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In-path Soil Deformation under Moving Tyre

T.L. Tse (Churchill)

Technical Abstract

Soil in pavements deforms due to tra�c, which leads to the formation of ruts and

potholes over time. This is because the existing pavement design methods are either

empirical or mechanistic. Not all the factors that a�ect pavement deformation are taken

into account in design. According to the 2019 Annual Local Authority Road Maintenance

Survey (ALARM), 20% of the local roads in the UK are in poor structural condition,

with less than 5 years of life remaining. To facilitate social and economic development,

the government has allocated �28.8billion to invest in building new road networks and

maintaining existing roads in the upcoming years. Therefore, it is critical to develop a

better understanding of the way soil deforms so as to devise ways to repair defects and

build more durable pavements. On the other hand, soil deformation due to the use of

heavy machinery in farmlands also has huge implications on the yield of crops.

The accelerated pavement tester (APT) enables physical modelling of actual tra�c

conditions. A pavement structure was constructed in a concrete pit, with a window

housed at the side to enable cameras to capture images during wheel travel. Images

were then analysed by particle image velocimetry (PIV) to obtain information about soil

movement. 3 sets of tests were carried out, each with a di�erent pavement structure.

Single layered and two-layered pavements were used to investigate the e�ectiveness of

base course in reducing soil deformation. Surface layer was not used in any test. Within

each test, 4 wheel loads were applied, each for 1 wheel cycle, to investigate the in�uence

of load on soil deformation. The main focus of the study was on soil deformation due to

an incremental wheel step.

Results show that the soil deformation mechanism in a single layered pavement struc-

ture consists of two �ow zones, with the front zone wider than the rear. The mechanism

was compared with the Prandtl mechanism for inclined load and another mechanism

presented in previous literature. They were generally in good agreement. On the other

hand, shearing in the �ow zones causes volumetric dilation in the shallow region, resulting

in reduction of shear strength after each wheel pass. A small degree of volumetric contrac-

tion happens at depth. The use of base course in two-layered pavement structure helps

spread load over a greater area in the subgrade, which greatly reduces the amount of soil

movement and changes the deformation mechanism. For both pavement structures, soil

displacement increases linearly with load. Depth of �ow zones also increases with wheel

load but to a lesser extent in a two-layered pavement.

To determine whether the existing layered elastic theory is suitable for characterising

deformation due to pavement tra�c, soil displacement throughout 1 wheel pass was eval-

uated and compared with the theory. For a single-layered pavement, dilation near the
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surface implies that the model should not be used as it predicts downward movement

throughout the pavement by treating the moving wheel as a static load. At depth, there

is good agreement between the experimental results and the theory. As for a two-layered

pavement, the theory overestimates soil displacement but results are conservative.

This project looks into soil deformation due to pavement tra�c at a fundamental level.

Further work is needed to develop a comprehensive understanding of the problem. This

includes running greater number of wheel cycles and modifying the existing experimental

setup to better model the actual pavement structures found in di�erent places and the

operation of drive wheels in vehicles.
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1 Introduction

Tra�c causes soil deformation in pavements, a�ecting their serviceability. Ruts form over

time as permanent deformation accumulates with repeated load cycles. In the event of

rain, ruts trap water on the wheel path and prevent it from draining to the sides of the

road, leading to hydroplaning. Pothole is another common defect seen on pavements,

which is formed as water seeps into the subsurface and weakens the soil underneath. Over

time, the surface layer cracks due to fatigue failure. These defects increase the risk of

car accidents due to the loss of braking and steering control. In addition, they also pose

danger to other road users such as cyclists as it is often di�cult for them to steer away

from ruts and potholes, especially when it is dark at night. Additional cost is also required

for owners to repair their cars and bikes in the event of accidents.

According to the 2019 Annual Local Authority Road Maintenance Survey (ALARM),

20% of the local roads in UK are in poor structural condition, with less than 5 years of

life remaining [3]. Statistics from the Department for Transport show that the number

of car accidents happened in Scotland due to poor road environment was 5 times that

due to drink driving from the period of 2010 to 2018 [4]. This highlights the severity of

poor pavement conditions. With rapid economic and social development, the government

allocated �28.8billion to the National Roads Fund between 2020 and 2025 to invest in

new major road networks and local roads in Budget 2018 [2]. �420million was allocated

to road maintenance between 2018 and 2019. There is an urgent need to improve the

existing pavement design to build pavements that are more durable. It is also vital to

devise means to repair worn out pavements e�ectively.

On the other hand, soil deformation due to the use of heavy machinery on agricultural

lands is also a topic of great concern. Unlike pavements, farmlands are not engineered

and are subjected to higher loads, thus greater soil compaction occurs. Heavy compaction

restricts root penetration in soil and also limits water and air in�ltration [19], which ad-

versely a�ects the yield of crops. To increase productivity, heavier vehicles are developed

in recent years. A better understanding of soil-wheel interaction would possibly help

engineers develop new farmland structure that is more robust against soil compaction.
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2 Aims

This project aims at investigating in-path soil deformation under moving tyre by physical

modelling. The focus is mainly on pavement deformation, but results can also be extended

to apply to agricultural land. The objectives of this project are:

� To understand the in-path soil deformation mechanism in single layered and two-

layered pavements.

� To understand the in�uence of loads and travel repetition on soil deformation.

� To assess the e�ectiveness of base course layer in reducing soil deformation.

� To compare experimental results with existing layered elastic model in predicting

soil movement.

3 Literature Review

3.1 Pavement Design

Pavements in urban area have layered structures to withstand tra�c loads. The outline of

a typical structure is shown in Figure 1 but details vary according to its use and location.

The surface layer serves as a barrier to water and provides skidding resistance while the

base course is usually made up of unbound granular materials such as gravels, which acts

as the main structural layer to distribute the surface stress to reduce the stress and strain

in lower layers. The bottom subgrade layer consists of �ne natural soil found in the area.

Note that the surface layer and sub-base layer are not used in this project for simplicity.

Figure 1: Pavement structure [8]

The commonly used pavement design method in the UK is set out by the Highways

Agency, which is known as the CBR method [8][9]. The thickness of each layer is de-

termined from its resilient modulus E, which is calculated empirically using formula (1).
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This method has its shortcomings as it relates an elastic property E with the California

Bearing Ratio CBR, which is a measure of shear strength. It is known that the rela-

tionship between E and CBR is also dependent on other factors including soil type and

stress level. Moreover, this method fails to capture the irrecoverable strain response of

soil under cyclic wheel loads, which is the primary cause of pavement failure. It simply

aims to prevent shear failure in the subgrade for pavement structure with thin surface

layer.

