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Numerical modelling of unbound granular materials in thin pavements structures 
Modélisation numérique de matières granulaires non-liées dans les structures des

revêtements minces 

S. Erlingsson 
Faculty of Engineering, University of Iceland, IS 107 Reykjavik, Iceland 

ABSTRACT
New pavement design methods are under development where the aim is to predict functional and structural conditions of the road
over time. To be able to take advantage of these new design methods a better understanding of the ability to calculate the response of
pavement structures due to vehicle load is needed were the mechanical properties of the constituent materials are properly presented.
For thin pavement structures the granular materials, base and subbase layers, play an essential role in the overall structural perform-
ance. However they show a complex elasto-plastic behaviour under external loading. An instrumented thin surface dressed pavement
structure has been tested in accelerated testing by using a Heavy Vehicle Simulator (HVS). The response of the structure due to traffic 
loading was measured and thereafter two different numerical techniques used to predict the structural behaviour, the Multilayer Elas-
tic Theory (MLET) and the Finite Element (FE) method. Both linear and nonlinear elastic analyses have been carried out to simulate
the response of the structure. It was found that analyses where the nonlinear base behaviour is taken into account gave better agree-
ment with measurements compared to a linear elastic analyses. Based on the calculated response of vertical strain in the pavement
structure as well as from results from Repeated Load Triaxial (RLT) testing a simple power law function is used to estimate the de-
velopment of rutting in the pavement structure and compared to actual measurements. Good agreement was found between the actual
measurements and the calculations. 

RÉSUMÉ
De nouvelles méthodes de conception des revêtements sont en cours de développement. Ces méthodes ont pour but la prédiction des
conditions fonctionnelles et structurelles de la route au cours du temps. Pour mieux profiter de ces méthodes nouvelles il est néces-
saire d’approfondir la compréhension des capacités de calcul de la réponse des structures de revêtement au poids des véhicules, en re-
présentant proprement les qualités mécaniques des couches constituantes. Pour les structures de revêtements minces les matières gra-
nulaires, avec les couches de base et de sous-base, jouent un rôle déterminant dans la performance structurelle générale. D’autre part,
elles montrent un comportement elasto-plastique complexe lorsqu’elles sont soumises à une charge extérieure. Une mince surface ins-
trumentée de structure de revêtement a été testée en utilisant un simulateur de poids lourds (HVS). La réponse de la structure au poids 
des véhicules était mesurée. Ensuite deux techniques numériques différentes ont été utilisées pour prédire le comportement structurel: 
la théorie de l’élasticité multi-couches et la méthode par Eléments Finis. Des analyses d’élasticité linéaires et non-linéaires ont été ef-
fectuées pour simuler la réponse de la structure. On a trouvé que les analyses où était pris en compte le comportement de base non-
linéaire donnaient un meilleur résultat que les analyses d’élasticité linéaires. En se basant sur la réponse calculée de l’action verticale 
dans la structure du revêtement ainsi que sur les résultats de Épreuve de Charge Tri-axiale Répétée (RTL) une simple fonction power 
law est utilisée pour évaluer le développement d’orniérage dans la structure du revêtement et pour la comparer aux mesures concrètes. 
Une bonne corrélation a été trouvée entre les mesures concrètes et les calculs. 

1 INTRODUCTION 

Pavement structures are complex systems involving interaction 
of numerous variables. Their performance due to external load-
ing is influenced by many factors such as material properties, 
the environment, traffic loading and construction practices. In 
the past, pavement design procedures have relied mainly on 
empirical relationships based on long-term experience and field 
tests such as the American Association of State Highway Offi-
cials (AASHTO) Road test. 

Attempts have been made to develop new analytical pave-
ment design methods with the main aim of being able to ade-
quately predict pavement response and performance. Therefore 
a proper understanding of the mechanical properties of the 
constituent materials is needed. For thin pavements the granular 
(bound or unbound) base and subbase layers in a flexible 
pavement play an essential role in the overall structural 
performance of the pavement. They show a complex elasto-
plastic behaviour under external loading. It is therefore of great 
importance to compare the results of numerical analyses with 
actual measurements of stresses, strains and deflections inside a 
pavement structure in full scale tests. This is necessary in order 

to choose the appropriate complexity/comprehensiveness of the 
numerical technique used in order to give adequate comparisons 
between actual measurements and the numerical analyses.  

