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Abstract. In this paper, the measured and predicted responses between a full-scale accelerated pavement test facil-
ity and that from a three-dimensional (3D) finite element model were compared using the measured 3D tire contact 
stresses. The objective was to predict pavement response in asphalt mixture layers using the measured 3D tire contact 
stresses and compare with the measured transverse strains in August and November. To carry out this objective, the 
transverse strains within asphalt layers were measured and the corresponding strains were predicted by 3D finite ele-
ment analysis. Additionally, a layered elastic analysis, the BISAR program, was used to predict the corresponding field 
measurements. The predicted transverse strains by 3D finite element analysis were matched reasonably with the meas-
ured strains.
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1. Introduction

As high speed computers have evolved and researchers 
in the area of pavement performance have become in-
creasingly interested in the simulation of more realistic 
pavement structures and loading conditions, interest in 
the modelling of pavement structures by finite element 
methods (FEM) has rapidly grown. Also, as advanced 
measurement techniques of tire contact stresses have been 
developed, recent studies found that vertical tire contact 
stress is neither uniform nor circular and is higher than 
tire inflation pressure (Al-Qadi et al. 2008; De Beer et al. 
1997; Marshek et al. 1986; Myers et al. 1999; Wang, Roque 
2010).

Al-Khateeb et al. (2007) conducted a mechanistic 
analysis of asphalt pavements under an accelerated loa-
ding facility (ALF). Multilayer elastic theory (MLET) so-
lutions, finite element (FE) analysis, and analysis using the 
VESYS 5W program were used for the predictions of the 
primary responses. The predicted responses included the 
horizontal tensile stress and strain for the fatigue mode 
at the bottom of the hot mix asphalt layer and the verti-
cal compressive stresses and strain on the top of each pa-
vement layer on the rutting mode. Their solutions of the 
MLET that used a linear elastic base and the VESYS 5W 

programs have provided reasonable predictions that are 
comparable with measured tensile strains and permanent 
vertical deformations. 

Willis and Timm (2008) made an investigation on 
establishing the practical level of between-gauge precisi-
on for measurements of asphalt strain under a full-scale 
dynamic load testing at the National Center for Asphalt 
Technology Pavement Test Track. They have found in their 
investigations that there was less variability between the 
gauge measurements in the longitudinal strain than the 
transverse strain. Least differences in strain were found at 
the steer axles, followed by the tandem and trailing axles. 
They also concluded that the measured differences in 
strain gauge measurements could be significantly related 
to the condition of the pavement. 

Park et al. (2008a) conducted a study of the effects on 
the predicted transverse and vertical strains by tire load 
and inflation pressure. A database of measured tire contact 
stresses were used in interpolating 3D tire contact stresses 
of six different tires. The predicted transverse and verti-
cal strains in the pavement structures were investigated by 
a 3D FE analysis that can apply 3D tire contact stresses. 
When the tire inflation pressure was increased, the results 
show that the predicted strains were different near the asp-
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halt concrete layer. Similarly, predicted values of strain at 
the base and subgrade layer were different under an incre-
ased tire load. It was concluded from a statistical analysis 
that different asphalt concrete (AC) thicknesses, AC mo-
duli, and subgrade moduli affected the predicted transver-
se strains at the bottom of asphalt layer and vertical strains 
at the top of subgrade.

Luo and Prozzi (2007) made an evaluation of the ef-
fects on the pavement response of the measured three-di-
mensional (3 D) tire-pavement contact stress that are no-
nuniformly distributed at the asphalt surface. Five wheel 
loads, five tire inflation pressures, and 12 pavement struc-
tures were evaluated using the multilayer linear elastic 
computer program CIRCLY. The program has the ability 
to handle normal and shear stresses at the pavement sur-
face and predicted responses were the horizontal strains in 
the longitudinal and transverse directions. With a nonu-
niform contact stress distribution, results from the studies 
show that horizontal strains at the pavement surface are 
compressive within the contact area and tensile at the edge 
of or outside the contact area. They further concluded that 
the vertical and transverse contact stress have significant 
effects on the longitudinal strains. 

Molenaar (2004) found that top-down cracking is due 
to shear stresses in longitudinal and transverse directions 
in reality, and simple vertical uniform stresses too simple 
to develop tensile strain at the surface of pavement layer.

Wang and Al-Qadi (2009) predicted stress and strains 
in the pavement using uniform stress and a 3D tire contact 
stress at various loading levels. The study results showed 
that uniform stress could underestimate the pavement da-
mage at the pavement near surface. The difference of pave-
ment response between uniform and 3D measured contact 
stresses was decreased when wheel load increases.