E = 17.6CBR0.64MPa (1)

On the other hand, mechanistic design method has been developed by treating pave-

ment as a layered elastic system. Burmister [11] derived equations for stress and displace-

ment in two-layered pavement based on the layered elastic theory. Wheel was treated as

a stationary circular contact patch with load acting vertically downwards. The interface

between the top and bottom layers was assumed to be either frictionless or fully frictional.

Soil was characterised by Young's Modulus E and Poisson's ratio ν. These assumptions

are ideal and oversimpli�es the pavement deformation problem. Despite soil has non-

linear stress strain relationship, E was taken as constant in calculations. Besides, the

derivation treated pavement tra�c as a static problem, which is not the case in reality

since wheel load is transient and cyclic.

The above methods do not take into account of the dynamic nature of pavement tra�c

and also fails to capture all the parameters that a�ect pavement deformation in design.

This project attempts to improve the understanding in how pavement responds to tra�c

loads, so as to devise better design methods.

3.2 Soil Stress and Deformation

Tra�c induces cyclic vertical, horizontal and shear stresses on the soil beneath (Figure

2). Both vertical and horizontal stresses increase as the tyre approaches and decrease as

it leaves. Shear stress reverses direction when the wheel is directly above any given soil

element. This leads to principal stress axis rotation (PSAR).

Soil deformation under a moving tyre can be classi�ed into two categories: resilient

deformation and permanent deformation. The former is concerned with recoverable strain

that occurs during each load cycle, which can possibly lead to fatigue cracking of surface

layer in the long term. Permanent deformation is minimal in each cycle but accumulates

with travel repetition and causes surface rutting, which a�ects the serviceability of pave-

ments. Rutting pro�le is complex and is discussed in more detail in Section 3.5. This

project focuses on investigating permanent soil deformation.
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Figure 2: Stresses in pavement [15]

3.3 Laboratory Element Tests

Early research focused on using laboratory element tests to characterise soil behaviour

under moving wheel load. Repeated load triaxial (RLT) test was initially used to under-

stand how permanent axial strain in soil varies with the number of load cycles. However,

this test does not model the shear stress reversal phenomenon and thus, underestimates

permanent deformation in pavements. The multi-ring shear apparatus (MMRS) [12] de-

veloped in later years enables application of cyclic torsional shear and vertical stress,

which simulates actual tra�c conditions.

Figure 3 shows the signi�cance of PSAR in plastic deformation of soil. The MMRS

moving wheel load (MWL) test, which simulates PSAR, records considerably greater

permanent axial strain than the single point load (SPL) test. Further studies suggested

that this is due to the anisotropy of soil, which causes shear resistance to reduce when

the mobilised plane coincides with the bedding plane during PSAR [17]. This suggests

that the RLT, which is similar to the SPL test, is not suitable for characterising soil-

wheel interaction. On the other hand, the use of MMRS gave a reasonably good estimate

of the actual pavement permanent strain when compared with results from model test.

Permanent deformation is also dependent on factors including water content, shear stress

amplitude, load frequency and density [12][14]. For both MMRS and RLT tests, it was

found that the long term soil deformation behaviour is dependent on stress ratio [15].
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Figure 3: Laboratory element test [12]

Permanent strain settles to a constant value at low shear stress ratio. As for high shear

stress ratio, progressive deformation occurs until failure and this transition happens at

the shakedown limit.

Although the MMRS test is able to simulate stress induced by tra�c, its signi�cance

remains limited as it only focuses on one parameter: permanent axial strain. It fails to

capture the way soil particles move. This project makes use of cameras and PIV technique

to fully capture the deformation mechanism.

3.4 Soil Displacement Trajectory

Wheel travel test [21][22] was carried out by pulling a rigid wheel in a soil bin with sandy

layer. PIV was then used to analyse the soil displacement trajectory under di�erent test

conditions. Results show that each soil particle moves in a spiral path (Figure 4) in each

wheel travel. Soil particle in front of the wheel moves forward and upwards. As the wheel

approaches, the particle moves forward and downwards. Its horizontal direction then

slowly changes to backwards. The particle reaches its lowest position when the wheel is

directly above it. As the wheel passes, the particle moves rearward and upwards.

The exact shape and size of the trajectory is dependent on many factors. With greater

slip ratio, particles tend to displace upwards and rearward throughout the wheel cycle.
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Figure 4: Soil particle trajectory

Also, the area of the trajectory tends to decrease exponentially with depth. At small slip

ratio, soil movement at surface is not a�ected by travel repetition but the trajectory size

at depth was found to decrease exponentially with travel. Overall, soil movement results

in increase in voids ratio in shallow layers and decrease in deeper layers.

The above test tracked how individual soil particles move at several locations of in-

terest, but did not capture the entire picture. Also, analysis was mainly done qualitatively

and the wheel load used was small (0.2kN), which is not representative of the range of

loads that is anticipated on pavements. As the study was mainly focused on soil deform-

ation in natural terrain, layered pavement structure was not used in the setup. Thus, it

is necessary to carry out experiment that replicates the actual pavement structure and

loading conditions to understand the overall deformation mechanism.

3.5 Previous Research on Deformation Mechanism

Rutting occurs in soil under moving tyre and its deformation �eld is three-dimensional

(Figure 5). In the transverse direction, there is soil upheaval along both sides of the wheel,

which represents two �ow zones. Wheel can be treated as a shallow foundation and sliding

block mechanisms can be used to characterise the deformation behaviour despite it was

developed for monotonic loading [7]. On the other hand, deformation mechanism in the

longitudinal direction is more complex and is the focus of this project. Limited research

has been done in this area and the mechanisms proposed by previous literatures are

described brie�y below.
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Figure 5: Rutting pro�le

Figure 6: Flow pattern in dry sand (load = 0.56kN, slip = 28% and 37%)[26]

3.5.1 Soil-Wheel Interaction Model Proposed by Wong

Studies were conducted by Wong [25][26] using photographic methods to identify �ow

zones when wheel travelled in a soil bin. Dry sand was used in the experiment to simulate

conditions in natural terrain. As the wheel travels, it shoves some soil forward, forming

a step in front of the wheel. It was observed that the front and back �ow zones were

not identical (Figure 6). The front zone is shallower, wider and intersects the surface at

µ = 45°− φ
2
, where φ is the friction angle. It can also be seen that the shapes of the �ow

zones are slightly di�erent for towed wheel and drive wheel because of the di�erence in

instantaneous centre of wheel rotation. The shape also depends on the type of soil, i.e.

sand or clay. For sand, each �ow zone is bounded by a logarithmic spiral with a straight

line whereas for clay, it is bounded by a circular arc with a straight line extending to the

surface.

