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Stress distributions and its evaluation in asphalt pavement ground subjected to roller 
loading

Répartition des contraintes et son évaluation dans le terrain des chaussées en asphalte soumis à la 
pression du rouleau compresseur 

K. Hayano & M. Kitazume 
Port and Airport Research Institute, Yokosuka, Japan 

ABSTRACT
Stress distributions in ground are important for analytical pavement designs to introduce new pavement materials such as recycled
construction by-products. Therefore a monitoring system was newly developed in laboratory to measure stress distributions in asphalt 
pavement ground subjected to roller loads. Vertical and shear stresses at the bottom of the ground could be monitored. With using the 
monitoring system, a series of laboratory model test were conducted. The test results showed that the stress distributions in model
grounds could be obtained with sufficient accuracy. It was also found that ratios of shear to vertical load acting to the roller, Fh/Fv
were affected by the surface conditions. The measured stress distributions were simulated by finite element analyses based on iso-
tropic-linear property. The simulated results were quite well comparable with the measured ones when the ratio Fh/Fv was properly 
taken into account. 

RÉSUMÉ
la répartition des contraintes dans le terrain est un facteur important pour la conception analytique des chaussées lorsque l’on veut in-
troduire de nouveaux matériaux de chaussée tels que des sous-produits recyclés du secteur du bâtiment. C’est la raison pour laquelle
un système de contrôle a récemment été développé en laboratoire afin de mesurer la répartition des contraintes dans le terrain des
chaussées en asphalte soumis à la pression du rouleau compresseur. Des contraintes verticales et des tensions de cisaillement à la base 
du terrain ont pu être observées. Grâce au système de contrôle, une série d’essais sur modèles a été réalisée en laboratoire. Les résul-
tats des essais ont démontré qu’il était possible de mesurer la répartition des contraintes dans les terrains d’essai de manière suffi-
samment précise. Ils ont également permis de déterminer que le rapport charge verticale/charge de cisaillement au niveau du rouleau
compresseur, Fh/Fv, était affecté par l’état de la surface. La répartition des contraintes mesurée a été simulée grâce à des analyses par 
éléments finis sur la base du comportement isotrope linéaire. Les résultats de cette simulation sont assez comparables à ceux des me-
sures lorsque le rapport Fh/Fv est correctement pris en compte.  

1 INTRODUCTION

Recently in Japan new pavement materials have been used to 
reduce construction and rehabilitation costs for taxiways and 
runways in airfields. For example, large-stone asphalt mixture, 
recycled construction by-product material and large-stone 
mountainous soils have been used to construct base course, 
subbase and subgrade for airport asphalt pavement. However in 
the design, the current method was established empirically and 
was sometimes difficult to be applied to those materials because 
design parameters for the materials could not be determined.  

Therefore analytical design methods instead of the empirical 
design method gradually have been introduced into airport as-
phalt pavement design. The methods based on multi-layer elas-
tic theory or finite element theory, have been employed. In the 
analytical pavement designs, the stress distributions in pave-
ment ground become one of the important issues to evaluate 
pavement performance. For example, strains in the subbase or 
subgrade should be estimated precisely based on accurate stress 
distribution, otherwise serious rutting problems might be oc-
curred. In general, using isotropic linear elastic solutions, stress 
distributions are estimated with a concentrated vertical load at 
ground surface. However, it is well known that the asphalt 
pavement materials show nonlinear stress-strain behaviour. 
Moreover it is quite clear that actual traffic loads are dynamic 
and cause shear loads on ground surface. In views of the above, 
several analytical attempts have been made to investigate the ef-
fects of conditions different from those assumed in the simple 
isotropic linear elastic analyses. For example, Ishihara (1966) 
performed analytical study on stress conditions in viscous-
elastic materials. Yong et al. (1978) performed finite element 

analyses to evaluate stress and strain distributions in grounds 
with the boundary conditions that actually measured loads act-
ing on tires were simulated on the ground surface. 