Greene et al. (2010) conducted a study on the dama-
ge by dual tires (11R22.5) and super single wide base tires 
(425/65R22.5, 445/65R22.5 and 455/65R22.5). Accelerated 
pavement testing as well as theoretical modelling was con-
ducted to evaluate pavement damage. The study results re-
vealed that a single wide base tire has more damage impact 
than dual tires.

Comparisons between the predicted response at the 
bottom of asphalt layer or at the top of subgrade were the 
focus of most of the earlier researches by different predic-
tion methods without verifying the quantity and trend of 
the measured pavement response. The objective of this re-
search was to compare the measured transverse strains at 
the different depths with the predicted transverse strains 
by the 3D FE analysis and a layered elastic program. In 
this paper, the influence of 3D tire contact stresses on 
predicted transverse strains at the center of loading, and 
at a 100 cm offset from loading were investigated by the 
authors using the 3D FE program to model the response 
of an asphalt pavement section located within the Korea 
Highway Cooperation (KHC) test road. The measured 
transverse strains at 5 cm, 12 cm, 20 cm and 30 cm from 
instrumented field tests were compared with the corres-

ponding results from 3D FE and layered elastic analyses. 
The analysis variables included:

two different weather conditions (August and No- −
vember 2004);
two different vehicle speeds (30 km/h and  −
80 km/h); 
3D FE analysis using measured 3D contact stres- −
ses;
BISAR analysis using measured tire contact areas  −
to determine equivalent uniform circular pressure 
distributions (referred to as the BM analysis in this 
paper); 
BISAR −  using the conventional procedure of calcu-
lating the equivalent circular loaded area by divid-
ing the tire load with the tire inflation pressure (BC 
analysis).  

2. Korea Highway Cooperation test road

2.1. Descriptions of test road
The KHC test road is a full-scale accelerated pavement test 
facility. This facility has been trafficked since March 2004. 
Its main purpose is to provide guidelines for application of 
the Korea Pavement Design Guide. The KHC test road is a 
7.7 km long two-lane expressway with 33 AC and 25 Port-
land cement concrete sections. The AC pavement sections 
are composed of the AC surface layer, AC binder layer, AC 
treated base layer, crushed stone subbase layer and frost-
resistance layer on the top of the subgrade. The thicknesses 
of the surface layer and binder layer are 5 cm and 7 cm, 
respectively, for all the AC sections while the thickness of 
asphalt base (8 cm, 18 cm and 28 cm) and the type of base 
material (25 mm and 40 mm AC-treated, and aggregate) 
were used as design variables. Section A5, which was used 
in this study, has an AC surface course of 5 cm, AC binder 
course of 7 cm, AC base of 18 cm, crushed stone subbase 
of 30 cm, and a frost-resistance layer of 30 cm on top of the 
subgrade. The transverse strain gauge used in this study is 
KM-100-HAS made by Tokyo Sokki Kenkyujo Company 
and the precision is 3% of measured strain. Four sets of 
six strain gauges at the bottom of the surface layer, binder 
layer, and base layer, and at mid-depth of the base layer 
were installed in the test section to record dynamic strain 
response to loads at different depths (5 cm, 12 cm, 20 cm 
and 30 cm) as shown in Fig. 1. 

2.2. Measurements of strain
Section A5 was selected to investigate effects of vehicle 
speeds and seasonal temperatures on the strain variation 
within the asphalt pavement layers. Eight strain gauges at 
the ASG 4 and ASG 6 locations were used to investigate 
pavement transverse strain response to loading. The trans-
verse strains due to the wheel of the steering axle on the 
driver’s side were investigated as the largest strains were 
observed under the steering axle. As shown in Fig. 2, the 
effects of temperatures on the transverse strains are signifi-
cant at both locations (ASG 6 and ASG 4). The transverse 
strains at 30 km/h in August were a little bit larger than the 
strains measured in the same month at 80 km/h under the 
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center of loading (ASG6). The difference between trans-
verse strains diminished 100 cm from the center of load-
ing. The effects of vehicle speed on the transverse strains 
measured at both locations were not significant based on 
data collected in November. 

Measurements for the compressive transverse strain 
under the center of loading were taken at the bottom of the 
AC surface layer. At ASG4, tensile strains were measured 
at the same depth. Generally speaking, the measured pave-
ment strains were significantly affected by differences in 
pavement temperature when comparing results from Au-
gust and November 2004.