Stress analysis [27] showed that the transition point where the two zones meet coincides

with the point of maximum radial stress and shear stress reversal. As seen in Figure 7,

the distribution of radial stress is almost symmetric. Therefore, it can be deduced that

the line joining the wheel centre and the transition point is in the same direction as
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Figure 7: Distribution of radial and shear stress on sand for towed wheel (slip ratio =
44.5%) [20]

the resultant wheel force. It was also found that the location of the transition point is

dependent on slip ratio.

The above study identi�ed �ow zones by looking for the boundaries between �ne grains

of stationary soil and streaks of moving soil on the image captured by long �lm exposure.

Thus, the accuracy of this method is questionable. Moreover, the experiment did not look

into the extent of soil movement within the �ow zones and was conducted at low loads

which is not comparable with loads from vehicles. The soil structure used in this study

is also di�erent from engineered pavements.

3.5.2 Numerical and Analytical Models

Previous study by Hambleton [13] on terramechanics in natural terrain involved sim-

ulating the rolling process of towed wheel three-dimensionally using �nite element code

ABAQUS to produce a displacement vector �eld for an incremental wheel step. To ensure

computational stability, cohesion had to be introduced into the model regardless of the

soil type. Small-scale experiment was also conducted in soil bin to track soil movement

using PIV so as to evaluate the performance of the numerical model. Figure 8 shows that

numerical modelling failed to capture movement in the rear �ow zone and the avalanch-

ing of soil pile formed in front of the wheel. This is because the model computed tensile

isotropic stress in those areas, when in reality soil does not sustain tensile force. This

shows that the use of numerical model in understanding soil deformation is limited as it

is impossible to fully characterise the soil properties when formulating the model.

On the other hand, Hambleton proposed analytical models to approximate soil-wheel

interaction. Knowing that the wheel force on soil is inclined at an angle, inclined force
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Figure 8: Incremental displacement �eld from experiment and numerical model [13]

Figure 9: Proposed analytical models [13]

model and inclined footing model (Figure 9) were proposed by treating the contact patch

as a shallow foundation. Relationship between load and wheel sinkage was established by

using the Terzaghi-Meyerhof formula [16] for bearing capacity with appropriate factors.

It was found that prediction using the inclined footing model is closer to experimental

results, in particular for frictional material. However, wheel sinkage is only one of the

many parameters that characterise soil deformation. Attempts were not made to verify

how well these models predict the deformation mechanism.

3.5.3 Other Studies

Recent study on soil-wheel interaction in terramechanics involved using advanced image

processing techniques [18] to provide details of soil movement in a soil bin test. The

research focused on loose granular soil to simulate environment on planetary bodies.

Results gave an qualitative indication of the direction and magnitudes of soil velocity

within �ows zones (Figure 10). However, results are not entirely comparable to what

would be observed in actual pavement where soil is usually well compacted and has a

layered structure. Thus, the use of the APT and PIV analysis would help simulate actual

tra�c on pavements and perform quantitative measurement of soil movement.
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Figure 10: Shear interface imaging plot in loose granular soil beneath a drive wheel (load
= 0.1kN, slip ratio = 20%) [18]

4 Theory and Experiment

4.1 Accelerated Pavement Tester (APT)

The accelerated pavement tester (APT) [5] enables physical modelling of actual pavement

tra�c conditions in a laboratory environment. It was originally developed to study sub-

surface deformation in air�eld pavement under aircraft loading. The APT (Figure 11)

travels on a pavement structure constructed in a concrete pit. Soil movement is captured

through a window housed at the side of the pit by using cameras and images are analysed

using particle image velocimetry (PIV).

Figure 11: Side view of the accelerated pavement tester (APT) [6]
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The tyre is towed by a drive actuator. Load is applied onto the rubber tyre via a

lever arm mechanism between the pneumatic actuator and the fulcrum. It is capable

of applying loads from 2.5kN up to 38.0kN. A total of 8 strain gauges are mounted

on the two tyre supporting plates to measure the actual load on the pavement. The

measurements are averaged to take into account of the possibility of uneven loading due

to unlevel surface. Travelling speed and load can be controlled via a digital system. The

strain gauge readings, tyre position and inclination of beam are recorded continuously

and a feedback system is used to perform correction to maintain constant load and speed

throughout wheel travel.

The performance of the APT was monitored during tests and Figure 12 shows that

there was generally a constant o�set of 0.70kN between the demanded load and the

measured load. This is probably because loads used in this project were near the lower

end of the APT loading range, where the relationship between the actuator pressure and

strain gauges is not quite linear. The experiment had two loading scenarios, running on

either base course or subgrade layer. The load vs time graph in Figure 13 is only plotted

for 1 load as the APT behaved in the same manner regardless of loads. In general, it

can be seen that the load on the pavement was fairly constant throughout each wheel

pass. The subgrade layer curve is more spiky because the surface was less smooth. In

particular, high peaks can be seen at the end of the cycle. This is caused by soil piling

up at the front due to the shoving, which stopped the tyre from moving forward and the

control then applied more force, resulting in a jump in the curve. Overall, the feedback

mechanism worked quite well.

Figure 12: Demanded load vs measured load graph
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Figure 13: Load vs time graph (load = 3.50kN)

4.2 Experimental Setup

A pavement structure was constructed in a concrete pit with dimensions 1000mm ×
800mm × 860mm. To reduce frictional boundary e�ects at the side walls, the pit was

lined with geomembrane, which helped reduce the shear stress by 95% [5]. The layout of

the experimental setup is shown in Figure 14. Details of the soil used are displayed in

Table 1. The experimental setup process is outlined below:

1. Soil sample was taken and put into the oven overnight to obtain the water content

by measuring weight. Water was added to the soil and mixed using a cement mixer

to achieve optimum water content if necessary.

2. The bottom 500mm was constructed in layers of about 100mm. The mass of soil

required was calculated before lifts. Each layer was levelled using a spirit level.

3. Each layer was compacted using a plate compactor to optimum modi�ed Proctor

values. The depth of soil surface from ground was then measured to give an indic-

ation of whether further compaction was needed.

4. A 100mm thick Perspex window was �tted into place when the level reached -

500mm. Wooden planks were used to prevent movement of the window due to soil

pressure. Control points were marked on the window to help image-object space

calibration when processing data.

5. The remaining 500mm layer was constructed in the same way as before. The type

of soil used in the top 140mm depended on the test to be carried out. Precise
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Figure 14: Soil pit layout

Table 1: Soil properties [5]

levelling was required at the topmost layer to provide a smooth surface for the APT

to operate on.

