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Abstract
Skid resistance is a key factor in road safety. However, over time, the pavement surface is
polished by vehicle tyres, reducing the micro-texture of aggregates and macro-texture of the
road surface, resulting in a deterioration of skid resistance. Consequently, it is necessary to
be able to accurately predict the skid resistance performance of aggregate as part of the
design process. Laboratory tests are the main tool used to obtain such predictions. One such
test, developed at the University of Auckland, utilises the Auckland Pavement Polishing
Device (APPD) for accelerated polishing of the samples followed by skid resistance
measurement via the Dynamic Friction Tester (DFT). However, the APPD device has never
been standardised and little is known about the sensitivity of the device to changes in setup
variables such as tyre type, tyre pressure, applied load and chip sizes. Even less is known
about the micro-textural wear of aggregates after polishing using the APPD device or the
evolution of microtextural wear during the polishing process.
Consequently, this research:
•

Evaluates the sensitivity of the APPD polishing mechanism to changes in the
aforementioned setup conditions, as measured by corresponding changes in the
coefficient of friction.

•

Quantifies the microtextural wear at Equilibrium Skid Resistance (ESR) by
undertaking microtextural analysis of height, shape and volume microtexture
parameters, using a 3D micro coordinate measurement device.

•

Quantifies the evolution of microtextural wear during the polishing process by
undertaking microtextural analysis, using a 3D micro coordinate measurement
device.

The sensitivity results showed that the coefficient of friction significantly changed when the
pressure of the pneumatic tyres changed. It can, therefore, be concluded that the results from
the APPD-DFT are sensitive to a ±4 N/cm2 (±5 psi) variation from the typical 14 N/cm2 (20
psi) used in previous research. However, the tyre pressure with 14 N/cm2 (20 psi) and the
solid tyre was not significantly different. Also, the sensitivity results show there is a
i

significant difference between the coefficient of friction results obtained using different
applied loads on the APPD device. It can, therefore, be concluded that under the reported
conditions, the results from the APPD-DFT are sensitive to a ±10 kg variation from the
typical 58 kg load used in previous research. The final sensitivity results showed that the
coefficient of friction was significantly different for specimens made using different
aggregate sizes. It can, therefore, be concluded that the results obtained from grade 2 (with
ALD between 9.5mm to 12mm), grade 4 (With ALD between 5.5mm to 8mm) and grade 6
With ALD less than 5.5mm) were significantly different when all specimens were polished
with 14 N/cm2 (20 psi) pneumatic tyre pressure and 570 Newton (58 kg) applied load.
The microtextural analysis samples polished by the APPD to ESR shows that the height of
microtexture parameters (such as Root Mean Square Height – Sq and Arithmetic Mean
Height – Sa) are not suitable for analysing the microtextural wear. In contrast, the Root
Mean Square Slope (Sdq) and Arithmetic Mean Summit Curvature (Ssc), which measure
the shape of texture, are potentially suitable for analysing the microtextural wear of
aggregates polished using the APPD. The results show that the effect of polishing on the
coefficient of friction follows a similar trend to the shape of texture parameter variation for
each specimen. It can, therefore, be concluded that the shape of texture is a key factor in
determining the Coefficient of Friction (CoF), in particular, the Sdq and Ssc parameters.
Analysis of the evolution of microtextural wear was undertaken using samples polished
using the Wehner/Schulze (WS) device. The results show that the height of microtexture
parameters (Sq and Sa) better represent the evolution of microtextural wear variation during
the WS polishing process. In addition, the results show that the core material volume (Vmc)
is a suitable candidate to evaluate the effect of the WS device on the microtextural wear
during the polishing process. The variation of the Sq, Sa, and Vmc follow a similar trend as
the coefficient of friction value for specimens polished using the WS device.
This research expectedly found that different accelerated polishing devices affected
microtextural wavelength parameters differently. The most significant parameters from the
WS device were microtextural height (Sq and Sa) and core material volume (Vmc)
parameters whereas when polishing was undertaken with the APPD device these parameters
were less significant and in contrast, the shape parameters are more significant (Sdq and
Ssc). In terms of further research, it is recognised that while a greater understanding of the
sensitivity of the APPD device has been achieved, smaller variations to the setup tyre
ii

pressure and applied load are needed to determine tolerance levels in order to fully
standardise the APPD-DFT device. Similarly, further sensitivity tests incorporating a wider
range of aggregates, with varying geological properties, should be undertaken.
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Chapter 1
Introduction

1.1 Background
Skid resistance is the frictional force that is produced between the road surface and vehicle
tyres (Wilson 2006, Nataadmadja, Wilson & Costello 2012). This friction has a direct impact
on a vehicle’s ability to manoeuvre and stop safely. A number of studies over many years
have confirmed that the rate of crashes significantly increases if the coefficient of friction
reduces to critical levels of service (Cenek et al. 2004, Perry, Woodside & Woodward 2001).
These critical levels (Threshold Levels) vary depending upon the site categories (NZTA
T/10 2013). Not surprisingly, improving skid resistance in high-level risk areas is a key
target for providing safe pavement surfaces, especially during wet conditions. A study by
previously researchers showed that the coefficient of friction on the road surface is
significantly reduced during wet conditions. For this reason, wet skid resistance standards
are provided by road authorities in most developed countries, to try and balance crash risk
with varying skid resistance intervention levels across varying road sections (Kumar, Wilson
2010). In New Zealand, crashes due to loss of control on straights and lost control while
cornering are two major causes in both fatal and injury crashes, as illustrated in Figure 1.1
(Ministry of Transport, 2015).
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Figure 1.1: Percent of crashes types by cars movement (Ministry of Transport, 2015)

Over time, the pavement surface is polished by vehicle tyres, reducing the microtexture of
aggregates and macrotexture of the road surface. This results in reduced levels of skid
resistance to a point where the surface may need to be replaced, or in some way rejuvenated,
due to poor skid resistance performance. Figure 1.2 from NZ crash data shows the
relationship between increasing crash rate with reducing measured skid resistance (as
measured by the Sideway-force Coefficient Routine Investigation Machine (SCRIM).

Figure 1.2: The relationship between crash rate and coefficient of friction (Davies, Cenek &
Henderson. 2005)
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In New Zealand, the majority of roads are flexible unbound pavements, constructed with a
chip-seal or thin asphalt surface (Nataadmadja et al. 2015b, Kumar, Wilson 2010).
Maintaining adequate skid resistance on these surfaces is a key component of safety
management on the road network. However, there are several factors that influence skid
resistance, as follows:
•

Surface aggregate factors (e.g. geological properties of the aggregate, surface
microtexture and macrotexture, chip size and shape, and type of surfacing);

•

Load factors (e.g. traffic intensity, composition and flow conditions, and road
geometry);

•

Environmental factors (e.g. water film thickness, surface contamination,
temperature, seasonal and short-term rainfall effects); and
Vehicle factors (e.g. vehicle speed, angle of tyres, wheel slip ratio, tyre
characteristics, tread depth and patterns).

Out of all these factors, only the surface aggregate factors and, to an extent, load factors can
be controlled by pavement surface engineering (Kumar, Wilson 2010).
One of the main factors that has a direct effect on skid resistance is the aggregate texture
(Nataadmadja et al. 2013). According to the various wavelengths, aggregate texture can be
divided into four categories: microtexture, macrotexture, megatexture and unevenness
(Nataadmadja et al. 2015c). In road surface aggregates, microtexture and macrotexture
wavelengths are considered the most influential for skid resistance.
Repeated traffic loading on the surface will result in the microtexture of aggregates starting
to polish. In addition, the macrotexture depends on the mineralogy of aggregates. When
aggregate materials are soft, the aggregate abrades under repeated traffic loading. Therefore,
the macrotexture can also reduce due to a combination of wear and/or flushing. The
combination of loss of microtexture and macrotexture results in the level of measured skid
resistance reducing. When the measured skid resistance reduces below the investigatory
level for the road surface, a reseal or some form of surface rejuvenation is usually required.
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1.2 Problem Statement
Skid resistance is a key factor in road safety. However, over time the pavement surface is
polished by vehicle tyres, reducing the micro-texture of aggregates and macro-texture of the
road surface, resulting in a deterioration of skid resistance. Consequently, it is necessary to
be able to accurately predict the skid resistance performance of various aggregate sources as
part of the design process. Laboratory tests are the main tool used to obtain such predictions.
One such test, developed at the University of Auckland, utilises the Auckland Pavement
Polishing Device (APPD) for accelerated polishing of the samples followed by skid
resistance measurement via the Dynamic Friction Tester (DFT) and Mean Profile Depth
(Macrotexture depth) measurement via the Circular Texture Meter (CTM). However, as
highlighted by Nataadmadja (2015), the APPD device has never been standardised and little
is known about the sensitivity of the device polishing mechanism to changes in variables
such as tyre pressure, tyre type, applied load and aggregate grade size, on the measured skid
resistance. Even less is known about the changes in micro-texture under polishing using the
APPD device whether this reflects in-field aggregate polishing.

1.3 Research Objectives
The main objectives of this research are to:
1. Evaluate the sensitivity of the Auckland Pavement Polishing Device (APPD)
polishing mechanism to changes in:
•

Tyre pressure, type of tyre, applied load and aggregate size on the reported
coefficient of friction;

•

Tyre pressure, type of tyre, applied load and aggregate size on the reported
Mean Profile Depth (MPD);

•

Tyre pressure, applied load and aggregate size on contact area and pressure
between the pneumatic tyres and the sample surface.

2. Analyse the change in microtextural wear due to polishing by:
•

Undertaking Microtextural analysis in order to determine how best to
quantify the change in microtextural wear due to aggregate surface polishing
4
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under different setup conditions using a 3D micro coordinate measurement
device.
•

Assessing the contact area and pressure between the APPD’s pneumatic tyres
and the pavement sample surface.

3. Develop a methodology to quantify the variation of aggregate microtextural
parameters during the polishing process by:
•

Determining changes on microtextural parameters during the polishing
process using the APPD device and the Wehner/Schulze (WS) device.

1.4 Layout of the thesis
Chapter 1

Introduction: this chapter includes the problem statement and research

objectives, as well as an outline of the thesis contents.

Chapter 2

Literature Review: This chapter describes fundamental skid resistance

properties, the coefficient of friction and the factors that affect pavement surface friction. It
also explains some of the laboratory tests that simulate the effect of vehicle tyres on
aggregate surfaces during polishing. This chapter also introduces various measurement
devices to measure the coefficient of friction and aggregate texture parameters whilst
discussing the role of aggregate texture in producing a measured coefficient of friction.

Chapter 3 Research Methodology: The research methodology is explained in Chapter 3.
Mineralogical methods to assess selected aggregate properties are described. The procedures
to prepare the specimen for the APPD device, measuring the coefficient of friction and the
mean profile depth are explained. This chapter also explains the various devices and methods
used to collect and analyse microtexture wear of sampled aggregates.

Chapter 4

Characterisation of Aggregate: This chapter presents the aggregate

mineralogical properties by using geological Thin Sections to assess aggregate mineralogy.
Also, the aggregate abrasion resistance is measured by using the Micro Deval test.
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Chapter 5 Sensitivity Analysis of the APPD: This chapter discusses the coefficient of
friction (microtexture) and mean profile depth (macrotexture) results as measured by the
APPD-DFT and CTM, respectively. The results are obtained under different setup
conditions for the APPD polishing machine. (i.e. different tyre pressures, tyre types, applied
loads and aggregate sizes.)

Chapter 6

Contact Area and Pressure Between APPD Tyres and Sample Surface:

This chapter uses a pressure pad for measuring the contact area and pressure distribution
between the APPD tyres and sample surface. Also, the coefficient of friction variation is
graphically compared with the pressure pad results to identify any trends.

Chapter 7

Statistical Analysis Results: Chapter 6 presents a statistical analysis of the

coefficient of friction and mean profile depth data using One-way ANOVA statistical
analysis. The sensitivity of the APPD device to changes in the various setup conditions is
analysed in this chapter.

Chapter 8 Microtextural Wear: This chapter presents the microtextural wear analysis of
aggregate chips which are polished under different setup conditions. All roughness
parameters were considered and calculated using 3D image analysis software.

Chapter 9

Evolution of Microtexture During Polishing: This chapter presents the

microtextural wear analysis and coefficient of friction results obtained from sample polished
using the Wehner/Schulze (WS) device.

Chapter 10 Discussion of Results: This chapter discusses the relevance between all results
(coefficient of friction, mean profile depth, microtextural wear; and contact area and
pressure distribution from polishing device on each sample surface) obtained from the
APPD-DFT test method, Wehner/Schulze (WS) device, Alicona and pressure pad device.
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Chapter 11

Conclusions and Further Research: This chapter details the conclusions,

research findings and relevance to readers of the research, as well as presenting future
research directions.
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Chapter 2
Literature Review

2.1 Introduction
The fundamentals of pavement surface friction are presented in this chapter by reviewing
previously published papers and research. It begins with a review of the function of
coefficient of friction measurements on road surfaces, factors affecting coefficient of
friction and introduces the various surface textural wavelengths. It continues with
definitions of pavement surface friction and a review of some on-site and in-site tests and
devices that are used for measuring road surface skid resistance and texture.

2.2 Functions of a Road Surface
The surface layer in the pavement structure is the top or final layer that the traffic runs
on. There are principle requirements for the road surfacing layer that vary from other
pavement layers including (Jameson 2008, Rebecchi, Sharp 2009):
•

Providing a riding surface of suitable smoothness;

•

Providing a safe, economical, durable and well-drained all-weather surface;

•

Providing necessary skid resistance;

•

Minimising vehicle operating and maintenance costs;

•

Providing a dust-free surface;

•

Minimising the rate of pavement wear;

•

Reducing moisture infiltration into the pavement layers below;

•

Providing suitable environmental properties, e.g. noise attenuation.

Lay (2014) states the road frictional factors; such as road user safety and level of service,
are the essential service properties of a surface layer on the road structure.
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Further, the surfacing layer on the road structure has other key functional performance
requirements, such as (Jameson 2008, Rebecchi, Sharp 2009):
•

Delineating traffic lanes and shoulders, traffic islands, bicycle paths, traffic
calming devices and changes in road class;

•

Visually enhancing the road environment for road users and adjacent residents;

•

Improving the efficiency of street lighting with the light-coloured surfacing.

2.3 Roads in New Zealand
In 1880, to make the surface layer resistant against dust and water, road engineers used
coal tar from local gasworks as a binder and sprayed it over the road surface to cover
locally sourced aggregates. Before using bitumen in the road structure, coal tar was used
in NZ. After the first NZ refinery opened at Marsden point close to Whangarei, the use
of bitumen as a binder was introduced (Sharp 2009).
In the 1970s, dense graded and fine gap graded asphalt mixtures were used as pavement
layers in NZ for heavy and lightly trafficked areas, respectively.
Until then, dense graded asphalt was the first choice as a structural layer, and in some
cases, it was also used as a wearing course. There are other bituminous wearing courses
that are used in NZ roads such as open graded porous asphalt (OGPA) and stone mastic
asphalt.
During the last century, open graded porous asphalt has rapidly developed as the primary
surface for use in the surface layer as a wearing course on New Zealand freeways and
main roads. Increased safety, reduced spray, reductions in road noise and cost efficiency
are some advantages in the use of open-graded asphalt in comparing to dense graded
mixes. However, the average life of an OGPA surfacing is only approximately seven
years whereas a dense graded mix would be expected to last at least 12-15 years (Sharp,
2009). In New Zealand, the majority of roads are flexible unbound pavements,
constructed with a sprayed bituminous chip seal (surface dressing) or thin asphalt mix
surface (Nataadmadja et al. 2015a, Kumar, Wilson 2010).
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2.4 Characteristics and Performance of Road Pavement Surfaces
In this section, some key parameters are introduced to describe the performance and
characteristics of the road surface properties which are summarised in Table 2.1
(Rebecchi, Sharp 2009).

Table 2.1: Road surface characteristics and performance parameters

Typical Parameters

Description

Longitudinal profile and roughness

Roughness influences:
• safety
• the comfort of vehicle occupants
• wear and tear on vehicles and a consequent
increase in vehicle operating cost
• the possibility of damage to transported goods

Transverse profile shape and rutting

Deformation in the flexible pavement surfaces of
underlying layers which accrue due to vehicle wheel
passages over the surface layer.

Skid resistance

Friction between vehicle tyres and road surface.

Texture wavelengths

Road surface irregularities:
• Roughness
• Mega-texture
• Macro-texture
• Micro-texture

Noise

Tyre/road noise

Rolling Resistance

Texture and energy conservation

Conspicuity of markings/reflectivity

Improve/Increase the level of safety for road users.

Delineation

Consider separate pavement areas such as bus lanes,
cycle paths and pedestrian paths by coloured
surfacings.

Water spray

Generative of small droplets of water that reduces
visibility on wet pavements from surface water depth
and tyre/road contact from moving vehicles.

Appearance

For low-speed areas like residential streets through
commercial districts such as shopping centres.
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Pavement strength

Cracking

Resistance to shear forces.

Surface deflection under applied traffic loads on the
surface layer and one of the important parameters in
pavement design.
Visible discontinuities in the surface layer which occur
because of:
• Pavement structural condition
• Some reaction of the pavement like shrinkage
cracking in cemented materials, moisture
changes or expansive subgrades
Forces that produce horizontal shear stresses in the
pavement surface such as:
• Braking, accelerating or turning of vehicles
• Tyre loading, type of tyre and inflation
pressure
• The coefficient of friction level between
vehicle tyres and road surface

Many of the parameters mentioned above are related and connected. The water spray
generation occurs due to a combination of poor drainage on the road surface, texture and
surfacing selected, and it causes a reduction in pavement surface friction levels. Also, the
level of road texture, such as microtexture and macrotexture, determines the measured
coefficient of friction on the surface layer.

2.5 Skid Resistance Definition
French Physicist Guillaume Amontons introduced two friction laws in the 17th century
which are known as Amonton’s laws of friction (Comaish, Bottoms 1971, Gao et al. 2004,
Berman, Drummond & Israelachvili 1998, Howell, Mazur 1953). Those two laws stated:
•

The friction force is proportional to the normal load (Amonton’s First Law);

•

The friction force is independent of the apparent area of contact (Amonton’s
Second Law).

These laws are defined by Equation 2.1.
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F = µ FN

Equation 2.1

Where,
F = friction force
µ = friction coefficient between two materials
FN = normal force

Charles-Augustin Coulomb, as a French physicist, confirmed Amonton’s Laws and he
furthered research on dry friction phenomenon. He stated, “the friction force is
independent of sliding velocity” and added a third law to Amonton’s Laws (Popov 2010,
Popov, Heb 2015, Bhushan 2013). The new friction laws were called Coulomb’s Law of
friction.
All of the laws mentioned above were for sliding friction for a dry surface layer. Rolling
friction was not introduced until 1685 by Robert Hooke (Popov, 2010). The effect of
materials and applied load on rolling friction was later discussed by Morin and Dupuit a
few decades after Hooke’s research (Popov, 2010). Further, friction between two contact
surfaces was introduced by Bowden and Tabor in 1939 (Bowden, Bowden & Tabor
2001). They found that the microscopic surface roughness generates actual contact
between different surfaces. Furthermore, other researchers found that the normal force
between two contact areas is related to the level of roughness of the materials that the
surface layers were made from, for example, the size of the micro contact (Greenwood,
Williamson 1966, Bush, Gibson & Thomas 1975, Persson, Bucher & Chiaia 2002).

2.6 Function of Coefficient of Friction on Road Surfaces
The Coefficient of friction (Skid resistance) is, by definition, the friction generated
between the tyre and the road surface or pavement

(Ongel, Lu & Harvey 2009,

Nataadmadja, Wilson & Costello 2012, Nataadmadja et al. 2015a, Kokkalis, Panagouli
1998, Kane, Artamendi & Scarpas 2013). The ratio of horizontal friction energy to the
vertical load on the tyre is measured as the skid resistance value (Yail J Kim et al. 2015).
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The coefficient of friction is one of the main pavement evaluation parameters that
engineers should consider during pavement design because (Asi 2007):
•

The rate of crashes increases with decreasing coefficient of friction;

•

Management of the levels of skid resistance will lead to the provision of an
appropriate level of safety for road users.

The coefficient of friction is one of the main factors to help keep vehicles safe on the road
surface; however, it is reduced through environmental and traffic loading over time
(Kane, Artamendi & Scarpas 2013, Do et al. 2007a, Nataadmadja et al. 2015a, Kotek,
Florková 2014, Ongel, Lu & Harvey 2009, Wilson 2006). The rate of road crashes
increases if there is an inadequate coefficient of friction and, conversely, a high
coefficient of friction means higher safety condition on roads.
There are many factors which influence the surface coefficient of friction which is
interdependent of each other. The consequences of these various factors have been
divided into short-term and long-term effects (Bazlamit, Reza 2005, Kokkalis, Panagouli
1998).
Seasonal variation can be considered as one of the short-term factors which have been
presented as temperature changing, rainfall and moisture, contaminants on the surface
and surface texture. Skid resistance usually is higher in autumn and winter and lowers in
spring and summer (Wilson, Dunn 2005, Wilson 2006, Artamendi et al. 2012, Asi 2007).
However, longer-term effects of inadequate road texture and/or polished aggregate
surface layers can also reduce the coefficient of friction.
Road crashes are one of the most critical concerns for road authorities. The number of
road crashes generally increases in wet pavement conditions due to an increased loss of
control between the tyre and road surface (Nataadmadja, Wilson & Costello 2012). The
coefficient of friction on wet pavements is significantly lower than dry pavement surfaces,
particularly after the first rain effects following an extended dry period due to contaminant
build-up (Nataadmadja, Wilson & Costello 2012, Kokkalis, Panagouli 1998).
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2.7 Rubber Friction Mechanisms
Roth et al. (1942) were the first researchers who investigated the basic nature of rubber
friction in laboratory conditions. They made testing surfaces by controlling the material
properties and made rubber specimens of their own. The rubber specimens that they made
were soft rubber used with tyre treads. Therefore, their study just focused on the soft
rubber condition. However, the research was undertaken before recognising the adhesion
parameter as one of the principal components of rubber friction during contact with the
surface layer (Smith 2008).
Two possible events occur during rubber contact with solid surface layers. The actual
contact area between the rubber and surface layer varies and the second is the rubber
tangential movement parallel to the slide direction (Stachowiak, Batchelor 2014). These
two possible events act together and create an unusual form of the slide which is called
“Schallamach wave” that is illustrated in Figure 2.1 (Pollock, Maugis & Barquins 1985,
Barquins 1985).

Figure 2.1: Schallamach wave sliding mechanism between rubber and a hard surface
(Stachowiak and Batchelor, 2014)

In 1966, Kummer introduced new variables that better explained the relationship between
the rubber tyre and road surface interaction, defined in Equation 2.2.
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FT = FA + FHb + FC

Equation 2.2

where:
FT = total frictional resistance developed between a sliding rubber tyre and dry
pavement
FA = frictional force due to adhesion
FHb= frictional contribution from bulk deformation hysteresis in the rubber
FC = cohesion loss contribution from rubber wear

Figure 2.2 illustrates the adhesion and hysteresis components of rubber friction.

Figure 2.2: Schematic of adhesion and hysteresis components of rubber friction (Khasawneh,
Liang 2011)
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Adhesion
The chemical bond between the tyre rubber and surface layer is referred to as Adhesion.
Some molecular bonds are created between any two materials that come in contact with
each other. Adhesion is the energy needed for breaking these bonds (Kane, Do 2012,
Bazlamit, Reza 2005, Choubane, Holzschuher & Gokhale 2004a). Also, adhesion can be
introduced as the total of shear forces at the contact area between the rubber tyre and
surface layer (Figure 2.3).

Figure 2.3: Friction force due to adhesion (Do, Cerezo 2015)

Hysteresis
Hysteresis comes from viscoelastic energy losses of rubber tyres which occur due to the
deformation of the tyre by the protruding road aggregates. Figure 2.4 illustrates the
hysteresis components of rubber friction. The hysteresis can occur due to the viscoelastic
material used in the rubber tyre. When the rubber tyre compresses on the surface layer, it
takes some time to deform. When the vertical and horizontal stresses are released from
the rubber tyre, it returns elastically to the original shape (Dunford 2013, Choubane,
Holzschuher & Gokhale 2004b). This cyclical phenomenon due to a moving wheel causes
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a retarding force on the rubber tyre, and some energy loses in the form of heat and noise
(Jellie 2003a).

Figure 2.4: Friction force due to hysteresis (Do, Cerezo 2015)

The adhesion and hysteresis effects combine to contribute to the friction value when the
rubber tyre contacts the surface layer. When the vehicle speed is low, the adhesion
component contributes more on the friction level; while, the hysteresis has a greater effect
on the coefficient value when the speed of the vehicle increases. However, this
contribution depends upon the road conditions and whether the surface is dry or wet
(Henderson et al. 2006, Fu 2000a). When the road surface is dry, adhesion is the main
component at low speed because there is no water layer between the vehicle tyre and road
surface and the chemical bond between these two surfaces is high. However, in wet
conditions, because of the existence of water thickness between the tyre and road surface
the adhesion component decreases to almost zero. This phenomenon significantly affects
the friction level, and there is a considerable reduction in the level of friction available on
the road surface.
The hysteresis component, therefore, contributes as the main rubber mechanism on the
road when the vehicle travels with high speed on dry or wet surfaces. At high speed (i.e.
> 70km/h), the vehicle tyre rotates very quickly and there is less time for hysteretic
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friction to develop. This results, for the same wheel load, less contact area between the
tyre and road surface and as there is less roughness penetration of the vehicle tyre, the
energy volume loss is also less (Fu 2000a, Henderson et al. 2006).

2.8 Presence of Water on Road Surfaces
Varying weather conditions is the most basic environmental factor that affects the
coefficient of friction level on the road surface. During a dry state, the road surface has a
high level of coefficient of friction because the vehicle tyre has a greater contact area with
the road aggregates with maximum potential adhesion. When the road surface changes
from dry conditions to moist or wet conditions, there is a significant reduction in the
coefficient of friction due to the presence of water thickness on the road surface and initial
road contaminants (Figure 2.5) (Wilson 2006).

Figure 2.5: Skid Resistance variation during a rainfall event (Bird, Scott 1936)

The thickness of water on the surface layer is one of the main factors with a direct effect
on these adhesion bonds. During and after rainfall washing of contaminants, water acts
as a lubricant; so, contact between the tyre and surface microtexture reduces. Therefore,
the coefficient of friction decreases during and after rains.
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The influence of water film depth on the level of the coefficient of friction at different
vehicle speeds is shown in Figure 2.6 (Kokkalis, Panagouli 1998).

Figure 2.6: Influence of water film depth and vehicle speed on skid resistance (Kokkalis,
Panagouli 1998)

The effect of treat pattern design and road surface texture on skidding resistance of the
vehicle tyre in wet conditions, studied by Allbert and Walker (1965) and Gough (1974),
is explained by three lubrication zones by the displacement of water under the vehicle
tyre during rolling on a wet surface (Figure 2.7).

Figure 2.7: Three Lubrication Zones (Jellie 2003b)
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At first, when the vehicle tyre first touches water, a water wedge is created in front of the
tyre, and the water starts to be squeezed to the side. This lubrication zone is called zone
one or the Sinkage zone. Zone two or the Transition zone occurs when the contact
between tyre and road occurs. In this zone, the water thickness is interrupted by the tyre
and some aggregate chips allowing the water film to penetrate from the surface layer. The
vehicle tyre can have full contact again with the road surface in zone three or the Tractive
zone (Gough 1974, Jellie 2003b).
The size of these three zones depends upon variables such as water film thickness, surface
macrotexture depth, tyre tread depth, width and pressure and vehicle speed (Austroads
2005).

2.9 Factors Affecting Coefficient of Friction
Many factors influence the coefficient of friction of the road surface. These factors can
be divided into four different categories (Millar, Woodward & Friel 2011, Nataadmadja
et al. 2015a, Kumar, Wilson 2006, Nataadmadja et al. 2015b, Bianchini, Heitzman &
Maghsoodloo 2011a):
•

Surface aggregate factors (e.g. geological properties of the aggregate, surface
microtexture and macrotexture, chip size and shape, and type of surfacing);

•

Load factors (e.g. cumulative traffic loading, traffic intensity, composition and
flow conditions, and road geometry);

•

Environmental factors (e.g. water film thickness, surface contamination,
temperature, seasonal and short-term rainfall effects); and

•

Vehicle factors (e.g. vehicle speed and suspension system, angle of tyres,
wheel slip ratio, tyre characteristics, tread depth and patterns).

Only surface aggregate factors and, partially, load factors of these four categories can
be controlled by highway engineering, and in this research, the influence and effect
of these two factors will be primarily considered.
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2.10 Surface Textural Wavelengths
The surface textural wavelengths have an important influence on the coefficient of
friction, and it is a basic interaction component between the surface layer and tyre. From
geometry, low roughness, depressions or cracks and pavement surface irregularities are
three main factors for creating an aggregates texture.
Bituminous surfacing can be divided into two different groups, based on the macrotexture
(positive texture and negative texture). Positive texture is when aggregates protrude above
the surface layer and the aggregates have contact with vehicle’s tyres. Aggregates’
polishing occurs in this kind of texture due to heavy traffic volumes. The negative texture
is when the voids are below the surface. The hysteresis effect on friction is reduced in
negative texture because of the reduced contact between aggregates into the tyre rubber
(Woodward, Woodside & Jellie 2005). Figure 2.8 shows these two different textures.