3. Tire contact stress 

3.1. Equipment and tire used in this study
An 11R22.5 tire was used to apply loading in KHC test 
road. At a tire load of 28.84 kN and inflation pressure of 
896 kPa, the largest transverse strains were found at the 
driver’s side wheel of the steering axle with single tire. The 
Tire View computer program for estimating tire contact 
pressure distributions in the longitudinal, lateral, and ver-
tical directions was used to obtain the tire contact stresses, 
where the measurements of tire contact stresses were not 
available at this particular loading condition (Park et al. 
2008b). The type, inflation pressure, and load on a tire are 
among the input values for the Tire View program. A da-
tabase of measured tire contact pressures from tests con-
ducted using an improved version of the VRSPTA known 
as the SIM Mk IV was used by the program as an interpola-
tion routine. In a previous study, Park et al. (2005) present-
ed relationships for predicting tire contact areas developed 
from tire imprints taken from tests performed during the 
TTI project. The tire imprints were digitized and a pro-
gram was then used to read the electronic prints and to 
calculate the contact area based on the shading intensity 
of the pixels read. The relationships between tire load, tire 

a

b

Fig. 1. Test section A5: a – plan view of instrumentation 
schematic; b – vertical view of strain gauge locations and 
pavement thickness

Fig. 2. Measured transverse strain for: a – ASG 6; b – ASG 4

a b
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inflation pressure and tire contact area were determined 
by regression analysis for the different tires tested. For the 
11R22.5 radial tire, the equation to predict the tire contact 
area is given by the Eq:

 A = 54.4740 + 0.0066 × TL – 0.4258 × TP,    

where A – predicted tire contact area, in2 (= 645.16 mm2); 
TL – tire load, lbs (= 4.448 N); TP – tire inflation pressure, 
psi (= 6.895 kPa). 

3.2. Analysis of tire contact stresses
The contact forces in X, Y, and Z directions were obtained 
from the output file of Tire View. Researchers then com-
puted the contact stresses by dividing the contact forces by 
the effective area of each load pin (= 250.26 mm2).  

In previous study (Park et al. 2005) measurements 
were taken along the longitudinal direction for the tire 
contact stresses at approx 2-mm intervals for the 11R22.5 
tire. In a 3D FE analysis, these fine measurements cannot 
be directly used. Researchers used a simple routine to re-
duce the sampling rate to reduce computation time to a 
feasible level without significant loss of accuracy. This pro-
cess is called decimation because the original data sample 

is decreased (Stearns, Ruth 1992). A procedure for deci-
mation is accomplished that preserves the frequency con-
tent of the original data using a finest mesh size configura-
tion of approx 10 mm in the direction of wheel travel. The 
decimated tire contact stresses for an 11R22.5 radial tire 
corresponding inflated to 896 kPa and loaded to 28.8 kN 
is compared to the original tire contact stresses from Tire 
View as shown in Fig. 3.

4. Analysis methods

4.1. 3D FEM
The multi-purpose FE package, ABAQUS, was used to es-
tablish a 3D FE model. For predicting pavement response 
under measured tire contact stresses, a suitable mesh con-
figuration had to be initially determined. Several mesh 
configurations of varying numbers of elements and ele-
ment types, and which are horizontally infinite and verti-
cally semi-infinite, were evaluated by comparing FE pre-
dictions with corresponding predictions from the BISAR 
program. The FE mesh was varied in the lateral and lon-
gitudinal dimensions until the FEM and layered elastic 
analysis predictions of pavement response compared rea-
sonably well. An appropriate FE mesh with lateral dimen-
sion of 3.81 m and longitudinal dimension of 3.81 m was 
determined from this analysis, and where infinite elements 
were used to model the subgrade.

The tire contact area consisted of 20 columns and 34 
rows of elements that are approx 17 mm (column) × 10 mm 
(row) in size, used to model the region of the tire contact 
stresses. A coarser mesh was used outside of the wheel 
load area, with the element size progressively increasing 
with distance from the load. With this biased mesh con-
figuration, computation time was reduced. The interface 
between layers was assumed to be fully bonded. To verify 
the 3D FEM, the predicted transverse horizontal strains 
by 3D FEM and BISAR under the same uniform loading 
condition were compared as shown in Fig. 4.

4.2. Layered elastic analysis
In this analysis, the results from the measured horizontal 
strains with corresponding predictions from the layered 

Fig. 3. Tire contact stress in vertical direction: a – original data;  
b – decimated data  

a

b

Fig. 4. Validation of the 3D FEM
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elastic analysis were compared. Two types of layered elas-
tic analysis were used as noted earlier in the paper. Equa-
tion was used to calculate the measured tire contact area 
for the 11R22.5 tire in the BM analysis, and the area was 
used to calculate an equivalent uniform circular pressure 
distribution. In the case of the conventional (BC) analy-
sis, the tire contact area and its radius were determined 
based on load divided by the tire inflation pressure. In 
the conventional analysis, the tire inflation pressure is as-
sumed as the tire contact stress on the pavement surface. 
The input data for the BISAR program are summarized 
in Table 1. 