6. Six Raspberry-Pi cameras were mounted on a steel base plate �xed on the side of

the pit to capture the soil pro�le through the window. The cameras were connected

to the computer system, where the user could trigger the cameras to start capturing

images simultaneously.

7. An LED light was placed at the top of the window to ensure that the images captured

were well illuminated.

8. The APT was moved into place ready for testing.
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Figure 15: Completed experimental setup

4.3 Test Overview

3 sets of tests were carried out, each with a di�erent experimental set up as illustrated in

Figure 16. The pavement structure was varied to investigate the in�uence of base course

thickness on soil deformation. Wheel loads were set by taking into account of the actual

tra�c on pavements. From manufacturer tyre speci�cations [1], the maximum pressure

of a load range D (8-ply rating) light truck tyre is given as 65psi. The APT reference

load was chosen such that its tyre pressure would be close to 65psi. Figure 17 was used to

calculate the tyre pressure based on the contact patch size and tyre load. 3.2kN was then

chosen to be the reference demanded load to be applied on the pavement with a pressure

of 62psi. Note that from this Section onwards, all loads refer to the measured loads.
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Figure 16: Side view of the top 500mm of the experimental setup

4 loads were used for each test to investigate the in�uence of load on soil deformation.

Details are displayed in Table 2. It can be seen that each test had a di�erent set of loading

range, increasing from test 1 to test 3. With thicker base course, it is expected that the

soil would deform less. Therefore, greater loads were applied for test 2 and test 3 to ensure

that soil movement could be tracked by PIV. The reason why the loads in test 1 was kept

low is because it was observed during preliminary test that severe rutting occurs at loads

above 3.50kN, which would obstruct wheel movement. To ensure that comparison across

the 3 tests is possible, a common load was used across tests, which is 3.50kN.

4.4 Experimental Method

The following steps were undertaken to complete each test:

1. The LED light was turned on and a test on the cameras was carried out to check

the image quality. If it was not up to standard, changes had to be made on the

focus of the cameras or the setup of the LED.

2. The pressure valve for the pneumatic actuator was turned on.

3. The load and travelling speed were inputted into the control system.

17



Figure 17: Contact area vs tyre load graph [5]

Table 2: Test plan
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4. The APT was triggered by pressing the button and the tyre moved towards its start

position without loading. The cameras were also triggered to start image capturing.

5. When the APT loading cycle began, the image frame number at that instant was

recorded.

6. The loading curve was displayed on the computer and monitored throughout the

cycle to ensure constant force was applied.

7. When the APT reached the end of its cycle, it was stopped by releasing the button.

The frame number of the �nal image was recorded and the cameras were turned o�.

8. Step 3-7 were repeated for other wheel loads.

4.5 Analysis Technique

4.5.1 Particle Image Velocimetry (PIV)

Particle image velocimetry (PIV) [24] allows observation of subsoil movement. Images

are captured by camera every 0.9s. Each image is divided into a mesh of test patches,

identi�able by pixel intensity from 0 to 255 depending on colour. To track the displace-

ment of each test patch from one image to the next, a search zone size is speci�ed. It

represents the region within which the test patch is expected to lie. The correlation of

pixel intensity between the test patch and each patch within the search zone is evaluated.

The search patch which has the highest correlation is taken to be the new location. The

magnitude and direction of the test patch displacement can then be obtained. This pro-

cess is repeated for other images taken during each travel cycle. The precision of PIV is

governed by equation (2), which increases with patch size but bigger patch means more

computational e�ort is required. In my analysis, a patch size of 128 × 128 pixels was used,

which corresponds to a precision of about 1/200th pixel. This translates to 4× 10−4mm

in the object space.

ρpixel =
0.6

L
+

150000

L8
(2)

The PIV analysis was conducted in the image space of 2464 × 3264 pixels per frame.

Therefore, it is necessary to convert the results into the object space of 180 × 240 mm.

The control points on the window were used to determine the scale factor for conversion

by measuring o� the physical marker distance and also obtaining the pixel distance from

image in Matlab. However, studies [24] reveal that the use of constant factor does not

take into account of image distortion when the image is captured and would thus a�ect

the accuracy of the analysis. Close range photogrammetry should be used instead to do

the calibration.
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Figure 18: Soil tracking schematic

The quality of PIV analysis is dependent on the image quality. It is important to

ensure even lighting in image by using LED light so that the soil grains are identi�able.

The camera base plate was sprayed black to avoid any re�ection onto the window, which

would a�ect patch tracking. Also, su�cient image texture is required. Since the suggested

value of arti�cial seeding ratio ASR is between 0.3 and 0.7 and the soil used for this study

has ASRsubgrade = 0.4681 and ASRbase = 0.5054, seeding was not required [5].

4.5.2 Issues with Soil Tracking due to Wheel Movement

The project focuses on tracking soil movement under the wheel axis when it travels an

incremental step. The experiment was designed such that the wheel moves while the

camera remains stationary and captures images in an Eulerian frame of reference (Figure

18a). This means that the position of the wheel axis within the image frame changes with

time. This setup implies that only the two consecutive frames captured at the instant

when the wheel is directly in front of the camera should be used for analysis.

Preliminary test was conducted in the Michaelmas Term on a subgrade layer, with the

wheel travelling at 25mm/s. The above approach was used to obtain the soil displacement

vector �eld by using PIV results from two image frames only. It was found out that the

wheel step, i.e. distance the wheel has moved in between frames, has a great in�uence on

the experimental results. With a large wheel step, PIV fails to capture the details of the

mechanism because each soil particle has undergone a series of motion in between frames.

The soil displacement vector �eld for a large wheel step of 480mm is shown in Figure 19

to illustrate this issue. The mechanism is smeared out because it is a superposition of

many �ner mechanisms, originating from smaller wheel steps (Figure 20). Therefore, it is

important to use a small wheel step to ensure that a �ne mechanism can be captured.

In Lent Term, the APT speed was reduced to 5mm/s, corresponding to wheel step

of 5mm between consecutive frames. A comparison between Figure 21 and Figure 19

shows the improvement. On the other hand, to make use of all the frames captured, an
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Figure 19: Soil displacement vector plot (single layered pavement, load = 3.59kN, wheel
step = 480mm)

Figure 20: In�uence of wheel step on captured deformation mechanism
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alternative method was developed to analyse the soil displacement data. This method

involves keeping the wheel stationary and having the image frames located at di�erent

positions (Figure 18b). As the frame rate, wheel speed and wheel start position are

known, it is possible to equate the relative distance between the wheel axis and each

frame as the wheel travels. Knowing this, the PIV displacement output from each frame

can be mapped onto a new grid where the wheel is set stationary at zero position. A

Matlab code was written to perform this mapping operation. As the frame rate is high

when compared to the wheel speed, there is spatial overlapping between frames taken

at adjacent time instant in the new grid as illustrated in the sketch. Therefore, any

overlapping displacement values are averaged out, which help improve the accuracy. This

method also increases the �eld of view so that the overall deformation mechanism can be

observed.

