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ABSTRACT: Flexible test road structure was built and tested in an Accelerated Pavement Test (APT) using a Heavy Vehicle 
Simulator (HVS) to monitor its performance behaviour. The structure was instrumented to measure stress, strain and deflection 
responses as a function of load repetitions in the unbound material layers. The permanent deformation (PD) manifested on the surface 
as rutting was also measured. In the test, more than one million load cycles were applied, but midway the water table was raised, 
allowing the structures to be analysed in “moist” and “wet” state. The raised water level had a significant effect on the structure. The 
pavement structure was modelled in an axisymmetric analysis where the responses have been calculated using a 2D multi-layer 
elastic theory (MLET) as well as a 3D finite element method (FEM). The base and subbase layers were treated as stress dependent, 
and the material properties were based on field and laboratory testing. The observed accumulation of PD of the unbound layers was 
modelled, using responses gained from both MLET and FEM, and compared with measurements. In order to evaluate and calibrate 
mechanistic designing methods and models, it is important to compare theoretical results with actual measurements. 

RÉSUMÉ : Une structure de chaussée test flexible a été construite et testée dans une procédure de test accéléré de chaussée (APT) 
utilisant un simulateur de véhicule lourd (HVS) pour contrôler sa performance comportementale. La structure a été équipée 
d’instruments de façon à mesurer les réponses à la contrainte, la déformation et la déflexion dans les couches de matériaux non 
consolidées, en fonction des répétitions de charge. Les déformations permanentes apparues à la surface, comme l’orniérage, ont 
également été mesurées. Durant ce test, plus d’un million de cycles de charge ont été appliqués, mais à mi-parcours le niveau 
hydrostatique a été élevé, permettant une analyse de la structure en condition “humide” et “mouillée”. L’augmentation du niveau 
d’eau a un effet significatif sur la structure. La structure de la chaussée a été modélisée dans une analyse axisymétrique dans laquelle 
les réponses ont été calculées grâce à l’utilisation de la théorie 2D de la chaussée souple multicouche (MLET) ainsi que de la méthode 
3D des éléments finis (FEM). Les couches de fondation et de base ont été traitées comme dépendantes à la contrainte et le choix des 
propriétés matérielles s’est basé sur des essais sur le terrain et en laboratoire. L’accumulation de déformations permanentes observée 
dans les couches non-consolidées a été modélisée en utilisant les réponses obtenues à la fois par la MLET et la FEM, puis comparée 
aux mesures. Afin d’évaluer et de calibrer les méthodes et modèles rationnels de dimensionnement de chaussée, il est important de 
comparer les résultats théoriques avec les mesures in-situ.
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1  INTRODUCTION. 

The behaviour of pavement structures is complex and depends 
on many factors. Today most of pavement structure design is 
done with empirical methods, but for the development of 
mechanistic designing methods, the behaviour and properties of 
pavement materials need to be properly understood. In order to 
evaluate and calibrate the mechanistic models, it is important to 
compare the theoretical results with actual measurements in full 
scale pavement structures. 

Accelerated pavement tests (APT) of instrumented structures 
have increased the understanding of pavement behaviour and 
helped building new, more sophisticated design methods. An 
APT using a Heavy Vehicle Simulator (HVS) was performed on 
an instrumented flexible test road structure (SE10) at the 
Swedish National Road and Transport Research Institute (VTI) 
test facility. Regularly, condition surveys and pavement 
response measurements were performed, providing valuable 
data. The test provided reliable direct measurements, and the 
structure's performance was evaluated under “moist” and “wet” 
conditions, with the water table raised half way (Wiman 2010). 

The response signals gained from the testing were compared 
with calculated values using 2D multi-layer elastic theory 
(MLET) and a 3D finite element (FE) program. The 
accumulation of permanent deformation (PD) were further 
modelled using three simple work hardening material models. 

2  THE PAVEMENT STRUCTURE AND TESTING 
PROCEDURE 

The HVS machine (HVS Mark IV) is a mobile linear full-scale 
accelerated road-testing machine with a heating/cooling system 
to keep a constant pavement temperature. A cross section of the 
tested structure including the instrumentation embedded within 
the structure can be seen in Figure 1 (Saevarsdottir et al. 2014). 

In the APT, the structural responses were measured from a 
single and dual wheel configuration with various tyre pressures 
and axle loads. Further, a main accelerating loading phase was 
carried out under constant environmental conditions at 10°C 
using a lateral distribution of the loading following a normal 
distribution. A dual wheel configuration was used with tyre type 
295/80R22.5 and a centre to centre spacing of 34 cm. The dual 
wheel load was 60 kN and the tyre pressure 800 kPa. In total 
1,136,700 bi-directional load repetitions were applied during 
the test, but after 486,750 load repetitions water was gently 
added until it rose to the level of 30 cm below the top of the 
subgrade (Figure 1). The “moist” case simulates a normal field 
situation with the groundwater table at great depth whilst the 
“wet” case simulates a supposedly worst case scenario, with 
water running in the trenches. This gave the opportunity to 
assess the influence moisture had on the response and 
performance of the structure as no other alternations were made 
(Wiman 2010). 
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Figure 1. A cross-section of the pavement structure SE10, including the instrumentation embedded within the structure. The structure consisted of 
asphalt concrete (AC) (AC pen 70/100; dmax = 16 mm), bituminous base (BB) (AC pen 160/220; dmax = 32 mm), granular base course (BC) (unbound 
crushed rock; dmax = 32 mm; fine content ~ 6%), subbase (Sb) (unbound crushed rock; dmax = 90 mm; fine content ~ 3%) and subgrade (Sg) (fine 
graded silty sand; dmax = 4 mm; fine content ~ 25%). 