Table 1. Summary of input data for BM and BC analysis

Type of analysis

BISAR with 
measured 

contact area 
(BM)

BISAR with 
conventional 
method (BC)

Given 
data

Load, kN 28.4 28.4
Pressure, kPa 896 896
Area, mm2 26 613 31 684

Input 
data for 
BISAR

Pressure, kPa 1068 896

Radius, mm 19.55 21.33

4.3. Material properties
In the analysis, dynamic modulus was used as a material 
property to consider different loading frequencies and 
temperatures. The dynamic modulus tests were conduct-
ed at four different temperatures (–10 °C, 10 °C, 35 °C 
and 54 °C) and eight different loading rates (0.01 Hz, 
0.05 Hz, 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, 10 Hz and 25 Hz) us-
ing lab-mixed and lab-compacted specimens. From the 
test data, the authors generated master curves for the as-
phalt mixtures used in the AC surface, AC binder, and 
AC base layers of the section investigated in this paper. 
Temperature gauges were installed at the mid-depth of 
each asphalt layer to collect temperature data during 
loading applications. The average measured temperature 
in August and November from 9:00 AM to 6:00 PM was 
shown in Fig. 5. 

The dynamic moduli of each asphalt layer at different 
temperatures and vehicle speeds was calculated using the 
corresponding master curve for each material. The mas-
ter curves of the AC layers at 10 °C are shown in Fig. 6. 
The modulus of the subbase layer, freeze-resistant layer, 
and subgrade were backcalculated using MODULUS 5.0 
based on the deflection measurements by falling weight 
deflectometer tests. Typical values of Poisson’s ratio for 
all the layers were assumed corresponding to the materi-
als found in the road test sections based on data reported 
in the literature (Huang 1993). Table 2 summarizes the 
elastic moduli and Poisson’s ratios used in this analysis. 
From this table, the dynamic modulus of the surface layer 
is observed to be smaller than that of the binder and base 
layers.

5. Prediction of pavement responses

5.1. Predicted transverse strains
The predicted transverse strains of asphalt layers from the 
3D FE analysis were compared with the results of instru-
mented field tests. The transverse strains were predicted 
using different dynamic AC moduli corresponding to the 
temperatures and vehicle speeds considered in this investi-
gation. Inputs to the 3D FE model were the 3D tire contact 
stresses in the longitudinal, lateral and vertical directions. 
The measured transverse strains at ASG6 and ASG4 were 
predicted and these predictions with the measured values 
were compared. 

The equivalent uniform circular contact stresses 
for the 11R22.5 radial tire, based on the measured tire 
contact areas, are larger than the tire inflation pressures, 
which are used as contact stresses in the conventional la-
yered elastic (BC) analysis as shown in Table 2. Thus, the 
predicted transverse strains from the modified layered 
elastic (BM) analysis are observed to be slightly higher 
than the corresponding predictions from the BC analy-

Fig. 5. Average measured temperature in August and November, 
2004

Fig. 6. Dynamic modulus at 10 °C reference temperature
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sis in the upper pavement layer.  The predicted tensile 
strains in the binder layer from layered elastic analysis 
are higher than the corresponding predictions from the 
3D FE analysis.

5.2. Comparisons of measured and predicted 
transverse strains
Comparisons between the measured and predicted trans-
verse strains were made for the purpose to investigate the 
effects of the 3D tire contact stresses that were measured, 
rather than comparing the prediction capacity by three 
prediction methods which have elastic material property. 
Therefore; the shape of predicted strains with depth as well 
as the quantity of predicted strains was compared.

As transverse strains were measured at the center 
of loading (ASG6) and at a 100 cm offset from the cen-
ter (ASG4), the measurements at these two locations were 
compared to the predicted strains from the three analysis 
methods. A total of four cases (30 km/h in August, 80km/h 
in August, 30 km/h in November and 80 km/h in Novem-
ber) were compared. As shown in Fig. 1b, the transverse 
strains at four different locations (5 cm, 12 cm, 20 cm, and 
30 cm from the top of surface) were predicted using the 3D 
FE, BM and BC methods.