4.5.3 Combining of Image Frames

Two rows of cameras were installed to capture the soil movement over a depth of 270mm.

As the dimensions of each camera frame is about 240mm wide and 180mm deep, it

is necessary to combine the two frames to obtain the overall deformation pro�le. The

top and bottom frames overlap to a certain degree. The o�set between the frames was

determined using control points marked on the window. PIV analysis was done separately

for each camera and then the results were combined by shifting the results by the o�set

value in object space.
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5 Results and Discussion

Throughout this Section, the tyre moves in the positive horizontal direction.

5.1 Deformation Mechanism

5.1.1 Single Layered Pavement

The deformation mechanism for a single layered pavement is shown in Figure 21. The

resultant displacement contour plot was used to help identify the �ow zone boundaries

when sketching the mechanism.

The sketched mechanism is compared with the mechanism for towed wheel proposed

in previous research by Wong (Figure 6). It can be seen that for both, the front zone

is wider than the rear. The major di�erence is that the rear zone in Wong's mechanism

is much deeper and more skewed, which can be explained by their di�erence in wheel

embedment. As dry sand was used in Wong's experiment, its strength and sti�ness were

derived primarily from friction between interlocking particles. This contrasts with the

silty-sand used in this project, which gained its strength and sti�ness from both friction

and cohesion at optimum water content. Thus, much less wheel embedment and shoving

motion were observed in my test, resulting in a slightly di�erent mechanism. As mentioned

in Section 3.5.1, the transition point is dependent on the direction of the resultant wheel

force. It is reasonable that the transition point in the sketched mechanism is much closer

to the wheel axis than Wong's because less horizontal force was needed to shove the soil

pile in front of the wheel.

Figure 21: Soil displacement vector plot (single layered pavement, load = 3.59kN, wheel
step = 5mm)

It is also worth comparing Figure 21 with Prandtl mechanism for inclined load (Figure

25). Stress fan rotation can be seen on both sides of the wheel and the transition point is

close to the wheel. However, Prandtl mechanism predicts that the front �ow zone would
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be smaller than the rear, which is di�erent from the experimental results. This suggests

that the soil deformation mechanism in my test is a combination of Wong's mechanism

and the Prandtl mechanism.

The use of PIV reveals that tyre movement causes more horizontal than vertical dis-

placement in general. In the horizontal direction, the displacement magnitude at the rear

is greater although movement is concentrated within a smaller region (Figure 22). This

suggests shear deformation is more signi�cant at the rear, which is supported by the shear

strain plot in Section 5.4 (Figure 31).

In the vertical displacement contour plot (Figure 22), it can be seen that there is little

downward movement under the wheel. Upward movement can be seen in the two �ow

zones. In particular, the upheaval at the rear is signi�cantly greater. During the test,

the tyre was partially embedded into the soil, thus it had to push through the soil in

order to traverse. This shoving action caused a soil pile to build up at the wheel front,

which acted as a surcharge resisting the soil beneath from moving upwards (Figure 23).

The small 10mm gap between the wheel and window meant that the soil pile formed was

not in contact with the window. Therefore, the soil pile was not tracked by PIV but it

reduced the upward movement of soil in front of the wheel. It also helped distribute soil

movement over a greater distance.

Figure 22: Displacement contour plots (single layered pavement, load = 3.59kN, wheel
step = 5mm)
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Figure 23: Formation of soil pile in front of the wheel

5.1.2 Two-Layered Pavement

There has not been much previous research on the deformation mechanism of subgrade in

two-layered pavement. As the base course layer is sti�, the wheel does not embed into the

surface when loading. Therefore, it is expected that soil would not deform in the same

way as proposed by Wong in Section 3.5.1. Treating the narrow wheel contact patch as

strip footing, the mechanism is compared with failure mechanism proposed by Prandtl

for strip shallow foundations.

The base course helps distribute the wheel load over a greater area. Figure 24 shows

the displacement vector �eld of soil particles. Note that soil movement in the base course

is not considered in this analysis (see Section 5.7). Previous studies on multi-layered soil

[10] proposed the load spread angle α to be tan−10.5 but it was also found that the value is

dependent on soil properties. The outline of the load spreading mechanism is determined

by identifying where discontinuity in soil displacement happens. It can be seen from the

vector plot that load spreading is asymmetrical with α1 and α2 equal to 35° and 55°, which

is reasonable due to the horizontal force imposed by the wheel during travel. The load

spread angles suggest that a base course of 70mm thick would help increase the e�ective

area of the wheel contact patch by threefold, thereby reducing the stress at the subgrade

surface by threefold.
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Figure 24: Soil displacement vector plot (two-layered pavement, 70mm base layer, load
= 3.45kN)

Figure 25: Prandtl failure mechanism for inclined load

As the wheel travels in horizontal direction, it is reasonable to compare the mechanism

with the Prandtl failure mechanism for inclined load (Figure 25) [23]. As it is di�cult

to identify the exact �ow zone boundaries from the vector plot, the outline of how the

soil displacement direction changes with distance from the wheel axis is marked on the

diagram. It can be seen that both mechanisms are skewed to the direction of travel. In

Figure 24, the displacement vectors follow a spiral path at the rear of the wheel, which

agrees with stress fan rotation proposed by Prandtl. To the front of the wheel, the dir-

ection of soil movement rotates slowly from vertical to horizontal but no upheaval can

be seen. The rotation of stress is much less than expected. In fact, even though there is

upward movement at the rear of the wheel, its magnitude is very small when compared to

downward movement beneath the wheel as suggested in the vertical contour plot (Figure
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26). This is probably because the base layer above is sti� and attenuates upward soil

movement, in particular to a greater extent in the front zone. The region beneath the

�load-spread� contact patch shows signi�cant downward movement. Horizontal and ver-

tical contour plots (Figure 26) show that soil deformation reduces to e�ectively zero over

a subgrade thickness of about 130mm. This agrees with the Prandtl failure mechanism,

which suggests there is no soil movement beyond stress fans and wedges. In general, stress

blocks extend to a depth comparable to the foundation width, which is about 150mm for

the �load-spread� contact patch in this test.