3  RESPONSE MODELLING AND BEHAVIOUR 

When calculating the response two methods were used MLET 
and FE. The bound layers (AC and BB) and subgrade (Sg) were 
treated as linear elastic materials, where the stiffness of the 
bound layers was adjusted according to the ambient temperature. 
The stiffness modulus for the granular materials (BC and Sb) 
was treated as stress dependent. 

When calculating the response with MLET (ERAPAVE) a 
circular loading area was used and it was extended by applying 
the superposition principle for the dual wheel configuration 
(Erlingsson & Ahmed 2013). To calculate the stress dependent 
stiffness modulus, Er, a normalized form of the k - θ expression 
was used (Erlingsson 2010). 

In the FE analysis (PLAXIS 3D foundation, version 2) a 
hardening soil (HS) model was used to calculate the stress 
dependency (Brinkgreve 2007). The plastic strains were 
calculated by introducing a multi-surface yield criterion and the 
hardening was assumed to be isotropic, dependent on the plastic 
shear and volumetric strain (Schanz et al. 1999). The loading 
was applied as constant pressure on a square imprint. 

Some difference was observed between FE and MLET but 
both methods gave reasonably good agreement with response 
measurements (Saevarsdottir & Erlingsson 2014). The 
increased moisture content caused the stiffness of the unbound 
layers to decrease and higher strains and lower stresses to be 
registered (Saevarsdottir & Erlingsson 2013). 

 
4  PERMANENT DEFORMATION (PD) PREDICTION 

MODELLING AND BEHAVIOUR 

Various models exist to evaluate permanent strain/deformation 
of unbound materials (Lekarp et al 2000, ARA 2004, Korkiala-
Tanttu 2008, Rahman & Erlingsson 2015b). Here the 
accumulation of the vertical strain in the unbound pavement 
materials was modelled using three models: two stress based 
models developed by Korkiala-Tanttu (KT) (2008) and by 
Rahman and Erlingsson (RE) (2015a & 2015b) and a strain 
dependent model by the Mechanistic-Empirical Pavement 
Design Guide (MEPDG) (ARA 2004). The structure was kept at 
10°C, therefore insignificant PD were observed within the 
asphalt layers (Loulizi et al. 2006). 

The KT model is a simple work hardening material model 
for unbound materials: 
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where p̂  is the accumulated permanent strain; C is a material 
parameter depending on compaction and saturation degree; N is 
the number of load repetitions; b is a shear ratio parameter 
depending on the material and stress state; R is the deviatoric 
stress ratio and A is the maximum value of R (here 1,05). 

The RE model for unbound material is: 
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where a and b are regression parameters related to the material; 
Sf describes the effect of stress condition on the development of 
PD; α is a constant determined with regression analysis, here 
0.75. 

The MEPDG model is based on a best fit approach from 
laboratory testing, where a simple three parameter work 
hardening model has been used. According to MEPDG the 
deformation in unbound materials is found by: 
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where �r is resilient strain imposed in a laboratory test to obtain 
�0, ρ and b (ρ, b and ε0/εr are obtained by using equations 
developed by ARA (2004)); �v is the average vertical resilient 
strain in the layer as obtained from the primary response model 
and β1 is a calibration factor. 

The PD was gained by multiplying the permanent strain in 
the middle of each layer with its thickness. The total PD was 
gained by dividing each layer into sub-layers and sum up the 
deformation of the sublayers.  

A “time-hardening” procedure was used when taking into 
account the effects of lateral wander and water content, on 
deformation development (Lytton et al. 1993, Saevarsdottir & 
Erlingsson 2014). 

Listed in Table 1 are the parameters used to predict the PD. 
The material parameters were mainly estimated from RLT, PL 
and FWD tests as well as compaction, saturation degree and 
stress state when appropriate (Wiman 2010, Saevarsdottir & 
Erlingsson 2013, Rahman & Erlingsson 2015a & 2015b).  

The calibration factor, β1 (MEPDG) for the subgrade had to 
be altered in both moist and wet state. While, the calibration 
factor, a (RE model), only had to be reduced in the wet state. 
Possible explanations are increased compaction or increased 
lateral pressure that increases the interlocking between the 
material particles with depth. 
 