Figure 2.8: Positive Texture and Negative Texture on surfacing aggregates (Walsh, 2000)

Because the traffic load stresses between the tyre and aggregates are higher in positive
texture configurations in comparison to negative texture, so the aggregate needs to be
more resistant to polishing in positive texture applications (Woodward, Woodside &
Jellie 2005).
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Pavement texture has been classified into four different levels according to various
wavelengths by the Permanent International Association of Road Congresses (PIARC):
Microtexture, Macrotexture, Megatexture; and unevenness (PIARC 1987) (Bianchini,
Heitzman & Maghsoodloo 2011b). Microtexture is the surface irregularities on the
aggregate that can be felt by one’s fingertips, and the wavelengths are less than 0.5 mm.
The macrotexture, on the other hand, is the roughness of the pavement surface aggregate
with the dimensions ranging between 5 mm and 50 mm and it can felt by a hand or seen
by the naked eye. Megatexture and unevenness have a less significant effect on the
coefficient of friction on the pavement surface. The wavelength for Megatexture is
between 50 mm and 500 mm. The unevenness or roughness wavelength is at least 500
mm, and this texture can be felt by the road users travelling over the road (Kane,
Artamendi & Scarpas 2013, Nataadmadja et al. 2015a, Huschek 2004, Mayora, Piña
2009). (Figure 2.9)

Figure 2.9: Road surface wavelength spectrum (Huschek,1990; Lay,2009)

Microtexture and Macrotexture are two important pavement surface textures with
significant functions in providing safe and comfortable driving (Ongel, Lu & Harvey
2009, Yaacob, Hainin & Baskara 2014). Both textural wavelengths are essential in
providing pavement surface friction in wet conditions. The drainage path channels for
water expulsion are provided by macrotexture which allows better contact between
surface pavement aggregates and the tyres thereby increasing the level of skid resistance
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and preventing hydroplaning. However, Microtexture is needed to penetrate the
remaining water film on the pavement surface layer thereby helping to increase friction
resistance (Nataadmadja et al. 2013, Nataadmadja et al. 2015a).
Temperature, age and traffic volumes are three important factors that affect Microtexture
polishing while rainfall, freeze-thaw cycles and pavement mix variables affect
macrotexture (Ongel, Lu & Harvey 2009).
Road designers consider wet conditions as the worst condition for measuring pavement
friction, as this is a high-risk scenario for road safety (Hanson, Prowell 2004). Figure 2.10
illustrates an idealised relationship between pavement surface skid resistance, as
measured by the British Pendulum Tester (BPT) and macrotexture depth and wet
pavement accident rate. Microtexture is simulated by measurements made by the BPT
producing a British Pendulum Number (BPN) in this graph. As shown in Figure 2.10,
accident rates decrease when the simulated microtexture and/or macrotexture depth
increases. It appears from this idealised relationship that microtexture is approximately
five times more important than macrotexture in reducing the accident rate, however, the
role of macrotexture plays an increasingly important role in higher speed wet pavement
condition environments. (Kokkalis, Panagouli 1998).

Figure 2.10: Correlation of wet-pavement accident rate, pavement skid resistance and
macrotexture depth (Kokkalis, Panagouli 1998)
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For designing a pavement surface, engineers try to select aggregates of appropriate high
quality and durability for providing a good level in skid resistance.

2.11 Asset Management Investigatory Levels
Pavement asset management sets out to minimise the total transportation costs (a
combination of agency costs and road user costs) by planning and managing asset
interventions to defined levels of services. Road pavement skid resistance is an important
item to contextualise within the Infrastructure Asset Management process.
The skid resistance preservation preference levels are defined by setting Investigatory
levels (IL) for the coefficient of friction (microtexture) and the Investigatory Level for
Macrotexture (ILM) for various road surfacing section categories. The setting of these
levels are based upon two main objectives (NZTA T/10 2013):
1. To equalise the risk of wet road crashes across the road network by
maintaining different minimum levels of measured coefficient of friction for
various road sections across the road network.
2. To provide a cost-effective equilibrium between reducing the crash rate on the
highway network and the cost of the minimum agreed level of coefficient of
friction.

Aggregate structure and size are two important items which road designers must consider
before using them for improving the life cycle level of coefficient of friction (Woodward,
Woodside & Jellie 2004). Aggregates with smaller sizes can give a greater coefficient of
friction in asphalt surfacing layers (Woodward 2009). Conversely, smaller aggregates
size gives less depth of macrotexture that then adversely affects pavement surface friction
at high speeds in wet conditions. However, by sufficient selection of an aggregates’ size
that has adequate polishing resistance, can enable appropriate skid resistance levels to be
provided to ensure a durable and economic bituminous surfacing life (Artamendi et al.
2012).
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Road surface aggregates generally wear or polish over time due to the longitudinal rolling
and turning forces of vehicle wheel loads. There are two different mechanisms which
can occur during the aggregate polishing process: a “general” polishing and a
“differential” polishing. General polishing tends to remove materials from the surface
layer. However, differential polishing tends to make relief between soft and hard
materials (Artamendi et al. 2012) (Figure 2.11).

Figure 2.11: “General” and “differential” polishing mechanisms (Do et al.,2009b)

Skid resistance on the surface layer generally decreases continuously with time due to
polishing with traffic volumes. Changing skid resistance’s level with time is illustrated in
Figure 2.12 (Prowell, Hanson 2005, Kane, Artamendi & Scarpas 2013).

Figure 2.12: Simplified general pavement polishing model (Prowell et al.,2003)
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Referring to Figure 2.12, the coefficient of friction of the pavement layer changes over
time. Normally, in the first period after paving the surface layer, the coefficient of friction
increases on asphalt mixes due to the wearing off of bitumen coating the surface aggregate
by traffic action. Any thin bituminous coat on aggregates is removed by traffic volumes,
and then the aggregates’ microtexture becomes exposed (initial roughness). Therefore,
for this reason, the coefficient of friction increases in the first year (Ongel, Lu & Harvey
2009, Bianchini, Heitzman & Maghsoodloo 2011a).
After this initial roughness, polishing occurs, decreasing measured friction until the
measured CoF reaches an equilibrium or stable level. At that point, the polishing process
of constant traffic volumes and traffic composition does not have any continued
decreasing effect on the pavement surface friction and any variations in the measured CoF
occurs due to seasonal variations.

2.11.1 Investigatory Levels: Skid Resistance
The Investigatory levels for skid resistance (ILs) in New Zealand on State Highways are
defined by an Equilibrium SCRIM coefficient (ESC) and described in Table 2.2 (NZTA
T10 Specification, 2013). New Zealand’s skid resistance management was modified but
based upon the UK Highways Agency and the research undertaken over many years by
the UK Transport Research Laboratories (TRL). The black colour areas for all categories
are considered as the normal ILs except for the rural curves (Site Categories 2b and 2c.
Three different risk levels are identified by letters (L, M and H) set for these two site
categories which represent low, medium and high-risk of IL for rural curves. Alternative
ILs are determined in this table with greyed areas (lower or higher than the normal IL)
based upon road asset managers monitoring of historic crash rates for various sections of
road. Some justification in modifying the IL’s is required.
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Table 2.2: Skid Resistance Investigatory Levels
Investigatory Level (IL), units ESC

Site
Category

Skid site description
0.35

0.40

0.45

0.50

0.55

L

M

H

L

M

H

0.60

Approaches to:

1

a)
b)
c)
d)

Railway level crossings
Traffic signals
Pedestrian crossings
Stop and Give Way controlled
Intersections (where state highway traffic is
required to stop or give way)
e) Roundabouts
One lane bridge:
a)

2

Approaches and bridge deck

a) Urban curves < 250m radius
b) Rural curves <250m radius
c) Rural curves 250-400m radius

L

a) Down gradients > 10%
b) On ramps with ramp metering

3

a)
b)
c)
d)

State highway approach to a local road junction
Down gradients 5-10%
Motorway junction area including on/off ramps
Roundabouts, the circular section only

4

Undivided carriageways (event-free)

5

Divided carriageways (event-free)

All results in IL are specified using Sideways Coefficient Routine Investigatory
Measurement device (SCRIM), which is the average results between both the left wheel
and right wheel paths.
The averaging length is considered for mean skidding resistance in ILs when a correction
is needed. This is defined as the Skid Assessment Length (SAL) and is illustrated in Table
2.3 (NZTA T/10 Specification, 2013).
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Table 2.3: Skid Assessment Length
Site Category

1

2

3a
3b and 3c
3d
4
5

Skid site description
Approaches to:
a) Railway level crossings
b) Traffic signals
c) Pedestrian crossings
d) Stop and Give Way controlled
Intersections (where state highway traffic is
required to stop or give way)
e) Roundabouts
One lane bridge:
Approaches and bridge deck
a) Urban curves < 250m radius
b) Rural curves <250m radius
c) Rural curves 250-400m radius
d) Down gradients > 10%
e) On ramps with ramp metering
State highway approach to a local road junction
Down gradients 5-10%
Motorway junction area including on/off ramps
Roundabouts, the circular section only
Undivided carriageways (event-free)
Divided carriageways (event-free)

Skid assessment length
(SAL) metres

60

50

60
50
10
100
100

2.11.2 Investigatory Levels: Macrotexture
Minimising the reduction of skid resistance with increasing speed on wet surfaces and
increasing the contact area between the surface layer and vehicle tyre are two main factors
which show the importance of macrotexture on the surface layer. These two factors (speed
limit and type of surfacing) of skid resistance related to macrotexture have been combined
in Table 2.4 to determine minimum specified levels for New Zealand State Highways
(NZTA T/10 Specification, 2013).
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Table 2.4: Minimum Macrotexture Requirements
Minimum macrotexture – Mean Profile Depth (MPD mm)
Permanent speed limit

Chipseal

Asphalt concrete,

Asphaltic concrete,

ESC ≥ 0.4

ESC < 0.4

ILM

TLM

ILM

TLM

ILM

TLM

50 km/h and less

1.0

0.7

0.4

0.3

0.5

0.5

Less than or equal to
70 km/h but >50 km/h

1.0

0.7

0.4

0.3

0.7

0.5

Greater than 70 km/h

1.0

0.7

0.9

0.7

0.9

0.7

2.12 Measuring Textural Wavelengths of Pavement Surfaces
Measuring aggregate texture can be divided into two categories: measuring the
macrotexture of aggregate surfaces and quantifying the microtexture of aggregate
particles.

2.12.1 Quantifying the Macrotexture of Road Pavement Surfaces
There are a number of methods used to measure macrotexture. Generally, they fall into
two categories: (1) volumetric methods and (2) laser-based 2D profiles or 3D scanning
methods. In this research, two conventional methods are considered: Circular Track
Meter (CTM) device and the Sand Patch volumetric method to determine the mean profile
depth and mean texture depth, respectively.

2.12.1.1 Circular Texture Meter (CTM)

The Circular Texture Meter (CTM) measures the Mean Profile Depth (MPD) of a
pavement surface. The testing procedure and methodology is described in ASTM E2157
(Hanson, Prowell 2004). This device uses a laser to measure the profile of a circle with a
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284 mm diameter and is divided into eight same size segments. The Mean Profile Depth
(MPD), in millimetres, of each segment is calculated and stored within a notebook
computer that is connected to the CTM device. The average for each segment is calculated
within the supplied software. However, for typical reports, the MPD is usually reported
as the average of all eight segments together (Abe et al. 2001). The CTM device is shown
in Figure 2.13.

Figure 2.13: The Circular Track Meter (CTM) device

In one circular revolution, the CTM device reads 1024 points of the profile depth with
0.873 mm distance between each point. As illustrated in Figure 2.14, the macrotexture
profile results obtained from the CTM software is displayed in a panel plot. The profile
data can be exported to Microsoft Excel or other packages for further analysis.

Figure 2.14: An example of MPD results from the CTM computer software
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2.12.1.2 Sand Patch Test

The sand patch test determines the volumetric macrotexture depth in millimetre of the
surface layer by spreading a known volume of material such as sand or glass beads on the
pavement (Abe et al. 2001, Yail J Kim et al. 2015).
The material is slowly spread onto a dry pavement in a circular motion by using a
spreading tool to fully utilise all of the known material in one circular shaped patch. The
sand patch test procedure and methodology are described in ASTM E965. This standard
recommends using glass beads instead of sand because glass beads spread more uniformly
than sand and, also, glass beads are commercially available with a specific and uniform
size. Therefore, it is not required to sieve this material like sand to achieve the desired
size distribution. The diameter of the roughly circular patch of material, like sand, is
measured four times in different positions for each test and finally, the average of these
results is used for calculation of the mean surface texture. The mean texture depth (MTD)
is measured by dividing the sand volume with the area of the circular patch on the
pavement (Abe et al. 2001). (Figure 2.15 & Figure 2.16)

Figure 2.15: Sand Patch Method for measuring MTD (Abe et al. 2001)

The Sand Patch Test is also specified by other standards such as BS EN 13036-1:2010
(British Standards, 2010) and TNZ T/3:1981 (Transit New Zealand, 1981). Based on the
New Zealand standard, the MTD is calculated by:
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MTD =

57300
𝐷2

Equation 2.3

where;
MTD = Mean Texture Depth (mm)
D = sand patch diameter, mm

In the NZ standard (TNZ T/3:1981), 45 ± 0.5 ml volume of sand which passes 100 percent
from a 600 µm sieve size and remains 100 percent on the 300 µm sieve size is used for
this test.

Figure 2.16: Sand Patch Test before and after spreading (Moreau, Roudet & Gentil 2014)

This macrotexture texture depth measurement test is vulnerable to operator variability
and atypically high peaks from an individual aggregate can adversely affect a result.
Therefore, to reduce the percentage of error, several measurements from the same sample
or location is recommended to gain a more representative result (Wilson 2006,
Nataadmadja et al. 2015b). The method should be undertaken when the weather is fine
with little wind. Specific temporary traffic control measures are also required in live
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traffic environments to undertake the tests. Because of these limitations, this test method
is not suitable for monitoring pavement surface texture over a large road network
(Austroads 2005).

2.12.1.3 Relationship between CTM and Sand Patch Test Results

The research by Abe et al. (2001) shows there is a strong relationship between MPD and
MTD measured by the CTM and the sand patch test methods, respectively. Equation 2.4
shows this relationship which results in a 0.95 correlation coefficient (R2) (Hanson,
Prowell 2004).

MTD = 1.03 × MPD + 0.15

Equation 2.4

Where; MTD and MPD are in mm.

The US National Centre for Asphalt Technology (NCAT) Test Track research shows a
slight offset and slope in the results when using Equation 2.5. Therefore, a new equation
was suggested as a relationship between MPD and MTD on asphalt surfaces which the
graph of this equation shown in Figure 2.17 (Hanson, Prowell 2004).

MTD = 1.0094 × MPD − 0.0056

Where; MTD and MPD are in mm.
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Figure 2.17: Relationship between CT Meter MPD and Sand Patch MTD from 2000 NCAT Test
Track (Hanson, Prowell 2004)

Further, the National Aeronautics and Space Administration (NASA) Wallops Flight
Island Facility had further research about the relationship between CTM and sand patch
test between 1998 and 1999 on concrete surfaces and the results are shown in Figure 2.18
and Figure 2.19 (Abe et al. 2001).

Figure 2.18: MTD versus MPD, 1998 data (Abe et al. 2001)
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Figure 2.19: MTD versus MPD, 1999 data (Abe et al. 2001)

In addition, the texture depth was estimated in Equation 2.6 and developed in work for
NCHRP 441 for asphalt mix surfaces in the US. This formula predicted mean texture
depth using a linear transformation of the MPD with a correlation coefficient (R2) of 0.65,
like Equation 2.4 and 2.5 (Hanson, Prowell 2004).

ETD = 0.01980×MAS − 0.004984× P4.75 + 0.1038×Cc + 0.004861×Cu
Equation 2.6
Where;
ETD = estimated mean texture depth (mm),
MAS = maximum aggregate size of the asphalt mixture (mm),
P4.75 = percentage passing the 4.75 mm sieve
Cc = coefficient of curvature = (D30)2 / (D10 × D60)
Cu = coefficient of uniformity = D60/D10
D10 = the sieve size associated with 10 percent passing (mm),
D30 = the sieve size associated with 30 percent passing (mm),
D60 = the sieve size associated with 60 percent passing (mm).
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However, the above relationship between the CTM and Sand Patch test were undertaken
for asphalt road surfacing. The American Society for Testing and Materials (ASTM)
introduced an equation that shows a relationship between MPD and MTD on all types of
road surfaces such as chip seal, asphalt or concrete although differences in relationships
will occur depending upon whether the surface has positive texture (chips protruding
above the surface) or negative texture (voids below the surface). The recommended
relationship for estimating the MTD from the MPD by the CTM device is (ASTM E215715):

MTD = 0.947 MPD + 0.069

Equation 2.7

Where; MTD and MPD are in mm.
Aggregate Polishing Testing methods need to be able to determine whether change of
surface friction occurs due to either change in macrotexture (wear due to abrasion) or
change in microtexture (wear due to polishing). The CTM device will be used to ensure
that macrotexture remains relatively constant through the accelerated pavement surface
polishing process.

2.12.2 Quantifying the Microtexture of Road Pavement Surfaces
Close-Range Photogrammetry (CRP) and Infinite Focus 3D methods are two techniques
used to measure and quantify the Microtexture of aggregate and will be explained in more
detail in the following sections.

2.12.2.1 Close Range Photogrammetry (CRP)

Close Range Photogrammetry (CRP) is a non-contact technique of assessment of the
surfacing aggregates’ microtexture. The stereo image is used in the CRP method for
creating a Triangular Irregular Network (TIN) 3D model which is developed by Topcon
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ImageMaster photogrammetric software. The size of the area under investigation
introduces a mesh resolution for TIN without any filters.
The Digital Surf Mountains 6 software has been used by McQuaid et al. (2017) for
investigating microtexture variation during polishing.

2.12.2.2

Infinite Focus 3D

The Infinite Focus 3D, as shown in Figure 2.20, is a visual three-dimensional surface
microtextural measurement device. It consists of a microscope with six different
magnification lenses with a range of 2.5, 5, 10, 20, 50 and 100 magnification rates. These
different lenses can be used to take 3D images of surface aggregates in varying states of
microtexture polishing.
This device includes modulated light which works by transmission through an optical
sensor and focused through a beam splitter on to the sample. There is a digital sensor in
the precision optics that the light reflection from the sample is projected on. The results
are calculated by the distance between the specimen and the object (Nataadmadja et al.
2013).

Figure 2.20: Infinite Focus device
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2.13 Geological Properties of New Zealand Aggregates
The majority of New Zealand road pavements are constructed as flexible unbound
pavements with a chip seal surfacing. There are a number of chip seal types with a double
seal shown in Figure 2.21 (Gribble, Patrick 2008, Gribble, Ul-Islam & Patrick 2008,
Gundersen, HART & MUIR 2008). These are often called Surface Dressings in the UK.

Figure 2.21: Double/double seal (Rebbechi, Alderson 2009)

There are different geological sources of aggregates in NZ that are used as surface
dressing aggregates in pavement structures. The aggregate sources can be igneous or
volcanic rocks, metamorphic rocks or sedimentary rocks. The volcanic rocks include
Basalt, Andesite and Dacite and the sedimentary rocks include Greywacke (Nataadmadja
2016).
Each aggregate type has a specific characteristic such as strength, durability, resistance
against polishing due to road traffic and varying rates of wear. In NZ, approximately 75
percent of road pavements and surfacing are sourced from greywacke sedimentary rocks
in road pavements and surfacing due to it is abundance across the country and their
relative resistance against polishing processes (Black 2009). While the other 25 percent
comes from largely volcanic sources or mixed alluvial sources. However, there is a large
performance difference between Greywackes and other aggregates from location and
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quarry to quarry. NZ Greywacke aggregate sources have been classified into six terranes
(Henderson et al. 2006) shown by in Figure 2.22 and named below:
•

Murihuku;

•

Caples;

•

Torlesse – Rakaia;

•

Torlesse – Pahau;

•

Waipapa and;

•

Waipa.

Figure 2.22: NZ aggregate source (Auckland Council, NZTA)
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There are different methods that can be used to determine an aggregate mineralogical type
in the laboratory, and this will be introduced in the next section.

2.14 Mineralogy of Aggregate
To enable the use of aggregates in a more sustainable way requires understanding
aggregate performance to their source mineralogy. The strength and durability of
aggregates are two main objectives which are very important for determining their
appropriate function.
A mineral is described as an inorganic crystal that forms a naturally occurring
homogeneous solid with a chemical structure and a significantly ordered atomic
organisation (Klein, Hurlbut & Dana 1993).
Each mineral has a unique framework structure shape which identifies different materials.
For determining the mineralogy of aggregates, there are two primary methods: X-Ray
Diffraction (XRD) and Thin Sections.

2.14.1 X-Ray Diffraction
The X-Ray Diffraction method determines the type of material mineralogy by using an
X-Ray diffractometer (Figure 2.23). This device consists of two arms, one as a counter
and the other as an X-ray emitter which is located near the sample. The two arms rotate
around the test sample with different angles and measures the diffraction of X-Rays from
the minerals. The arms’ sensors record the number of X-ray counts and stores results in
the computer database.
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Figure 2.23: The X-Ray Diffraction device

In sample preparation, the aggregates need to be crushed into a fine powder with the
diameter size range between 0.22 mm to 0.005 mm and then loaded into a special
aluminium holder for starting the analysis process. The structure of aggregate molecules
and interplanar spacing between the molecules determines the angle reflection. The
crystalline lattice structure of different materials causes a specific value of the angle
which is reflected from the X-ray beam. Equation 2.8 shows the relationship between the
interplanar spacing and the angle of the returned X-ray beam (Dookeeram et al. 2014).

nλ = 2d sin θ

Equation 2.8

where:
n = an integer
λ = the wavelength of the incident wave,
d = the interplanar spacing,
θ = the angle between the incident ray and the scattering plane.

All X-Ray Diffraction data used in this research was analysed by Rietveld methods with
the Bruker AXS Topas software package. This method was conducted to reveal the
presence of minerals whose peaks are in phase which are recorded in the database. The
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diffractogram of a sample aggregate is illustrated in Figure 2.24 (Young, Sachais &
Jefferies 1993).

Figure 2.24: An example of Rietveld refinement results (Dookeeram, 2013)

The fit for the most probable minerals, which are found in the sample of aggregate, are
presented with different colours on the diffractogram. The identification and
quantification of the primary minerals in each sample are examined by the SIROQUANT
Software by using data achieved from the X-Ray Diffraction device (Dookeeram et al.
2014).

2.14.2 Thin Sections
Thin sections use a high-resolution microscope for determining an aggregate’s materials.
The aggregate samples, at the first step, are washed to remove any finer grain sand and
then crushed and ground down to a 30 μm thickness. A polarizing microscope (Reichert
petrographic microscope) with up to x600 capability of magnification is used for
determining visually the various types of minerals in sample section (Dookeeram et al.
2014) (Figure 2.25).
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Figure 2.25: The Reichert petrographic microscope in Thin Sections method

2.15 Aggregate Wear Properties
There is a wide range of different aggregates in NZ that are suitable to use in road and
pavement structures. However, It is important to use suitable aggregates in road structures
to have safe, durable and long-lasting road pavements and surfacing (Rogers 1998). The
general requirements to choose a suitable aggregate for surfacing purposes in road
structures are that the aggregate must be durable, strong (i.e. adequate crushing strength)
and resistant to polishing from vehicle tyres (Smith, Collis & Fookes 2001a).
From 1935 B.H. and R.G. Knight described the qualities of rocks that are used in a road
structure depend on the purposes of the road pavement and/or layer. These qualities
include the strength of aggregates which relates to the mineralogy of the aggregate,
aggregate texture and the strength of aggregates resisting the polishing process (Smith,
Collis & Fookes 2001a).
From the research undertaken by Hosking (1970), Hartley (1974) and Lees and Kennedy
(1975), the main engineering properties for aggregates that are used in road surfaces is
defined by (Smith, Collis & Fookes 2001a):
•

Toughness, resistance to slow crushing and rapid loading;

•

Hardness, resistance against abrasion;

•

Resistance to polishing;

•

Resistance to stripping;
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•

Resistance to weathering effects in the pavement and/or surfacing; and

•

Ability to contribute to the strength and stiffness of total bituminous mix by
intrinsic aggregate strength and shape properties.

Neville ( 1974) states that the abrasion, polishing, different wear and weathering are the
main factors that affect the aggregate topography exposed at the road surface.

2.15.1 Abrasion
Abrasion occurs of road surface aggregates by the polishing action from the vehicle tyres
by carrying detritus and grinding away material or texture from the road surface
aggregates. This abrading action causes the aggregate material to wear and this worn
material on the road surface is in part, naturally derived sand and clay materials and
artificial debris carried onto the road (Maclean, Shergold 1958). However, the intensity
of the abrasion can depend on the traffic density and heavy vehicle composition and the
aggregates softness (Neville 1974). The important petrographical characteristics of
abrasion are summarised from (Hartley 1974) as the:
•

Degree of hardness and proportion of hard minerals;

•

Proportion, orientation and distribution of cleaved minerals;

•

Grain size, the nature of intergranular bond; and

•

Degree of liability to chemical alteration of the mineral content.

Smith and Collis (2001) from the UK summarises the abrasion characteristics of
aggregates by geological category in Table 2.5.
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Table 2.5: UK Geological properties which are related to abrasion resistance

Geological category

Geological properties related to abrasion resistance
This kind of rock has better abrasion resistance than basic rocks
because of the existence of high free silica in it, which has high
ferromagnesium due to the hardness and lack of cleaving of the

Igneous rocks

quartz in the former.
The abrasion resistance reduces due to chemical decomposition.
The high degree of peripheral alteration destroys the intergranular
bond.
Vesicular texture generally reduces the abrasion resistance.
Sedimentary rocks generally have low hardness and cleavage
facility of the minerals. These rocks are found in the younger and
more porous UK limestones.

Sedimentary rocks

The nature of the intergranular bond is the factor that almost entirely
depends on the abrasion resistance of siliceous rocks.
Greywacke aggregates as the mixed mineral UK sedimentary rocks
tend to have less abrasion resistance, although this is not always the
case.
The UK sourced Gneisses metamorphic rocks tend to have the same
behaviour as igneous rocks from the same mineralogy.

Metamorphic rocks

Also, Hornfels and Quartzites have hard mineral content and dense
interlocking texture. Therefore, they have a high abrasion
resistance.

Artificial aggregates

The steel slags as artificial aggregates have high abrasion resistance
compared to the blast furnace slags.

Tough aggregates with higher abrasion resistance can prevent deterioration such as
crushing and polishing resistance against traffic loading and during compaction with
rollers. Therefore, aggregates which have less roughness and abrasion resistance may
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cause problems for road construction and also in their in-situ life cycle engineering
performance (Wu, Parker & Kandhal 1998). Pavement engineers use aggregates with
superior frictional properties on road structures, but before that, they need some
laboratory-based test methods to predict an aggregates performance before being used in
road pavement structure (Rogers 1998).
There are methods which help to characterise aggregate properties like toughness and
abrasion resistance which are mentioned below: (Wu, Parker & Kandhal 1998)
•

Los Angeles Abrasion (AASHTO T 96);

•

Aggregate Impact Value (British);

•

Aggregate Crushing Value (British);

•

Micro-Deval Abrasion (French/Canadian);

•

Degradation of Asphalt Mixes in the SHRP Gyratory Compactor (USA).

However, the Los Angeles Abrasion and Micro Deval Abrasion Test methods are more
common test methods used to determine some mechanical durability properties of the
aggregate before being used in the road structure. These methods are explained in more
detail in the next sections (Erichsen, Ulvik & Sævik 2011). Both test methods are drumbased tests and abrasion occurs during rotation of the aggregates placed on the device’s
container with steel balls with or without using water.

Los Angeles Abrasion Test
The Los Angeles Abrasion resistance is one of the main aggregate properties tested using
the Los Angeles test device (Kahraman, Toraman 2008, Cooley Jr, James 2003) (Figure
2.26). This test method is a dry test and has been commonly used in North America since
the 1930s (Rogers 1998). It is the classic test method to measure an aggregates resistance
against mechanical breakdown (Rangaraju, Edlinski 2008). The maximum aggregate size
used in this method is less than 37.5 mm (Standard ASTM C131). The ASTM C131 is
the standard used for this test method. (Kahraman, Toraman 2008, Rangaraju, Edlinski
2008, Cooley Jr, James 2003).
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Figure 2.26: Los Angeles Abrasion Test Machine (Ugur, Demirdag & Yavuz 2010)

Micro Deval Test
The Micro Deval abrasion test is wet and was developed in France during the 1960s, and
the standard that is used for this method is ASTM 6928-03 (Rogers 1998, Qian et al.
2014). This method measures the abrasion resistance and durability of mineral aggregates
by the actions of abrasion between aggregates and steel balls with the presence of water
(Cooley Jr, James 2003).
One of the main difference between this method and Los Angeles abrasion test is the
Micro Deval test is run in wet conditions; in comparison to a dry, the Los Angeles
abrasion test method (Rangaraju, Edlinski 2008, Wu, Parker & Kandhal 1998). Many
aggregates are more sensitive to abrasion in wet conditions when compared with dry
conditions. Further, the wet abrasion test results are a closer simulation to real field results
which often occur in wet conditions (Rogers 1998). (Figure 2.27)
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Figure 2.27: Micro Deval Abrasion Test Machine (Rogers 1998)

Fowler et al. (2006) reported that aggregate abrasion performance in flexible pavements
and rigid pavements could be predicted adequately by using the Micro Deval abrasion
test and there was no further need for undertaking the Los Angeles test method (Qian et
al. 2014).

2.15.2 Polishing
Knill (1960) had researched the significance of detailed petrology in polishing
mechanisms, and she found the importance of the effect of microtexture wavelengths in
road friction. Each rock material used in the road pavement structure has different mineral
hardness and this hardness contributes to the level of aggregate abrasion resistance against
the polishing process (Smith, Collis & Fookes 2001b). Therefore, any general smoothing
of the microtexture of an aggregate and the level of abrasion resistance can be generally
described by “polishing” mechanisms (Neville 1974).
In highway or airfield pavements, there are some parameters that effect the polishing
process such as traffic loading on the surface layer, weathering with frost action, drying
and wetting conditions and changing weather temperature (Smith, Collis & Fookes
2001b). Figure 2.28 illustrates the change in the road coefficient of friction values due to
traffic variations. Greater traffic intensity (and especially heavy vehicle compositions)
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causes a greater reduction in the coefficient of friction values on the road surface due to
higher amounts of polishing. Figure 2.28 also shows by reducing traffic intensity on a
route, the skid resistance level can increase again (Smith, Collis & Fookes 2001b).
However, the study by Szatkowski and Hosking (1972) showed the weathering effect is
one of the most significant factors on most types of rocks.

Figure 2.28: Variation on UK Trunk Road A4 coefficient of friction values due to changing
traffic intensity (Smith, Collis & Fookes 2001b)

The polishing resistance of different aggregates in the UK is illustrated in Table 2.6 which
is adapted from Smith and Collis Research in 2001.