A thin surface dressed road structure has been tested in ac-
celerated test by using a Heavy Vehicle Simulator. The test road 
structure was instrumented to estimate deflections, strains and 
stresses in various locations in the pavement structure. Numeri-
cal analysis using both multilayerd elastic theory (MLET) and 
Finite Element (FE) technique have been used to calculate the 
response of the pavement structure, by using a 2D Axiymmetric 
(MLET and FEM) and 3D (FE) techniques. Both linear and 
nonlinear elastic analyses have been carried out to simulate the 
response of the tested structure and thereafter compared with 
actual measurements. One of the main distress modes for pave-
ments is surface rutting. Based on the calculated response of 
vertical strain in the pavement structure as well as from results 
from laboratory testing a simple model is used to estimate the 
development of rutting in the two tested structure and compared 
to measurements. In the calculation model lateral wandering of 
the applied load was taken into account as it was used in the 
HVS testing procedure. 
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where ( )�� �� �C  is the compliance matrix.2 UNBOUND GRANULAR MATERIALS

Unbound granular materials (UGM) show complex nonlinear 
elastic-plastic behaviour during external loading. The material
response can be expressed in terms of the strains where the total 
strains are divided into elastic strains and plastic strains:

tot el plε ε ε= +  (1) 

The permanent deformation characteristics of pavement 
materials is usually investigated in a RLT test were large
number of equal sized haversine load pulses are applied and the
accumulated vertical strain is collected during the testing. Based
on the testing the plastic strain can be assumed as (Tseng &
Lytton, 1989) 

0( ) N
p N e

βρ

ε ε
� �−� �
� �= ⋅ (9)In pavements the largest part of the strains is usually caused

by the elastic response with only a small part due to plastic be-
haviour. Therefore it is customary to divide the analysis into a
response modelling assuming a linear or nonlinear elastic mate-
rial behaviour and afterwards to predict the permanent deforma-
tion in a separate analysis where the induced vertical strains
from the response analysis are used.

where N stands for the number of load repititions and ε0, ρ and 
β are regression parameters estimated from the testing.

For the response calculations a linear elastic material behav-
iour is given by the generalized Hooks law as 

ij ijkl klCσ = ε (2)

In the field, unlike in the laboratory, pavement experience 
load pulses of different sizes corresponding to different tire
pressures, axle loads and axle configurations. Therefore
different load pulses in the field give different resilient strain as 
well as different plastic strain. However if it is assumed that the
shape of the accumulated plastic strain from the laboratory test
is still true and the elastic properties of the material are not
changing one can argue that the ratio between the plastic strain
and the resilient strain obtained in the laboratory is identical to
the ratio of the same quentites in a specific element in the field,
i.e.

where Cijkl are the elastic constants. In an axisymmetric analysis
using cylindrical coordinates the stress strain relationship can be
written as: 
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ε where ,lab
rε lab

pε ,  and  are the estimated resilient and
plastic strain in the laboratory and in the field respectively.
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rε field

rε

By dividing the pavement structure into thin layers i the
rutting development manifested on the surface δ = δ(N) can be 
evaluated asin which Μr and ν are the material stiffness modulus (resilient

modulus) and the Poisson’s ratio of the unbound material re-
spectively.