�MU coils - strain measuring units 
vertical strain (recoverable and permanent) 

SPC - soil pressure cells 
vertical stresses 

LVDT’s - linear variable differential transducers 
vertical deflection 

ASG (H-bar) - asphalt strain gauges 
horizontal strain at the bottom of the asphalt bound layers 

Laser beam 
surface profile 

Moisture content sensors 
volumetric water content 

 

Depth (cm) 

SE10 

94.5 

64.5 

19.5 

3.3 
10.7 

�MU coils 

SPC 

LVDT´s  

ASG 

 

Ground water  
table after  
486,750 passings 

 

gwt 

Moisture  
content sensors 
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Table 1. Material parameters of the unbound layers used to predict the PD with the KT, RE and MEPDG model. 

Layer State 

KT model RE model MEPDG model 
c 

[kPa] 
� 
[°] 

C [10-4] 
[-]

b  
[-]

a  
[-]

b  
[-]

Wc 
[%]

b 
[-]

ρ  
[-] 

ε0/εr 

[-] 
β1  

[-]

BC (granular) 
Moist 40 

43 
1.1 0.35 0.0015 0.03 3.3 0.214 1778 21.2 0.41

Wet 36 75 0.05 0.0025 0.03 3.4 0.213 1833 21.2 0.47
TOP Sb subbase 
(granular) 

Moist 40 
43 

0.6 0.33 0.0004 0.03 3.0 0.216 1624 21.2 0.70
Wet 36 40 0.05 0.0008 0.03 3.2 0.215 1704 21.2 1.02

BOTTOM Sb 
(granular) 

Moist 40 
43 

0.5 0.31 0.0004 0.03 3.0 0.216 1624 21.2 0.70
Wet 36 30 0.05 0.0008 0.03 3.4 0.214 1789 21.2 1.02

Sg  
64.5-94.5cm 

Moist 14 
35 

0.05 0.55 0.00005 0.12 7.7 0.179 8036 22.6 1.0
Wet 7 1.5 0.3 0.0003 0.12 16.1 0.127 467485 29.2 8.3

Sg  
94.5-144.5cm 

Moist 14 
35 

0.05 0.55 0.00005 0.12 7.7 0.179 8036 22.6 0.9
Wet 7 1.5 0.3 0.0002 0.12 18.4 0.116 1996957 32.5 6.0

Sg  
144.5-194.5cm  

Moist 14 
35 

0.05 0.55 0.00005 0.12 7.7 0.179 8036 22.6 0.8
Wet 7 1.5 0.3 0.0001 0.12 18.4 0.116 1996957 32.5 4.0

Sg  
194.5-244.5cm  

Moist 14 
35 

0.05 0.55 0.00005 0.12 7.7 0.179 8036 22.6 0.7
Wet 7 1.5 0.3 0.0001 0.12 18.4 0.116 1996957 32.5 2.0
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Figure 2. PD in the unbound layers and the total deformation as a function of load repetitions; calculated values were obtained by using the KT model. 
The stress values were obtained from two different analyses, MLET and FE.

In Figures 2, 3 and 4 the calculated PD profile is compared 
with measured values in relation to number of load repetition. 
For all methods the predicted PD had reasonable correlation 
with the measurements in the “moist” state. More variations 
were observed in the “wet” state. When using the MEPDG and 
the RE model, similar results were gained with responses from 
MLET and FE analyses. The MEPDG method does not 
resemble well the amount of rutting observed in the middle of 
the “wet” state but reaches similar values in the end, whereas 
the RE method shows more variation when using MLET and 
FE analyses but reaches the middle state better. The KT model 
shows a significant difference when using stress values from 
MLET and FE analyses despite MLET and FE giving similar 
response results. The change in PD were bigger than changes in 
R, q, and qf indicating some sensitivity in the model. In all 
cases below the base layer the PD was smaller when using FE 
stress response compared to the MLET responses. 

 
5  CONCLUSION 

In this work, the PD of a flexible pavement tested with an HVS 
machine was analysed. The structure was studied in “moist” 
and “wet” states before and after raising the groundwater table. 
The raised ground water level, increased the water content in 
the unbound material layers causing a reduction in the resilient 
stiffness and increasing the PD. 

The response signals were monitored and compared with 
calculated values using a 2D axisymmetric MLET method and a 

3D FE method. Generally good agreements were found between 
measurements and the calculated values. 

The accumulation of PD of the unbound layers was 
modelled using three simple work hardening material models, 
two stress dependent, KT and RE, and one strain dependent, 
MEPDG. The responses were gained from both MLET and FE 
analyses. Despite the MLET and FE analyses providing similar 
responses, the amount of PD from the KT model varied, 
indicating some sensitivity in the model. 

The calculated PD profile did not reach the same shape as 
the measured one, but the end values were similar. The 
MEPDG model does not resemble well the amount of rutting in 
the beginning of the “wet” state whilst the KT model had a 
reasonably good correlation with the measurements after 
various numbers of load repetitions (MLET responses). The RE 
model performed overall better than the other two. These 
models are all semi-empirical and more work is required to 
improve their accuracy for various load and environmental 
situations. 
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Figure 3. PD in the unbound layers and the total deformation as a function of load repetitions; calculated values were obtained by using the RE model. 
The stress values were obtained from two different analyses, MLET and FE. 
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Figure 4. PD in the unbound layers and the total deformation as a function of load repetitions; calculated values were obtained by using the MEPDG 
model. The stress values were obtained from two different analyses, MLET and FE. 
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