Table 2.6: UK Geological properties related to polishing resistance

Geological category

Geological properties related to polishing resistance
These rocks have a high initial coefficient of friction value due to

Igneous and
Metamorphic rocks

having a moderate degree of decomposition by weathering effects
and less Polished Stone Value (PSV) results for fresh un-weathered
rocks because of having lower hardness of the secondary minerals
(kaolinite, chlorite, serpentine, sericite, etc.) compared with the
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primary minerals (quartz and unaltered feldspar, augite, hornblende etc.).
The level of polishing resistance increases due to the different
hardness found in Metallic ore inclusions disseminated through the
rock.
The size of grains has a slight effect on polishing resistance, the
coarser grain aggregate size leading to a small increase in PSV
results.
The level of polishing resistance increases by a well-dispersed
system of vesicles (Hartley 1974).
Only three kinds of metamorphic rocks are uses for road surfacing
in the UK: Gneisses, Hornfels and Metaquartzites. The
orthogneisses behaviour is the same as igneous rock, while the
hornfels and quartzites tend to have a high polish since they
generally have a fine-grained interlocking texture and are either
monomineralic or composed of uniform and relatively hard
minerals (Mohs’ scale is more than 5).
Elastic sandstones of variable mineral content and certain
Sedimentary rocks
(Sandstones)

sedimentary quartzites tend to be polish resistant.
Some of the well-cemented quartzites such as crypto-crystalline
flints, cherts and opaline gravels have lower PSV values because of
their low porosity and uniform hardness.
A study of carbonate rocks shows that a degree of impurity; which
can be measured by the insoluble residue and chiefly consisting of
quartz sand grains, mica and clay mineral matter, increases the level

Sedimentary rocks

of polishing resistance especially when the insoluble grain sizes
were more than 0.5mm (Gray, Renninger 1963, Gray, Renninger

(Limestones)

1965, Shupe, Lounsbury 1958).
However, a carbonate matrix leads to an aggregate that is resistant
to polishing with a different matrix of mineral hardness like
different solubility.
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The steel slags or Melter slags are less polish resistance than blast
furnace slags, but, often perform better than natural aggregates.
Artificial aggregates

The higher vesicularity leads the UK blast furnace to have higher

(Industrial Products)

angularity on crushing and to the possession of pressure-relieving
internal drainage channels (Hosking 1973). In NZ Melter slag
perform better than blast furnace slags.

Artificial aggregates
(Special Products)

This kind of artificial aggregate, such as Calcined Bauxite, has been
developed to have superior polishing resistance.

2.15.3 Weathering
The weathering of aggregates has an effect on the minerals in the rocks due to chemical
and physical changes (Neville 1974). For instance, rainwater containing are attack on
calcite and dissolved carbon dioxide and/or sulphur dioxide from the atmosphere. Also,
during cycles of wet and dry, the stresses that occur on rocks can modify a minerals
performance and stability. Therefore, weathering can affect the skid resistance level, but
in some situations, this effect can improve the coefficient of friction values by helping to
maintain a rough surface texture by the breaking away and exposure of a new surface. In
this case, however, abrasion can be high, and the material can be too quickly abraded
away.

2.16 Methods of Measuring Coefficient of Friction
The coefficient of friction on the road surface generally reduces over time with increasing
heavy commercial vehicle wheel loads, and this reduction has a direct effect on crash
rates if minimum levels of friction are not maintained. The crash rate is not linear and
significantly increases at lower levels of coefficient of friction due to the polishing of the
aggregate on the pavement surface layer. For this reason, most developed countries have
developed asset condition monitoring strategies to monitor in-field skid resistance levels.
The in-field skid resistance measurement is undertaken by various methods and devices.
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Some devices discussed in this research are the Sideways Coefficient Routine
Investigation Machine (SCRIM), Dynamic Friction Test (DFT), British Pendulum Tester
(BPT) and Wehner-Schulze (WS/) device methods.

2.16.1 Sideway-force Coefficient Routine Investigation Machine (SCRIM)
The Sideway-force Coefficient Routine Investigation Machine (SCRIM) was developed
in the UK by TRRL (Transport and Road Research Laboratory) in the early 1960s. The
measuring wheel is installed in the middle of the truck along the wheel paths with a
measuring wheel angled at a 20º deviation to the direction of travel (Figure 2.29). A water
jet wets the surface layer in front of the measuring wheel. The tested tyre freely rotates
and the sideways force trying to bring the wheel into alignment into the vehicle travel
direction is measured. This angle gives an approximate 17 km/h slip speed or 34% wheel
slip when the measurement speed of the vehicle is 50 km/h (British Standards, DD
CEN/TS 15901-6:2009). The coefficient of friction is measured as the Sideway Force
Coefficient (SFC) with this device (Mayora, Piña 2009).

Figure 2.29: The Sideway-force Coefficient Routine Investigation Machine (SCRIM)
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There are some factors that affect the in-field measured coefficient of friction results
obtained using the SCRIM machine. Conclusions from Mulry, Brennan & Sheahan
(2012) (quoted below) have shown that the seasonal temperature variation can affect the
measured SCRIM results (Cenek et al, 2017):
“The regression model for surface type and average daily temperature, without
accumulated rainfall, is also presented. The resulting R2 value was 0.719, indicating that
the model explained 71.9% of the variation in the data. This regression model also
performed very well in predicting the SFC data for a sixth year of data with R2 value of
85.4%. Accordingly, it is equally arguable that this simpler behavioural model could be
used to correct for seasonal effects using the regression coefficient of -0.00824 for
average temperature (ºC) alone. These findings would indicate that temperature may be
the major factor affecting seasonal variation of skid resistance.”

2.16.2 GripTester (GT)
The GripTester (GT) device is a three wheeled skid resistance tester designed by Findlay
Irvine Limited in 1987. This skid tester device was designed at first for airport runway
operations. The GT is now a popular skid measuring device used in more than 30
countries around the world. The GT is connected to the vehicle tow bar and the water
pump automatically determines the water flow rate to provide a set water depth behind
the tyre at a measuring speed. The GT device has three wheels and the back towed wheel
is braked at 15 percent slip and is used for measuring the skid resistance on the pavement
surface layer. The other two wheels are the bogey driving wheels as shown in Figure 2.30.
The GT coefficient of friction (Grip Number - GN) is the measurement of the drag force
(Fd) as a rate of the applied load (Q) on the single rubber tyre with an ASTM standard
specification. The measuring tyre has a 254 mm diameter and is braking at slip of 15
percent of the survey speed.
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Figure 2.30: The GripTester Machine (GT) (Nataadmadja et al. 2015b)

The GT device reports the coefficient of friction values of the road surface as a Grip
Number (GN), which is given in Equation 2.9, with a range of between 0 to 1.2.

GN =

Fd
Q

Equation 2.9

Where;
GN = Braked friction force coefficient by means of a GripTester
Fd = drag force (horizontal)
Q = weight force (vertical)

The GT uses an automated water system pump which can change to a manual water
delivery system to a required water depth between 0.4mm to 1.0mm water depth. The
water film depth is typically measured at 0.25 mm under the testing tyre for normal roadtesting conditions, and it can be varied if needed. The GN is measured every meter, but
the GN result is typically reported as an average of every 10 meters length.
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2.16.3 Dynamic Friction Tester (DFT)
The DFT tester is a stationary device that measures the dynamic coefficient of friction on
the surface layer of a road surface. This device can be used to measure the surface friction
on promenades, footpaths, cycleways and laboratory prepared samples. The DFT has
been chosen as a standard reference for the International Friction Index (IFI ASTM
International Standards). All tests are carried out according to the ASTM Standard Test
Method E-1911 (Henry 2000).
Three standard rubber mounted slider pads are fitted to the underside of a lateral rotary
disk with a diameter of 284 mm (Figure 2.31). The device wets the road surface prior to
measurement. The force F needed to overcome the dynamic of friction is measured by a
constant load W on the rubber sliders with a linear-rotary speed V of the pads (Wilson,
Dunn 2005).

Figure 2.31: Dynamic Friction Tester (DFT) device

According to Wilson and Dunn (2005), DFT tester has several advantages compared to
other devices for measuring the coefficient of friction. One of the significant benefits of
this device is it has a larger contact area for measuring skid resistance, compared to, for
example, the British Pendulum Tester (BPT). Skid resistance results from the DFT tester
are very stable and are highly repeatable and operator independent.
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2.16.4 British Pendulum Tester (BPT)

One of the most well-known economical devices that are used for measuring the
coefficient of friction of a pavement surface layer is the British Pendulum Tester (BPT)
(Giles, Sabey & Cardew 1962). This test was developed alongside the Polished Stone
Value (PSV) test method (refer to Section 2.17.1) and the loss of kinetic energy that
occurs during the contact between the rubber slider edge and a sample surface with a
standard pendulum (Figure 2.32). The coefficient of friction is measured as a low-speed
friction value (approximately 10 km/h), and it was designed to simulate the microtexture
by measuring a rubber sliding coefficient of friction over the surface layer.

Figure 2.32: British Pendulum Tester (BPT) device (Asi 2007)

The British Pendulum Number (BPN) is the value of skid resistance which is measured
by the BPT device. An aggregate’s microtexture, size and the gap between the aggregates
are the main parameters that affect BPN test results. This test is performed according to
ASTM E303-93 standard test method.
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2.17 Skid Testing Machine Mechanism and Correlation
Using rubber sliders or rubber tyres applied onto a road/sample surface under a controlled
vertical load is a common principle of all skid resistance measurement devices.
The coefficient of friction is dependent upon a number of variables during the braking
cycle of a vehicle on a pavement surface layer, that includes the vehicle speed, tyre tread
and tyre speed (Yeaman 2005). Figure 2.33 illustrates the relationship between the wheel
slip in percent and the friction factor (μ) in the tangential direction, fT.

Figure 2.33: Friction Curve during vehicle braking (Lamm, Psarianos & Mailaender 1999)

When the vehicle tyres are fully locked up the wheels have 100 percent slip condition.
The friction factor is defined as the permissible friction in the tangential direction (fT).
However, some assumptions are needed to determine the term wheel slip as Lamm et al.
states:
•

When a braking torque is placed on a tyre, the tread elements are compressed and
stretched accordingly, before entering the tyre-pavement contact area;

•

Consequently, the longitudinal wheel slip occurs when the vehicle tyres rotate
without the equivalent translator progression.
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The longitudinal wheel slip is dependent upon the percentage of difference between two
distances (Lamm, Psarianos & Mailaender 1999):
•

The distance that the vehicle tyres travel when subjected to a torque; and

•

The distance the vehicle tyres travel when they are free rolling (zero percent wheel
slip).

Each of the skid resistance measurement devices work differently and the skid resistance
values are depended on many factors such as type of tyre rubber, age and wear, tyre tread,
the water thickness depth below the tyre, the measuring speed of the device and many
other factors (Oliver 2009, Wilson 2006, Nataadmadja et al. 2015c, Henry 2000).
However, each measurement device has a specific coefficient of friction, and it is not
possible to directly compare the results from different devices (Wilson 2006, Bustos et
al. 2006).
A study by Oliver ( 2009), demonstrated that the idealised performance of a coefficient
of friction measuring device is related to two main characteristics:
•

The coefficient of friction values reported should be the same, regardless of which
device is used to measure the surface;

•

The results should not vary with time due to variation in the devices.

An international experiment aimed at comparing and correlating the various coefficient
of friction devices and machines was introduced by PIARC in 1992. This study developed
an International Friction Index (IFI) that relates skid resistance with microtexture and
macrotexture where all known measurement devices could be related to a common
standardised value (Fülöp et al. 2000, Oliver 2009, Yeaman 2005, Roa 2008,
Nataadmadja et al. 2015b). By using the IFI values, a coefficient of friction value could
then be compared from one device to another by converting the results produced by other
devices in the same surface conditions.
The two different parameters used to convert the coefficient of friction results from the
different devices (Henry et al. 2000) was:
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•

F60 (coefficient of friction at 60 km/h) measured by a specific device; and

•

Vp (slip speed) with a relationship with macrotexture of the surface.

Figure 2.34 shows the model that was developed by PIARC to show the relationship
between the coefficient of friction (F), slip speed (S) and macrotexture (Henry et al.
2000).

Figure 2.34: Permanent International Association of Road Congresses (PIARC) model (Henry
et al. 2000)

Correlation factors for each of the devices involved in the original PIARC or subsequent
device trials to harmonise the coefficient of friction results obtained from individual
devices to a harmonised International Friction Index (IFI). Typical devices used are
SCRIM, GT, BPT and DFT (Yeaman 2005).

Correlation between SFC (SCRIM Result) and DFT60
There are two IFI equations that convert the coefficient of friction measurements by the
SCRIM device at a speed of 50 km/h (SFC50) to F60 which are defined as:
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F60 = SFC50 × exp -43/Vp

Equation 2.10

Vp = A + (B × TX)

Equation 2.11

Where;
Vp = the slope of the effective friction curve at a given slip speed
Tx = the measurement of texture depth (macrotexture)
A and B = device coefficients which are dependent on the texture depth
measurement method as explained in Table 2.7.

Table 2.7: Coefficient A and B for F60 calculation
Texture depth measurement method

A

B

Mean Profile Depth (MPD) (ASTM E-2956-01)

14.2

89.7

Sand Patch Method (ASTM E965-96)

-11.6

113.6

Correlation between GN (GripTester Result) and IFI F60
The GN values obtained from the GripTester device can be converted to an IFI F60 by
using Equation 2.12.

F60 = SN × exp -50.6/Vp

Where; the Vp value is explained in Equation 2.11 and Table 2.7.
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Correlation between BPN (British Pendulum Tester Result) and IFI F60
The BPN values from the British Pendulum Tester device can be converted to the IFI F60
by using Equation 2.13 below.

F60 = 0.0436 + (0.0095 × BPN × exp -50/Vp)

Equation 2.13

Where; the Vp value explained in Equation 2.11 and Table 2.7.
Whilst, the measurement device setup, operation and therefore results obtained from the
GT device and SCRIM are very different, it shows from correlation trial results from the
same section of road and in the same testing conditions, that both devices can be
appropriately correlated (Wilson 2006, Nataadmadja et al. 2015b).
Although the IFI has allowed conversion of the coefficient of friction values produced by
different measuring devices; in practice, there are some difficulties in using the IFI
concept for reporting asset condition and subsequent decision making (Oliver 2009). One
of the significant issues is the repeatability performance of the skid testing devices over
time due to the dynamic and adverse conditions these devices are required to work in.
These issues mean that the IFI whilst being a very useful methodology cannot be robustly
used as a method to convert the results from multiple skid testing devices. It is better for
research and asset management purposes for the same device to be utilised rather than
converting between devices.
The second issue is the IFI method is not suitable for the skid testing devices which have
not been included in the original PIARC experiment or subsequent trials (e.g. European
Friction Index (EFI)). Therefore, only some devices can be used with this method (Oliver
2009, Nataadmadja et al. 2015b).

Correlation between DFT (Dynamic Friction Tester) and IFI F60
The DFT20 obtained from the Dynamic Friction Tester device can be converted to an IFI
F60 by using Equations 2.14 and Equation 2.15. The DFT20 is the coefficient of friction at
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DFT slip speed of 20km/h and this can be used to convert the coefficient of friction
obtained from a DFT to an IFI value. The friction value range for the correlation between
DFT and IFI is between 0.30 µ to 0.90 µ. Also, the macrotexture profile depth value
measured using the Circular Texture Meter (CTM) has a range between 0.25 mm to 1.5
mm (ASTM E1960).

Sp = 14.2 + 89.7 MPD

Equation 2.14

F60 = 0.081 + 0.732 DFT20 × exp -40/Sp

Equation 2.15

A summary of the procedures that have been developed in regard to the correlation of
laboratory of measuring the microtextural wavelength is included below.

2.18 Polishing Accelerated Aggregate Methods
Laboratory-based polishing devices are used for simulating the effect of traffic loads on
the contact area between two different surfaces on the textural level (pavement surface
and vehicle tyres). The devices that will be discussed in this research are the Polished
Stone Value (PSV) test, the Auckland Pavement Polishing device (APPD) and the
Wehner-Schulze (W/S) device.

2.18.1 Polished Stone Value (PSV)
The Polished Stone Value (PSV) test is the oldest and the most common test method used
around the world, including in New Zealand. The test was developed in England in the
1950s (Huschek 2004, Kane, Artamendi & Scarpas 2013). The British Polishing Wheel
(BPW) is used in this method as a polishing mechanism of prepared aggregate surface
samples. For measuring the coefficient of friction of each sample before and after
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polishing, the British Pendulum Tester device is used to measure the coefficient of friction
in the second phase (Figure 2.35) (Nataadmadja, Wilson & Costello 2012).

Figure 2.35: British Polishing Wheel (BPW) device (Nataadmadja, 2012)

In 1981 Woodside determined the effect of load, contact area, contact length and contact
stress on the test device by using the equipment in non-standard test conditions. His
research showed that the contact area and contact stress are two of the main items that
have a direct effect on the polishing and coefficient of friction rates on each specimen.
He used the standard 6 hours test and extended the polishing PSV to 12 hours. He found
a further 10 percent reduction in PSV test results. Further, in 1996, Perry considered the
effect of greater contact stress by offsetting the polishing test tyre from zero to 20o, and
he found a further 24 percent reduction in PSV results (Woodward, Woodside & Jellie
2004, Nataadmadja, Wilson & Costello 2012).
One of the main disadvantages for using this device is that it only assesses the aggregate
component of an asphalt mix by just using aggregates that pass a 10 mm sieve and are
retained on a 6.3 mm sieve (Allen et al, 2008).
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Equation 2.16 shows the original calculation of the PSV test (British Standards, 2009):

PSV = S + (52.5) – C

Equation 2.16

Where;
S = the average value for the four aggregate sample specimens
C = the average value for the four control sample specimens

Many research projects have been undertaken by the TRL, UK to determine the ability of
the PSV test as a standard to predict the in-field coefficient of friction level at some point
in the future after traffic loading passes. A strong relationship between the PSV text
results and infield skid resistance was determined in the 1970s by using Equation 2.17
proposed by Szarkowski and Hosking (1972). They found this relationship by using 139
different sites in the UK which had up to 40,000 traffic vehicles per day. The relationship
developed was as follows: (Szatkowski, Hosking 1972)

SFC = 0.024 – 6.33 × 10-5 CVD + 0.01PSV

Equation 2.17

Where;
SFC = Sideways Force Coefficient
CVD = commercial vehicles per day
PSV = polished stone value

In New Zealand, the above equation was modified to Equation 2.18 based on NZ road
conditions (NZTA T/10 2013).
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PSV = 100 × SR + 0.00663 × HCV + PSF

Equation 2.18

Where:
SR = investigatory level for the site
HCV = estimated heavy commercial vehicles per lane per day at the end of the
surfacing life
PSF = polishing stress factor selected for the site
PSV = polished stone value

A previous study by Wilson and Black (2008) showed that the PSV device did not well
predict an aggregates initial and long-term performance. The high level of PSV results
from some natural aggregates should have a high level of measured infield skid resistance
performance; however, a number of researchers have demonstrated varying performance
(Wilson and Black 2008, Oliver et al. 1988).
Wilson and Black (2008) studied the investigation of the relationship between the PSV
device and the laboratory performance using a newly developed accelerated pavement
polishing device by using different aggregate types. They used two different geological
types of aggregate: with three different Greywacke sourced materials as natural
aggregates and Melter Slag as an artificial aggregate. The G1, G2 and G3 were three
different types of Greywacke aggregates, and MS1 was a manufactured Melter Slag
aggregate considered in their study. The coefficient of friction found after polishing using
the PSV device were 51, 55 and 63 for G1, G2 and G3, and 55 for MS1.
By comparing these results to the alternative polishing method developed (later called the
Auckland Pavement Polishing Device refer to Figure 2.36), showed visually, little or no
relationship of the equilibrium skid resistance levels and the coefficient of friction results
found from either the natural or artificial aggregate determined from the PSV device. It
can be seen from the figure that the MS1, Melter Slag artificial aggregate, performed the
best for the new laboratory method and this reflected in-field measured skid resistance
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obtained by the SCRIM device but correlated very poorly with the PSV result of 55.
Additionally, the performance and order of the 3 greywacke materials also did not align
with the PSV results. The research questioned the validity of the PSV device to reflect
in-field measured polishing (Wilson and Kirk 2005).

Figure 2.36: The coefficient of friction performance of aggregates with different PSV (Wilson
and Black,2008)

Because of the long history of use of the PSV device, and the fact that it is a relatively
inexpensive device in terms of purchase and operation, most laboratories worldwide
(including New Zealand) continue to use this test method to predict an aggregate’s
performance during the polishing process. For this reason, the PSV test device is still one
of the most common test methods used around the world to predict the long-term field
performance of the pavement surface layer in the laboratory.
However, several research projects have questioned the continued reliance on the PSV
device to predict the long-term field performance of aggregates within the surface layer.
Some of the reasons provided are (Nataadmadja, Wilson & Costello 2012, Dookeeram et
al. 2014):
•

The variation in the coefficient of friction consists of two important aggregate
textural wavelengths: microtexture and macrotexture. Therefore, for measuring
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the coefficient of friction value both aggregate texture wavelengths should be
included. However, the PSV test only measures the influence of the microtexture
(Fu 2000b, Won, Fu 1996, Cenek, Jamieson 2005).
•

The PSV test was designed for traffic loads and compositions prevalent almost 50
years ago, whilst the traffic polishing effects are significantly higher now.
Therefore, the additional traffic volume is not considered in the original PSV test
standard (Wilson 2006, Woodward, Woodside & Jellie 2004).

•

The standard test time for the PSV is 6 hours and the aggregates may have not
reached an Equilibrium Skid Resistance (ESR) level after this time. Therefore, the
actual aggregate’s performance will not be represented by using PSV test results
(Wilson, Black 2008).

•

The test does not simulate seasonal variations.

•

Asphalt mixes cannot be applied to this test.

•

The contact area of the BPT is a relatively small contact area and may not be
representative

•

The aggregate deterioration is not recorded during the polishing process because
the results are presented as an end of the test British Pendulum Tester
measurement of the polished prepared aggregate sample.

The limitations and variability of the PSV test results have been known for some time
now, but an alternative low cost test method to replace the PSV has not been readily
found. However, some researchers have attempted to introduce new test methods to
measure an aggregate’s properties during the polishing process.

2.18.2 Auckland Pavement Polishing Device (APPD)
The Auckland Pavement Polishing Device (APPD) was developed by Wilson (2006)
(Figure 2.37), and it was adapted from the Three Wheel Polishing Device (TWPD) from
NCAT in the USA. The laboratory specimen size which is needed to be prepared for this
device has been designed for use by the Dynamic Friction Tester (DFT) and the Circular
Texture Meter (CTM) as microtexture and macrotexture measurement devices
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(Nataadmadja, Wilson & Costello 2012). The TWPD developed at NCAT (USA) was
established to polish Hot Mix Asphalt layers, though the APPD was modified to polish
chip seal surfaces (Nataadmadja et al. 2015c).

Figure 2.37: Auckland Pavement Polishing device (APPD)

The APPD was developed with three rotating rubber tyres with 20 psi constant tyre
pressure. These tyres rotate on a circular diameter of 284mm and the total assembly
weight from this machine was approximately 57 kg over the rubber tyres (Wilson and
Dunn 2005).
The research study by Kang (2008) assessed the performance of the APPD-DFT test in
comparison to the PSV test as the most common test method in NZ. As illustrated in
Figure 2.38, the results show there was a very poor relationship between the PSV test and
the APPD-DFT test.
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Figure 2.38: The relationship between PSV and DFT test results (Kang,2008)

Cao et al. ( 2011) further compared the APPD-DFT laboratory test results with in-field
skid resistance measurement. The initial and final coefficient of friction values (ESR)
results of this research is presented in Figure 2.39 and Figure 2.40, respectively. The
GripTester (GT) device was used to collect the in-field test measured coefficient of
friction results. The following figures show the laboratory test results obtained from using
the APPD-DFT test method (Figure 2.39) is similar in relation to the in-field test results
(Figure 2.40 from various road sections with the same aggregate source but varying seal
age) obtained by using the GT device.

Figure 2.39: Grade 4 Greywacke aggregate laboratory test results by using the DFT (Kumar,
Wilson 2010)
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Figure 2.40: Grade 4 Greywacke aggregate field test results by using the GT (Cao, Nataadmadja
& Wilson 2011)

Additionally, Wilson and Dunn (2005) compared the laboratory results by the DFT and
the in-field results produced by using the GT device. They concluded that these results
produced by using two different test methods (one in the accelerated polishing condition
in the laboratories and the other polished in the field by real traffic) can be correlated to
each other if the type of surface and test condition is the same.
Adelia Nataadmadja (2015) furthered the research to determine whether a relationship
existed between the APPD-DFT test and PSV results. The aggregates used in that research
were Greywacke, Basalt and Andesite as the natural aggregates and a Melter Slag as an
artificial aggregate. The relationship between these two test methods is shown in Figure
2.41. The coefficient of friction obtained from the APPD-DFT test is shown in the vertical
(y) axis denoted by µ and the horizontal (x) axis re-presenting the PSV test results. As the
figure shows, there is a weak relationship between the results obtained using the APPDDFT and PSV test results, especially for the artificial aggregates.
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Figure 2.41: The relationship between the APPD-DFT and the PSV test results (Nataadmadja et
al. 2015b)

As shown by some researchers, the PSV test has many limitations mentioned before. The
APPD-DFT test method is also a relatively low-cost laboratory test method used to predict
a coefficient of friction level of the pavement surface under accelerated polishing.
However, the APPD has not been fully standardised, and there is little information about
the sensitivity of the device by using different load or stress variations on the device.

2.18.3 Wehner/Schulze (W/S)
The WS device was developed in Germany in the 1960s and was designed for polishing
and measuring the skid resistance of asphalt mixes. The W/S has two different parts, one
for accelerated polishing the specimen and the other for measuring the coefficient of
friction. The size of the specimen used for this device is 22.5 cm, and it can be obtained
from an asphalt pavement core in the field or from a laboratory-made sample.
Three rubber cones are installed on the rotary disc that dropped onto the surface for
polishing the specimen surface (Figure 2.42) with the contact slip between 0.5 and 1
percent. The tangential speed of the rubbers reaches 17 km/h, and the rotation frequency
is 500 revolutions per minute. Further, the pressure between the rubber cones and the
sample surface is 0.4 N/mm2. The surface is polished on an area of 16 cm diameter and 6
cm width (Do et al. 2007b, Artamendi et al. 2012).
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Figure 2.42: The Wehner-Schulze device (Do et al. 2007b)

After finishing the polishing process and washing period, the sample is slid over to the
coefficient of friction measuring part. The friction measurement head is composed of
three rubber slides. These rubber slides make approximately 0.2 N/mm2 pressure on the
specimen surface. The speed of this disc for measuring the coefficient of friction reaches
100 km/h, and water is projected on the sample surface when the speed reaches 90 km/h
for wet conditions (Nataadmadja et al. 2015c, Do et al. 2009).
After the rotation speed of the device reaches 100 km/h, the motor is stopped, and the
speed of the rubber disc is reduced by the friction between the pads and specimen surface.
Then, the machine records the variation of skid resistance during the polishing process.
The coefficient of friction at any slip speed can be used for analysis; however, this is
typically 60 km/h (Do et al. 2007b, Kane, Artamendi & Scarpas 2013).
There are two main advantages of this device in comparison to the PSV test:
1. WS device can record the variation of skid resistance during the polishing process.
2. WS device can test core samples from the field.

Using infield samples is very important for predicting the long-term performance of the
pavement surface. Therefore, some researchers have believed that the WS device
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provides a better prediction of surface performance in comparison to the PSV test
(Nataadmadja, Wilson & Costello 2012). A significant disadvantage of the WehnerSchulze device is the cost (approximately 500,000 NZD) and further delivery cost of the
device to NZ and poor service for the device. This significant device cost means that it
can only be expected to be a research device and not available as a regular laboratory test
method. The W/S in now known as the Friction after Polishing (FAP) test in Europe with
EN 12697-49 standard.
Additionally, Arampamoorthy and Patrick (2011) state that the method of hand-placing
of aggregate chip samples in the laboratory in preparation of the test sample has an effect
on final coefficient results. This is the same for almost all devices, but some are more
greatly affected than others. Because of the typically greater chip sizes and reliance on
chip seal surfaces in New Zealand, the effect of higher macrotexture is thought to impose
significant stress on the W/S device, thereby affecting the polishing process. In summary,
whilst the W/S device is mechanically very sound and the process very repeatable, it is
not necessarily a better predictor of on-road coefficient of friction compared to the other
test methods such as PSV or APPD test devices.

2.19 Microtextural Wear Analysis
In their review of road surface texture and skid resistance, Do et al. (2015) suggested four
microtextural parameters as a means of quantifying the effects of aggregate polishing by
measuring the height of microtexture on each chip. The root mean square value (Rq) and
the Arithmetic mean height (Sa) were also suggested as parameters for measuring the
height value of microtexture and the root mean square slope (Sdq) and arithmetic mean
summit curvature (Ssc) were two parameters suggested to explain the shape of the
microtexture.
Nataadmadja (2015) analysed the microtextural wavelength of chips polished using the
APPD device using the Alicona software in 2 dimensions. Three 2D profile lines were
considered from the 3D image and the average of the test results used as the key
microtextural wavelength parameters. Figure 2.43 shows the root mean square height
results from the microtextural wavelength of three different Greywacke aggregates
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analysed using the profile lines with the Alicona software. The coefficient of friction
results were measured using the WS device to make a comparison between the Root Mean
Square Height and coefficient of friction variation results. As illustrated in Figure 2.43,
the coefficient of friction of all three Greywacke chips reduced during the polishing
process using the WS device. However, the coefficient of friction results did not have a
similar variation to the root mean square height results obtained using the profile line
method. Therefore, Nataadmadja (2015) concluded that root mean square height was not
a suitable parameter for analysing the microtextural wavelength during the polishing
process.

Figure 2.43: Root Mean Square Height results obtained by analysing 2D profile lines with the
Alicona software (Nataadmadja et al. 2015)

Also, this researcher showed that the Ssc was one of the parameters that could explain the
microtextural wavelengths during the polishing process (as results shown in Figure 2.44).
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This showed that the Ssc variation is similar to the CoF variation observed by polishing.
When the coefficient of friction decreased, the microtextural shape or Ssc also decreased.