Equation (3) can be written in a matrix form as 
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If lateral wander of the traffic is further accounted the above
equation is modified aswhere ��  is the material matrix��D

The elastic parameters are commonly estimated from re-
peated load triaxial (RLT) testing of cylindrical specimens
where they are defined as:
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where p(r) represents the lateral distribution of the traffic going 
from 2

d−  to 2
d .The stiffness modulus for many granular materials is stress

dependent but the Poisson’s ratio is not, or at least is to a much
less extent. A common assumption to describe the stress de-
pendency of the stiffness moduli is writing it in a normalized
form as (Schwartz, 2002) 

3 THE PAVEMENT STRUCTURE 
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where k1 and k2 are experimentally determined
the mean stress level of the loading, i.e.

constants, p is 
(1

3 x y zp σ σ σ= + + )
and pa is a reference pressure, pa = 100 kPa. 

The tested pavement structure is shown in Figure 1. It was built 
up according to common practice in the field in a concrete pit 5
m wide and 15 m long with a depth of 3 m. The concrete pit was 
located inside a test hall where the air temperature could be
monitored (Ingason et al., 2002; Erlingsson & Ingason, 2004).

By introducing equation (6) into (3) it is obvious that the 
stresses and the strains are interconnected through a nonlinear
relationship, which can be written in matrix form as 

( )�=� � � �� �� � � �� �� D � (7)

in which [D(σ)] is now a stress dependent material matrix.
As the resilient modulus is given as a function of the state of
stresses rather than strains it is more convenient to rewrite the
equations in the form of an elastic compliance or

1( ) ( )� � −= =� � � �� � � � � �� � � �� � � � � �� C � D � (8)

The HVS tests were divided into three steps. The first step
was a pre-load step. Its purpose is to relax some possible resid-
ual stresses and to cause some post-compaction. The preloading
step consisted of 20,000 passes of 30 kN dual wheel load (i.e. 
60 kN axle load) at a speed of 12 km/h on a single wheel of size
425/65R22.5 with a tyre pressure of 700 kPa. The wheel fol-
lowed a specific lateral distribution curve to achieve even com-
paction. Thereafter a comprehensive response measurement 
program was carried out with both single and dual wheel con-
figuration at different tire pressures and wheel loads. Finally the
accelerated loading test was performed were dual wheel con-
figuration was used with a tyre pressure of 800 kPa and a 60 kN 
wheel load (120 kN axle load).
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Figure 1. The pavement structure with location of instrumentation for
the response measurements.

Subgrade, sand

The number and type of instruments used throughout the test 
are given in Table 1.

Table 1. Number and type of instruments in the pavement structure
Instrumentation
Soil pressure cells 16
LVDT deflection meters   4 
Strain gauges (inductive coils for unbound material)   6 
Temperature sensors   2 

The material parameters used for the response simulation of
each layer in the numerical analyses are given in Table 2. The
elastic stiffness values were estimated from back calculations
from plate loading testing (PLT) and falling weight deflectome-
ter (FWD) measurements performed on top of each layer. The
nonlinear parameters for the unbound base were estimated from
RLT testing (Erlingsson, 2002). 

Table 2. Material parameters used in the response analyses.
Linear analysis Non linear analysis

Layer
Mr

[MPa]
ν 
[-]

k1
[MPa]

k2
[-]

Unit weight 
γ 

[kN/m3]
Surf. dressing 150 0.35 - - 22.0
Base course 240 0.35 40 0.5 22.0
Subbase 180 0.35 - - 22.0
Subgrade 80 0.35 - - 18.0

For the permanent deformation analysis RLT testing as
performed on the unbound base course applying 80,000
constant vertical load cycles at confining pressure with a 
frequency of 5 Hz (Erlingsson & Magnusdottir, 2002). 
Thereafter the three model parameters according to the
logarithmic work hardening model given in equation (9) were 
evaluated from a least square procedure. For other layers
resonable model parameters have been taken from Tseng & 
Lytton (1989). Table 3 shows the material parameters used for
the rutting analysis.

Table 3. Parameters used for the rutting prediction.
Permanent deformation parameters

Layer
ε0 
[-]

ρ 
[-]

β 
[-]

Surface dressing - - -
Base course 0.14 50000 0.25
Subbase 0.012 60000 0.40
Subgrade 4.0 80000 0.35

4 TEST RESULTS

Figure 2 shows the results of induced vertical stress as a 
function of depth for one loading case whith a axle load of W = 
160 kN and a tire pressure p = 600 kPa. Results from both linear

and nonlinear analysis are shown. When compared to the
measurements one can see that the two nonlinear analyses
(NLE) captures the vertical induced stresses in the base much
better than the linear analyses (LE). Here one must bear in mind
that 160 kN single axle, single tire configuration is a very high
load case or 40 % higher than the standard allowable axle.

