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ABSTRACT
It is not uncommon to see road pavement damage in areas near road intersections. One type of
pavement failure found on major roads appears to be caused by frequent decelerations and
accelerations of heavy vehicles near signalized intersections. The effects of such repeated
surface tractions on road pavement have not been widely studied yet. Proposed in this paper is
the development of an experimental program that will simulate the actions of repeated
decelerations and accelerations of vehicles. The developed simulator will provide a realistic
model to investigate road pavement failures in the future.

BACKGROUND
Most pavement failure found on major roads in urban areas appears to be caused by frequent
decelerations and accelerations of heavy vehicles near signalised intersections. This mode of
failure manifests itself as a shoving of the pavement surface and appears to result from
repeated traction forces in the pavement materials. This type of failure has also been observed
at some locations close to Stop and Give Way signs.
It is understood that the action of surface tractions has the potential to reduce the bearing
capacity of road pavements. However, the effects of such repeated surface tractions on road
pavement have not been widely studied, nor has the current design method of road pavement in
Australia and other countries addressed this issue. There is very little literature can be found
indicating an unexplored research area that has great potential for development.
In his Early Career Researcher Program (ECRP) for 2004/2005 at University of Southern
Queensland (USQ), the writer used a novel numerical shakedown approach (Shiau, 2001&
2004) to study the effect of repeated surface tractions upon the failure mode of road pavement.
It was concluded that the shakedown capacity of road pavements can be significantly
decreased by the action of repeated surface tractions. The study included some road inspection
in Toowoomba and showed that some of the road damages found on James Street appears to
have been caused by frequent decelerations and accelerations of the vehicles.
Indeed it is not uncommon to see road pavement damage in areas near road intersections
(Figure 1). Based on his preliminary study for the effect of surface tractions upon road
pavements, the writer was successful in gaining a Research Infrastructure Grant offered at USQ
(Shiau 2005). The aim of the funded project was to design a repeated testing program that will
consider the effect of repeated surface tractions on the road pavement. Some of the design plan
is presented in a later section of the paper. It is expected that the developed facility will have
the capacity to simulate the action of repeated tractions. The equipment will also permit the
evaluation of various base-subgrade systems under this form of loading.

Figure 1: Potential failures of road pavement due to surface shear.

SHAKEDOWN CONCEPT
When a road pavement is overloaded by a heavy vehicle repeatedly moving in a single
direction, it leads to plastic (irrecoverable) deformations on the road surface. A redistribution of
stress in the road pavement, which we cannot see, thus occurs. The stress present in the road
pavement following unloading is known as a "residual stress". It can be shown theoretically that
there is a load magnitude below which a protective residual stress will develop in the road, and
above which the pavement will undergo an incremental failure. Provided that subsequent loads
are less than a certain limit load experienced by the road pavement, this residual stress in the
road pavement offers protection against further accumulation of plastic deformations, that is,
against further rutting. This load is known as the ‘shakedown limit load’ and the protective
residual stresses associated with this shakedown limit load are the optimal residual stresses for
the life of the structure.
In shakedown theory, it is assumed that a structure, when subjected to long term repeated
loading, may respond in two distinct ways: either an incremental collapse or elastic shakedown.
The former implies continuous accumulation of permanent deformations with subsequent load
cycles while the latter indicates an elastic shakedown behaviour with some initial permanent
deformation.
Ideally, the road pavements will eventually shakedown if a load limit is set for the vehicles on a
particular road. Together with that shakedown phenomenon is a permanent deformation.
Interestingly this does reflect most of the real pavement situation under long term repeated
loading condition. Indeed, the failure of a pavement is the consequence of repeated loadings

and plastic deformations, a more realistic investigation of system behaviour, such as shakedown
approach, is needed in the study of road pavement performance.

Figure 2: Simple illustration of shakedown concept.
Figure 2 shows a simple shakedown illustration. If the body shakes down after a number of
variable repeated loadings, the associated shakedown quantities such as shakedown limit load,
residual stresses, and permanent deformations are of concern.
Numerically speaking, the term “shakedown analysis” is used for the safety load assessment of
elastoplastic structures subjected to variable repeated loadings. Based on the work of Melan
(1936), Johnson (1968), Sharp and Booker (1984), and Sloan (1988), Shiau et al. (2000 and
2001) have recently proposed a lower bound shakedown analysis using finite elements and
mathematical programming to study the long term behaviour of layered pavements under
repeated moving surface loads. The lower bound shakedown analysis provides a simple
alternative for estimating the “safe” shakedown limit load and the associated residual stress
fields when the exact loading history is not available. In road pavement practice, it is expected
that the shakedown analysis can be used as a vehicle to compare the performance among
various pavement materials.
The lower bound shakedown theory states that "if any time-independent distribution of residual
stresses can be found which, together with the elastic stresses due to the load, constitutes a
system of stresses within the elastic limit, then the system will shakedown". In other word, the
elastic stresses associated with the maximum load, together with any distribution of residual
stress, which just touches the yield surface will give a lower bound to the shakedown limit.

Figure 3: Finite element application of Melan's static shakedown theorem.