Fig. 7 compares the predicted transverse strains with 
the measured values at ASG6 and ASG4 in August. The re-
sults show that the large discrepancies exist under the cen-
ter of loading (ASG6 strain gauges) between the measured 
transverse strains and predicted transverse strains by all 
prediction methods. However, the shape of prediction cur-
ve by 3D FE analysis shows the similar trend. For instance, 
the measured and predicted transverse strains at ASG6 by 
3D FE analysis are compressive at the bottom of the sur-
face layer (depth 5 cm) while the results from the layered 
elastic analysis show tensile strains at the same depth.

At the bottom of surface layer, tensile strains were 
shown from the results of the three analysis methods as 
well as the measured values at ASG4. In addition, the pre-
dictions and the measurements show similar in the strain 
variation with depth into the pavement.  Comparisons of 
the measured and predicted tensile strains by 3D FE ana-
lysis are closer at the bottom of surface layer for the two 
temperatures considered. Overall, the predicted transverse 
strains by 3D FE analysis show closer values and the curve 
shape of predicted strains shows the similar trend. 

Fig. 8 compares the measured and predicted trans-
verse strains at ASG6 and ASG4 in November. The pre-
dicted transverse strains at ASG6 by 3D FE analysis are 

Table 2. Material property used in analysis

Season
Speed,

km/h

Modulus of layer,  MPa
AC surface AC binder AC base AC subbase FR Subgrade

August 30 1924 2365 2696

345 69 45
August 80 2944 3661 4413

November 30 14 307 15 872 15 244
November 80 17 541 18 975 18 154

Poisson’s ratio
Layer AC surface AC binder AC base AC subbase Frost-resistance layer Subgrade

Poisson’s ratio 0.35 0.35 0.35 0.40 0.40 0.45

Fig. 7. Comparisons of the measured transverse strains and predicted transverse strains

30 km/h in August (ASG 6) 30 km/h in August (ASG 4)  80 km/h in August (ASG 6)  80 km/h in August (ASG 4)
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very close to the measured transverse strains compared to 
the comparisons in August. At ASG4, the difference bet-
ween the measured and predicted transverse strains show 
the similar compared to the comparisons in August. Ove-
rall, the shape of predicted strain curve by 3D FE analysis 
shows the similar trend. For instance, the measured trans-
verse strains and the predicted transverse strains by 3D FE 
analysis are observed to change from tensile to compressi-
ve with depth from the bottom of the surface layer, while 
the predictions with BISAR are all compressive. 

6. Conclusions and recommendations 

The measured transverse strains were observed to depend 
on pavement temperature. Vehicle speed showed no signif-
icant effects on pavement response for the conditions un-
der which the measurements were collected in this study. 
This suggests that the material property such as dynamic 
modulus was significantly changed by temperature rather 
than vehicle load frequency.

For comparisons of transverse strains measured at 
ASG6 in August, the predicted transverse strains by 3D 
FE analysis showed the similar results in terms of quantity 
and trend to the measured results. At the bottom of surfa-
ce layer, the measured and predicted tensile strains by 3D 
FE analysis were closer at ASG4. Overall, the predictions 
and measured transverse strains at this offset location are 
significantly smaller than the values underneath the load 
(ASG6), indicating ASG4 to be the less critical location.  

For comparisons between the measured and predic-
ted transverse strain at ASG6 in November, the discre-
pancies were smaller compared to those of August. The 
results suggest that plastic strains are exist in the measured 
transverse strains during August while recoverable elastic 
strain are dominant in the measured transverse strains 
during November, and the discrepancies between the 
measured and predicted strains can be decreased using by 
the constitutive relations of nonlinear material property. 
The measured transverse strains and predicted transverse 

strains by 3D FE analysis were observed to change from ten-
sile to compressive with depth from the bottom of the sur-
face layer, while the predictions by BISAR are all compres-
sive. The results indicate that transverse and longitudinal 
stresses as well as non-uniform vertical contact stress 
caused the significant difference on predicted transverse 
strains near the pavement surface. This result cannot be 
achieved by a layered elastic program under the uniform 
contact stress that is assumed as a general approach in 
pavement industry.

For comparisons between the measured and pre-
dicted transverse strains at ASG 4, which is 100 cm offset 
distance from the center of wheel load, by three different 
analysis methods, the predicted transverse strain by 3D 
FE analysis is closer to the measured transverse strains 
and larger than that by the BISAR program. This result 
indicates that the larger transverse strain can cause the top 
down fatigue cracking which is the general trend of fatigue 
cracking near the wheel path area. 

Based on conclusions mentioned above, the elastic 
material property has limitations to predict the pavement 
response at high temperatures. A 3D FE analysis using a 
viscoelastic or viscoplastic model is strongly recommen-
ded to achieve the adequate capacity of predictions.
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