Figure 2.44: Arithmetic mean summit curvature obtained by analysing 2D profile lines with the
Alicona software (Nataadmadja et al. 2015)

However, Nataadmadja et al (2015) analysed the microtextural wear of the aggregate
under polishing using the Alicona software using 2 dimensional analysis methods. Three
2D profile lines were considered from the 3D image and the average results used as the
microtextural wavelength. Ideally, a 3-dimensional analysis of the 3D image should be
undertaken.

2.20 Summary
The factors involved in skid resistance are complex and are dependent upon multiple
variables. Previous research has shown the importance of managing skid resistance levels
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on road networks to reduce wet skid resistance related crashes. Yet with the many decades
of skid resistance research, there remain many answered questions in regard to how
various aggregates polish or wear under vehicle trafficking and how life cycle
performance can be best predicted prior to selection and construction. Therefore, new
accelerated polishing methods are required that can be used by industry and agencies to
cost-effectively rank and predict an aggregates performance.
A number of polishing devices and test methods have been introduced to simulate the
effect of vehicle tyres on the road surface during the polishing process.
The Wehner/Schulze (WS), as one of the more controlled simulating polishing device
methods, was designed for polishing and measuring the coefficient of friction of
laboratory prepared or asphalt cored specimens. This is an expensive test device with only
very few devices being used internationally. Additionally, little opportunity currently
exists to increase the likelihood of the manufacturing and production of the devices to
enable this method to more widely used. Most laboratories around the world continue to
use other test methods such as the UK developed Polished Stone Value (PSV) device.
The PSV test method is the oldest, most common and a relatively inexpensive laboratory
test device/process to simulate the effect of traffic polishing on pavement surface
aggregates. However, previous research has shown there are significant limitations in the
PSV device methodological setup conditions, type and size of samples.
In 2006, the Auckland Pavement Polishing Device (APPD) was developed by Wilson at
the University of Auckland as an alternative method to the PSV and W/S device to
simulate in-field trafficking and aggregate polishing in the laboratory. A review showed
that the device had not been standardised as the sensitivity of the device to the various
variables had not been investigated.
The application of new microtextural evaluation and analysis methods could enable an
improved understanding of how aggregate texture (macrotexture and microtexture)
changes throughout the life of a pavement surfacing due to traffic loads. While this has
been attempted in 2 dimensions, ideally a 3-dimensional analysis of the 3D image should
be undertaken.
The next chapter sets out the research methodology to assess the sensitivities of the APPD
device to the different setup condition during the polishing process.
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Chapter 3
Research Methodology

3.1 Introduction
There are a number of laboratory tests and devices developed to predict the coefficient of
friction performance of the pavement surface. These laboratory test methodologies are
useful to simulate the effect of vehicle tyres on the pavement surface and assess the level
of textures and coefficient of friction during a polishing process. These predictions help
road engineers select appropriate aggregates in the pavement surface design phase.
The Auckland Pavement Polishing Device (APPD) is a relatively inexpensive device that
was developed by Wilson (2006). As mentioned in the introduction chapter, there is little
knowledge about the sensitivity of this polishing device to changes in its setup conditions
as measured by the coefficient of friction, because it has never been fully standardised.
Also, there has never been an assessment of the changes in micro-textural wear during
the polishing process using the APPD device in various setup condition.
The research presented herein aims to assess the sensitivity of the APPD device on the
measured coefficient of friction, Mean Profile depth and Microtextural wear to changes
in different tyre pressures, different type of tyres, different applied loads and different
aggregate grade sizes.
This chapter covers the method used for preparing all specimens and introducing all
devices used for measuring the coefficient of friction and aggregate texture.

77

3 Research Methodology

3.2 Research Methodology
Referring to the overview of the research methodology in Figure 3.1, chapter 4 of this
thesis presents the selected aggregate property results. In Chapter 5 the coefficient of
friction and mean profile depth of samples are polished using the APPD device under
different setup conditions and results reported. In Chapter 6, contact areas and pressure
distributions between the APPD tyres and sample surface, obtained from a pressure pad,
are included to provide context to the APPD results. In Chapter 7 statistical analysis
methods are introduced for the analysis of the data to assess the sensitivity of the APPD
device to changes in the setup conditions. Chapter 7 includes an analysis of the
microtextural wear using different parameters on the samples. In Chapter 8, the
microtextural wear parameters of two chips which removed from a sample polished using
the Wehner/Schulze (WS) device analyses.

Figure 3.1: Overview of the Research Methodology
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3.3 Material Selection and Properties
The majority of New Zealand road surfaces are constructed as a chip seal using crushed
aggregate. The most common aggregate grade used to construct a single coat chip seal
surface is Grade 4 and was, therefore, selected for this research. The grade 4 aggregate
size means that the Average Least Dimension (ALD) for this research is between 5.5 mm
and 8 mm.
In terms of an appropriate aggregate type or types to select for this research, it is important
to note that the objective of the research was to analyse the sensitivity of the APPD device
and to evaluate the change in microtextural wear. The scope of the research did not
include an assessment of variability across different aggregate types. In terms of analysing
the sensitivity of the APPD device, it was therefore decided to select just one aggregate
type, from one quarry, so that another variable wasn’t introduced into the analysis. In
terms of evaluating the change in microtextural wear, it was decided to select a relatively
hard aggregate that wouldn’t lose macrotexture during the polishing process. This ensured
that any changes in skid resistance were solely attributed to microtexture. Hence, a
Greywacke aggregate from one south Auckland quarry (Stevenson) was chosen in order
to reduce variation between different Greywacke types and sources.
The Greywacke aggregate from Stevenson quarry was selected, as previous research with
this aggregate has shown the aggregate to be consistent and that it has good performance
over time. Also, in order to reduce variation in terms of the aggregate produced from the
quarry over time, around one tonne of aggregate was collected from the same batch and
from the same part of the quarry for running all different tests and measurement during
this research.

3.4 Method to Characterise Aggregates

3.4.1 Thin Sections Method
The mineralogy of aggregates is one of the main factors that affect the coefficient of
friction performance of aggregates. The method used to investigate the aggregate
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mineralogy in this research was the Thin Sections test. The results of this test will be
discussed in Chapter 4.

3.4.1.1 Thin Sections Method
A Thin Sections mineralogy method test requires a thin sliver of rock to analyse the
aggregate minerals under a high-resolution microscope with 50 times magnification lens
with and without polarised light. A diamond saw was used to cut the thin layer of rock
from the sample. Then, the sample, which is located on a glass slide, was ground smooth
until the sample reached a 30 µm (0.03 mm) thick slice.
The primary assessment of the solid material can be run with the polarised light
microscopy due to different crystal structures on the aggregate minerals.

3.4.2 Aggregate Abrasion
The abrasion resistance of different aggregates can be measured in a dry condition using
the Los Angeles method. However, the Micro Deval test is a wet condition test used to
measure the abrasion resistance in wet conditions.
The APPD device polishes the samples in wet conditions. There are pipes around the
device’s safety cage and water sprays on to the sample’s surface during the polishing
process. Therefore, the Micro Deval abrasion test was used to measure the abrasion
resistance of aggregates of all specimens. The next section describes the sample
preparation and test method. The results of these tests will be discussed in Chapter 4.

3.4.2.1 Abrasion Resistance
The abrasion resistance and durability of mineral aggregate used in this research were
measured using the Micro Deval test method.
All test samples were prepared based on aggregate size. Three different aggregate sizes
grading are included in the standard for preparing samples, aggregates with maximum
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nominal sizes of 19 mm, 12.5 mm and 9.5 mm. These gradations are included in Table
3.1 (Standard ASTM D6928).

Table 3.1: Grading of Test Samples Micro Deval Abrasion Test Method (ASTM D6928)
Sieve Size (Square Openings)
Passing

Retained on

19.0 mm
16.0 mm
12.5 mm
9.5 mm
6.3 mm

16.0 mm
12.5 mm
9.5 mm
6.3 mm
4.75 mm
Total

A
375 g
375 g
750 g
…
…
1 500

Mass of Indicated Sizes
Grading
B
…
…
750 g
375 g
375 g
1 500

C
…
…
…
750 g
750 g
1 500

All aggregates were washed and dried in 110 ± 5 oC oven temperature and then soaked in
two litres of water for one hour. The sample, along with two litres of water, is then placed
in the Micro Deval steel drum with 5000 g steel balls (Figure 3.2). The steel drum is
rotated 100 ± 5 revolutions per minute and, depending upon aggregate gradation, the
required amount of time or number of revolutions is set before running the machine. The
number of rotations, as shown in Table 3.2, is from 95 minutes to 120 minutes (or 9500
revolutions to 12000 revolutions). The amount of abrasion of the aggregate in this method
is the amount of aggregate passing through the 1.18 mm sieve size after the test is
completed (Cooley Jr, James 2003, Fowler et al. 2006, Cooley, Huner & James 2002,
Cuelho, Mokwa & Obert 2007, Erichsen, Ulvik & Sævik 2011b).

Figure 3.2: Micro Deval Abrasion Test Machine

81

3 Research Methodology

Table 3.2: Number of Micro Deval test Machine Revolutions (ASTM D6928)
Number of Rotations
Aggregate Grading size
Minutes

Revolution Counter

Grading A

120 ± 1

12000 ± 100

Grading B

105 ± 1

10500 ± 100

Grading C

95 ± 1

9500 ± 100

3.5 Accelerated Laboratory Tests
In this section, some polishing devices used in the research are introduced with all
preparation and construction of specimen for each device.

3.5.1. The APPD-DFT Test
The APPD device has been adapted from the Three-Wheel Polishing Device (TWPD).
One of the methods used to analyse the effect of different setup conditions on the APPD
device during the polishing process in this research was to measure the coefficient of
friction of the samples using the DFT device. The wheel angle is not a consideration as
the device is designed to have wheels on rotating castors. Consequently, in this research,
the impact of different tyre pressures, tyre types, applied loads and aggregate sizes on the
coefficient of friction will be assessed. Preparing the APPD’s sample is not a factor that
can have an effect on the coefficient of friction results. Previous research by Nataadmadja
(2012) considered the effect of varying the human operator to construct specimens for the
APPD device.
For measuring the effect of each different setup on the accelerated polishing process, three
samples were prepared. One additional specimen was left unpolished as a control, and the
others were polished.
The number of samples required depends on the number of different variables measured.
The following steps describe the sample preparation and construction. Figure 3.3 shows
a sample prepared for polishing using the APPD device.
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•

Step 1: Aggregates are sieved through a 9.5 mm sieve to capture a grade 4
aggregate size. Any flaky and elongated aggregates are removed by hand.

•

Step 2: A piece of plywood (20mm thickness) is marked with 80mm and 200mm
diameter circles. The area between these two diameters is cut out and the
remaining portion is placed on a glass surface with a mark on the centre point of
the sample.

•

Step 3: Softened clay is rolled on top of the glass to create a flat surface with 2
mm thickness on the surface of the sample

•

Step 4: The aggregates are placed individually on to the clay with the flat side
facing down by arranging minimum gaps between them.

•

Step 5: The two pot TP33/HP33 Epoxy System is used for bonding the surface
aggregates together. 250 ml HP33 is mixed with 1000 ml of TP33.

•

Step 6: 10 kg weights are placed in each corner and the middle of the specimen.
This is left for one day to dry out.

•

Step 7: After the specimen has dried out, the sheet of glass will be pulled away
and all clay removed with water until the aggregate is visible.

•

Step 8: Each sample needs to be labelled before doing any tests on it.

The sample is then located in the designated area of the APPD device, as it is important
to polish the sample in the same area each time. The APPD device polishes the sample in
a wet condition, and it is stopped after 60, 120, 180, 240, 300, 360, 420 and 480 minutes
of polishing to measure the coefficient of friction and macrotexture using the DFT and
CTM devices, respectively. The coefficient of friction and mean profile depth for each
sample is measured three times, and their mean is considered as the final result. The
polishing process is continued until the skid resistance of the sample reaches the ESR
level. The pneumatic tyre pressure was measured by using a digital gauge
(SMARTGAUGE D2) during the polishing process. The accuracy of this digital gauge
for measuring the pressure of the APPD’s tyres is ±1 psi.
The initial rotating speed of the rubber disc on the DFT device is increased up to 60 km/h
and then lowered onto the sample surface. The coefficient of friction is reported at 20
km/h and 40 km/h in this research.
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Figure 3.3: Sample Preparation for Polishing Using the APPD device

3.5.2 The Wehner/Schulz (W/S) Test
This polishing device is not available in New Zealand. Therefore, all of the tests which
are undertaken in this research with this device were conducted in the French Institute of
Science and Technology for Transport, Spatial Planning, Development and Networks
(IFSTTAR) in Nantes, France.
The preparation and construction of specimens for the W/S device are explained in the
following steps. Figure 3.4 illustrates the sample preparation.
•

Step 1: Wash aggregates with water until they are clean.

•

Step 2: Put all aggregates into the oven at 125oC for 90 minutes to dry.

•

Step 3: Before placing the aggregates in the mould, they need to cool down to
room temperature.

•

Step 4: The mould is applied by using liquid suspension of waxes (RENLEASE
QZ5111) and it needs to be left to dry for 30 minutes.

•

Step 5: Fine sand is used for filling the gaps between the aggregates after they are
placed in the mould.
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•

Step 6: The epoxy resin mixture consists of 300 grams of liquid epoxy resin
(RENLAM MS-1), 100 grams of hardener (REN HY 956) and 800 grams of fine
sand blended well.

•

Step 7: After one hour, the mixture is poured into the mould.

•

Step 8: The sample needs to dry out for approximately 24 hours.

•

Step 9: The sample is removed from the mould, after it is hardened, and the edge
is scraped to remove any rough surface edges.

•

Step 10: The sample is now ready for polishing and measuring of surface friction
in the W/S device.

Figure 3.4: Sample Preparation for Polishing Using the W/S device

As shown in Figure 3.5, the W/S device has two separate heads. One of them for polishing
samples and the other one for measuring the coefficient of friction. The polishing process
is stopped at defined times or polishing passes. For this research, the coefficient of friction
is measured before the polishing process and then after 2000, 50000, 90000 and 180000
polishing passes.
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Figure 3.5: The W/S device

The polishing rotary head polishes the sample. The samples are then moved to the friction
measuring rotating head. The speed of this head is increased until it reaches 100 km/h.
Water is sprayed on to the sample surface when the speed of the rotating head reaches 90
km/h. Skid Resistance is reported at 60 km/h.

3.6 Method to Measure Pressure Distribution and Contact Area
The pressure pad sensor, shown in Figure 3.6, is an electronic device that records the
pressure distribution, magnitude and contact area between two objects. Multiple sensing
elements are used in the pressure pad device, which is carefully assembled to exacting
tolerances and individually calibrated. This device helps to map forces between
contacting surfaces.
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Figure 3.6: XSensore Pad (Pressure Pad)

This device consists of around 6000 piezoresistive elements with a maximum scan
frequency of 1,000 Hertz. The XSensor X3 Pro V6 computer software records and
analyses all sensor output (Figure 3.7). The minimum and maximum range of these results
are between 6.80 N/cm2 to 137.89 N/cm2 and has been set in the XSensor X3 Pro
Software. In this research, the device helps to analyse the pressure level and contact area
between the tyre and surface of the specimen.

Figure 3.7: The XSensor X3 Pro V6 is the computer software output
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3.7 Aggregate Macrotextural Analysis
Although ALD is used in NZTA standard TNZ M/6 to grade aggregates, the property of
interest to our research is the resulting macrotexture after the aggregates have been
arranged to create the sample surface. Consequently, while the aggregate ALD is
controlled in the construction of the samples, as described in Section 3.5.1, the ALD is
not calculated for each sample. Instead, the Mean Profile Depth (MPD) of the samples is
recorded using the CTM device. This will be undertaken every time the DFT device
records the CoF, on the same samples and at the same polishing intervals. However, as
the APPD device polishes the sample in a wet condition, the sample needs to dry before
running the CTM, in order to obtain accurate readings of the MPD level. The MPD for
each sample is measured three times, and their mean is considered as the final result.

3.8 Aggregate Microtextural Analysis
3.8.1 Capturing 3D Images with the Alicona Device
The 3D images, used for analysing the microtextural wear of aggregate chips, were
captured using the Alicona device. The 20 times magnifications lens sensor was used in
this research to obtain a 3D image from each chip. The general specification of this device
is presented in Appendix F.
All images taken with the Alicona device were imported into the MountainsMap
Universal software to analyse the microtexture parameters of each chip.

3.8.2 MountainsMap Universal Software
The MountainsMap universal software develops automated analytical algorithms from
3D images to measure aggregate surface roughness. All of the measurements were
calculated based on ISO 25178 and EUR 15178N standards. The height measurement of
microtexture is achieved using standard ISO 25178, and quantification of the shape of the
microtexture is achieved using standard EUR 15178N.
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3.8.3 Roughness Parameters
Four parameters are considered in the software for measuring the height of microtexture
on each chip.
Based on research by Do et al. (2015), one of the parameters that can be used to describe
the microtexture wear of aggregate is the root mean square value (Rq). This parameter,
as shown in Figure 3.8, is equivalent to the standard deviation of the heights of surface
microtexture wear. The Rq can be expressed as:

1

Rq = √𝐴 ∫𝐴 𝑍 2 (𝑥, 𝑦)𝑑𝑥𝑑𝑦

Equation 3.1

where z is a height measurement at point x and A is the sampling area.

Figure 3.8: Root mean square height (µm) – Rq (Leach, 2013)

Dunford et al. (2012) demonstrated that the Arithmetic mean height (Sa) could be used
as a parameter for measuring the height value of microtexture. The Sa is defined as the
arithmetic average of the total value of the height throughout a sampling area (Figure 3.9).
The Sa can be expressed as:
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1

Sa = 𝐴 ∬𝐴|𝑍(𝑥, 𝑦)|𝑑𝑥𝑑𝑦

Equation 3.2

where z is a height measurement at point x and A is the sampling area.

Figure 3.9: Arithmetic mean height (µm) – Sa (Leach, 2013)

From Nataadmadja et al. (2015), the root mean square slope (Sdq) and arithmetic mean
summit curvature (Ssc) are two parameters that can explain the shape of the microtexture
for each chip’s surface.
The root mean square slope (Sdq) illustrates the root mean square of the located slope
dz/dx along the sample length. The equation of this parameter is as follows:

1

𝐴 𝑑𝑧 (𝑥) 2

Sdq = √𝐴 ∫ [

𝑑𝑥

] 𝑑𝑥

Equation 3.3

where dz/dx is a slope of the position and A is the sampling area.
The arithmetic mean summit curvature (Ssc) explains the radius (R) of the circular arc at
a measurement point of the chip’s surface. The curvature value is the reciprocal on the Rvalue and is defined as 1/R.
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3.8.4 Volume Parameters
There are volume parameters which are related to the surface roughness. The details of
these parameters, which are calculated using the Abbott-Firestone curve, are explained in
the following sections.

3.8.4.1 Void Volume – Vv
The Void Volume (Vv) is a parameter that calculates the Void Volume for a material ratio
(mr). As shown in Figure 3.10, this parameter is calculated by all voids on the aggregate
surface. The Void Volume is expressed by the following formula (Leach 2013):

100%

𝑉𝑣(𝑚𝑟) = 𝑘 ∫𝑚𝑟

[𝑆𝑚𝑐 (𝑚𝑟) − 𝑆𝑚𝑐 (𝑞)]𝑑𝑞

Equation 3.4

The coefficient k is used to convert the results into a required unit such as µm3, µm3/mm2
or ml/m2. The Smc (mr) is the height material value. The Smc (q) evaluates the maximum
value of material ratio at 100%.
The Void Volume will be zero if the mr is 100%, while it will be a maximum if the mr is
0%. The Vv is useful for evaluating the surface texture of aggregate that is in contact with
rubber tyres.

Figure 3.10: Void Volume – Vv (Leach, 2013)
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3.8.4.2 Material Volume – Vm
It is a parameter that calculates the Material Volume for a given area of material. As
shown in Figure 3.11, this parameter is calculated with all Material Volumes on an
aggregates surface. The following formula expresses the Material Volume:

𝑚𝑟

𝑉𝑚(𝑚𝑟) = 𝑘 ∫0% [𝑆𝑚𝑐 (𝑞) − 𝑆𝑚𝑐 (𝑚𝑟)]𝑑𝑞

Equation 3.5

If the mr is 100%, the Material Volume is a maximum, while it will be zero if the mr is
0%.

Figure 3.11: Material Volume – Vm (Leach, 2013)

3.8.4.3 Peak Material Volume – Vmp
The Peak Material Volume is calculated at a fixed material ratio mr. From ISO 25178
(international standard for analysis of surface roughness), 10 percent of the material ratio
is used for measuring the Vmp volume. The following formula explains the Peak Material
Volume:
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𝑉𝑚𝑝 = 𝑉𝑚 (𝑚𝑟1)

Equation 3.6

Where mr1 is considered 10 percent by default. This parameter can be used to determine
the volume of aggregate texture located on the peak of the aggregate surface which is
removed during the polishing process (Figure 3.12).
After several hours polishing on the surface layer, the Vmp volume is reduced until the
highest peaks are polished.

Figure 3.12: Volume Parameters Profile (Leach, 2013)

3.8.4.4 Core Material Volume – Vmc
The Core Material Volume is achieved using two material ratios which are considered 10
percent and 80 percent from ISO 25178. The following formula explains the Core
Material Volume:

𝑉𝑚𝑐 = 𝑉𝑚 (𝑚𝑟2) − 𝑉𝑚 (𝑚𝑟1)
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where mr1 is considered 10 percent by default and 80 percent of the material ratio for
mr2. This parameter can be used to determine the volume of aggregate texture which does
not have any contact with another surface during the polishing process.

3.8.4.5 Core Void Volume – Vvc
The Core Voids Volume is exactly like the Core Material Volume. This volume is given
by:

𝑉𝑣𝑐 = 𝑉𝑣 (𝑚𝑟1) − 𝑉𝑣 (𝑚𝑟2)

Equation 3.8

Where mr2 is 80 percent and mr1 is 10 percent by default from ISO 25178.

3.8.4.6 Dales Void Volume – Vvv
From ISO 25178, 80 percent of the material ratio is the Dales Void Volume. The Dales
Void Volume can be expressed by the following formula:

𝑉𝑣𝑣 = 𝑉𝑣 (𝑚𝑟2)

Equation 3.9

Where mr2 is considered 80 percent by default.

3.9 Data Analysis
Analysis of variance (ANOVA) methods will be undertaken to compare the APPD-DFT
results to assess the sensitivities of different parameters (tyre pressure, type of tyre,
applied load and aggregate size) on the results obtained from the APPD device.

94

3 Research Methodology

ANOVA is a statistical technique for checking the means of groups to assess if there are
significant differences between each group. The APPD-DFT results in each group were
compared using the One-way ANOVA method using the Statistical Package for the Social
Sciences (SPSS) software.
The One-way ANOVA method can be expressed as (Montgomery 2017, Gamage,
Weerahandi 1998, Choo, Liu & Fwa 2003):

yi, j =  j + i, j (the means model)

Equation 3.10

yi, j =  +  j + i, j (the effects model)

Equation 3.11

or

Where;
i = 1, …, I is an index over experimental units
j = 1, …, J is an index over treatment groups
µ is the major of the observations
µj is the mean of the observations for the jth treatment group
τj is the jth treatment effect
εi,j is distributed zero-mean random errors

The One-way ANOVA single factor data analysis method is organised as the group
observations model that can be expressed as:
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The group summary statistics results from all data obtained using the SPSS program are
illustrated in Table 3.3.

Table 3.3: One-way ANOVA Statistical Analysis – Group Summary Statistics

Group Summary Statistics
Observed

I1

I2

Ij

…

Grand Summary Statistics
…

IJ

I = Ij

 y

y

Sum

ij

ij

i

j

( y )

Sum Sq

i

 ( y )

2

2

ij

ij

i

j

i

Mean

m1

…

mj

…

mJ

m

Variance

s12

…

s 2j

…

s J2

s2

In Table 3.3, the total number of experimental units is 𝐼 = ∑𝑗 𝐼𝑗
By using the summary statistics data, the calculations of the hypothesis test are run and
shown in Table 3.4.
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Table 3.4: One-way ANOVA Statistical Analysis – Calculations of the Hypothesis
Source of
Variation

Treatments

Sums of Squares
Explanatory
SS



I j ( m j − m)

Treatments

Error



2

( y ) − (  y )
2



( I j − 1) s 2j

 (y

ij

− m)

j

 y − 
i

( y )

2
ij

i

j

i

I

ij

I −J

SS Error
DFError

2

I −1

The ANOVA statistical analysis method measures the variation based on the F ratio,
which is the ratio of the variation between groups to the variation within groups. The
value obtained as the F ratio in the ANOVA test method shows how much of the total
variation comes from the variation between groups and how much comes from the
variation within groups.
The other main factor in the ANOVA test method is the P-value. The level of statistical
significance is often introduced as a P-value. If the P-value is ≤ 0.05 then it means that
there is a significant difference between the group data. Therefore, it shows that there is
less than 5 percent probability that the groups are similar to each other and, conversely,
95 percent probability that that are different.

3.10 Summary
This chapter presented the methodology used in the thesis. All the aggregates used in this
research were provided by Stevenson Quarry in the southern part of Auckland, New
Zealand and were a greywacke sedimentary material. The Thin Section Method and
Micro Deval abrasion tests were described. These will be used in Chapter 4 to find the
geological and engineering properties of Greywacke aggregates, respectively. The APPD
and W/S polishing devices were also introduced. The APPD will be used in Chapter 5,
and both will be used in Chapter 8. Further, the device used for capturing 3D images in
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Sums of Squares Computational
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Chapters 7 and 8, the Alicona device, was introduced. Finally, the various texture
parameters, analysed using the MountainsMap software, and One-Way ANOVA as a
statistical analysis method, using the SPSS software, were detailed.
The next chapter discusses the properties of the aggregate used in this research.
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Chapter 4
Characterisation of Aggregate

4.1 Introduction
This chapter discusses the results of property tests of the Greywackes aggregate based on
NZTA M/6 used in this research. The aggregate property tests were conducted, as well as
Thin Section tests and Micro Deval Tests to determine the mineralogy of aggregate and
abrasion resistance, respectively.

4.2 Aggregate Property Tests
Aggregate specification laboratory results (Stevenson Laboratory with report number
27346TU and date of issue 22nd November 2016) are presented in Appendix A.
For production quality control of the Greywacke aggregate with grade 4 chip size, used in
this research, 114 chips were used in the sub-sample. Based on the laboratory results, the
average least dimension (ALD) was 6.19mm, which is between 5.5mm and 8.0mm as
required in the NZTA M6 specification. Also, the results show that 87 percent of chips had
a least dimension within 2.5mm of ALD, which needed to be more than 75 percent based on
the specification.

4.3 Geological Properties of Aggregate
Four Greywacke aggregate chips were selected for mineralogy testing. From each of the
chips, a thin slice was taken to analyse their mineral composition using the Thin Section
method. Figure 4.1 shows all images from these slices. The results show these aggregate
samples are fine-medium grained sandstones and contain Prehnite veins in the aggregate
mineral.
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The materials show the aggregate could be classified as quartzofeldspathic sandstones with
less volcaniclastic material. It has detrital Micas, Chlorite, and a few heavy minerals. The
rock matrix includes secondary Chlorite and Pumpellyite.

a)

b)

c)
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d)
Figure 4.1: Thin Sections - Four different slices of Greywacke aggregate from Stevenson Quarry –
Plain Light and Crossed Polars Photos

4.4 Engineering Performance of Aggregate
The abrasion resistance and durability of aggregates used for preparing all specimens were
measured using the Micro Deval Test.
At first, all Greywacke aggregates were washed and then dried at 110oC in the oven for two
hours. Ten test samples were prepared for measuring the aggregate abrasion resistance in
this research. Because the maximum normal size of Greywacke aggregates used for making
most specimens is 9.5 mm or less, the Micro Deval test samples were prepared as an
aggregate size combination which is shown in Table 4.1.

Table 4.1: Grading of Test Samples for Micro Deval Abrasion Test Method (ASTM D6928)
Sieve Size (Square Openings)
Mass of Indicated Sizes
Passing

Retained on

9.5 mm

6.3 mm

375 g

6.3 mm

4.75 mm

375 g
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After sieving the aggregates, the sample test was weighed and recorded as the mass A. Then,
the aggregates were immersed in two litres tap of water for one hour. Afterwards, the test
samples with the water were placed in the Micro Deval drum with the charge of steel balls.
Because the Micro Deval machine at the University of Auckland has a revolution counter,
the machine was run for 9500 revolutions for each test.
When completed, all aggregates and steel balls were poured over the 4.75 mm sieve which
was placed on the 1.18 mm sieve. The test sample was then washed until the washings were
clear. Then, the aggregates and steel balls were dried in the oven at 110oC for one hour.
Henceforth, all the steel balls were removed from the test sample using a magnet. The
retained aggregates were weighed and recorded as mass B. The following equation shows
the calculation of the Micro Deval abrasion loss.

Percent Loss = (A – B) / A × 100

Equation 4.1

Where,
A = Aggregates weight before running the Micro Deval test
B = Aggregates weight after running the Micro Deval test

The Micro Deval abrasion test results for ten samples are shown in Table 4.2.
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Table 4.2: The Micro Deval abrasion test results

Charge of
Steel Balls

Material
Retained on the
4.75 mm and
1.18 mm Sieves
(B)

Percent
Loss

1500.11 g

5002.43 g

1429.34 g

4.72 %

749.97 g

1500.32 g

5001.43 g

1424.89 g

5.03 %

750.29 g

749.97 g

1500.26 g

5000.87 g

1424.09 g

5.08 %

Test 04

750.20 g

750.07 g

1500.27 g

4999.97 g

1428.61 g

4.78 %

Test 05

750.17 g

749.93 g

1500.10 g

4999.04 g

1420.27 g

5.32 %

Test 06

750.12 g

750.00 g

1500.12 g

5001.81 g

1422.00 g

5.21 %

Test 07

750.28 g

750.16 g

1500.44 g

5001.16 g

1425.18 g

5.01 %

Test 08

750.18 g

750.05 g

1500.23 g

5000.81 g

1424.76 g

5.03 %

Test 09

750.19 g

749.97 g

1500.16 g

5002.30 g

1429.32 g

4.72 %

Test 10

750.20 g

750.18 g

1500.38 g

5001.30 g

1428.59 g

4.78 %

Test
Number

Passing
Sieve 9.5
Retained
Sieve 6.3

Passing
Sieve 6.3
Retained
Sieve 4.75

Total
(A)

Test 01

750.07 g

750.04 g

Test 02

750.35 g

Test 03

Figure 4.2 shows the percentage loss and the average abrasion result of Greywacke
aggregates used in this research.
According to the Micro Deval abrasion test standard, ASTM D6928, a suitable material can
have a percent loss between 10 percent to 25 percent. However, the average of abrasion
percent loss for these Greywacke aggregates is around 5 percent which demonstrates very
good aggregate resistance to abrasion. A study by Hossain et al. (2007) shows the acceptable
abrasion loss percent for coarse aggregate and fine aggregate with high quality is in the range
of 15 percent to 20 percent, respectively.
Other researchers have suggested that abrasion percent loss below 17 percent or 18 percent
is an acceptable level for Micro Deval abrasion loss (Rangaraju, Edlinski 2008, Kandhal,
Parker 1998, Hunt 2001). The aggregate selected easily passes abrasion loss limits.
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Figure 4.2: Micro Deval abrasion test results for Greywacke aggregates

The results show these aggregates have a high resistance against abrasion and they are
suitable to use as an aggregate for sealing purpose for the research project.