5.2 Sensitivity Analysis

A small wheel step of 5mm was initially used in doing PIV analysis for all 3 tests so that

a �ne deformation mechanism could be captured (Section 4.5.2) and all test results could

be compared easily. However, displacement contour plots showed that for tests with base

course, the displacements were very small. It was concerning that the displacements were

too close to the precision of PIV (4 × 10−4mm) and this would a�ect the validity of the

experimental results. To verify the sensitivity of PIV at displacement range close to its

precision, the images captured were re-sampled and re-analysed for the wheel cycle run

on 140mm base layer at load = 3.52kN as it had the least amount of deformation. Re-

sampling was done by extracting 1 frame in every 5 image frames to create a new batch,

so that in subsequent PIV analysis, frame 1 would be compared with frame 5, frame 5

with frame 10 and so on. This increased the wheel step fourfold to 20mm but reduced

the number of frames.

Although the vectors were more smeared out on the re-sampled vector plot, the deform-

ation mechanism in subgrade could still be clearly identi�ed. By linearity, it is expected

that a fourfold increase in wheel step would lead to a fourfold increase in maximum soil

displacement. Table 3 shows the a comparison between the original and re-sampled max-

imum displacements. The positive maximum horizontal displacement, whose magnitude

was originally only 1.1 times the precision of the PIV, had a scale factor of 4.42. For other

parameters which had greater magnitudes, their scale factors were very close to 4. This

suggests that one should avoid having displacement comparable to the PIV precision.

Therefore, all data collected from tests with base course layer were re-sampled to increase

the step size to 20mm. As for the single layered pavement test, the wheel step remained

unchanged at 5mm.
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Figure 26: Displacement contour plots (two-layered pavement, 70mm base layer, load =
3.45kN, wheel step = 20mm)
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Step (mm) Horizontal (mm) Vertical (mm) 
negative positive negative positive 

5 -7.65x10-4 4.52x10-4 -1.3x10-3 6.02x10-4 

20 -3.10x10-3 2.00x10-3 -5.0x10-3 2.40x10-3 

Scale factor 4.05 4.42 3.85 3.99 
 

 

 

Table 3: Maximum displacement for di�erent wheel step sizes (two-layered pavement,
140mm base layer, load = 3.52kN)

5.3 In�uence of loading

A pavement is subjected to di�erent loads throughout its life cycle. Therefore, it is useful

to understand the relationship between load and pavement deformation.

5.3.1 Magnitude of Soil Displacement

The absolute average displacement of soil patches is taken to be the characteristic para-

meter in this analysis. For single layered pavement, only soil particles within �ow zones

show sizeable movement. Thus, using all soil patches in the image frame to calculate the

characteristic displacement would be misleading. Therefore, the average displacement for

each load was calculated considering the soil patches within �ow zones only. As for the

tests on two-layered pavement structures, a similar approach was adopted and the soil

movement in base course was neglected in the calculations.

As seen in Figure 27 and Figure 28, average displacement increases with wheel load

for all three tests and it is possible to �t a linear trend line for each test. The linear

relationship is as expected because the subgrade is frictional and obeys the Mohr Coulomb

failure criterion. These trend lines suggest that there is a load below which no deformation

would occur for each pavement structure when the line intercepts the horizontal axis. For

the 3 pavement structures tested, it is estimated that this characteristic load would be

1.70kN. Due to the minimum loading range of the APT, it was not possible to verify this

hypothesis. Since the weight of an average car is about 20kN (i.e. wheel load = 5kN),

soil deformation is expected if it travels on the pavement structures constructed in this

experiment.

For the single layered pavement plot (Figure 27), an outlier was ignored when �tting

the trend line. Despite having the highest load of 3.59kN, the average displacement was

signi�cantly less than expected. This can be explained by how the experiment was carried

out. During the test, wheel load was increased after running each cycle. As the wheel

travelled on the subgrade layer, it shoved soil to the front. Soil piled up in front of the

wheel as the number of cycles increased and this impeded any further wheel movement

as it was no longer able to push the mass of soil. As a result, the pile of soil had to be

removed manually and the top layer had to be re-compacted to restore a level surface
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before running passes again. The build-up of soil was not severe for the �rst three loads,

thus cycles were run without the need to remove the soil pile. The wheel cycle at 3.59kN

was run after re-compacting the subgrade, thus it is reasonable that the soil deformation

was reduced. This re�ects that the average soil displacement is also a function of the

compaction e�ort. For the same compaction e�ort, it is expected that a linear relationship

between displacement and load would hold. It was attempted to verify this assumption

by running another pass at higher load, but severe piling up of soil meant that it was not

possible.

Figure 27: Absolute average displacement vs wheel load graph for single layered pavement
test (wheel step = 5mm)

Figure 28: Absolute average displacement vs wheel load graph for two-layered pavement
tests (wheel step = 20mm)
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Figure 29: Flow zone thickness vs load graph (single layered pavement)

The formation of soil pile due to shoving limits the loads and number of cycles that

can be run continuously on the subgrade. One possible way to solve this problem is to

manually remove the soil pile as it builds up during wheel travel, but this would a�ect the

subsoil movement mechanism because of the removal of surcharge. Another way would be

to construct the pavement structure such that its surface slopes down as the tyre travels,

so that the build up of soil pile would compensate the negative gradient. This method

requires trial and error to determine what gradient works best.

5.3.2 Depth of �ow zone

Understanding the in�uence of loads on �ow zone size can help determine whether tra�c

causes disturbance to soil at depth. For a single layered pavement structure, the �ow

zone depth increases linearly with load (Figure 29). It can be seen that an increase in

1kN leads to an almost two times increase in �ow zone thickness. This suggests that it is

important for pavement engineers to estimate the maximum anticipated wheel load so as

to design for the thickness of subgrade that would be a�ected by tra�c.

In a two-layered pavement structure, it is di�cult to identify the exact boundary of

the �ow zone from the displacement vector plot. Therefore, a plot is produced which

shows how vertical displacement of soil particles varies with depth (Figure 30). The soil

displacements were taken along the wheel axis where movements were signi�cant. To

facilitate comparison between di�erent loads, the maximum vertical displacement along

the line was normalised to unity. It can be seen that di�erence in loads does not a�ect

the deformation behaviour much in the shallow region. However, the two sets of markers

diverge with increasing depth. If the depth of �ow zone is de�ned as the subgrade thickness

to reduce the normalised displacement to 0.2, the �ow zone depth for a wheel load of

31



2.47kN would be 80mm. An additional 20mm would be needed for a load of 3.93kN.

This shows that with higher load, vertical displacement at depth is attenuated at a lower

rate, i.e. it takes greater distance to dissipate stress. However, it should be noted that

an increase of 20mm in �ow zone depth for 1.5kN rise in load is very small. Thus, it is

reasonable to treat the soil below about 100mm from top of the subgrade as undisturbed

by wheel loads in design.