Despite a number of theoretical studies including the above, 
experimental works have been rather limited on the stress dis-
tributions in grounds. Therefore, in the study, a series of labora-
tory loading tests was performed to measure precisely stress dis-
tributions in several types of asphalt pavement model ground 
subjected to roller loading by means the newly developed moni-
toring system. Stress distributions obtained from experiments 
were compared with those based on isotropic linear elastic solu-
tion.

2 MONITORING SYSYTEM AND TEST PROCEDURES 

2.1 Monitoring system 
Monitoring system as shown in Fig.1(a) consists of a roller 
loading apparatus and a box in which seven two-components 
load cells are installed. The roller loading apparatus has a roller, 
a base platen with an axle, a cylinder, a motor and a reaction 
frame. The roller, 200 mm in radius and 294 mm in width, is 
made from rigid steel whose surface is grinded to smooth. It 
travels laterally along a linear rail together with the base platen. 
The motor drives the travels with constant displacement rates 
and makes the directions of travels automatically reversed at 
both side ends of the linear rail. The lateral displacement of the 
roller from one side end of the rail is measured with a wire 
transducer with a large capacity. 

During its travel the roller can apply vertical load through 
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the cylinder on the model ground in the box. The maximum ca-
pacity of the cylinder is 20kN. The vertical and shear loads act-
ing to the roller can be measured with a two-components load
cell which is attached between the base platen and the cylinder,
while a displacement transducer measures vertical displacement
of the roller. The two-component load cell modified after Ta-
tsuoka et al. 1986, is made from rigid steel and has a White-
stone full bridge of eight electric strain gages for each compo-
nent. The maximum capacity of the load cell is 50kN for
vertical load and 25kN for shear load.

Vertical load, Fv (kN) 

Roller position, (mm)
1

3

5

0.2

0-365 365

1 cycle

3 cycles

3 cycles

3 cycles

 Stress distributions along a horizontal rigid boundary at the
bottom of model ground can be measured with seven two-
components load cells inside of the box. The load cells having
maximum capacity of 10kN for vertical load and 5kN for shear
load, are mounted at the central part of the base of the box as
shown in Fig.1(b). Each load cell supports a 75mm-long and 
250mm-wide bearing platen. The top surface of the bearing
platen is made rough by pasting a piece of sandpaper. Each 
bearing platen was separated from adjacent ones with a little
spacing of about 0.1 mm. Average normal and shear stresses σv
and τvh at the bottom of model grounds can be obtained from 
measured vertical and shear loads acting to the load cells.

Figure.2 Loading condition in every model test 

2.2 Test procedures

In a series of model tests, details of which will be described
later, load and displacement data were continuously measured
by the analog/digital converters with the system and saved in a
data recorder.

A series of model tests was conducted using the newly devel-
oped monitoring system. The stress distributions in several 
model grounds subjected to roller loadings were measured. Ta-
ble1 shows the conditions of the model grounds tested in the
study. The model grounds in the tests named as Case1, Case2
and Case3 consist of compacted gravel alone. The initial unit
weight γ and thickness of the gravel prior to the first roller load-
ing in each test are shown in Table 1. Same gravel was used
throughout the model test series. The maximum and mean di-
ameters of the gravel were 20.0mm and 5.95mm respectively,
and the uniform coefficient Uc was 35.4. The model grounds 
were made in the following ways that the gravel was compacted
manually every about 50mm thickness layer with a vibratory
square plate and that the procedure was repeated until total
thickness became prescribed total ground height H0. Compac-
tions’ efficiencies were carefully controlled with monitoring the
thickness of the gravel at frequent intervals to make the gravel
layers more homogeneous. 

(a)

Air  cy l inder

Motor

Load  ce l l
D isp .

Disp .

Ro l ler

Box

(for ver t ica l d irec t ion)

(for hor izon ta l d irec t ion)

200

Model ground 1200
Seven  load ce l ls

Load  ce l l
A-A '

Base  p la ten

The model ground in the test named as Case4 had two dif-
ferent ground layers as shown in Table1. A surface layer of as-
phalt concrete mixture having 50mm in thickness was placed on
a layer of gravel. The gravel was compacted in the same manner
as described above. The asphalt concrete mixture contained ag-
gregates whose maximum size was 20mm in diameter. The
weight of straight asphalt 60/80 admixed with the aggregates
was 5.1% in total weight.