4.5 Summary
This chapter presented the properties of the Greywacke aggregates used in this research,
provided by Stevenson Quarry. The method used to determine the general mineralogy of the
aggregate was the Thin Section test. In addition, abrasion resistance and durability of
aggregates used for preparing all specimens were measured using the Micro Deval Test. The
obtained results show that this aggregate is suitable for surfacing due to its high resistance
against abrasion and polishing.
The next chapter analyses the sensitivity of the APPD device to changes in setup conditions
and uses contact areas and pressure distributions between the APPD tyres and sample
surface, obtained from a pressure pad, to provide context to the APPD results.
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Chapter 5
Sensitivity Analysis of the APPD

5.1 Introduction
This chapter presents the coefficient of friction and mean texture depth results which were
obtained by polishing samples with the APPD device under different setup conditions: using
three different tyre pressures, two different types of tyre (pneumatic tyre and solid tyre),
three different applied loads and three different aggregate sizes. In Chapter 7, these
variations will then be compared and statistically tested for significant differences to assess
the sensitivity of different parameters on the results obtained from the APPD device.

5.2 APPD-DFT Test Results
The skid resistance was measured initially before polishing the sample and then after each
hour of accelerated polishing until an equilibrium level was reached. Usually, this occurs
after approximately eight hours of polishing of a sample using the APPD device. The initial
assembly tyre pressure and applied load for this device was 14 N/cm2 (20 psi) pneumatic
pressure and 570 Newtons (58 kg), respectively. Therefore, for assessing the sensitivity of
changing different parameters on the APPD device, all of the results will be compared with
this baseline assembly tyre pressure and applied load.
The following sections present the coefficient of friction deterioration of all samples
polished under the different setup conditions.
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5.2.1 Pneumatic Tyre Pressures
The nominal specifications of the pneumatic tyre used in this research for accelerated
polishing are presented in Table 5.1.

Table 5.1: Tyre Specifications (http://www.rexproducts.co.nz)
Pneumatic Tyre
Code

Rim
Diameter

Tyre Size

Tyre
Diameter

Tread
Code

Tread
Pattern

Bent Valve
Code

TP21

100 mm

4.10/3.05 -4-4ply

265

S389

Road

TR87 13

Nine specimens were prepared to assess the sensitivity of different tyre pressures on the
APPD-DFT test results (three samples for each variations). The sample names and
corresponding APPD setup are presented in Table 5.2. Three different tyre pressures 10
N/cm2, 14 N/cm2 and 18 N/cm2 (15 psi, 20 psi and 25 psi) were used to measure the effect
of this variable on the resulting coefficient of friction.
Three tyre pressures were chosen initially to determine if the APPD was sensitive to
changes in tyre pressure – the initial assembly pressure and ±4 N/cm2 (±5 psi). If the
chosen variation was not deemed sensitive, then two additional pressures (with a larger
variation) would then be tested to determine if the APPD was sensitive to larger variations
in tyre pressure. As will become evident in the subsequent sections and chapters,
additional pressure variations were not required to determine if the APPD was sensitive
to changes in tyre pressure. Similar arguments apply to the other setup parameters.
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Table 5.2: Sample names for APPD testing under different tyre pressures

Sample name

Pneumatic Tyre Pressure
(570 Newton or 58 kg Applied Load)
15 psi

20 psi

25 psi

TP15-AL58-G4-S07

TP20-AL58-G4-S01

TP25-AL58-G4-S04

TP15-AL58-G4-S08

TP20-AL58-G4-S02

TP25-AL58-G4-S05

TP15-AL58-G4-S09

TP20-AL58-G4-S03

TP25-AL58-G4-S06

The APPD device was stopped during the polishing process for each specimen after 60,
120, 180, 240, 300, 360, 420 and 480 minutes to measure the coefficient of friction and
mean profile depth using the Dynamic Friction Tester (DFT) and Circular Texture Meter
(CTM), respectively. The speed of the fly wheel (disk) of the DFT device was increased
up to 60 km/h then the fly wheel dropped on to the specimen. The coefficient of friction
at 40 km/h and 20 km/h rotation speeds was recorded as the disc slowed down. These are
denoted as DFT40 and DFT20, respectively.
Tables 5.3, 5.4 and 5.5 show the coefficient of friction results of the samples polished
using pneumatic tyres with three different tyre pressures 10 N/cm2, 14 N/cm2 and 18
N/cm2 (15 psi, 20 psi and 25 psi) at DFT40 and DFT20. The coefficient of friction
measurement was repeated three times using the DFT device and the average is reported.
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Table 5.3: APPD-DFT results for polished samples with tyre pressure 10 N/cm2 (15 psi) and
applied load 570 Newtons (58 kg)
Tyre Pressure 10 N/cm2 (15 psi)
DFT40
Polishing Time

DFT20

TP15-

TP15-

TP15-

TP15-

TP15-

TP15-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

S07

S08

S09

S07

S08

S09

Unpolished

0.59

0.57

0.60

0.63

0.60

0.64

After 60 Minutes Polished

0.55

0.54

0.53

0.58

0.57

0.56

After 120 Minutes Polished

0.51

0.52

0.50

0.55

0.54

0.54

After 180 Minutes Polished

0.49

0.49

0.48

0.52

0.51

0.52

After 240 Minutes Polished

0.46

0.47

0.45

0.49

0.48

0.50

After 300 Minutes Polished

0.43

0.44

0.44

0.47

0.46

0.47

After 360 Minutes Polished

0.42

0.43

0.42

0.45

0.44

0.44

After 420 Minutes Polished

0.41

0.42

0.41

0.44

0.43

0.42

After 480 Minutes Polished

0.42

0.42

0.40

0.44

0.42

0.41

Table 5.4: APPD-DFT results for polished samples with tyre pressure 14 N/cm2 (20 psi) and applied
load 570 Newtons (58 kg)
Tyre Pressure 14 N/cm2 (20 psi)
DFT40
Polishing Time

DFT20

TP20-

TP20-

TP20-

TP20-

TP20-

TP20-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

S01

S02

S03

S01

S02

S03

Unpolished

0.67

0.55

0.60

0.73

0.61

0.65

After 60 Minutes Polished

0.57

0.50

0.53

0.63

0.55

0.57

After 120 Minutes Polished

0.47

0.49

0.51

0.50

0.52

0.54

After 180 Minutes Polished

0.47

0.48

0.50

0.47

0.51

0.54

After 240 Minutes Polished

0.47

0.47

0.49

0.47

0.50

0.53

After 300 Minutes Polished

0.47

0.44

0.48

0.50

0.47

0.52

After 360 Minutes Polished

0.45

0.45

0.46

0.46

0.48

0.50

After 420 Minutes Polished

0.46

0.44

0.46

0.46

0.46

0.48

After 480 Minutes Polished

0.46

0.43

0.44

0.46

0.45

0.47
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Table 5.5: APPD-DFT results for polished samples with tyre pressure 18 N/cm2 (25 psi) and applied
load 570 Newtons (58 kg)
Tyre Pressure 18 N/cm2 (25 psi)
DFT40
Polishing Time

DFT20

TP25-

TP25-

TP25-

TP25-

TP25-

TP25-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

S04

S05

S06

S04

S05

S06

Unpolished

0.61

0.61

0.59

0.71

0.62

0.64

After 60 Minutes Polished

0.54

0.57

0.51

0.60

0.58

0.55

After 120 Minutes Polished

0.53

0.55

0.50

0.57

0.56

0.54

After 180 Minutes Polished

0.50

0.54

0.50

0.55

0.54

0.53

After 240 Minutes Polished

0.52

0.53

0.48

0.59

0.53

0.52

After 300 Minutes Polished

0.48

0.52

0.52

0.52

0.52

0.58

After 360 Minutes Polished

0.49

0.51

0.49

0.52

0.52

0.53

After 420 Minutes Polished

0.48

0.51

0.48

0.50

0.51

0.51

After 480 Minutes Polished

0.47

0.51

0.46

0.51

0.51

0.49

Figure 5.1 shows the coefficient of friction deterioration under polishing of the three
individual samples using three different tyre pressures and the baseline 570 Newtons (58
kg) applied load.
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Figure 5.1: Coefficient of friction results of all polished samples using different tyre pressures

Referring to Table 5.4 and 5.5, and the relevant plots in Figure 5.1, it can be observed
that the CoF values increased at some of the data points, such as at 240 and 300 minutes
of the polishing process. This variation can be explained by the fact that the DFT rubber
temperature was low before running the device for the first time each day, resulting in a
higher coefficient of friction value. When this was noticed, an additional, calibration step
was added to the procedure whereby, every day, before measuring the coefficient of
friction on the main specimens, the DFT device was run on a calibration sample, which
was prepared solely for calibrating the DFT device. At the end of each day, the DFT
device recorded the coefficient of friction of the calibration sample as a record of the
coefficient of friction when the DFT device was warmed up. Then, the following day, it
was run and repeated on the calibration sample until the coefficient of friction reached
the result from the previous day. It should also be pointed out that the variation in the

110

5 Sensitivity Analysis of the APPD

above tables and figure did not impact the results of this research as the ESR, the polishing
stage of interest, was unaffected.
Figure 5.2 shows the combined coefficient of friction deterioration under polishing for
samples using the three different pneumatic tyre pressures at DFT40 and DFT20. Each line
represents the average results of three different samples which were polished under the
same setup conditions.
The initial coefficient of friction values of these samples polished with 10 N/cm2, 14
N/cm2 and 18 N/cm2 (15 psi, 20 psi and 25 psi) from the APPD-DFT test were 0.59 µ,
0.61 µ and 0.60 µ at 40 km/h and 0.62 µ, 0.66 µ and 0.66 µ at 20 km/h, respectively. As
expected, the skid resistance of the specimens decreased as the polishing progressed.
After each hour of polishing, the specimen was removed from the APPD device to
measure the coefficient of friction using the APPD device. After eight hours polishing,
samples reached an equilibrium level coefficient of friction of 0.41 µ, 0.44 µ and 0.48 µ
at 40 km/h and 0.42 µ, 0.46 µ and 0.50 µ at 20 km/h, respectively.

Figure 5.2: DFT40 and DFT20 for polished samples using different tyre pressures
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5.2.2 Applied Loads
Nine specimens were prepared to assess the sensitivity of different applied loads on the
APPD-DFT test results during the polishing process. The sample names and
corresponding APPD setup are presented in Table 5.6. Three different applied loads 470
Newtons, 570 Newtons and 670 Newtons (48 kg, 58 kg and 68kg) were used to measure
the effect of load variation on the accelerated polishing process, as measured by the
coefficient of friction.

Table 5.6: Sample names for APPD testing under different applied loads

Sample name

Different Applied Load
(Pneumatic Tyre with 14 N/cm2 or 20 psi Tyre Pressure)
48 kg

58 kg

68 kg

TP20-AL48-G4-S14

TP20-AL58-G4-S20

TP20-AL68-G4-S17

TP20-AL48-G4-S15

TP20-AL58-G4-S21

TP20-AL68-G4-S18

TP20-AL48-G4-S16

TP20-AL58-G4-S22

TP20-AL68-G4-S19

Tables 5.7, 5.8 and 5.9 show the coefficient of friction results of the samples polished
using 14 N/cm2 (20 psi) pneumatic tyres with three different applied loads 470 Newtons,
570 Newtons and 670 Newtons (48 kg, 58 kg and 68 kg) at DFT40 and DFT20.
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Table 5.7: APPD-DFT results for polished samples with tyre pressure 14 N/cm2 (20 psi) and
applied load 470 Newtons (48 kg)
Applied Load 470 Newtons (48 kg)
DFT40
Polishing Time

DFT20

TP20-

TP20-

TP20-

TP20-

TP20-

TP20-

AL48-G4-

AL48-G4-

AL48-G4-

AL48-G4-

AL48-G4-

AL48-G4-

S14

S15

S16

S14

S15

S16

Unpolished

0.63

0.64

0.63

0.66

0.68

0.66

After 60 Minutes Polished

0.49

0.52

0.50

0.52

0.54

0.53

After 120 Minutes Polished

0.45

0.47

0.47

0.48

0.49

0.49

After 180 Minutes Polished

0.42

0.47

0.45

0.47

0.48

0.47

After 240 Minutes Polished

0.44

0.44

0.44

0.46

0.46

0.46

After 300 Minutes Polished

0.43

0.43

0.43

0.46

0.44

0.45

After 360 Minutes Polished

0.43

0.42

0.42

0.44

0.43

0.43

After 420 Minutes Polished

0.42

0.41

0.41

0.44

0.42

0.43

After 480 Minutes Polished

0.40

0.41

0.41

0.42

0.42

0.42

Table 5.8: APPD-DFT results for polished samples with tyre pressure 14 N/cm2 (20 psi) and
applied load 570 Newtons (58 kg)
Applied Load 570 Newtons (58 kg)
DFT40
Polishing Time

DFT20

TP20-

TP20-

TP20-

TP20-

TP20-

TP20-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

S20

S21

S22

S20

S21

S22

Unpolished

0.62

0.58

0.56

0.65

0.61

0.60

After 60 Minutes Polished

0.46

0.49

0.50

0.48

0.51

0.53

After 120 Minutes Polished

0.43

0.46

0.47

0.45

0.47

0.49

After 180 Minutes Polished

0.40

0.44

0.45

0.42

0.45

0.47

After 240 Minutes Polished

0.39

0.43

0.43

0.41

0.44

0.46

After 300 Minutes Polished

0.38

0.42

0.44

0.40

0.43

0.46

After 360 Minutes Polished

0.39

0.42

0.42

0.40

0.42

0.44

After 420 Minutes Polished

0.38

0.42

0.41

0.39

0.43

0.43

After 480 Minutes Polished

0.37

0.40

0.40

0.39

0.41

0.42
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Table 5.9: APPD-DFT results for polished samples with tyre pressure 14 N/cm2 (20 psi) and
applied load 670 Newtons (68 kg)
Applied Load Newtons (68 kg)
DFT40
Polishing Time

DFT20

TP20-

TP20-

TP20-

TP20-

TP20-

TP20-

AL68-G4-

AL68-G4-

AL68-G4-

AL68-G4-

AL68-G4-

AL68-G4-

S17

S18

S19

S17

S18

S19

Unpolished

0.58

0.60

0.65

0.63

0.64

0.69

After 60 Minutes Polished

0.46

0.44

0.45

0.49

0.47

0.47

After 120 Minutes Polished

0.40

0.40

0.41

0.43

0.43

0.43

After 180 Minutes Polished

0.38

0.38

0.39

0.40

0.41

0.41

After 240 Minutes Polished

0.36

0.38

0.37

0.38

0.41

0.39

After 300 Minutes Polished

0.35

0.37

0.37

0.37

0.39

0.38

After 360 Minutes Polished

0.35

0.37

0.36

0.37

0.39

0.37

After 420 Minutes Polished

0.34

0.36

0.36

0.36

0.38

0.38

After 480 Minutes Polished

0.34

0.35

0.36

0.36

0.38

0.37

Figure 5.3 shows the coefficient of friction deterioration under polishing of the three
individual samples using 14 N/cm2 (20 psi) pneumatic tyre pressure with three different
applied loads.
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Figure 5.3: Coefficient of friction results of all polished samples using different applied loads

Figure 5.4 shows the combined coefficient of friction deterioration under polishing for
samples using the three different applied loads at DFT40 and DFT20. Each line represents
the average results of three different samples which were polished under the same setup
conditions.
The initial coefficient of friction values of these samples polished with 470 Newtons, 570
Newtons and 670 Newtons (48 kg, 58 kg and 68 kg) from the APPD-DFT test were 0.63
µ, 0.59 µ and 0.61 µ at 40 km/h and 0.67 µ, 0.62 µ and 0.65 µ at 20 km/h, respectively.
As expected, the skid resistance of the specimens decreased as the polishing progressed.
After each hour of polishing, the specimen was removed from the APPD device to
measure the coefficient of friction using the APPD device. After eight hours polishing,
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samples reached an equilibrium coefficient of friction of 0.41 µ, 0.39 µ and 0.35 µ at 40
km/h and 0.42 µ, 0.41 µ and 0.37 µ at 20 km/h, respectively.

Figure 5.4: DFT40 and DFT20 for polished samples using different applied loads

The results obtained from polishing under different applied loads show that the
equilibrium coefficient of friction level reduces when the applied load on the APPD
device increases and vice versa.

5.2.3 Tyre Types
A pneumatic and a solid tyre were used in this research to assess the sensitivity of the
APPD polishing process to different tyre types. The nominal specifications of the solid
tyre are presented in Table 5.10. Details of the pneumatic tyre were previously included
in Table 5.1.
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Table 5.10: Tyre Specifications (http://www.rexproducts.co.nz)
Solid Tyre
Code

Wheel
Diameter

Tyre

Capacity

Bearing

Hub
Width

Bore Size

Tread
Width

WHSB250

250 mm

Solid
Rubber

200 kg

Sealed Ball
Bearing

53 mm

20 or 25 mm

45 mm

Three additional specimens were prepared to assess the sensitivity of different tyre types
on the APPD-DFT test results, as presented in Table 5.11. The solid tyre samples were
newly prepared, whereas the pneumatic samples are the same as those included in Table
5.2.

Table 5.11: Sample names for APPD testing under different tyre types

Sample name

Different Type of Tyre
Pneumatic Tyre with 14 N/cm2 (20 psi) Tyre Pressure and
Solid Tyre
Applied Load 570 Newtons (58 kg)

Solid Tyre

Pneumatic Tyre with 14 N/cm2
(20 psi) Tyre Pressure

ST-AL58-G4-S10

TP20-AL58-G4-S01

ST-AL58-G4-S11

TP20-AL58-G4-S02

ST-AL58-G4-S12

TP20-AL58-G4-S03

Table 5.12 shows the coefficient of friction results of the samples polished using the solid
tyre at DFT40 and DFT20.
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Table 5.12: APPD-DFT results for polished samples with solid tyre and applied load 570
Newton (58 kg)
Solid Tyre
DFT40

Polishing Time

DFT20

ST-AL58-

ST-AL58-

ST-AL58-

ST-AL58-

ST-AL58-

ST-AL58-

G4-S10

G4-S11

G4-S12

G4-S10

G4-S11

G4-S12

Unpolished

0.61

0.61

0.65

0.65

0.66

0.68

After 60 Minutes Polished

0.52

0.53

0.58

0.56

0.57

0.60

After 120 Minutes Polished

0.50

0.50

0.54

0.53

0.53

0.56

After 180 Minutes Polished

0.48

0.48

0.52

0.52

0.51

0.54

After 240 Minutes Polished

0.47

0.47

0.51

0.50

0.50

0.52

After 300 Minutes Polished

0.47

0.46

0.49

0.50

0.49

0.51

After 360 Minutes Polished

0.46

0.45

0.48

0.48

0.48

0.49

After 420 Minutes Polished

0.45

0.45

0.46

0.48

0.48

0.47

After 480 Minutes Polished

0.45

0.44

0.45

0.47

0.47

0.47

Figure 5.5 shows the coefficient of friction deterioration under polishing of the three
individual samples using solid tyres with a baseline 570 Newtons (58 kg) applied load.

Figure 5.5: Coefficient of friction results of all polished samples using solid tyres

Figure 5.6 shows the combined coefficient of friction deterioration under polishing of the
samples using solid tyres and pneumatic tyres with 14 N/cm2 (20 psi) tyre pressure at
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DFT40 and DFT20. Each line represents the average results of three different samples
which were polished under the same setup conditions. The same results are shown in
tabular format in Table 5.13.

Table 5.13: APPD-DFT results for polished samples with solid tyre and pneumatic tyre
average APPD-DFT results of three samples
Polishing Time

DFT40

DFT20

Solid Tyre

Pneumatic Tyre

Solid Tyre

Pneumatic Tyre

Unpolished

0.62

0.61

0.66

0.66

After 60 Minutes Polished

0.54

0.53

0.58

0.58

After 120 Minutes Polished

0.51

0.50

0.54

0.53

After 180 Minutes Polished

0.49

0.48

0.52

0.51

After 240 Minutes Polished

0.48

0.47

0.50

0.50

After 300 Minutes Polished

0.47

0.46

0.50

0.50

After 360 Minutes Polished

0.46

0.45

0.48

0.48

After 420 Minutes Polished

0.45

0.45

0.48

0.47

After 480 Minutes Polished

0.45

0.44

0.47

0.46

The initial coefficient of friction values of these samples polished with the solid tyres and
pneumatic tyres with 14 N/cm2 (20 psi) tyre pressure from the APPD-DFT test were 0.62
µ and 0.61 µ at 40 km/h and 0.66 µ and 0.66 µ at 20 km/h, respectively. As expected, the
skid resistance of the specimens decreased as the polishing progressed. After each hour
of polishing, the specimen was removed from the APPD device to measure the coefficient
of friction using the APPD device. After eight hours polishing, samples reached an
equilibrium coefficient of friction of 0.45 µ and 0.44 µ at 40 km/h and 0.47 µ and 0.46 µ
at 20 km/h, respectively.
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Figure 5.6: DFT40 and DFT20 for samples polished using different type of tyres

5.2.4 Aggregate Sizes
Greywacke aggregates with three different chip sizes were used to assess the sensitivity
of different aggregate sizes on the APPD-DFT test results. This introduces a potential
difference in macrotexture between the samples constructed from different chip sizes and
this, in turn, might influence the CoF values obtained from the DFT. The macrotexture
results are included in Section 5.3 and a statistical analysis of those results are included
in Section 6.4 The sample names, corresponding aggregate size and APPD setup are
presented in Table 5.14.

Table 5.14: Sample names for APPD testing under different chip sizes

Sample name

Different Aggregate Sizes
(Pneumatic Tyre with 14 N/cm2 or 20 psi Tyre Pressure, 570 Newton or
58 kg Applied Load)
Grade 2

Grade 4

Grade 6

TP20-AL58-G2-S24

TP20-AL58-G4-S01

TP20-AL58-G6-S23

TP20-AL58-G2-S26

TP20-AL58-G4-S02

TP20-AL58-G6-S28

TP20-AL58-G2-S27

TP20-AL58-G4-S03

TP20-AL58-G6-S29
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Six additional samples were prepared (for the grade 2 and grade 6 aggregate), whereas
the grade 4 samples are the same as those included in Table 5.2.
Three different aggregate sizes based on NZTA standard TNZ M/6 (grade 2, grade 4 and
grade 6) were used to measure the effect of varying aggregate chip size on the APPD
polishing process. The NZTA specifications of chip size and chip shape for grade 2 and
grade 4 sealing aggregates in NZ are shown in Table 5.15.

Table 5.15: Chip size and shape of grade 2, grade 4 (NZTA, 2011a)

Grade

ALD
(mm)

Minimum Percentage
of Least Dimensions
Within 2.5 mm of ALD

Maximum
AGD Ratio
ALD

Percentage
Passing 4.75
mm Sieve

Minimum Percentage
With At least Two
Broken Faces

2

9.5 – 12

65

2.25

1.1

98

4

5.5 - 8

75

2.25

1.1

98

According to NZS 4407, the particle size distribution for grade 6 chips should comply
with the requirements detailed in Table 5.16.

Table 5.16: Particle size distribution of grade 6 (NZTA, 2011a)
Test Sieve
Aperture

13.2 mm

9.5 mm

6.7mm

4.75 mm

2.36 mm

300 µm

% Passing

–

100

95 – 100

–

15 max

8 max

To assess the sensitivity of the APPD device to different aggregate sizes, the CoF of the
polished samples with varying aggregate chip sizes (obtained from the same greywacke
sourced aggregate) is compared with the initial assembly tyre pressure 14 N/cm2 (20 psi),
applied load 570 Newtons (58 kg) and grade 4 aggregate. Tables 5.17, 5.18 and 5.19 show
the coefficient of friction results of the samples polished using the pneumatic tyres with
14 N/cm2 (20 psi) tyre pressure, 570 Newtons (58 kg) applied load and three different
aggregate sizes (grade 2, grade 4 and grade 6) at DFT40 and DFT20.
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Table 5.17: APPD-DFT results for polished samples with grade 2 chip size
Grade 2 Chip Size
DFT40
Polishing Time

DFT20

TP20-

TP20-

TP20-

TP20-

TP20-

TP20-

AL58-G2-

AL58-G2-

AL58-G2-

AL58-G2-

AL58-G2-

AL58-G2-

S24

S26

S27

S24

S26

S27

Unpolished

0.59

0.60

0.59

0.63

0.63

0.63

After 60 Minutes Polished

0.50

0.53

0.57

0.52

0.55

0.59

After 120 Minutes Polished

0.47

0.50

0.54

0.49

0.52

0.56

After 180 Minutes Polished

0.43

0.48

0.51

0.45

0.49

0.54

After 240 Minutes Polished

0.42

0.49

0.50

0.44

0.50

0.52

After 300 Minutes Polished

0.41

0.48

0.48

0.43

0.49

0.50

After 360 Minutes Polished

0.41

0.47

0.48

0.43

0.48

0.49

After 420 Minutes Polished

0.41

0.47

0.47

0.43

0.48

0.49

After 480 Minutes Polished

0.40

0.47

0.46

0.42

0.48

0.48

Table 5.18: APPD-DFT results for polished samples with grade 4 chip size
Grade 4 Chip Size
DFT40
Polishing Time

DFT20

TP20-

TP20-

TP20-

TP20-

TP20-

TP20-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

AL58-G4-

S20

S21

S22

S20

S21

S22

Unpolished

0.62

0.58

0.56

0.65

0.61

0.60

After 60 Minutes Polished

0.46

0.49

0.50

0.48

0.51

0.53

After 120 Minutes Polished

0.43

0.46

0.47

0.45

0.47

0.49

After 180 Minutes Polished

0.40

0.44

0.45

0.42

0.45

0.47

After 240 Minutes Polished

0.39

0.43

0.43

0.41

0.44

0.46

After 300 Minutes Polished

0.38

0.42

0.44

0.40

0.43

0.46

After 360 Minutes Polished

0.39

0.42

0.42

0.40

0.42

0.44

After 420 Minutes Polished

0.38

0.42

0.41

0.39

0.43

0.43

After 480 Minutes Polished

0.37

0.40

0.40

0.39

0.41

0.42
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Table 5.19: APPD-DFT results for polished samples with grade 6 chip size
Grade 6 Chip Size
DFT40
Polishing Time

DFT20

TP20-

TP20-

TP20-

TP20-

TP20-

TP20-

AL58-G6-

AL58-G6-

AL58-G6-

AL58-G6-

AL58-G6-

AL58-G6-

S23

S28

S29

S23

S28

S29

Unpolished

0.59

0.60

0.62

0.66

0.63

0.66

After 60 Minutes Polished

0.46

0.49

0.49

0.48

0.52

0.51

After 120 Minutes Polished

0.42

0.45

0.44

0.44

0.47

0.45

After 180 Minutes Polished

0.41

0.42

0.43

0.42

0.44

0.44

After 240 Minutes Polished

0.41

0.42

0.41

0.42

0.43

0.42

After 300 Minutes Polished

0.39

0.40

0.39

0.40

0.42

0.40

After 360 Minutes Polished

0.38

0.39

0.38

0.39

0.40

0.38

After 420 Minutes Polished

0.38

0.39

0.38

0.39

0.40

0.38

After 480 Minutes Polished

0.36

0.37

0.37

0.38

0.39

0.37

Figure 5.7 shows the coefficient of friction deterioration under polishing of the three
individual samples using a pneumatic tyre with 14 N/cm2 (20 psi) tyre pressure, 570
Newtons (58 kg) applied load and three different chips sizes.
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Figure 5.7: Coefficient of friction results of all polished samples using different aggregate sizes

Figure 5.8 shows the combined coefficient of friction deterioration under polishing for
samples polished using the three different aggregate sizes at DFT40 and DFT20. Each line
represents the average results of three different samples which were polished under the
same setup conditions.
The initial coefficient of friction values of these samples polished with chip size grade 2,
grade 4 and grade 6 from the APPD-DFT test were 0.59 µ, 0.59 µ and 0.60 µ at 40 km/h
and 0.63 µ, 0.62 µ and 0.65 µ at 20 km/h, respectively demonstrating very similar
consistency in initial coefficient of friction before polishing. As expected, the skid
resistance of the specimens decreased as the polishing progressed for each of the different
grade samples. After each hour of polishing, the specimen was removed from the APPD
device to measure the coefficient of friction using the DFT device. After eight hours
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polishing, samples reached an equilibrium level with the coefficient of friction 0.44 µ,
0.39 µ and 0.37 µ at 40 km/h and 0.46 µ, 0.41 µ and 0.38 µ at 20 km/h, respectively. The
results indicate that less polishing occurs on large aggregate chip size (grade 2) and
greater polishing occurs on the smaller aggregate chip size (grade 4 and grade6).

Figure 5.8: DFT40 and DFT20 for polished samples using different aggregate sizes

5.3 APPD-CTM Test Results
This section reports the macro-texture results of each sample polished under different
setup conditions: three different tyre pressures, two different types of tyres, three different
applied loads and three different aggregate sizes. The macrotexture results are then
compared in order to determine the impact of the various setup conditions on the reported
macrotexture.
The macrotexture was measured using the Circular Track Meter (CTM) device at the
same polishing position as the DFT tests at a diameter of 284mm. The following sections
show the macrotexture variation of all samples tested under different setup conditions.