Note that the thickness of disturbed soil is dependent on how designers de�ne the

acceptable level of soil movement. The �ow zone depth in the above analysis is determined

arbitrarily but it is expected that the dependency between �ow zone depth and wheel load

would remain the same regardless of how it is de�ned as long as it is consistent.

Figure 30: Depth vs vertical displacement graph (two-layered pavement, 70mm base)

5.4 In�uence of travel repetition

The behaviour of soil changes with travel repetition in the single layered pavement test.

Figure 31 shows 4 shear strain plots taken at di�erent wheel cycles. It can be seen that

the size of the front shear zone grows signi�cantly from the 1st to the 3rd wheel pass,

while the rear zone grows only moderately. A possible explanation would be that the

area of shear zone increases with load because the wheel tends to embed deeper into the

soil at high loads to increase contact area. As discussed in Section 5.1.1, deeper wheel

embedment results in greater shear zone.

However, it can be seen that re-compaction in between the 3rd and the 4th cycle greatly

reduced the size of front shear zone in subsequent travel. The suggests that repeated travel

on pavement also in�uences the extent of shear deformation. This is probably because the

soil state changes as the wheel moves through. The volumetric strain plot in Figure 32

shows that an incremental wheel step causes dilative movement in the �ow zones and there
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is negligible volumetric contraction in the shallow region. This suggests that throughout

each wheel pass, soil in the shallow region loosens up and becomes less dense. To verify

this, a vertical displacement contour plot (Figure 33) is plotted for 1 wheel pass. It can

been seen that the soil particles close to the surface indeed move upwards. At depth,

there is minimal downward displacement. As the soil on the surface is no longer well-

compacted, its shear strength reduces and the shear zone grows with the number of wheel

passes.

Figure 31: Shear strain plots for an incremental wheel step (single layered pavement,
wheel step = 5mm)
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Figure 32: Volumetric strain plot for an incremental wheel step (single layered pavement,
load = 2.58kN, wheel step = 5mm)

Figure 33: Vertical displacement contour plot for 1 wheel cycle (single layered pavement,
load = 2.58kN)

5.5 In�uence of Base Course Thickness

During the experiment, it was observed that the sti� base course greatly reduced the

amount of rutting on the surface, which helped improve the serviceability of pavements.

This Section focuses how the base course in�uences soil deformation in the subgrade layer.

As discussed in Section 5.1, the deformation mechanisms in the subgrade for single

layered and two-layered pavements are signi�cantly di�erent. The overall deformation

mechanism is the same for pavements with thin and thick base course. The displacement

plots for the test with 140mm base course are attached in Appendix A for reference. A

comparison between Figure 22 and Figure 26 shows that the base course mobilises soil

movement over greater horizontal distance. With the thicker base course, the coloured

patches in the contour plots are less localised. This is because the base course helps spread
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Figure 34: Absolute average soil displacement vs base course thickness graph (load =
3.50kN, step size = 20mm)

the load from the surface to a greater area in the subgrade. On the other hand, the base

course reduces the amount of upheaval in the subgrade and this e�ect increases with the

layer thickness, which can be clearly seen from the vector plots.

In a single layered pavement, horizontal displacement in the subgrade is generally

greater than vertical displacement (Figure 27). But it is the opposite for pavements with

base course layer (Figure 28). This suggests that base course attenuates shear deformation

to a greater extent than nominal deformation in the wheel load direction. This is probably

because there is friction at the interface between the subgrade and base course, which

resists shear deformation in the subgrade. As for single layered pavement, the free surface

on the subgrade is frictionless.

Figure 34 shows a plot of absolute average soil displacement against base course thick-

ness, which seems to follow an exponential relationship. A base course thickness of 140mm

helps reduce the horizontal displacement by 75 times and the vertical displacement in

subgrade by 20 times. This shows that the base course is very e�ective in reducing de-

formation in the subgrade.

5.6 Soil Deformation in 1 wheel cycle

Previous sections have focused on soil deformation under an incremental wheel step. It is

also useful to understand how soil deforms throughout an entire wheel pass by comparing

two image frames taken before and after the cycle. Figure 35 and Figure 36 show how

vertical soil displacement varies with depth. The soil displacement is taken at the centre

of the image frame, which is midway along the wheel path. Results are then compared
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Figure 35: Depth vs vertical displacement graph for one wheel cycle (single layered pave-
ment, load = 3.59kN)

with predictions from Burmister's equations (Section 3.1), which were derived based on

layered elastic theory.

For the single layered pavement test (Figure 35), experimental results show that soil

immediately below the surface moves upwards and dilates due to shear deformation dur-

ing wheel travel. Yet, the theoretical curve suggests that all soil particles would settle

downwards with a major compression zone at the top region. This is because in Bur-

mister's derivation, the wheel is statically applying pressure onto the soil underneath,

thus displacement along the wheel axis always points downwards. It does not take into

account that the wheel is in fact in motion. This suggests that Burmister's equations are

not suitable for characterising soil deformation in shallow region. Below a depth of 50mm,

experimental displacement turns negative. It appears that soil displacement settles to a

constant value of -0.2mm at depth, which is reasonably close to the theoretical prediction.

This suggests that the dynamic e�ect of wheel load does not a�ect soil at depth and the

layered elastic theory can be used to predict settlements.

Unlike single layered pavement, no upward movement is observed in the subgrade for

the two-layered pavement test (Figure 36). This is probably because the base course helps

dissipate any dynamic e�ect due to tra�c. However, it can be seen that the magnitudes

of experimental displacement are much less than that predicted by theory. Although the

values do not match well, the use of layered elastic theory is conservative.
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Figure 36: Depth vs vertical displacement graph for one wheel cycle (two-layered pave-
ment, 140mm base, load = 6.59kN)

5.7 Issues with Tracking Base Layer Movement Using PIV

In general, results from PIV show that soil movement in the base course is less than that

in the subgrade. Also, when comparing the results from the wheel pass at load of 3.50kN,

the base course movement for the test with thicker base course (Figure 40) is signi�cantly

greater than that with thinner base course (Figure 24). These observations are di�erent

from what is expected. By looking at the images captured by the cameras (Figure 37),

it can be deduced that the underestimation of base course movement is due to the silty

paste on the window. The base course is made up of limestone aggregates with silty

�nes, which forms a paste when mixed with water to reach its optimum water content for

compaction. The paste dries out over time and sticks on the window, which prevents the

camera from capturing the aggregates movement behind it. PIV tracks soil movement by

looking at how the position of each patch changes from one frame to another. As a large

proportion of the patch is taken up by the silty paste, it di�cult to perform tracking.