Subbase, 0-75 mm 
aggregate

Unbound base, 0 – 25 mm
crushed aggregate

Surface dressing

230
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430

z [mm]

Instrumentation:

Vertical stress

Vertical strain

Vertical deflection

The results from two loading cases are shown in Figure 2
and 3 where both the results from the measurements as well as
the calculated values of induced vertical stresses due to vehicle
loading are shown as a function of depth.
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Figure 2. Vertical induced stress under the centre of a single tire as a 
function of depth. The axle load is 120 kN and the tire pressure 800 kPa. 
3D = three dimensional analysis, 2D Axi = two dimensional axisymmet-
ric analysis, MLT = Multilayer theory, FE = finite element, LE = linear
elastic, NLE nonlinenar elastic.
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Figure 3. Vertical induced stress under the centre of a single tire as a 
function of depth. The axle load is 160 kN and the tire pressure 600 kPa. 
3D = three dimensional analysis, 2D Axi = two dimensional axisymmet-
ric analysis, MLT = Multilayer theory, FE = finite element, LE = linear
elastic, NLE nonlinenar elastic.
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One can see in Figures 2 and 3 that the calculations carried
out where the nonlinear base behaviour is taken into account 
gives a much better agreement with measurements in the upper
part of the structure, at depths down to at least 30 cm (corre-
sponds to base course and half of the subbase), than the analyses
were all layers are assumed to behave as linear elastic materials.
However in the lower part of the subbase and in the subgrade, 
both the linear and the nonlinear analyses give similar results. 
Also it can been seen that the analysis based on the MLET and
FE method gives very similar results.

One can also see that as the axle load increases from being W
= 120 kN (Figure 2) to W = 160 kN (Figure 3) the deviation be-
tween the linear and the nonlinear analyses increases. Even
though the tire pressure is higher for the load case where the
axle load is W = 120 kPa this does not compensate for the in-
crease in axle loading.

Figure 4 shows the vertical induced stress for a single tire 
loading at two different depths, in the middle of the granular
base course and at the boundaries between the base course and
the subbase, as a function of the radial distance from the load. 
The axle load is 120 kN and the tire pressure 800 kPa. One can
see clearly here that the actual measurements follow quite
closely the 2D axisymmetric nonlinear elastic analysis, which
was based on the MLET. The two elastic analyses overpredict
the stresses.

Figure 4. Vertical induced stress for a single tire configuration at two 
different depths as a function of the radial distance from the load. The
axle load is 120 kN and the tire pressure 800 kPa.

Figure 5 shows the results of the permanent deformation cal-
culation that was carried out. Also the actual measurements

from the main testing phase are given. A dual wheel configura-
tion was used during the testing phase where the axle load and 
the tire pressure were W = 120 kN and p = 800 kPa respectively.
One can see there that the development of the permanent
deformation in each layer as measured during the testing is
generally well captured in the analysis.

5 CONCLUSION

Thin pavements are widely used world wide but do not get 
much research attention. Here results from HVS testing of a thin
pavement structures are given. A study of modelling its behav-
iour has also been conducted.

The major findings from this study are:
Analyses where nonlinear base behaviour is taken into ac-

count give better agreement with measurements compared to 
linear elastic analyses. As the axle load or the tire pressure in-
creases this becomes more pronounced.

Rutting prediction using a simple power law function can
give a good agreement with actual measurements of permanent 
deformation development.
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Figure 4. Rutting prediction versus measurements of permanent
deformation development as a function of load repetition. LVDT=
Linear Variable Deflectometer Transducers at the top of each layer,
predict = prediction based on the numerical anlyses.
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