5.3.1 Pneumatic Tyre Pressures
Tables 5.20, 5.21 and 5.22 show the Mean Texture Depth (MTD) at the aforementioned
polishing intervals using different pneumatic tyre pressures for individual samples. The
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Macrotexture measurement was repeated three times using the CTM device and the
average of those results is reported as the result.

Table 5.20: CTM results for polished samples with tyre pressure 10 N/cm2 (15 psi) and applied
load 570 Newtons (58 kg)
Tyre Pressure 15 psi – Mean Texture Depth (mm)
Polishing Time

TP15-AL58-

TP15-AL58-

TP15-AL58-

G4-S07

G4-S08

G4-S09

Unpolished

1.08

1.13

1.20

After 60 Minutes Polished

1.08

1.18

1.12

After 120 Minutes Polished

1.09

1.07

1.04

After 180 Minutes Polished

1.09

1.04

1.08

After 240 Minutes Polished

1.07

1.07

1.07

After 300 Minutes Polished

1.10

1.08

1.11

After 360 Minutes Polished

1.10

1.14

1.12

After 420 Minutes Polished

1.14

1.17

1.16

After 480 Minutes Polished

1.10

1.06

1.08

Table 5.21: CTM results for polished samples with tyre pressure 14 N/cm2 (20 psi) and applied
load 570 Newtons (58 kg)
Tyre Pressure 20 psi – Mean Texture Depth (mm)
Polishing Time

TP20-AL58-

TP20-AL58-

TP20-AL58-

G4-S01

G4-S02

G4-S03

Unpolished

1.27

0.95

1.12

After 60 Minutes Polished

1.24

1.09

1.08

After 120 Minutes Polished

1.39

1.08

1.02

After 180 Minutes Polished

1.36

1.06

1.01

After 240 Minutes Polished

1.39

1.10

0.99

After 300 Minutes Polished

1.30

1.11

1.07

After 360 Minutes Polished

1.44

1.10

1.05

After 420 Minutes Polished

1.50

1.07

1.13

After 480 Minutes Polished

1.57

1.10

0.95
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Table 5.22: CTM results for samples polished with tyre pressure 18 N/cm2 (25 psi) and applied
load 570 Newtons (58 kg)
Tyre Pressure 25 psi – Mean Texture Depth (mm)
Polishing Time

TP25-AL58-

TP25-AL58-

TP25-AL58-

G4-S04

G4-S05

G4-S06

Unpolished

1.22

1.01

1.00

After 60 Minutes Polished

1.19

1.07

1.04

After 120 Minutes Polished

1.18

1.01

1.04

After 180 Minutes Polished

1.17

1.06

1.02

After 240 Minutes Polished

1.16

1.04

1.04

After 300 Minutes Polished

1.18

1.06

1.10

After 360 Minutes Polished

1.15

1.08

1.08

After 420 Minutes Polished

1.15

1.03

1.13

After 480 Minutes Polished

1.23

1.01

1.07

Figure 5.9 shows the MTD progression of the three individual samples polished using
pneumatic tyres with three different tyre pressures and an applied load of 570 Newtons
(58 kg).
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Figure 5.9: Mean Texture Depth (MTD) results of all polished samples using different tyre
pressures

Figure 5.10 shows the combined MTD at the aforementioned polishing intervals using
different pneumatic tyre pressures. Each line represents the average results of three
different samples polished under the same setup conditions. The initial MTD of the
specimens before polishing with 10 N/cm2, 14 N/cm2 and 18 N/cm2 (15 psi, 20 psi and
25 psi) tyre pressures were 1.14 mm, 1.11 mm and 1.08 mm, respectively. The final MTD
of the samples after eight hours polishing were 1.08 mm, 1.21 mm and 1.10 mm,
respectively. The results show that the macrotexture of samples polished using different
pneumatic tyre pressures remained stable during the polishing process and that observed
changes due to polishing were at the microtexture scale.

Figure 5.10: Mean Texture Depth (MTD) for polished samples under different tyre pressures
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5.3.2 Applied Loads
Tables 5.23, 5.24 and 5.25 show the MTD at the aforementioned polishing intervals using
different applied loads for individual samples.

Table 5.23: CTM results for polished samples with tyre pressure 14 N/cm2 (20 psi) and applied
load 470 Newtons (48 kg)
Applied Load 48 kg – Mean Texture Depth (mm)
Polishing Time

TP20-AL48-

TP20-AL48-

TP20-AL48-

G4-S14

G4-S15

G4-S16

Unpolished

1.09

1.00

1.01

After 60 Minutes Polished

1.11

1.08

0.93

After 120 Minutes Polished

1.14

1.12

0.92

After 180 Minutes Polished

1.11

1.10

1.00

After 240 Minutes Polished

1.02

1.09

1.01

After 300 Minutes Polished

1.11

1.09

1.05

After 360 Minutes Polished

1.13

1.10

1.06

After 420 Minutes Polished

1.01

1.05

1.09

After 480 Minutes Polished

1.01

1.10

1.05

Table 5.24: CTM results for polished samples with tyre pressure 14 N/cm2 (20 psi) and applied
load 570 Newtons (58 kg)
Applied Load 58 kg – Mean Texture Depth (mm)
Polishing Time

TP20-AL58-

TP20-AL58-

TP20-AL58-

G4-S20

G4-S21

G4-S22

Unpolished

0.90

0.97

0.86

After 60 Minutes Polished

0.89

0.94

0.83

After 120 Minutes Polished

0.95

0.98

0.83

After 180 Minutes Polished

0.94

0.95

0.86

After 240 Minutes Polished

0.92

0.99

0.93

After 300 Minutes Polished

0.91

0.97

0.93

After 360 Minutes Polished

0.91

1.00

0.96

After 420 Minutes Polished

0.93

0.96

0.93

After 480 Minutes Polished

0.91

0.97

0.93
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Table 5.25: CTM results for polished samples with tyre pressure 14 N/cm2 (20 psi) and applied
load 670 Newtons (68 kg)
Applied Load 68 kg – Mean Texture Depth (mm)
Polishing Time

TP20-AL68-

TP20-AL68-

TP20-AL68-

G4-S17

G4-S18

G4-S19

Unpolished

0.99

0.77

0.92

After 60 Minutes Polished

1.00

0.77

1.00

After 120 Minutes Polished

0.90

0.88

0.91

After 180 Minutes Polished

0.96

0.83

0.95

After 240 Minutes Polished

0.93

0.85

0.94

After 300 Minutes Polished

0.94

0.86

0.96

After 360 Minutes Polished

0.96

0.85

0.93

After 420 Minutes Polished

0.92

0.83

0.98

After 480 Minutes Polished

0.96

0.83

0.94

Figure 5.11 shows the MTD progression of the three individual samples polished using
pneumatic tyres with 14 N/cm2 (20 psi) tyre pressure and three different applied loads.
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Figure 5.11: Mean Texture Depth (MTD) results of all polished samples using different applied
loads

Figure 5.12 shows the combined MTD at the aforementioned polishing intervals using
different applied loads (470 Newtons, 570 Newtons and 670 Newtons or 48 kg, 58 kg and
68 kg, respectively). Each line represents the average results of three different samples
polished under the same setup conditions. The initial MTD of the unpolished specimens
were 1.03 mm, 0.91 mm and 0.89 mm, respectively. The final MTD of the samples after
eight hours polishing were 1.05 mm, 0.94 mm and 0.91 mm, respectively. The results
show that the macrotexture of samples under different applied loads remained stable as
would be expected during the polishing process.

Figure 5.12: Mean Texture Depth (MTD) for samples polished under different applied loads
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5.3.3 Type of Tyre – Solid Tyre
Table 5.26 shows the MTD at the aforementioned polishing intervals using solid tyres for
individual samples.

Table 5.26: CTM results for polished samples with solid tyres with applied load 570 Newtons
(58 kg)
Solid Tyres – Mean Texture Depth (mm)
Polishing Time

ST-AL58-

ST-AL58-

ST-AL58-

G4-S10

G4-S11

G4-S12

Unpolished

1.09

1.00

1.01

After 60 Minutes Polished

1.11

1.08

0.93

After 120 Minutes Polished

1.14

1.12

0.92

After 180 Minutes Polished

1.11

1.10

1.00

After 240 Minutes Polished

1.02

1.09

1.01

After 300 Minutes Polished

1.11

1.09

1.05

After 360 Minutes Polished

1.13

1.10

1.06

After 420 Minutes Polished

1.01

1.05

1.09

After 480 Minutes Polished

1.01

1.10

1.05

Figure 5.13 shows the MTD progression of the three individual samples polished using
solid tyres and an applied load of 570 Newtons (58 kg).

Figure 5.13: Mean Texture Depth (MTD) results of all polished samples using solid tyres
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Figure 5.14 shows the combined MTD at the aforementioned polishing intervals using
solid tyres. The line represents the average results of three different samples polished
under the same setup conditions. The initial MTD of the specimens before polishing was
1.03 mm. The final MTD of the samples after eight hours polishing was 1.05 mm. The
results show that the macrotexture of samples polished using solid tyres with a 570
Newtons (58 kg) applied load remained stable during the polishing process.

Figure 5.14: Mean Texture Depth (MTD) for polished samples with solid tyres

5.3.4 Aggregate sizes
Tables 5.27, 5.28 and 5.29 show the MTD at the aforementioned polishing intervals using
different aggregate sizes for individual samples.
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Table 5.27: CTM results for polished samples with grade 2 aggregate size, tyre pressure 14
N/cm2 or 20 psi and applied load 570 Newtons or 58 kg)
Aggregate Size Grade 2 – Mean Texture Depth (mm)
Polishing Time

TP20-AL58-

TP20-AL58-

TP20-AL58-

G2-S24

G2-S26

G2-S27

Unpolished

1.19

1.13

1.10

After 60 Minutes Polished

1.26

1.10

1.10

After 120 Minutes Polished

1.27

1.09

1.13

After 180 Minutes Polished

1.30

1.10

1.15

After 240 Minutes Polished

1.18

1.11

1.13

After 300 Minutes Polished

1.21

1.12

1.11

After 360 Minutes Polished

1.19

1.11

1.14

After 420 Minutes Polished

1.20

1.13

1.14

After 480 Minutes Polished

1.21

1.10

1.13

Table 5.28: CTM results for polished samples with grade 4 aggregate size, tyre pressure 14
N/cm2 or 20 psi and applied load 570 Newtons or 58 kg)
Aggregate Size Grade 4 – Mean Texture Depth (mm)
Polishing Time

TP20-AL58-

TP20-AL58-

TP20-AL58-

G4-S20

G4-S21

G4-S22

Unpolished

0.90

0.97

0.86

After 60 Minutes Polished

0.89

0.94

0.83

After 120 Minutes Polished

0.95

0.98

0.83

After 180 Minutes Polished

0.94

0.95

0.86

After 240 Minutes Polished

0.92

0.99

0.93

After 300 Minutes Polished

0.91

0.97

0.93

After 360 Minutes Polished

0.91

1.00

0.96

After 420 Minutes Polished

0.93

0.96

0.93

After 480 Minutes Polished

0.91

0.97

0.93
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Table 5.29: CTM results for polished samples with grade 6 aggregate size, tyre pressure 14
N/cm2 or 20 psi and applied load 570 Newtons or 58 kg)
Aggregate Size Grade 6 – Mean Texture Depth (mm)
Polishing Time

TP20-AL58-

TP20-AL58-

TP20-AL58-

G6-S23

G6-S28

G6-S29

Unpolished

0.84

0.72

0.76

After 60 Minutes Polished

0.84

0.75

0.77

After 120 Minutes Polished

0.81

0.77

0.75

After 180 Minutes Polished

0.87

0.81

0.76

After 240 Minutes Polished

0.83

0.76

0.72

After 300 Minutes Polished

0.82

0.79

0.74

After 360 Minutes Polished

0.83

0.81

0.72

After 420 Minutes Polished

0.82

0.82

0.70

After 480 Minutes Polished

0.83

0.82

0.76

Figure 5.15 shows the MTD progression of the three individual samples polished using
pneumatic tyres with 14 N/cm2 (20 psi) tyre pressure, an applied load of 570 Newtons
(58 kg) and three different aggregate sizes.
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Figure 5.15: Mean Texture Depth (MTD) results of all polished samples using different
aggregate sizes

Figure 5.16 shows the combined MTD at the aforementioned polishing intervals using
different aggregate sizes. Each line represents the average results of three different
samples polished under the same setup conditions. The initial MTD of the specimens
before polishing with grade 2, grade 4 and grade 6 aggregate sizes were 1.14 mm, 1.01
mm and 0.77 mm, respectively. The final MTD of the samples after eight hours polishing
were 1.15 mm, 0.94 mm and 0.80 mm, respectively. The results show that the
macrotexture of samples polished using different aggregate sizes with 14 N/cm2 (20 psi)
pneumatic tyre pressure and an applied load of 570 Newtons (58 kg) remained stable
during the polishing process.

Figure 5.16: Mean Texture Depth (MTD) for polished samples under different aggregate sizes
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The CTM results under different chip grades show the sample that was constructed using
the largest chip size (grade 2 with ALD between 9.5mm to 12mm) has the highest
Macrotexture (MTD) results with 1.15mm. The samples made with the grade 4 chip size
with ALD between 5.5mm to 8mm gave a macrotexture value of 0.94mm and 0.80mm
for samples built using grade 6 with ALD less than 5.5mm, as a smaller chip size in this
research.
By using the International Friction Index (IFI), it is possible to investigate whether the
change in macrotexture between samples due to different chip sizes affected the measured
coefficient of friction results obtained using the DFT.
The analysis was undertaken to combine the DFT20 measured average equilibrium skid
resistance level (ESR) for each of the grades of aggregate with the CTM results for
macrotexture to determine the harmonised IFI F60 results.
The IFI for all the APPD-DFT test results obtained from samples with different aggregate
sizes at ESR level is included in Table 5.30.

Table 5.30: International Friction Index (IFI) results from samples polished with different
aggregate sizes after 480 minutes polishing process
Chip Size

Grade 2

Grade 4

Grade 6

DFT20 (µ)

0.46

0.41

0.38

MPD (mm)

1.15

0.94

0.80

Sp = 14.2 + 89.7 MPD

117

98

86

F60 = 0.081 + 0.732 DFT20 × exp-40/Sp

0.32

0.28

0.26

The results show that whilst the variation between F60 results reduced (0.26 to 0.32) from
the DFT20 variation (0.38 to 0.46) the differences in ESR CoF could not be explained
solely by differences in chip size (macrotexture) that remained constant throughout the
polishing cycle. Initial DFT20 measured CoF results even with different macrotexture
results were similar (0.77mm to 1.14mm ), however, the difference in measured DFT20
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CoF increased as polishing time increased. This tends to indicate that the amount of
polishing undertaken by the APPD device differs with different aggregate chip sizes
which are likely to be related to the contact area and pressures in the polishing tyre contact
patch area.

5.4 Summary
This chapter presented the coefficient of friction and mean profile depth results of all
samples, recorded by the APPD-DFT and APPD-CTM test methods, respectively. Each
test was run under four different APPD setup conditions: using different tyre pressures,
different applied loads, different types of tyres and different aggregate sizes. Then, all
results were compared to find the sensitivity of different parameters on the coefficient of
friction and mean profile depth results.
The next chapter presents the contact area and contact pressure between the APPD tyres
and sample surface using a pressure pad under different setup conditions.
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Chapter 6
Contact Area and Pressure Between APPD Tyres and
Sample Surface

6.1 Introduction
Various tyres can have a different effect on the road surface aggregates due to a change in
contact areas. Those variations depend on factors such as different tyre treads, different
applied loads on the APPD device and different tyre pressures. Therefore, depending on the
contact area between the tyres and road surface; the level of polishing can either increase or
decrease.
In this chapter, contact area and pressure level between the APPD tyres and specimen’s
surface have been measured using a pressure pad under different tyre pressures, different
tyre types and different applied loads, as well as using different aggregate sizes.

6.2 Pressure Pad Results
One specimen was selected for measuring the contact area and applied pressure between the
APPD tyres and specimen surface. The results were obtained from an unpolished sample
(i.e. at the highest level of coefficient of friction).
All measurements were repeated twice: one with new pneumatic tyres and one with used
pneumatic tyres. Table 6.1 and Table 6.2 show the total contact area and pressure level of
three new and three used pneumatic tyres, respectively.
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Table 6.1: Tyre Pressure Results – New Pneumatic Tyres
Variable
Different
Tyre
Pressures
Different
Applied
Loads
Different
Aggregate
Size

Tyre Type

Pneumatic

Pneumatic

Pneumatic

Tyre
Pressure
(psi)
15
20
25
20
20
20
20
20
20

Applied
Load
(kg)
58
58
58
48
58
68
58
58
58

Aggregates
Size
Grade 4
Grade 4
Grade 4
Grade 4
Grade 4
Grade 4
Grade 2
Grade 4
Grade 6

Contact
Area
(cm2)
21.59
21.16
20.20
16.59
20.74
20.92
18.62
19.39
20.62

Average
Pressure
(N/cm2)
26.40
26.94
28.22
28.32
27.49
27.24
30.61
29.39
27.64

Table 6.2: Tyre Pressure Results – Used Pneumatic Tyres
Variable
Different
Tyre
Pressures
Different
Applied
Loads
Different
Aggregate
Size

Tyre Type

Pneumatic

Pneumatic

Pneumatic

Tyre
Pressure
(psi)
15
20
25
20
20
20
20
20
20

Applied
Load
(kg)
58
58
58
48
58
68
58
58
58

Aggregates
Size
Grade 4
Grade 4
Grade 4
Grade 4
Grade 4
Grade 4
Grade 2
Grade 4
Grade 6

Contact
Area
(cm2)
23.59
23.54
22.47
22.16
23.03
23.98
21.01
21.68
22.20

Average
Pressure
(N/cm2)
24.16
24.22
25.37
25.62
24.75
24.51
27.13
26.29
25.68

The pressure distributions presented in Figure 6.1 were obtained using the new pneumatic
tyres, for different tyre pressures, applied loads and chip grades.
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(a)

(b)
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(c)
Figure 6.1: The APPD’s new pneumatic tyres pressure distribution with (a) different tyre pressures,
(b) different applied loads; and (c) different chip sizes

Referring to Figure 6.1 (a) the logarithmic regression results show that higher contact
pressures are obtained by increasing the tyre pressure resulting in reduced contact area
between the tyres and specimen surface. This means that the 10 N/cm2 (15 psi) tyre pressure
has the least contact pressure and 18 N/cm2 (25 psi) tyre pressure has the highest contact
pressure when the APPD starts to polish the aggregates.
Referring to Figure 6.1 (b), the logarithmic regression results show that lower contact
pressures are obtained using heavier applied loads resulting in increased contact area
between the tyres and specimen surface. This means that the 470 Newton (48 kg) applied
load has the highest contact pressure and the 670 (68 kg) Newton applied load has the least
contact pressure.
Referring to Figure 6.1 (c) for different chip sizes, the logarithmic regression results show
that the specimen composed of grade 6 has the least contact pressure in comparison to the
other two grade sizes (grade 2 and grade 4).
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The pressure distributions presented in Figure 6.2 were obtained using the used pneumatic
tyres, for different tyre pressures, applied loads and chip grades. The relative order of
distribution is similar to using new pneumatic tyres.
Referring to Figure 6.2 (a), the logarithmic regression results show that lower tyre pressures
result in lower contact pressures due to having a greater contact area between the tyres and
sample surface. Also, referring to Figure 6.2 (b), increasing the applied load cause a
reduction in contact pressure. Referring to Figure 6.2 (c), by increasing the aggregate size,
the contact pressure increases due to reducing the contact area between the tyres and sample
surface. Therefore, the specimens made using the smaller aggregate size (grade 6) has the
least contact pressure between the tyres and sample surface.

(a)
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(b)

(c)
Figure 6.2: The APPD’s used pneumatic tyres pressure distribution with (a) different tyre
pressures, (b) different applied loads; and (c) different chip sizes
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6.3 Relationship between contact area and pressure level
Referring to Figure 6.3, when the contact area between the tyres and sample surface
increases, the contact pressure decreases and vice versa due to changes in tyre pressures,
applied loads and chip grades.
Referring to Figure 6.3 (a), the contact area decreases when the tyre pressure increases,
resulting in the contact pressure between the tyres and the sample surface increasing.
Referring to Figure 6.3 (b), the contact area increases with increasing load, and, due to the
increased contact area between the tyres and sample surface, the pressure level reduces.
Referring to Figure 6.3 (c), the specimen, which was constructed using grade 2 aggregate,
with an ALD dimension between 9.5 mm to 12 mm, had less contact area and a higher level
of pressure compared to the aggregates with smaller sizes. Referring to the MTD results
obtained using the CTM on each specimen, the sample made using grade 2 aggregates had
the largest MTD; while, the grade 6 aggregate had a lowest MTD (referring to Table 5.27,
Table 5.28 and Table 5.29). Therefore, the contact area between the tyres and sample surface
increases when using smaller aggregates due to less MTD. Also, the pressure level reduced
when the contact area increased. Thus, the specimens made using grade 6 aggregates have a
greater contact area with the tyres during the polishing process and lower contact pressure.

(a)
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(b)

(c)
Figure 6.3: Pressure Pad Results of Different Polishing Condition with New Pneumatic Tyres with
(a) different tyre pressures, (b) different applied loads; and (c) different chip sizes

As is shown in Figure 6.4, the relative variation in the contact area and contact pressure
between the APPD’s used pneumatic tyres and the specimen’s surface was similar to using
new pneumatic tyres.

146

6 Contact Area and Pressure Between APPD Tyres and Sample Surface

a)

(b)

(c)
Figure 6.4: Pressure Pad Results of Different Polishing Condition with Used Pneumatic Tyres with
(a) different tyre pressures, (b) different applied loads; and (c) different chip sizes
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All of the results obtained from the pressure pad device and the XSensor X3 Pro V6 software
are presented in Appendix E.

6.4 Summary
This chapter presented the contact area and contact pressure readings between the APPD
tyres (new and used pneumatic tyres) and sample surface using a pressure pad under
different setup conditions (different tyre pressures, applied loads and chip sizes). The
Xsensor X3 computer software was used to record all output data from the pressure pad.
The results show that when the contact area increases, the contact pressure decreases, as
expected. Therefore, higher contact pressures are obtained with increasing tyre pressure,
resulting in a reduced contact area between the tyres and sample surface. In contrast,
increasing the applied load on the APPD results in a higher contact area and lower contact
pressure.
Referring to the samples constructed with different chip grades, the results show that
samples constructed with the smaller chip size have the higher contact area and, therefore,
least contact pressure between the tyres and sample surface. The next chapter presents the
discussion of all results obtained in this research.
The next chapter presents the statistical analysis of all results obtained from the sensitivity
analysis of the APPD-DFT test method, as presented in this chapter.
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Chapter 7
Statistical Analysis Results

7.1 Introduction
This chapter presents the statistical evaluation of the coefficient of friction and mean profile
depth results reported under different setup conditions. The aim of this chapter is to
determine whether the results obtained under different setup conditions are statistically
different and to what level of significance. Also, it will be shown that if there are statistical
differences between the APPD-DFT results, this variation is not related to changes in the
mean profile depth (MPD).
To achieve this, an ANOVA statistical analysis method was undertaken to compare the
APPD-DFT and the APPD-CTM results to assess the sensitivity of the results to changes in
different setup parameters (tyre pressure, type of tyre, applied load and aggregate size) on
the APPD device. In addition, the contact area and pressures between the APPD tyres and
specimen’s surface, reported in Chapter 6, will be used to help explain and provide context
to the statistical analyses.

7.2 Analysis of Variance for the APPD-DFT Results – ANOVA
The APPD-DFT results in each group were compared using a one-way ANOVA (Analysis
of Variance) method incorporated in the Statistical Package for the Social Sciences (SPSS)
software.

7.2.1 Tyre Pressures
Table 7.1 shows the ESR results “DFT40 and DFT20” of the samples polished using three
different tyre pressures 10 N/cm2, 14 N/cm2 and 18 N/cm2 (15 psi, 20 psi and 25 psi).
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As mentioned previously, the DFT device was run three times to measure the coefficient of
friction of each of the three samples at ESR.
All of these individual results, as well as the solid tyre results, were used to assess the effect
of different tyre pressures and tyre type on the APPD device.

Table 7.1: APPD-DFT results for polished samples with different tyre pressures
Different Tyre Pressures – DFT40
15 psi

20 psi

0.43
0.42
0.41
0.43
0.42
0.41
0.41
0.40
0.40

0.46
0.46
0.44
0.44
0.43
0.43
0.45
0.44
0.43

0.41

0.44

25 psi
0.48
0.47
0.46
0.52
0.51
0.50
0.47
0.46
0.46
Mean
0.48

Different Tyre Pressures – DFT20

Solid Tyre

15 psi

20 psi

0.46
0.45
0.45
0.45
0.44
0.44
0.46
0.45
0.44

0.45
0.44
0.43
0.43
0.42
0.41
0.42
0.41
0.40

0.47
0.46
0.45
0.46
0.45
0.45
0.48
0.47
0.46

0.45

0.42

25 psi

0.53
0.51
0.51
0.51
0.50
0.51
0.49
0.49
0.48
Mean
0.46
0.50

Solid Tyre
0.47
0.47
0.46
0.48
0.47
0.46
0.48
0.47
0.47
0.47

Table 7.2 shows the One-way ANOVA results of the DFT40 and DFT20 of the specimens
polished using different tyre pressures. When the significance value (P-value) in the Oneway ANOVA results is less than 0.05 (5 percent), then it means that there is a significant
difference between the groups that are compared with each other to a confidence level of 95
percent. According to this table, the P-value is less than 5 percent for both DFT20 and DFT40
tests. Consequently, it can be stated with a 95 percent confidence level that there is a
significant difference between the measured polishing results obtained when the APPD tyre
pressures were 10 N/cm2, 14 N/cm2 and 18 N/cm2 (15 psi, 20 psi and 25 psi).
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Table 7.2: The ANOVA single factor results for polished samples with different tyre pressures
ANOVA – Different Tyre Pressures – DFT40
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.02024
0.00696

3
32

0.00675
0.00022

31.045

Total

0.0272

35

Sig.
(p-Value)
0.000

ANOVA – Different Tyre Pressures – DFT20
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.02920
0.00509

3
32

0.00973
0.00016

61.205

Total

0.03429

35

Sig.
(p-Value)
0.000

Referring to the pressure pad results from different tyre pressures in Chapter 6, specifically
Figure 6.1(a) and Figure 6.2(a), it can be seen that reduced contact area between the tyres
and specimen surface are obtained by increasing the tyre pressure, thereby resulting in higher
average contact pressures. At a simple or basic level, a higher average contact pressures over
a smaller area should intuitively result in greater polishing of the aggregate, resulting in
lower DFT20 values as the tyre pressure is increased from 15psi, to 20psi and, finally, to
25psi. However, as see in Table 7.1 higher tyre pressures (and therefore higher average
contact pressures) resulted in less polishing (higher DFT20 values). As mentioned above, the
difference in tyre pressure is enough to result in significantly different polishing results.
A potential explanation is that aggregate mineralogy complicates the mechanism of wear.
Referring to Section 4.3 it can be seen that the aggregate contains a combination of harder
minerals such as Prehnite (Mohrs hardness 6.0-6.5) and Pumpellyite (Mohrs hardness 5.56.0) as well as softer minerals such as Mica (Mohrs hardness 2.5-3.0) and Chlorite (Mohrs
hardness 2.0-2.5). It is, therefore, possible that the higher contact pressures were able to
erode or dislodge the softer minerals, thereby creating a rougher microtexture. Clearly, the
polishing process is complex and highlights the need for an analysis of microtextural
parameters, included in Chapter 8, which may be able to support the above hypothesis.
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There is an option in the ANOVA analysis method in SPSS, the Tukey option, to
undertake statistical data analysis for hypothesis testing. This is used to find evidence of
a significant difference between two groups of data. In the previous analysis, the ANOVA
method demonstrated that there are significant differences between the measured
coefficient of friction results recorded under different tyre pressures. The Tukey data
analysis option shows whether this variation is between all different pressures or just
between some of them.
Table 7.3 and Table 7.4 shows the results of the ANOVA analysis by running the Tukey
option between different tyre pressures on the APPD device at DFT40 and DFT20,
respectively. The comparison is between tyre pressures of: 10 N/cm2 (15 psi) and 14
N/cm2 (20 psi), 10 N/cm2 (15 psi) and 18 N/cm2 (25 psi), 10 N/cm2 (15 psi) and solid
tyre, 14 N/cm2 (20 psi) and 18 N/cm2 (25 psi), 14 N/cm2 (20 psi) and solid tyre; and 18
N/cm2 (25 psi) and solid tyre, at DFT40 and DFT20.
The significance level that is considered in the Tukey option is 0.05 as a default. Looking
at the results comparing tyre pressure 14 N/cm2 (20 psi) and the solid tyre, the p-Value at
DFT40 and DFT20 is more than 0.05. This means that there is not a statistically significant
difference between the coefficient of friction results.
For all other tyre pressure/tyre combinations, the p-Value is less than 0.05 for DFT40 or
DFT20 or both. This means there is a statistically significant difference between the
coefficient of friction results.
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Table 7.3: The ANOVA results by activated Tukey option for polished samples with different
tyre pressures at DFT40
Tyre Pressure

Tyre Pressure

Mean Difference

Std. Error

Sig.
(p-Value)

Tyre Pressure 15 psi

Tyre Pressure 20 psi
Tyre Pressure 25 psi
Solid Tyre

-0.02778
-0.06667
-0.03444

0.00695
0.00695
0.00695

0.000**
0.000**
0.000**

Tyre Pressure 20 psi

Tyre Pressure 15 psi
Tyre Pressure 25 psi
Solid Tyre

0.02778
-0.03889
-0.00667

0.00695
0.00695
0.00695

0.000**
0.000**
0.182*

Tyre Pressure 25 psi

Tyre Pressure 15 psi
Tyre Pressure 20 psi
Solid Tyre

0.06667
0.03889
0.03222

0.00695
0.00695
0.00695

0.000**
0.000**
0.001**

Solid Tyre

Tyre Pressure 15 psi
Tyre Pressure 20 psi
Tyre Pressure 25 psi

0.03444
0.00667
-0.03222

0.00695
0.00695
0.00695

0.000**
0.182*
0.000**

* Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is more than 0.05,
not a significant difference between the groups.
** Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is less than 0.05, a
significant difference between the groups.