(b)

Load ce l l

Bear ing  p la te

Base

Cross  sec t ion ofA-A '
300

Uni t :mm

2525 Figure 2 shows a loading sequence of the roller for all the
model grounds. At first, one cyclic of passing of the roller was
applied to each model ground at a constant vertical load Fv of
0.2kN. Then Fv was monotonically increased to 1kN without the
roller moving and three cycles of passing of the roller followed
at the constant Fv. As shown in Fig.2, Fv was stepwise increased
to 5kN and three cycles of passing of the roller followed in each
stage of the vertical load level. In all the tests, the horizontal
displacement speed of the roller during the traveling was fixed
to a constant value of about 1.5mm/sec. 

Figure.1 Set up of monitoring system

Table1:Conditions of model tests 

Gravel Asphalt concrete
mixture on gravel

Test
name

Weight
per unit 

volume, γ
(kN/m3)

Thick-
ness
(mm)

Weight
per unit 

volume, γ
(kN/m3)

Thick-
ness
(mm)

Total
ground
height,
H0

(mm)
Case1
Case2
Case3
Case4

20.7
18.1
20.2
20.1

145
145
240
190

---
---
---

23.3

0
0
0
50

145
145
240
240

3 TEST RESULTS AND COMPARISON WITH 
ANALYTICAL RESULTS 

3.1 Shear load on ground surface and ground deformation
Figures 3(a) through (d) show the ratio of the total shear load Fh
to the applied vertical load Fv of the roller along the horizontal
position of the roller, measured in all the tests. The relationships
are shown, which were measured when three cycles of passing
of the roller were applied respectively at Fv=1, 3, and 5kN. Fv
was kept constant for each passing.
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It is seen that when the roller moving at Fv of 5kN was ap-
plied, the ratio Fh/Fv obtained from Case1 was about 0.05 on
average, but that obtained from Case2 was about 0.18. This dif-
ference is due to the fact that the local ground deformation in
the vicinity of the roller observed in Case2 was larger than that
observed in Case1. This was because the bearing capacity of the
model ground in Case2 should be smaller than that in Case1 as 
γ  of the gravel in Case2 was smaller than that in Case1. It is 
also found that in both tests the ratio Fh/Fv became larger with
the increase of Fv. This may indicate that the local ground fail-
ure became severer as Fv increased. On the other hand, ratios 
Fh/Fv obtained from Case4 are much smaller than those ob-
tained from Case3, although γ of the gravel of the model ground
in Case4 was similar to that in Case3 (see Table1). The ratios
obtained from Case4 were less than 0.05 on average. This was
because the local deformation of the asphalt concrete mixture of
the model ground in Case4 was much smaller in the vicinity of
the roller than that of the gravel of the model ground in Case3.
Based on the fact, it is confirmed that the asphalt concrete mix-
ture at the top surface layer of pavement structures functions to
reduce the local ground deformation and the shear load acting to
the roller significantly.
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Figure 4 shows the relationships between the number of 
roller passing N and the average vertical displacement of the
roller S obtained during a passing. N was defined as the accu-
mulated number of roller passing Fv= 1, 3 and 5kN (see Fig.2).
Here, S was calculated by subtracting average displacement of
the roller obtained for a passing from that obtained for the first
passing at Fv=0.2kN. In Fig.5, it is seen in every test that S in-
creased as Fv increased. It is also found that when the roller ap-
plied repetitive loadings at the same vertical load Fv, S gradually
increased. This phenomenon can be clearly seen on the data ob-
tained from Case4. It is important that the deformation of the
ground subjected to repetitive roller loadings in the tests were
progressive so that the deformation characteristics should not be
regarded as perfectly elastic.
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3.2 Stress distributions (d)

