frequency 
ranges. The results, based on dynamic analysis show the importance of 
the dynamic vehicle-road interaction in stress analysis of flexible 
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pavements; as these effects can have considerable influence on the 
expected pavement service life. 
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5. Future work 
The deterioration of road surface during the road’s design life is an 
important factor to be considered while performing dynamic analyses. It 
results in higher surface roughness and thus in increase of dynamic loads 
exerted on the pavement. The effect of surface roughness is initially small 
and increases in time as the surface becomes rougher and consequently 
the development of different crack types on the road surface accelerates 
considerably. The traffic and environmental effects causes the surface to 
deteriorate, changing its statistical characteristics in time which result in 
a non-stationary surface irregularity description. Thus the dynamic loads 
caused from the vehicles change during the pavement service life. A 
better and more precise description of the surface profile evolution is very 
important and can be useful for pavement design and maintenance. 

The future research work is focused on introducing a predictive 
function for pavement surface deterioration. This can be done by studying 
the measured road profile. Eventually the predictive function can be 
introduced into design framework and ultimately a cost estimation for 
road wear can performed. 
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6. Summary of appended papers  
Paper A: A Computational Framework for Viscoelastic 
Analysis of Flexible Pavements under Moving Loads 

A general quasi-static computational procedure is established to evaluate 
stresses and strains induced in the viscoelastic flexible pavement by 
moving traffic. The procedure is based on superposition principle and is 
computationally favourable, as it requires only reduced incremental 
problem to be solved numerically. The impact of traffic speed and density 
on the mechanical response of flexible pavement is examined 
numerically. Results relevant for two major modes of pavement’s distress, 
i.e. cracking and rutting, are reported. It is shown that the state-of-
practice layered elastic analysis used in pavement design is unable to 
capture several important qualitative and quantitative aspects of 
pavements response.  

 
Paper B: Impact of Long and Heavy Vehicles on Pavement 
Damage 
In this paper the effect of vehicle configuration and traffic characteristics 
on the damage induced in pavements by traffic is investigated 
numerically. A three dimensional time-dependent pavement-vehicle 
interaction analysis is performed in order to study the impact of the 
parameters mentioned above on the mechanical response of flexible 
pavements. The analysis is based on a fast and robust computational 
procedure, developed by the authors. The numerical algorithm utilizes 
the three-dimensional finite element solution of the reduced problem of 
one tyre pavement interface loaded with tyre pressure. Afterwards, a 
superposition procedure based on fast Fourier transform techniques is 
applied to find the pavement response to moving loads. The method is 
general and capable of capturing the stress-strain response to any 
arbitrary loading history. One particular area of study with employing the 
current procedure is the analysis of long and heavy vehicle impact on 
pavement damage. Two major modes of distress, i.e. cracking and rutting 
have been discussed for different studied cases. It is shown that an 



18 | Summary of appended papers 

accurate numerical model provides a more accurate explanation of 
different distress modes. Moreover the conventional analysis and design 
methods with layered linear elastic behaviour assumption for asphalt 
layer are unable to capture several important aspects of pavement 
response. 
 

Paper C: Dynamic Response of Flexible Pavements at 
Vehicle-Road Interaction 
In thist paper a robust and general computational framework that 
captures the dynamic response of flexible pavements to a moving vehicle 
is presented. A finite element method is relied upon in order to establish 
the response function for a linear viscoelastic pavement structure with 
dynamic effects taken into account. In order to characterise the dynamic 
loads induced on the pavement by moving traffic, a quarter car model 
combined with measured road profiles is used. Once both the traffic loads 
and pavement response functions are known, the stresses and strains 
induced in the pavement can be obtained in frequency-wavenumber 
domain through the convolution procedure. The computational 
procedure developed is applied in the present study to evaluate the effect 
of the pavement surface roughness on the pavement structure response to 
truck traffic loading. Stress field parameters governing fracture initiation 
in asphalt layers are reported for two measured road roughness profiles. 
It is shown that the dynamic effects at vehicle-road interaction may have 
a profound influence on the stresses induced in flexible pavements; 
therefore these effects need to be taken into account for accurate 
estimation of the road resistance to cracking. 
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