Table 7.4: The ANOVA results by activated Tukey option for polished samples with different
tyre pressures at DFT20
Tyre Pressure

Tyre Pressure

Mean Difference

Std. Error

Sig.
(p-Value)

Tyre Pressure 15 psi

Tyre Pressure 20 psi
Tyre Pressure 25 psi
Solid Tyre

-0.03778
-0.08000
-0.04667

0.00594
0.00594
0.00594

0.000**
0.000**
0.000**

Tyre Pressure 20 psi

Tyre Pressure 15 psi
Tyre Pressure 25 psi
Solid Tyre

0.03778
-0.04222
-0.00889

0.00594
0.00594
0.00594

0.000**
0.000**
0.051*

Tyre Pressure 25 psi

Tyre Pressure 15 psi
Tyre Pressure 20 psi
Solid Tyre

0.08000
0.04222
0.03333

0.00594
0.00594
0.00594

0.000**
0.000**
0.000**

Solid Tyre

Tyre Pressure 15 psi
Tyre Pressure 20 psi
Tyre Pressure 25 psi

0.04667
0.00889
-0.03333

0.00594
0.00594
0.00594

0.000**
0.051*
0.000**

* Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is more than 0.05, no
significant difference between the groups.
** Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is less than 0.05, a
significant difference between the groups.
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7.2.2 Applied Loads
Table 7.5 shows the ESR results “DFT40 and DFT20” of the samples polished using three
different applied loads 470 Newtons, 570 Newtons and 670 Newtons (48 kg, 58 kg and
68 kg).
As mentioned previously, the DFT device was run three times to measure the coefficient
of friction of each of the three samples at ESR. All these individual results were used to
assess the effect of different applied loads on the APPD device.

Table 7.5: APPD-DFT results for polished samples with different applied loads
Different Applied Loads – DFT40
Applied Load
48 kg
0.41
0.40
0.40
0.42
0.41
0.41
0.42
0.42
0.40
0.41

Applied load
58 kg
0.38
0.38
0.36
0.41
0.40
0.40
0.40
0.40
0.39
Mean
0.39

Different Applied Loads – DFT20

Applied Load
68 kg
0.36
0.34
0.34
0.35
0.35
0.34
0.38
0.36
0.36

Applied Load
48 kg
0.42
0.41
0.42
0.43
0.42
0.41
0.42
0.41
0.42

0.35

0.42

Applied load
58 kg
0.40
0.39
0.39
0.42
0.41
0.40
0.43
0.43
0.41
Mean
0.41

Applied Load
68 kg
0.38
0.36
0.36
0.38
0.38
0.37
0.37
0.36
0.35
0.37

Table 7.6 shows the One-way ANOVA results of the DFT40 and DFT20 of the specimens
polished using different applied loads. When the significant value (P-value) in the Oneway ANOVA results is less than 0.05, then it means that there is a significant difference
between the groups which are compared with each other with a confidence level of 95
percent. According to this table, the P-value is less than 5 percent. Consequently, it can
be stated with a 95 percent confidence level that there is a significant difference between
the measured polishing results when the APPD applied loads were 470 Newtons, 570
Newtons and 670 Newtons (48 kg, 58 kg and 68 kg).
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Table 7.6: The ANOVA single factor results for polished samples with different applied loads
ANOVA – Different Applied Loads – DFT40
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.01499
0.00389

2
24

0.00749
0.00016

46.24

Total

0.01887

26

Sig.
(p-Value)
0.000

ANOVA – Different Applied Loads – DFT20
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.01281
0.00320

2
24

0.00640
0.00013

48.027

Total

0.01601

26

Sig.
(p-Value)
0.000

Referring to the pressure pad results from different applied loads in Chapter 6, specifically
Figure 6.1(b) and Figure 6.1(b), it can be seen that lower average contact pressures are
obtained by increasing the applied load, due to the increased contact area between the
tyres and specimen surface. At a simple or basic level, lower average contact pressures
over a larger area should intuitively result in less polishing of the aggregate, resulting in
higher DFT20 values as the applied load is increased from 48kg, to 58kg and, finally, to
68kg. However, as see in Table 7.5 higher applied loads (with lower average contact
pressures due to an increase in contact area) resulted in more polishing (lower DFT20
values). As mentioned above, the difference in applied load is enough to result in
significantly different polishing results.
As in Section 7.2.1, which refers to variation in tyre pressures, a potential explanation is
that aggregate mineralogy complicates the mechanism of wear. The aggregate contains a
combination of harder minerals and softer minerals, and it is therefore possible that the
higher contact pressures were able to erode or dislodge the softer minerals, thereby
creating a rougher microtexture. This highlights the need for an analysis of microtextural
parameters, included in Chapter 8, which may be able to support the above hypothesis.
Table 7.7 and Table 7.8 show the results of the ANOVA analysis by running the Tukey
option between different applied loads on the APPD device at DFT40 and DFT20,
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respectively. The comparison is between applied loads of 470 Newtons (48 kg) and 570
Newtons (58 kg), 470 Newtons (48 kg) and 670 Newtons (68 kg) and 570 Newtons (58
kg) and 670 Newtons (68 kg), at DFT40 and DFT20.
For all applied load combinations, the p-Value is less than 0.05 for DFT40 or DFT20 or
both. This means there is a statistically significant difference between the coefficient of
friction results.

Table 7.7: The ANOVA results by activated Tukey option for polished samples with different
applied loads at DFT40
Tyre Pressure

Tyre Pressure

Mean Difference

Std. Error

Sig.
(p-Value)

Applied Load 48 kg

Applied Load 58 kg
Applied Load 68 kg

0.01889
0.05667

0.00600
0.00600

0.005**
0.000**

Applied Load 58 kg

Applied Load 48 kg
Applied Load 68 kg

-0.01889
0.03778

0.00600
0.00600

0.005**
0.000**

Applied Load 68 kg

Applied Load 48 kg
Applied Load 58 kg

-0.05667
-0.03778

0.00600
0.00600

0.000**
0.000**

* Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is more than 0.05, no
significant difference between the groups.
** Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is less than 0.05, a
significant difference between the groups.

Table 7.8: The ANOVA results by activated Tukey option for polished samples with different
applied loads at DFT20
Tyre Pressure

Tyre Pressure

Mean Difference

Std. Error

Sig.
(p-Value)

Applied Load 48 kg

Applied Load 58 kg
Applied Load 68 kg

0.00889
0.05000

0.00544
0.00544

0.130*
0.000**

Applied Load 58 kg

Applied Load 48 kg
Applied Load 68 kg

-0.00889
0.04111

0.00544
0.00544

0.130*
0.000**

Applied Load 68 kg

Applied Load 48 kg
Applied Load 58 kg

-0.05000
-0.04111

0.00544
0.00544

0.000**
0.000**

* Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is more than 0.05, no
significant difference between the groups.
** Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is less than 0.05, a
significant difference between the groups.
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7.2.3 Aggregate Sizes
Table 7.9 shows the ESR results “DFT40 and DFT20” of the samples polished using three
different aggregate sizes (grade 2, grade 4 and grade 6 as a large chip size to the small
size).
As mentioned previously, the DFT device was run three times to measure the coefficient
of friction of each of the three samples at ESR. All these individual results were used to
assess the effect of different aggregate sizes on the APPD device.

Table 7.9: APPD-DFT results for polished samples with different aggregate sizes
Different Aggregate Sizes – DFT40

Different Aggregate Sizes – DFT20

Grade 2

Grade 4

Grade 6

Grade 2

Grade 4

Grade 6

ALD=9.5-12mm

ALD=5.5-8mm

ALD < 5.5mm

ALD=9.5-12mm

ALD=5.5-8mm

ALD < 5.5mm

0.41
0.40
0.40
0.48
0.47
0.46
0.47
0.46
0.45

0.38
0.38
0.36
0.41
0.40
0.40
0.40
0.40
0.39
Mean
0.39

0.36
0.36
0.35
0.38
0.37
0.36
0.36
0.37
0.38

0.43
0.42
0.42
0.49
0.48
0.47
0.48
0.48
0.47

0.40
0.38
0.38
0.40
0.39
0.39
0.38
0.37
0.37

0.37

0.46

0.40
0.39
0.39
0.42
0.41
0.40
0.43
0.43
0.41
Mean
0.41

0.44

0.38

Table 7.10 shows the One-way ANOVA results of the DFT40 and DFT20 of the specimens
polished using different aggregate chip sizes. When the significant value (P-value) in the
One-way ANOVA results is less than 0.05, then it means that there is a significant
difference between the groups which are compared with each other with a confidence
level of 95 percent. According to this table, the P-value is less than 5 percent.
Consequently, it can be stated with a 95 percent confidence level that there is a significant
difference between the measured polishing results when the different aggregate sizes
were grade 2, grade 4 and grade 6.
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Table 7.10: The ANOVA single factor results for polished samples with different aggregate
sizes
ANOVA – Different Aggregate Sizes – DFT40
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.02916
0.01093

2
24

0.01458
0.00046

32.008

Total

0.04010

26

Sig.
(p-Value)
0.000

ANOVA – Different Aggregate Sizes– DFT20
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.02676
0.00931

2
24

0.01338
0.00039

34.482

Total

0.03607

26

Sig.
(p-Value)
0.000

Referring to the pressure pad results from different applied loads in Chapter 6, specifically
Figure 6.1(c) and Figure 6.1(c), it can be seen that lower contact pressures are obtained
by decreasing the chip size, due to the increased contact area between the tyres and
specimen surface. Contact with the specimen surface in this sensitivity analysis is
controlled by the size of the aggregate and the gaps between them, as represented by the
MPD. Referring to Table 5.30, it can be seen that the MPD decreases from 1.15mm, to
0.94mm and, finally, to 0.80mm for the grade 2, 4 and 6 chips, respectively. A larger
MPD means a larger gap between chips and therefore less contact area, and vice versa.
As will be confirmed in Section 7.4.3, these are significantly different at the 95%
confidence level. This supports the pressure pad results. At a simple or basic level, lower
contact pressures over a larger area should result in less polishing of the aggregate,
resulting in higher DFT20 values as the chip size is decreased from grade 2, to grade 4
and, finally, to grade 6. However, as see in Table 7.9 decreasing chip size (with lower
average contact pressures due to an increase in contact area) resulted in more polishing
(lower DFT20 values). As mentioned above, the difference in applied is enough to result
in significantly different polishing results.
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As in Section 7.2.1, which refers to variation in tyre pressures, a potential explanation is
that aggregate mineralogy complicates the mechanism of wear. The aggregate contains a
combination of harder minerals and softer minerals, and it is therefore possible that the
higher contact pressures were able to erode or dislodge the softer minerals, thereby
creating a rougher microtexture. This highlights the need for an analysis of microtextural
parameters, included in Chapter 8, which may be able to support the above hypothesis
Table 7.11 and Table 7.12 show the results of the ANOVA analysis by running the Tukey
option between different aggregate sizes on the APPD device at DFT40 and DFT20,
respectively. The comparison is between aggregate sizes of grade 2 and grade 4, grade 2
and grade 6; and grade 4 and grade 6, at DFT40 and DFT20.
For all aggregate size combinations, the p-Values for DFT40 and DFT20 are less than the
significance level. This means there is a statistically significant difference between the
coefficient of friction results.

Table 7.11: The ANOVA results by activated Tukey option for polished samples with different
aggregate sizes at DFT40
Tyre Pressure

Tyre Pressure

Mean Difference

Std. Error

Sig.
(p-Value)

Grade 2

Grade 4
Grade 6

0.05333
0.07888

0.00987
0.00987

0.000**
0.000**

Grade 4

Grade 2
Grade 6

-0.05333
0.02555

0.00987
0.00987

0.000**
0.000**

Grade 6

Grade 2
Grade 4

-0.07888
-0.02555

0.00987
0.00987

0.000**
0.000**

* Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is more than 0.05, no
significant difference between the groups.
** Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is less than 0.05, a
significant difference between the groups.
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Table 7.12: The ANOVA results by activated Tukey option for polished samples with different
aggregate sizes at DFT20
Tyre Pressure

Tyre Pressure

Mean Difference

Std. Error

Sig.
(p-Value)

Grade 2

Grade 4
Grade 6

0.05111
0.07555

0.00987
0.00987

0.000**
0.000**

Grade 4

Grade 2
Grade 6

-0.05111
0.02444

0.00987
0.00987

0.000**
0.001**

Grade 6

Grade 2
Grade 4

-0.07555
-0.02444

0.00987
0.00987

0.000**
0.001**

* Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is more than 0.05, no
significant difference between the groups.
** Statistics, Data Analysis, and Decision Modelling (5th Edition) by James R. Evans: the p-Value is less than 0.05, a
significant difference between the groups.

7.3 Analysis of Coefficient of Friction Variance for all Samples Before Polishing
Process
As the aggregate geological source was consistent and all the aggregate samples were
obtained at the same time, then it would be expected that all initial, unpolished, CoF
values would be the same.
However, a statistical analysis is needed to ensure the coefficient of friction started from
the same level and there was not any significant difference in the results before the
polishing process. This would then demonstrate that any differences obtained from initial
to ESR would only be due to the polishing process.

7.3.1 Tyre Pressures
Table 7.13 shows the coefficient of friction results at DFT40 and DFT20 of the samples
prior to polishing with different tyre pressures.
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Table 7.13: Coefficient of friction results for unpolished samples which were prepared for
polishing with different tyre pressures
Different Tyre Pressures – DFT40
15 psi

20 psi

0.63
0.58
0.56
0.58
0.57
0.55
0.63
0.59
0.57

0.68
0.66
0.66
0.54
0.55
0.56
0.63
0.59
0.58

0.59

0.61

25 psi

Different Tyre Pressures – DFT20

Solid Tyre

15 psi

20 psi

0.66
0.59
0.57
0.63
0.61
0.59
0.67
0.64
0.63

0.66
0.62
0.60
0.62
0.60
0.58
0.68
0.63
0.61

0.73
0.73
0.73
0.61
0.62
0.62
0.68
0.65
0.63

0.62

0.62

0.63
0.60
0.60
0.63
0.61
0.59
0.63
0.58
0.56
Mean
0.60

25 psi

0.72
0.71
0.70
0.64
0.63
0.61
0.68
0.64
0.61
Mean
0.66
0.66

Solid Tyre
0.69
0.63
0.62
0.68
0.66
0.63
0.70
0.68
0.67
0.66

Table 7.14 shows the One-way ANOVA results of the DFT40 and DFT20 of the specimens
prior to polishing with different tyre pressures. According to this table, the P-value is
more than 5 percent. Therefore, this means there is no significant difference between the
initial, unpolished, coefficient of friction results for these samples.

Table 7.14: The ANOVA single factor results for unpolished samples which prepared to polish
with different tyre pressures
ANOVA – DFT40
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.006
0.043

3
32

0.002
0.001

1.522

Total

0.049

35

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.011
0.051

3
32

0.004
0.002

2.400

Total

0.062

35

Sig.
(p-Value)
0.228

ANOVA – DFT20
Source of Variation
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7.3.2 Applied Loads
Table 7.15 shows the coefficient of friction results at DFT40 and DFT20 of the samples
prior to polishing with different applied loads.

Table 7.15: The coefficient of friction results for unpolished samples which were prepared for
polishing with different applied loads
Different Applied Loads – DFT40
Applied Load
48 kg
0.62
0.63
0.61
0.61
0.64
0.63
0.61
0.62
0.60
0.63

Applied load
58 kg
0.66
0.61
0.58
0.59
0.57
0.56
0.58
0.56
0.55
Mean
0.59

Different Applied Loads – DFT20

Applied Load
68 kg
0.62
0.58
0.55
0.64
0.59
0.57
0.68
0.64
0.63

Applied Load
48 kg
0.64
0.65
0.64
0.65
0.67
0.66
0.65
0.64
0.64

0.61

0.67

Applied load
58 kg
0.69
0.64
0.62
0.63
0.61
0.59
0.63
0.60
0.58
Mean
0.62

Applied Load
68 kg
0.66
0.63
0.60
0.68
0.64
0.61
0.72
0.69
0.67
0.65

Table 7.16 shows the One-way ANOVA results of the DFT40 and DFT20 of the specimens
prior to polishing with different applied loads. According to this table, the P-value is more
than 5 percent. Therefore, this means there is no significant difference between the initial,
unpolished, coefficient of friction results for these samples.

Table 7.16: The ANOVA single factor results for unpolished samples which prepared to polish
with different applied loads
ANOVA – DFT40
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.006
0.024

2
24

0.003
0.001

2.937

Total

0.030

26
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ANOVA – DFT20
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.005
0.023

2
24

0.003
0.001

2.785

Total

0.029

26

Sig.
(p-Value)
0.082

7.3.3 Aggregate Sizes

Table 7.17 shows the coefficient of friction results at DFT40 and DFT20 of the samples
with different aggregate sizes before polishing.

Table 7.17: The coefficient of friction results for unpolished samples which were prepared for
polishing with different aggregate sizes
Different Aggregate Sizes – DFT40

Different Aggregate Sizes – DFT20

Grade 2

Grade 4

Grade 6

Grade 2

Grade 4

Grade 6

0.62
0.58
0.57
0.63
0.59
0.57
0.62
0.58
0.56

0.68
0.66
0.66
0.54
0.55
0.56
0.63
0.59
0.58
Mean
0.59

0.66
0.62
0.62
0.63
0.59
0.57
0.65
0.62
0.60

0.66
0.63
0.61
0.67
0.63
0.61
0.65
0.63
0.60

0.68
0.65
0.64
0.66
0.62
0.60
0.68
0.66
0.64

0.60

0.63

0.73
0.73
0.73
0.61
0.62
0.62
0.63
0.62
0.63
Mean
0.62

0.59

0.65

Table 7.18 shows the One-way ANOVA results of the DFT40 and DFT20 of the specimens
prior to polishing with different aggregate sizes. According to this table, the P-value is
more than 5 percent. Therefore, this means there is no significant difference between the
initial, unpolished, coefficient of friction results for these samples.
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Table 7.18: The ANOVA single factor results for unpolished samples which prepared to polish
with different applied loads
ANOVA – DFT40
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.003
0.034

2
24

0.002
0.001

1.130

Total

0.037

26

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.005
0.032

2
24

0.003
0.001

2.039

Total

0.037

26

Sig.
(p-Value)
0.340

ANOVA – DFT20
Source of Variation

Sig.
(p-Value)
0.152

7.4 Analysis of Variance for the APPD-CTM Results – ANOVA
The majority of samples in this research were constructed with Grade 4 chips and,
consequently, the expectation is for there to be no significant difference between the
macrotexture of the samples. However, the samples constructed to assess the impact of
different chip sizes, by design, use different grades of chip. This introduces a potential
difference in macrotexture between the samples constructed from different chip sizes.
This section will confirm whether there is a significant difference between the samples in
each group. To achieve this, the APPD-CTM results in each group were compared using
a one-way ANOVA (Analysis of Variance) method incorporated in the Statistical
Package for the Social Sciences (SPSS) software.

7.4.1 Tyre Pressures
Table 7.19 shows the CTM results before polishing and after eight hours of polishing
when the CoF reached to the ESR. The results were obtained from the samples polished
using three different tyre pressures 10 N/cm2, 14 N/cm2 and 18 N/cm2 (15 psi, 20 psi and

164

7 Statistical Analysis Results

25 psi). As mentioned previously, the CTM device was run three times to measure the
Mean Profile Depth of each of the three samples at each polishing time.
All of these individual results, as well as the solid tyre results, were used to assess the
effect of different tyre pressures and tyre type on the MPD results, obtained using the
APPD device.

Table 7.19 : APPD-CTM results - Different Tyre Pressures
Mean Profile Depth (mm)
Unpolished
15 psi

20 psi

1.08
1.13
1.20

1.27
0.95
1.12

1.14

25 psi

1.22
1.01
1.00
Mean
1.11
1.08

After eight hours of polishing (ESR)
Solid Tyre

15 psi

20 psi

1.09
1.00
1.01

1.10
1.06
1.08

1.57
1.10
0.95

1.03

1.08

25 psi

1.23
1.01
1.07
Mean
1.21
1.10

Solid Tyre
1.01
1.10
1.05
1.05

Table 7.20 shows the One-way ANOVA analysis of the MPD results at unpolished and
after eight hours of polishing. When the significance value (P-value) in the One-way
ANOVA results is less than 0.05 (5 percent), then it means that there is a significant
difference between the groups that are compared with each other to a confidence level of
95 percent. According to this table, the P-value is more than 5 percent for both results.
Consequently, it can be stated with a 95 percent confidence level that there is not a
significant difference between the measured MPD results obtained at unpolished and after
eight hours of polishing when the APPD tyre pressures were 10 N/cm2, 14 N/cm2 and 18
N/cm2 (15 psi, 20 psi and 25 psi). This confirms that any differences in the CoF reported
in Sections 5.2.1 and 5.2.3 are solely due to the polishing of the aggregate microtexture
when subjected to different tyre pressures and tyre types, respectively.
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Table 7.20: The ANOVA single factor results of MPD - Polished samples with different tyre
pressures
ANOVA – Different Tyre Pressures – Unpolished Level
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.01833
0.09427

3
8

0.00611
0.01178

0.5186

Total

0.1126

11

Sig.
(p-Value)
0.6811

ANOVA – Different Tyre Pressures – After eight hours of polishing process
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.04049
0.24000

3
8

0.0135
0.0300

0.4499

Total

0.28049

11

Sig.
(p-Value)
0.7243

7.4.2 Applied Loads
Table 7.21 shows the CTM results before polishing and after eight hours of polishing
when the CoF reached to the ESR. The results were obtained from the samples polished
using three different applied loads 470 Newtons, 570 Newtons and 670 Newtons (48 kg,
58 kg and 68 kg).
As mentioned previously, the CTM device was run three times to measure the Mean
Profile Depth of each of the three samples at each polishing time. All these individual
results were used to assess the effect of different applied loads on the MPD results,
obtained using the APPD device.

166

7 Statistical Analysis Results

Table 7.21: APPD-CTM results - Different Applied Loads
Mean Profile Depth (mm)
Unpolished
Applied Load
48 kg
1.09
1.00
1.01
1.03

Applied load
58 kg
0.90
0.97
0.86
Mean
0.91

After eight hours of polishing (ESR)
Applied Load
68 kg
0.99
0.77
0.92

Applied Load
48 kg
1.01
1.10
1.05

0.89

1.05

Applied load
58 kg
0.91
0.97
0.93
Mean
0.94

Applied Load
68 kg
0.96
0.83
0.94
0.91

Table 7.22 shows the One-way ANOVA analysis of the MPD results at unpolished and
after eight hours of. When the significance value (P-value) in the One-way ANOVA
results is less than 0.05 (5 percent), then it means that there is a significant difference
between the groups that are compared with each other to a confidence level of 95 percent.
According to this table, the P-value is more than 5 percent for both results. Consequently,
it can be stated with a 95 percent confidence level that there is not a significant difference
between the measured MPD results obtained at unpolished and after eight hours of
polishing when the APPD applied loads were 470 Newtons, 570 Newtons and 670
Newtons (48 kg, 58 kg and 68 kg). This confirms that any differences in the CoF reported
in Section 5.2.2 are solely due to the polishing of the aggregate microtexture when
subjected to different applied loads.
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Table 7.22: The ANOVA single factor results of MPD - Polished samples with different applied
loads
ANOVA – Different Tyre Pressures – Unpolished Level
Source of
Variation
Between Groups
Within Groups

Sum of
Squares
0.03509
0.03633

Total

0.07142

df
2
6

Mean
Square
0.01754
0.00606

F
2.8972

Sig.
(p-Value)
0.1316

8

ANOVA – Different Tyre Pressures – After eight hours of polishing process
Source of
Variation
Between Groups
Within Groups

Sum of
Squares
0.03487
0.01573

Total

0.05060

df
2
6

Mean
Square
0.01743
0.00262

F
6.6483

Sig.
(p-Value)
0.05006

8

7.4.3 Aggregate Sizes
Table 7.23 shows the CTM results before polishing and after eight hours of polishing
when the CoF reached to the ESR. The results were obtained from the samples polished
using three different aggregate sizes (grade 2, grade 4 and grade 6 – from a large chip size
to the small size).
As mentioned previously, the CTM device was run three times to measure the Mean
Profile Depth of each of the three samples at each polishing time. All these individual
results were used to assess the effect of different aggregate sizes on the MPD results,
obtained using the APPD device.
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Table 7.23: APPD-CTM results - Different Aggregate Sizes
Mean Profile Depth (mm)
Unpolished

After eight hours of polishing (ESR)

Grade 2

Grade 4

Grade 6

Grade 2

Grade 4

Grade 6

ALD=9.5-12mm

ALD=5.5-8mm

ALD < 5.5mm

ALD=9.5-12mm

ALD=5.5-8mm

ALD < 5.5mm

1.19
1.13
1.10

0.90
0.97
0.86
Mean
0.91

0.84
0.72
0.76

1.21
1.10
1.13

0.83
0.82
0.76

0.77

1.15

0.91
0.97
0.93
Mean
0.94

1.14

0.80

Table 7.24 shows the One-way ANOVA analysis of the MPD results at unpolished and
after eight hours of polishing. When the significance value (P-value) in the One-way
ANOVA results is less than 0.05 (5 percent), then it means that there is a significant
difference between the groups that are compared with each other to a confidence level of
95 percent. According to this table, the P-value is less than 5 percent. Consequently, it
can be stated with a 95 percent confidence level that there is a significant difference
between the measured MPD results obtained at unpolished and after eight hours of
polishing when the different aggregate sizes were grade 2, grade 4 and grade 6. This
confirms that the differences in the CoF reported in Section 5.2.4 are potentially due to
both the polishing of the aggregate microtexture and the difference in macrotexture
between the samples constructed with different aggregate sizes.

Table 7.24: The ANOVA single factor results of MPD - Polished samples with different
aggregate sizes
ANOVA – Different Tyre Pressures – Unpolished Level
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.20602
0.01787

2
6

0.10301
0.00298

34.593

Total

0.22389

8
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ANOVA – Different Tyre Pressures – After eight hours of polishing process
Source of Variation

Sum of Squares

df

Mean Square

F

Between Groups
Within Groups

0.17976
0.01120

2
6

0.08988
0.00187

48.148

Total

0.19096

8

Sig.
(p-Value)
0.0002

7.5 Summary
This chapter presented the statistical analysis of the coefficient of friction results from the
APPD-DFT test method and Mean Profile Depth from the APPD-CTM test method
obtained under different setup conditions. To compare the coefficient of friction and MPD
results, the One-way ANOVA was used to assess the sensitivity of the APPD device to
different setup conditions.
Also, the Tukey analysis method, as an option in SPSS, was run to find evidence of a
significant difference between all variations in each setup condition only for the results
obtained using the APPD-DFT test method. All the data used in this chapter were
presented in Chapter 5. Because the APPD device has a negligible effect on the Mean
Profile Depth during the polishing process, the APPD-DFT results were used to assess
the sensitivity of the APPD device to different setup conditions during the polishing
process.
The next chapter presents the microtextural wear of each sample polished using the APPD
device under different setup conditions.
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Chapter 8
Microtextural Wear

8.1 Introduction
This chapter reports the different microtextural levels obtained on chips polished with the
APPD device. Each individual chip was taken from the polished area of samples (as
shown in Figure 8.1) having undergone eight hours of polishing to reach the equilibrium
skid resistance level under different setup conditions, such as different pneumatic tyre
pressures, different type of tyres, different applied loads and different aggregate sizes.

Figure 8.1: Polishing Area on the APPD’s Sample

Based on the obtained Mean Texture Depth (MTD) results (Chapter 5, Section 3) from
the Circular Track Meter (CTM), the APPD device does not have any significant impact
on the macrotexture level of samples during the polishing process. However, the
coefficient of friction does change during this process. Therefore, these changes are
almost certainly caused by changes in the microtextural level.
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In this chapter, the impact of microtextural level on the coefficient of friction is analysed.
The coefficient of friction was measured using the DFT test method and microtexture was
measured using the Alicona Infinite Focus device in IFSTTAR, Nantes, France.

8.2 Chip and Area Selection for Microtextured Analysis
All chips taken from samples had been polished for eight hours with the APPD device
under different setup conditions. In addition, one unpolished greywacke chip was selected
in order to compare the microtextural wear of the polished chips and an unpolished chip.
Each chip had a unique identifier in the IFSTTAR laboratory, as detailed in Table 8.1.

Table 8.1: Specific Name of Chips for Measuring Microtextural Wear with Alicona Device in
IFSTTAR Laboratory, Nantes

Name of Chip

Name of Sample

Sample 01
Sample 02
Sample 03
Sample 04
Sample 05
Sample 06
Sample 07
Sample 08
Sample 09
Sample 10
Sample 11

Unpolished
TP20-AL58-G4-S01
TP15-AL58-G4-S09
TP25-AL58-G4-S05
TP20-AL48-G4-S14
TP20-AL58-G4-S22
TP20-AL68-G4-S17
ST-AL58-G4-S11
TP20-AL58-G2-S24
TP20-AL58-G6-S23
TP20-AL58-G4-S21

APPD device Specification
Tyre
Applied
Type of Tyre
Pressure
load
(psi)
(kg)
Pneumatic Tyre
20
58
Pneumatic Tyre
20
58
Pneumatic Tyre
15
58
Pneumatic Tyre
25
58
Pneumatic Tyre
20
48
Pneumatic Tyre
20
58
Pneumatic Tyre
20
68
Solid Tyre
58
Pneumatic Tyre
20
58
Pneumatic Tyre
20
58
Pneumatic Tyre
20
58

Chip
Size
(grade)
4
4
4
4
4
4
4
4
2
6
4

All 3D images obtained from the Alicona device were then analysed over a 3.5 mm × 3.5
mm area after being uploaded to the MountainsMap Universal software. In order to
determine the variation in the output results by moving the location of this area (3.5 mm
× 3.5 mm) on each photo, the MountainsMap software was run on a 3D image in six
different locations by adjusting the area location. The results show that there is up to a
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±20 percent variation in the microtextural parameter results by moving the 3.5 mm × 3.5
mm area location on the 3D image. Therefore, in order to reduce this error, all 3D images
were analysed from the same location. Specifically, the centre of this area matched the
centre of each 3D image. The results of each chip sample were then compared to describe
the effect of the APPD device on microtexture wear under different setup conditions.