In order to verify this hypothesis, PIV was run on a small region which is covered by

less paste (circled in red in Figure 37) to obtain soil displacement due to an incremental

wheel step. Results are then compared with those from previous analysis using the entire

image frame. As the size of the clean region is limited, the �eld of view of the contour

plots is small. It can be seen from the plots (Figure 38 and Figure 39) that despite

the deformation mechanism appearing to be roughly the same, the magnitudes of the

displacement are di�erent. The horizontal and vertical displacements tracked using the

clean region are 33% and 10% greater than that using the whole image frame. This

con�rms the hypothesis that the silty paste a�ects PIV tracking. It is expected that
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this issue a�ects the 70mm base course test more because the paste is virtually blocking

the entire view of the aggregates (Figure 37). This further explains why the base course

displacement is smaller in the 70mm base course test than in the 140mm base course test

despite having the same wheel load. Therefore, the data obtained for base course layer is

neglected in the above discussion.

70mm base 140mm base

Figure 37: Camera images

To solve this issue, one possible way would be to inject water into the side of the

window to wash away the silty paste after �nishing experimental setup. Time should be

allowed for water to drain to the bottom of the pit before running any test. However, this

may not be quite e�ective as the paste does not come o� easily unless it is rubbed o� by

force. An alternative would be to place a thin metal plate to the side of the window when

the base course layer is constructed. It acts as a barrier to prevent the wet paste from

coming into contact with the window. After the paste dries out, the plate is removed so

that it is possible to see the base course clearly from the window. As the base thickness

is only up to 140mm, it is expected that not much force would be required to pull out the

plate. To prevent any scratches on the window during compaction or plate removal, the

plate should be wrapped with soft fabric.
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Figure 38: Displacement contour plots using small clean patch (two-layered pavement,
140mm base, load = 6.59kN)

Figure 39: Displacement contour plots using entire image frame (two-layered pavement,
140mm base, load = 6.59kN)
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6 Conclusions

In this project, in-path soil deformation under moving tyre in single layered and two-

layered pavement structures was studied. Actual tra�c conditions were physically mod-

elled in the laboratory by running the APT on a pavement structure constructed in a pit.

The following conclusions can be drawn from the experiment:

� The soil deformation mechanism in a single layered pavement structure (Figure

21) consists of two �ow zones with the front wider than the rear. In general, the

horizontal displacement is greater than the vertical displacement. The di�erence

in soil displacement between the two �ow zones can be explained by the soil pile

formed in front of the wheel, which acts as a surcharge. For soft soil, the mechanism

is similar to Wong's mechanism. As for soil with greater strength and sti�ness, it is

closer to the Prandtl mechanism for inclined load. The di�erence is due to change

in wheel embedment.

� The base course in a two-layered pavement structure helps spread the wheel load

and mobilise soil movement over a greater area in the subgrade. It also helps reduce

upheaval in the �ow zones. Friction at the base course/subgrade interface helps

attenuate shear deformation to a great extent. On the whole, the base course is

very e�ective in reducing deformation in the subgrade.

� For both pavement structures, average soil displacement increases linearly with load

for the same amount of compaction e�ort. Depth of �ow zone also increases with

wheel load but to a lesser extent in a two-layered pavement structure.

� In a single-layered pavement, the front shear zone grows signi�cantly with travel

repetition while the rear zone grows only moderately. This is because soil in the

shallow region undergoes shear deformation and dilation during each wheel pass,

which reduces its shear strength.

� Layered elastic theory can be used to predict soil displacement at depth in single-

layered pavement. However, it is not suitable for characterising soil deformation in

shallow region because of the dynamic e�ects of the moving wheel load, which causes

dilation near the surface. As for two-layered pavement, the theory overestimates soil

displacement but results are conservative.
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7 Future Work

Further study is required in order to develop a comprehensive understanding of pavement

deformation under moving wheel load.

� A pavement withstands a large number of wheel cycles throughout its service life. In

this project, only 1 cycle was run for each load to gain a fundamental understanding

of how soil deforms and analysis was mainly focused on an incremental wheel step.

More wheel cycles should be run on multi-layered pavement to understand soil

behaviour in the long term. Analysis should be done on both the base course and

the subgrade.

� Asphalt layer should be included in the future experimental setup. Although the

thin layer does not provide much structural support, it is worth investigating how

it a�ects the soil deformation mechanism. Fatigue cracking of asphalt layer is also

another common cause of pavement failure that should be studied in detail.

� Vehicles on roads are either two-wheel-drive or four-wheel-drive, which operate dif-

ferently from the towed wheel used in the experiment as torque is transmitted to

each drive wheel. Therefore, the force acting on the soil would be di�erent as well

and this a�ects the soil deformation mechanism. It is necessary to change the design

of the APT so that the tyre can operate as a drive wheel in future studies.

� The subgrade layer in a pavement normally consists of natural soil found in the

environment. Only silt-sand was used in this project because it is di�cult to prepare

clay sample. In future experiments, clay should be used as well so that test results

can be applied widely to pavements in di�erent regions.

� Pressure measurement system should be incorporated into the future experimental

setup. By measuring the direction and magnitude of the resultant wheel force, it is

possible to come up with a more comprehensive model that relates wheel force to

soil deformation mechanism.
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A Supplementary Displacement Plots

-200 -150 -100 -50 0 50 100 150 200

Distance from wheel axis (mm)

-250

-200

-150

-100

-50

0

Figure 40: Displacement vector plots (two-layered pavement, 140mm base, load = 3.52kN,
wheel step = 20mm)
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Figure 41: Displacement contour plots (two-layered pavement, 140mm base, load =
3.52kN, wheel step = 20mm)
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B Risk Assessment Retrospective

On the whole, the risk assessment carried out at the start of the project was found to be

suitable. The APT was moved into place for test by the technicians using appropriate

lifting equipment and the pit opening was kept closed when not in use to prevent fall

injury. The barrier to the equipment was also closed when the APT was in operation.

Nevertheless, some additional measures were taken to ensure health and safety through-

out the experimental setup. As the base course material contains �ne particulates, dust

mask was worn during lifts and compaction. Gloves were also worn during the process. A

dust extractor was used to remove dust generated in the laboratory environment. Mask

and gloves were not used during construction of the subgrade layer as the soil was moist.

On the other hand, the plate compactor was lifted into and out of the pit in pairs by

following correct manual handling procedure. Help from the technicians was not needed

as it was found that the load was manageable.

If a similar experiment is to be carried out in the future, the above measures should

be added to the existing risk assessment document.
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