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4

Fv=1kN Fv=3kN Fv=5kN

Case4

Ra
tio

 o
f h

or
iz

on
ta

l
to

 v
er

tic
al

lo
ad

,F
h/F

v

Roller position, (m)

Figures 5 (a) through (d) show the typical relationships between
the measured vertical and shear stresses, σv and τvh and the dis-
tance X between each two-components load cell to the central
line of the roller. The relationships are shown, which were ob-
tained for the first passing at Fv=5kN in both Case1 and Case2.
The values of σv and τv are the ones increased or decreased
purely due to the roller load. That is, these values are adjusted
to zero just before the start of first passing of the roller at 
Fv=0.2kN. In the figures, the stress values are divided by the
vertical line load V, which is obtained by dividing Fv by the
width wR of the roller. X is normalized with roller radius R. Al-
though the experimental data slightly scattered, it is found that
the stresses measured with each load cells are highly depended
on X/R, but are independent of the locations of load cells. The
fact indicates that the newly developed monitoring system can
measure the stress distributions in model grounds of the plane
strain conditions with sufficient accuracy, though the effects of
large diameter of the gravel and/or effects of sidewall frictions
on the measured data should be studied in detail further.

Figure.3 Relationships between the load ratios acting on the roller and
the roller positions 
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The plane strain finite element analyses were performed for 
the conditions of the model tests, using isotropic linear elastic 
solutions. In the simulation, the stress distributions in the
ground subjected to vertical line load V and shear line load H=
0.0V, 0.1V and 0.2V were concerned. The numerical results ob-
tained thus were also plotted in the Figs.5(a) through (d) and
were compared with the experimental results. It is found that the
measured shear stresses are more concentrated than the calcu-
lated ones, while the measured vertical stresses concentrates in
similar manner as the calculated ones. In Figs.5(a) and (b) the
measured stress distributions of σv and τv obtained from the 
model ground in Case1 are very close to the calculated ones for

Figure.4 Relationships between average vertical displacement of the 
roller during a passing and number of passing 
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the conditions of H= 0.0V and 0.1V. On the other hand, in
Figs.5(c) and (d) the measured stress distributions of σv and τv
obtained from the model ground in Case2 are relatively close to
the calculated ones for the conditions of H= 0.1V and 0.2V. This
facts can be reasonably explained by the measured ratio of total
shear load Fh to the applied vertical load Fv as shown in
Figs.3(a) and (b). This fact suggest that although the deforma-
tion characteristic is not perfectly elastic, the stress distributions
in the model ground subjected to roller loading can be simulated
with quite high accuracy by finite element analyses with using
isotropic linear solution if the shear load acting on the ground
surface can be reasonably evaluated.
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Figure.6 Stress distributions in the model grounds Case3 and Case4.

Figures 6(a) and (b) show the measured stress distributions 
of σv and τv obtained from the model grounds in Case3 and
Case 4. The distributions were also obtained when the roller ap-
plied first passing at Fv=5kN. Comparing with the measured
stress distributions shown in Figs.5, the stress distributions of σv
and τv shown in Figs.6 are less concentrated due to the effects of
the increase of total ground height of the model grounds. It is
found that the stress distributions of σv and τv obtained from the
model ground in Case4 are relatively similar to the ones in
Case3, despite the fact that the ground surface in Case4 were
covered with a layer of the asphalt concrete mixture which was
stiffer than the gravel in Case3. However, the effects of shear
load acting on the ground surface can be seen, because the loca-
tions of peak stresses measured in Case4 are slightly different
from those in Case3.
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4 CONLUSIONS

Following conclusions can be derived from the study.
1) The newly developed monitoring system could measure the
stress distributions of vertical and shear stresses in model
grounds in the plane strain conditions with sufficient accuracy.
2) Although the deformation characteristic was not perfectly 
elastic, the stress distributions in the model grounds subjected to
roller loading could be simulated with quite high accuracy by
finite element analyses with using isotropic linear solution when 
the shear loads acting on the ground surface were reasonably 
taken into account.
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