Figure 3 shows conceptually an application of lower bound shakedown analysis using finite
element and mathematical programming. As shown in Figure 3, both elastic stress fields and
residual stress fields required by the shakedown theorem can be assumed to be linearly
distributed across the continua by making use of the displacement and stress finite elements
respectively. By insisting that combined stresses do not violate the Mohr-Coulomb yield
condition in the mesh, the calculation of shakedown limits are then considered as a large
mathematical programming problem: maximisation of the shakedown load factor subject to the
constraints due to: (1) Element equilibrium; (2) Discontinuity equilibrium; (3) Stress boundary
condition; and (4) Mohr-Coulomb yield constraint.
A recent shakedown study by Shiau (2001 & 2004) has been performed for the effect of surface
tractions due to vehicle decelerations and accelerations. The main purpose of the study is to
show the degree to which the shakedown limit can be reduced by including a tangential shear
stress to the pavement surface. The study was for a c-ø drained analysis and results are
presented in Figure 4 which plots the normalised dimensionless shakedown limit against the
coefficient of surface friction mu for various soil friction angles. It was found that the
dimensionless shakedown limit decreases significantly with the increase in the coefficient of
surface friction for all values of ø. This may imply that the horizontal force has substantial
influence on the shakedown limits through the elastic shear stresses. Figure 4 also shows that
higher shakedown capacity can be obtained for large soil frictional angle.

Figure 4: Effect of coefficient of surface friction upon dimensionless shakedown limits
for various soil frictional angles.
Based on the shakedown study presented above, it is felt that an experimental program that can
take into account the shakedown concept in the pavement study would be valuable and should
be developed in the near future. What is particular interested in the development is the
capability to simulate the sudden deceleration of vehicles. The following will discuss the design
of such an experimental program.

CONCEPTUAL DESIGN OF USQ TRACK MODEL
A general description of the test tracks developed for pavement studies in various countries has
been given in Shackel and Arora (1978). Most of these test facilities are either circular or oval
tracks. A major disadvantage of these tracks is that a large area is required to accommodate the
facility. Moreover, the deceleration and acceleration of a wheel cannot be easily simulated using
these tracks. Therefore it is proposed to develop a small linear track which allows a test wheel
to repeatedly travel over the test pavement surface. A schematic diagram showing the concept
of simulating the repeated surface tractions is shown in Figure 5. The wheel would initially travel
at a constant speed, and then decelerate to a stop, and then the wheel would be lifted and
returned to its original position for the next cycle to begin. Although a complete process of
acceleration and deceleration of a vehicle could be simulated instead of just a deceleration
simulation, this would require a more elaborate mechanical.
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Figure 5: A conceptual diagram showing the testing rig.

After extensive meetings and discussions within the group and other industry suppliers, a
detailed design has been completed and some of the drawings are shown in Figure 6. The
facility to be developed consists of a laboratory-scale driven wheel that is guided by an
overhead guide-rail system. Power is supplied to the motor, which drives the wheel to move
forward over the test tank and then to reverse when reaching the end of the pavement section.
The process allows acceleration of the wheel carriage, then decelerating it to a complete stop
and then lifting up the wheel, and finally moving it back to the original starting position. This
forward-emergency stop-reverse procedure accounts for one load cycle and is managed by a
control device, a software program and a personal computer. Typically, the total number of load
cycles required for a pavement specimen is expected to be more than 5,000.
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Figure 6: Initial design of the driving mechanism.
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Figure 7: The second design of the driving mechanism.

Figure 8: The third design of the driving mechanism.

Further feasibility study has also been carried out using different structural configurations. They
are graphically shown in Figures 7 and 8. A load cell is attached to each wheel, giving
information on the actual load transferred from the dead load and the inertia force due to an
emergency stopping of the vehicle. This information is important when it is compared with
results from theoretical analyses. The subsurface deformation will be measured by a transducer
(LVDT: Linear Voltage Displacement Transducer) and an analog-to-digital signal converter will
be used to transmit data from the LVTD back to the computer. The surface settlement can be
measured by using a novel laser displacement sensor. A lever rammer is required to prepare the
pavement specimen.
The experimental investigation will consist of repeated loading tests on various model pavement
configurations and pavement materials. The experimental variables consist of important
parameters such as the applied vertical and horizontal loads on the pavement surface, the
pavement layer thickness, the sub grade soil condition and the temperature. A big challenge in
such a system test is the preparation of testing specimen and the associated scale effects.
These aspects need to be carefully considered in the testing program. It is expected that results
obtained from the experimental studies will be compared with those from theoretical shakedown
approach using lower bound shakedown analysis. In a longer term, a theory of pavement failure
under surface traction forces will be developed which will be of assistance to practising road
pavement design engineers.

CONCLUSION
This paper has described an experimental program that is being developed at USQ to study the
effect of decelerations and accelerations of heavy vehicles near signalised intersection. This
project has a lot of practical importance and, in the longer term, it is hoped that the work will
lead to the development of new testing facility to incorporate shakedown concept in the design
of road pavements.
The progress of this project can be viewed at http://www.usq.edu.au/jimshiau/.
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