8.3 Evaluation of Microtexture Roughness Parameters due to Polishing

8.3.1 Tyre Pressures and Tyre Types
After eight hours polishing, one chip was taken from the polished area of each sample
under different tyre pressures 10 N/cm2, 14 N/cm2 and 18 N/cm2 (15 psi, 20 psi and 25
psi), which names as sample 02, sample 03 and sample 04 in Table 8.1. All results were
compared to the microtextural wear of the unpolished chip (sample 01) to assess the level
of difference between microtextural wear before and after the polishing process under
different setup conditions. In addition, similar to the statistical analysis undertaken in
Chapter 7, the solid tyre (sample 08) was considered as one of the tyre pressure variables.
Figure 8.2a, 8.2b, 8.2c, 8.2d and 8.2e show the 3D profiles of each chip polished with
different tyre pressures (a-d) and the solid tyre (e).

a)

b)
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c)

d)

e)
Figure 8.2: 3D profiles from MountainsMap Universal software - Different Tyre Pressures and
Tyre Types, a-Sample01 (Unpolished), b-Sample 03 (TP15-AL58-G4-S09), c-Sample02 (TP20AL58-G4-S01), d-Sample04 (TP25-AL58-G4-S05), and e-Sample08 (ST-AL58-G4-S11)

The MountainsMap Universal software results for samples polished with different tyre
pressures and different tyre types are reported in Table 8.2.
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Table 8.2: Results for Samples Polished with Different Tyre Pressures and 570 Newton (58 kg)
Applied Load
Sample 01
Alicona Results
(MountainMaps)

"ISO 25178
Height Parameters"

Coefficient of Friction
DFT20
DFT40
(after 8 hours polishing)
Root-mean-square height
Sq
(µm)
Ssk Skewness
Sku
Sp
Sv
Sz
Sa

"EUR 15178N
Hybrid Parameters"

Sdq
Sds
Ssc
Sdr
Sfd

Kurtosis
Maximum peak height
(µm)
Maximum pit height
(µm)
Maximum height (µm)
Arithmetic mean height
(µm)
Root-mean-square slope
density of summits
(1/mm2)
Arithmetic mean summit
curvature (1/mm2)
Developed interfacial
area
Fractal dimension of the
surface

Unpolished
0.63
0.59

Sample 03

Sample 02
Sample 04
Tyre Pressure
TP15TP20TP25AL58-G4AL58-G4AL58-G4S09
S01
S05
0.41
0.46
0.51
0.40
0.46
0.51

Sample 08
Solid Tyre
STAL58-G4S11
0.47
0.44

37.3

28.7

35.0

26.9

15.4

0.0407

-0.366

0.0275

0.170

-0.191

4.00

2.72

2.98

3.03

2.87

129

82.6

144

186

56.6

158

107

146

131

65.6

288

189

290

317

122

27.8

23.3

28.0

21.4

12.4

1.30

0.80

1.11

1.20

0.573

1197

948

860

1098

887

842

425

732

887

137

50.6

23.6

42.2

47.9

13.5

2.27

2.31

2.31

2.29

2.38

8.3.2 Applied Loads
Figure 8.3a, 8.3b and 8.3c show the 3D profiles of each chip (sample 05, sample 06 and
sample 07 in Table 8.1) polished with different applied loads 470 Newton, 570 Newton
and 670 Newton (48 kg, 58 kg and 68 kg), respectively.
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a)

b)

c)
Figure 8.3: 3D profiles from MountainsMap Universal software – Different Applied Loads, aSample05 (TP20-AL48-G4-S14), b-Sample06 (TP20-AL58-G4-S22), and c-Sample07 (TP20AL68-G4-S17)

Table 8.3 shows all results for samples polished with different applied loads.
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Table 8.3: Results for Samples Polished with Different Applied Loads and 14 N/cm2 (20 psi)
Tyre Pressure
Sample 01
Alicona Results
(MountainMaps)

"EUR 15178N
Hybrid Parameters"

N "ISO 25178
Height Parameters"

Coefficient of Friction
DFT20
(after 8 hours polishing) DFT40
Root-mean-square height
Sq
(µm)
Ssk Skewness
Sku Kurtosis
Maximum peak height
Sp
(µm)
Sv
Maximum pit height (µm)
Sz
Maximum height (µm)
Arithmetic mean height
Sa
(µm)
Sdq Root-mean-square slope
density of summits
Sds
(1/mm2)
Arithmetic mean summit
Ssc
curvature (1/mm2)
Sdr Developed interfacial area
Fractal dimension of the
Sfd
surface

Unpolished
0.63
0.59

Sample 05

Sample 06
Sample 07
Applied Load
TP20TP20TP20AL48-G4AL58-G4AL68-G4S14
S22
S17
0.42
0.42
0.36
0.40
0.40
0.34

37.3

19.2

28.6

15.7

0.0407
4.00

-0.0671
2.86

-0.0852
3.91

-0.182
2.64

129

81.0

180

55.8

158
288

105
186

128
308

71.2
127

27.8

15.3

22.0

12.7

1.30

0.874

0.777

0.614

1197

1007

882

858

842

499

441

241

50.6

28.1

22.7

14.9

2.27

2.37

2.30

2.37

8.3.3 Aggregate Sizes
Figure 8.4a, 8.4b and 8.4c show the 3D profiles of each chip (sample 09, sample 10 and
sample 11 in Table 8.1) polished with different aggregate size (grade 2, grade 4 and grade
6), respectively.
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a)

b)

c)
Figure 8.4: 3D profiles from MountainsMap Universal software – Different Aggregate Sizes, aSample09 (TP20-AL58-G2-S24), b-Sample10 (TP20-AL58-G6-S23), and c-Sample11 (TP20AL58-G4-S25)

Table 8.4 shows all results for samples polished with different aggregate sizes.
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Table 8.4: Results for Samples Polished with Different Aggregate sizes, 14 N/cm2 (20 psi) Tyre
Pressure and 570 Newton (58 kg) Applied Load
Sample 01
Alicona Results

"EUR 15178N
Hybrid Parameters"

"ISO 25178
Height Parameters"

(MountainMaps)
Coefficient of Friction
DFT20
DFT40
(after 8 hours polishing)
Root-mean-square height
Sq
(µm)
Ssk
Skewness
Sku Kurtosis
Sp
Maximum peak height (µm)
Sv
Maximum pit height (µm)
Sz
Maximum height (µm)
Sa
Arithmetic mean height (µm)
Sdq Root-mean-square slope
Sds
density of summits (1/mm2)
Arithmetic mean summit
Ssc
curvature (1/mm2)
Sdr
Developed interfacial area
Sfd

Fractal dimension of the
surface

Unpolished
0.63
0.59

Sample 09

Sample 10
Sample 11
Aggregate Size
TP20TP20TP20AL58-G2AL58-G4AL58-G6S24
S21
S23
0.42
0.41
0.38
0.40
0.40
0.36

37.3

25.6

26.0

24.0

0.0407
4.00
129
158
288
27.8
1.30
1197

-0.283
3.09
81.6
115
196
20.4
0.917
1030

-0.155
2.92
75.6
104
179
20.8
0.848
810

-0.17
2.86
114
93.8
208
19.4
0.784
998

842

869

460

373

50.6

30.0

25.7

23.0

2.27

2.31

2.32

2.32

8.4 Microtextural Volume Parameter Results
The Abbott-Firestone curve is the cumulative probability density function of the surface’s
texture (microtexture). This curve is obtained from the distribution of height profiles.
There are two different graphs that illustrate the results: bar chart and line graph. The bar
chart represents the percentage of surface area at the specific heights within different
ranges and the line graph indicates cumulative height distribution. The line graph is the
Abbott-Firestone curve and the volume parameter results are calculated from it. The
results of volumetric field parameters are shown in the following sections for different
polishing conditions.
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8.4.1 Tyre Pressures
Figure 8.5 shows the distribution graphs and the Abbott-Firestone curves for the
unpolished chip and the chips polished under different tyre pressures, in addition, to the
solid tyre. Table 8.5 includes all the volume parameter results.

a)

b)

c)
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d)

e)
Figure 8.5: Distribution and the Abbott-Firestone curve graphs – Different Tyre Pressures and
Tyre Types, a-Sample01-Unpolished, b-Sample 03 (TP15-AL58-G4-S09), c-Sample02 (TP20AL58-G4-S01), d-Sample04 (TP25-AL58-G4-S05), and e-Sample08 (ST- AL58-G4-S11)

Table 8.5: Volume Parameter Results for Samples Polished with Different Pneumatic Tyre
Pressures and Solid Tyre with 570 Newton (58 kg) Applied Load
Sample 01
Alicona Results

Functional Volume

(MountainMaps)

Vmp
Vmc
Vvc
Vvv

Peak material
volume (ml/m2)
Core material
volume (ml/m2)
Core void
volume (ml/m2)
Dale void
volume (ml/m2)

Unpolished

Sample 03

Sample 02 Sample 04
Tyre Pressure
TP15TP20TP25AL58-G4- AL58-G4- AL58-G4S09
S01
S05

Sample 08
Solid tyre
STAL58-G4S11

2.54

0.942

1.64

1.37

0.612

28.4

28.1

31.6

24.2

14.0

42.3

33.1

43.5

34.2

18.4

4.93

3.56

3.87

2.74

1.89
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8.4.2 Applied Loads
Figure 8.6 shows the distribution graphs and the Abbott-Firestone curves for the chips
polished under different applied loads. Table 8.6 includes all the volume parameter
results.

a)

b)

c)
Figure 8.6: Distribution and the Abbott-Firestone curve graphs – Different Applied Loads, aSample05 (TP20-AL48-G4-S14), b-Sample06 (TP20-AL58-G4-S22), and c-Sample07 (TP20AL68-G4-S17)

182

8 Microtextural Wear

Table 8.6: Volume Parameters Results for Samples Polished with Different Applied Loads with
14 N/cm2 (20 psi) Tyre Pressure
Sample 01
Alicona Results

Functional Volume

(MountainMaps)

Vmp
Vmc
Vvc
Vvv

Peak material
volume (ml/m2)
Core material
volume (ml/m2)
Core void volume
(ml/m2)
Dale void volume
(ml/m2)

Unpolished

Sample 05 Sample 06 Sample 07
Applied Load
TP20TP20TP20AL48-G4- AL58-G4- AL68-G4S14
S22
S17

2.54

0.856

1.51

0.571

28.4

17.4

24.1

14.9

42.3

23.5

32.7

18.8

4.93

2.25

3.63

1.83

8.4.3 Aggregate Sizes
Figure 8.7 shows the distribution graphs and the Abbott-Firestone curves for the chips
polished different aggregate sizes. Table 8.7 includes all the volume parameter results.

a)
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b)

c)
Figure 8.7: Distribution and the Abbott-Firestone curve graphs – Different Aggregate Sizes, aSample09 (TP20-AL58-G2-S24), b-Sample10 (TP20-AL58-G6-S23), and c-Sample11 (TP20AL58-G4-S25)

Table 8.7: Volume Parameters Results for Samples Polished with Different Aggregate sizes
with 14 N/cm2 (20 psi) Tyre Pressure and 570 Newton (58 kg) Applied Load
Sample 01

Sample 09

Unpolished

TP20AL58-G2S24

TP20AL58-G4S21

TP20AL58-G6S23

2.54

1.00

1.18

1.02

28.4

22.6

23.4

22.1

42.3

29.7

30.0

27.9

4.93

3.39

3.29

2.82

Functional Volume

(MountainMaps)

Vmc
Vvc
Vvv

Peak material
volume (ml/m2)
Core material
volume (ml/m2)
Core void
volume (ml/m2)
Dale void
volume (ml/m2)

Sample 11

Aggregate Size

Alicona Results

Vmp

Sample 10
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8.5 Summary
This chapter presented the microtextural wear results obtained from chips removed from
the samples polished using the APPD device under different setup conditions. All chips
were removed from samples which had undergone eight hours of polishing to reach the
equilibrium skid resistance level.
The Alicona device, from IFSTTAR laboratory in Nantes, France, was used to capture
the 3D images from each chip for measuring the microtextural wear. The 3D images were
imported into the MountainsMap Universal Software to analyse microtexture parameters,
namely the height of microtexture, the shape of microtexture and microtexture volume.
The next chapter presents the microtextural variation of samples during the polishing
process, whereby the parameters were recorded after each polishing interval.
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Chapter 9
Evolution of Microtexture During Polishing

9.1 Introduction
In the previous chapter, the microtextural roughness and volume parameters were reported after
eight hours of polishing with the APPD device (i.e. when the coefficient of friction reaches an
ESR). However, there is little understanding of the changing microtexture roughness and
volume during the polishing process.
Ideally, the microtextural wear parameters measured in the previous chapter should have been
analysed after each hour of polishing by the APPD. However, to measure the volumetric
texture, 3D images are required. There are captured using the Infinite Focus device based in
the IFSTTAR laboratory in Nantes, France. It was not practical to send the specimens to the
IFSTTAR laboratory from NZ after each hour of the polishing and then wait for them to be
returned before proceeding with the polishing.
Instead, one additional sample was prepared at the University of Auckland laboratory and
polished with the APPD based on initial setup condition (20 psi pneumatic tyre pressure, 58 kg
applied load with grade 4 chip size). One chip was removed from the sample after each
polishing interval and replaced with another chip. All extracted chips were then transported to
the IFSTTAR laboratory to measure the microtextural wear during the APPD polishing
process. However, because of the above procedure, the measurement of microtextural wear
after each polishing interval was undertaken on a different chip.
NZ Greywacke aggregate was also sent to Nantes, France, to prepare a specimen for polishing
with the W/S device and to analyse the microtextural wear during the polishing process. The
W/S device was chosen because the IFSTTAR laboratories had a W/S device and an Alicona
device, thereby making it possible to analyse the microtextural wear of the same aggregate
after polishing interval without removing it from the sample.
It should be noted that Nataadmadja (2015) found that the coefficient of friction of the
specimens polished using the APPD device and W/S device reach a similar ESR level.
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In addition, the W/S device has been shown by Do et al., 2007a to report coefficient of friction
results similar to that measured in the field.
This chapter assesses the effect of polishing on the Greywacke aggregate using the APPD and
W/S device and analyses the roughness and volume parameters during the polishing process
using the Alicona device.

9.2 Coefficient of Friction Results from APPD Device
The coefficient of friction results for the unpolished sample and for the sample after 15, 30, 45,
60, 90, 120, 180, 240, 360 and 480 minutes are shown in Table 9.1.

Polishing
Level

Unpolished

Table 9.1: Coefficient of Friction Specimen Results at different APPD Polishing Level
After

After

After

After

After

After

After

After

After

15

30

45

60

120

180

240

360

480

min

min

min

min

min

min

min

min

min

DFT20

0.56

0.56

0.52

0.50

0.49

0.47

0.45

0.45

0.44

0.44

DFT40

0.51

0.53

0.50

0.48

0.47

0.45

0.43

0.42

0.42

0.42

As seen in Figure 9.1, and as expected, the coefficient of friction decreases during the polishing
process with the APPD. The coefficient of friction started from 0.56 µ and 0.51µ at an
unpolished level, and after 480 minutes (eight hours) the coefficient of friction reached 0.44 µ
and 0.42 µ for DFT20 and DFT40, respectively.
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Figure 9.1: The Coefficient of Friction of the Specimen Polished with the APPD

9.2.1 Microtextural Wear Results of Chips Removed from the Sample
All 3D images were captured by the Alicona device using 20 times magnifications lens sensor.
Before capturing each 3D image, each chip was stabilised by using glue on a flat surface, as
shown in Figure 9.2.

a)

b)

c)
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d)

e)

f)

g)

h)

i)

j)

k)

Figure 9.2: Photos taken from the chips that set up for Alicona Device polished by the APPD at the
different polishing level. a) Unpolished level, b) After 15 minutes, c) After 30 minutes, d) After 45
minutes, e) After 60 minutes, f) After 120 minutes, g) After 180 minutes, h) After 240 minutes,
i) After 300 minutes, j) After 360 minutes; and k) After 420 minutes

Figure 9.3 shows the 3D images for all chips captured using the Alicona device and analysed
with the MountainsMap software.
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Unpolished Level

After 15 minutes polishing

After 30 minutes polishing

After 45 minutes polishing

After 60 minutes polishing

After 90 minutes polishing

After 120 minutes polishing

After 180 minutes polishing
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After 240 minutes polishing

After 300 minutes polishing

After 360 minutes polishing

After 420 minutes polishing

Figure 9.3: The 3D images from all chips which removed from a sample during the polishing process
by using the APPD

The MountainsMap Universal software results of all chips removed from the specimen
polished with the APPD are illustrated in Tables 9.2.

191

Table 9.2: Coefficient of Friction Specimen Results at different APPD Polishing Level

9 Evolution of Microtexture During Polishing

192

9 Evolution of Microtexture During Polishing
The results appear to show little or no relationship between the CoF and microtextural wear
results for different chips removed from the same sample after each polishing interval using
the APPD device. To confirm this, a correlation analysis was undertaken for all the data
contained in Table 9.2. The analysis confirmed that there was low or little if any correlation
between the CoF and most of the microtextural parameters, according to the correlation
coefficient descriptors by Asuero, Sayago and Gonzalez (2006) Clearly, therefore, a
methodology capable of measuring the microtextural wear results of the same chip after each
polishing interval was required. This was possible at the IFSTTAR laboratory in Nantes, France
using a W/S device for polishing and the same Alicona device for measuring microtextural
wear. The devices were located in the same laboratory and it was, therefore, possible to move
the whole sample to the Alicona (without removing the chip from the sample) and, most
importantly, to create a 3D image of the same chip each time.

9.3 Coefficient of Friction Results from W/S Device
The coefficient of friction for the unpolished specimen and after different polishing passes:
1000, 2000, 3000, 4000, 5000, 10000, 20000, 50000, 90000 and after 180000 polishing passes
are shown in Table 9.3.

Table 9.3: Coefficient of Friction Specimen Results at different W/S Polishing Passes
Coefficient of Friction Results
Polishing
Passes

0

1000

2000

3000

4000

5000

10000

20000

50000

90000

180000

CoF

0.47

0.41

0.40

0.39

0.38

0.37

0.36

0.35

0.32

0.30

0.27

As seen in Figure 9.4, and as expected, the coefficient of friction decreases during the polishing
process. The coefficient of friction started from 0.47 µ at an unpolished level, and after 180000
polishing passes the coefficient of friction reached 0.27 µ, a 43 per cent reduction.
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Figure 9.4: The Coefficient of Friction of the specimen polished with the W/S Device

By looking closely at all of the photos taken of the specimen during the polishing process in
Figure 9.5, the effect of the W/S device rubbers on the specimen surface can be clearly seen
during the polishing process. For the unpolished level (Figure 9.5a), the coefficient of friction
value is high; however, during polishing, the aggregate microtexture was reduced, as shown in
Figure 9.5 by the visually dark areas.

a)

b)

c)

d)
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e)
Figure 9.5: Photos taken from the specimen polished by the W/S device at different polishing passes.
a) Unpolished level, b) after 20000 polishing passes, c) after 50000 polishing passes, d) after 90000
polishing passes; and e) after 180000 polishing passes

9.3.1 Microtextural Wear Results
To evaluate the aggregate micro texture during the polishing process, two chips were selected
from the specimen polishing area. Those chips were named Zone 01 and Zone 02, are shown
in Figure 9.6.

Figure 9.6: Zone 01 & Zone 02 on the Wehner Schulze Specimen

All 3D images were captured by the Alicona device using 20 times magnifications lens sensor.
There is enough vertical gap to put the whole specimen beneath the 3D image lens without
removing the chips from the specimen surface. However, it is critical to locate the specimen
and aggregate in the same position each time. For this reason, the edge of the specimen was
marked for locating the sample as close as possible to the same position. Figure 9.7 and Figure
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9.8 show the 3D images from Zone 01 and Zone 02, respectively captured by using the Alicona
device and analysed with the MountainsMap software.

Zone 01 – Unpolished Level

Zone 01 – After 20000 Polishing Passes

Zone 01 – After 50000 Polishing Passes

Zone 01 – After 90000 Polishing Passes

Zone 01 – After 180000 Polishing Passes

Figure 9.7: The 3D images from Zone 01 during polishing passes with the W/S device
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Zone 02 – Unpolished Level

Zone 02 – After 20000 Polishing Passes

Zone 02 – After 50000 Polishing Passes

Zone 02 – After 90000 Polishing Passes

Zone 02 – After 180000 Polishing Passes

Figure 9.8: The 3D images from Zone 02 during polishing passes with the W/S device

The MountainsMap Universal software results for Zone 01 and Zone 02 from the specimen
polished with the W/S device are included in Tables 9.4 and Table 9.5, respectively.
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Table 9.4: MountainsMap Output Parameter Results for Specimen Polished with the WS Device –
Zone 01
Alicona Results
(MountainMaps)
Coefficient of Friction
Root-mean-square height
(µm)
Skewness

"ISO 25178
Height Parameters"

Sq
Ssk
Sku
Sp
Sv
Sz
Sa

"EUR 15178N
Hybrid Parameters"

Sdq
Sds
Ssc
Sdr
Sfd

Kurtosis
Maximum peak height
(µm)
Maximum pit height
(µm)
Maximum height (µm)
Arithmetic mean height
(µm)
Root-mean-square slope
density of summits
(1/mm2)
Arithmetic mean summit
curvature (1/mm2)
Developed interfacial
area
Fractal dimension of the
surface

Unpolished

Zone 01
Polishing Passes
20000
50000
90000

180000

0.47

0.35

0.32

0.30

0.27

38.4

36.0

32.0

30.8

24.7

0.404

0.344

0.263

-0.0879

-0.331

4.18

4.15

4.44

4.39

5.03

175

165

142

118

113

141

152

147

187

143

317

317

290

306

256

29.2

27.2

23.7

22.8

17.9

0.736

0.803

0.734

0.821

0.838

1044

1031

1013

1046

1062

523

403

228

426

406

18.9

23.1

19.6

22.7

22.3

2.28

2.31

2.31

2.31

2.33

Table 9.5: MountainsMap Output Parameter Results for Specimen Polished with the WS Device –
Zone 02
Alicona Results
(MountainMaps)
Coefficient of Friction

"ISO 25178
Height Parameters"

Sq
Ssk
Sku
Sp
Sv
Sz
Sa

Root-mean-square height
(µm)
Skewness
Kurtosis
Maximum peak height
(µm)
Maximum pit height
(µm)
Maximum height (µm)
Arithmetic mean height
(µm)

Unpolished

Zone 02
Polishing Passes
20000
50000
90000

180000

0.47

0.35

0.32

0.30

0.27

32.5

32.1

29.5

27.5

23.0

0.0931

-0.0245

-0.0929

-0.199

-0.346

2.83

2.99

3.17

3.61

3.97

176

172

116

121

90.7

107

151

140

129

114

283

323

256

250

205

26.2

25.7

23.3

21.2

17.3
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"EUR 15178N
Hybrid Parameters"

Sdq
Sds
Ssc
Sdr
Sfd

Root-mean-square slope
density of summits
(1/mm2)
Arithmetic mean summit
curvature (1/mm2)
Developed interfacial
area
Fractal dimension of the
surface

0.678

0.773

0.672

0.709

0.622

983

807

811

831

911

356

480

346

307

338

17.2

21.3

16.5

17.2

14.0

2.30

2.28

2.28

2.28

2.30

Figure 9.9 compares the variation of the height of microtexture parameters (Sq and Sa) and
shape of microtexture parameters (Sdq and Ssc), obtained from Tables 9.4 and Table 9.5, with
the CoF variation during the polishing process using the WS device. The above four parameters
were identified as the four main roughness parameters in previous research.

Figure 9.9: Microtextural wear of specimen with polished by using the WS device
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9.3.2 Volume Parameter Results

The Abbott-Firestone curves for the two chips calculated using the MountainsMap software
are presented in Figures 9.10 and Figure 9.11. The curves represent the cumulative height
distribution for each chip, and all volume parameter results are calculated. The aggregate
microtextural wear and the remaining amount of aggregate texture can be represented by these
volume results, which are presented in Table 9.6 and Table 9.7 for Zone 01 and Zone 02,
respectively.

Table 9.6: Volume Parameters Results for Specimen Polished with WS Device – Zone 01

Alicona Results
(MountainMaps)

Unpolished

Zone 01
Polished Passes
20000 50000 90000

180000

Peak material volume (ml/m2)

2.48

2.32

2.10

1.76

1.35

Vmc

Core material volume (ml/m2)

31.6

29.2

25.1

24.2

18.0

Vvc

Core void volume (ml/m2)

46.1

43.4

38.3

36.9

28.3

Vvv

Dale void volume (ml/m2)

4.28

4.14

3.86

3.78

3.66

Functional
Volume

Vmp

Table 9.7: Volume Parameters Results for Specimen Polished with WS Device – Zone 02

Alicona Results
(MountainMaps)

Unpolished

Zone 02
Polished Passes
20000 50000 90000

180000

Peak material volume (ml/m2)

1.50

1.49

1.41

1.35

1.25

Vmc

Core material volume (ml/m2)

30.1

29.1

26.1

23.0

18.5

Vvc

Core void volume (ml/m2)

40.9

39.2

34.1

29.7

24.5

Vvv

Dale void volume (ml/m2)

3.74

3.64

3.60

3.56

3.44

Functional
Volume

Vmp
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Zone 01 – Unpolished Level

Zone 01 – After 20000 Polishing Passes

Zone 01 – After 50000 Polishing Passes

Zone 01 – After 90000 Polishing Passes

Zone 01 – After 180000 Polishing Passes

Figure 9.10: The 3D images from Zone 01 during polishing passes with the W/S device
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Zone 02 – Unpolished Level

Zone 02 – After 20000 Polishing Passes

Zone 02 – After 50000 Polishing Passes

Zone 02 – After 90000 Polishing Passes

Zone 02 – After 180000 Polishing Passes

Figure 9.11: The 3D images from Zone 02 during polishing passes with the W/S device
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9.4 Summary
This chapter presented the microtextural roughness and volume parameters of chips removed
from one sample after each polishing interval using the APPD device. The microtextural wear
parameters were measured from 3D images captured using the Infinite Focus Device (Alicona)
based in the IFSTTAR laboratory in Nantes, France.
An additional sample was prepared with NZ greywacke aggregate for polishing with the W/S
device in the IFSTTAR laboratory, and the microtextural wear results measured during the
polishing process were also included in this chapter.
The next chapter presents the discussion of all results presented in this research.
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Chapter 10
Discussion of Results

10.1 Introduction
The results of the individual aspects of this research are presented in previous chapters
(Chapter 5: Sensitivity Analysis of the APPD, Chapter 6: Contact Area and Pressure
between APPD tyres and Sample Surface, Chapter 7: Statistical Analysis Results, Chapter
8: Microtextural Wear, and Chapter 9: Evolution of Microtexture During Polishing ). This
chapter discusses the combined relationship between all of these aspects.

10.2 APPD effects on Aggregate Macrotexture During the Polishing Process
Referring to Section 5.3, the Mean Texture Depth (MTD) of all specimens, polished under
different setup conditions (different tyre pressures, tyre types, applied loads and aggregate
sizes), remained relatively constant throughout the polishing process. A similar
observation was reported by Nataadmadja et al. (2015). However, a minor fluctuation can
be seen during the polishing process (±0.01mm variation). This phenomenon occurred
due to a small volume of clay, used in the sample preparation process, still remaining
between aggregates on the surface layer being dislodged.
The abrasion resistance results reported in Chapter 4 using the Micro Deval abrasion test
showed that the average abrasion percent loss for the Greywackes aggregates used in this
research was less than 5 percent. This means that the greywacke aggregate had a high
level of abrasion resistance during the polishing process and, therefore, changes in MTD
were not expected.
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Comparing the coefficient of friction results with the MTD results for all specimens, it
was observed that the coefficient of friction kept reducing during the polishing process,
whereas, the macrotexture level remained relatively constant.
This would suggest that the APPD device does not have any significant effect on the
MTD of the surface when using Greywacke aggregates and that friction loss from the
polishing process of the APPD has an effect only on the microtextural wavelengths
(wavelengths less than 0.5mm).

10.3 Sensitivity of the APPD-DFT Coefficient of Friction to Changes in the APPD
Setup Conditions
The APPD-DFT is a relatively new laboratory test method for simulating the effect of
polishing on surface aggregates. This method has not been standardised, and little was
known about the sensitivity of the APPD device to changes in the setup variables. In this
research, four different variables were considered for assessing the sensitivity of the
device. There were changes in:
•

Tyre pressure;

•

Type of tyre;

•

Applied load; and

•

Aggregate size.

Referring to Section 5.2 it can be seen that mostly the samples reach an equilibrium level
of coefficient of friction after six hours of APPD polishing. The polishing process was
continued in all cases until the variation of the coefficient of friction between two
different polishing times was less than ±0.01 resulting in up to eight hours of total
polishing.
One of the main steps in the APPD-DFT test method is the manual preparation of
specimens. Because the samples were prepared manually, it was important that only one
operator was used, in order to reduce variation in the sample preparation stage.
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Usually, there was a minor difference between the first reading and the following two
readings (of triplicate test results), due to the volume of water sprayed by the DFT device
on to the sample surface. Therefore, the coefficient of friction that was reported as the
final result, was the average value from the triplicate measurements of the DFT device
after each polishing period.
Initially, after the first two hours of polishing, cracks began appearing in the underside of
some samples due to the additional pressure from the APPD device on the specimens’
surface with the higher tyre pressures and/or increased applied loads. Therefore, the
specimen’s preparation procedure was modified by adding a thicker layer of epoxy during
the preparation of specimens. This meant the specimens had greater stiffness, and
therefore resistance, against the extra pressure from the APPD device during the polishing
process. The volume of epoxy used for bonding aggregates together in this modified
procedure was close to double the volume used in previous research. In order to control
the potential effect of this variation on the polishing results, this modified procedure was
adopted for all samples.
The temperature while undertaking the APPD-DFT tests was not considered as one of the
variables that may affect the APPD-DFT results; however, the UoA laboratories are
temperature controlled and, therefore, remained relatively constant during all seasons.
Instead, this research was undertaken in reasonably controlled conditions. However, it
was found that the coefficient of friction was significantly lower when the DFT device
was run for the first time each day. The DFT rubber temperature was low before running
the device for the first time each day, resulting in a higher coefficient of friction value.
Therefore, every day, before measuring the coefficient of friction on the main specimens,
the DFT device was run on a calibration sample, which was prepared solely for calibrating
the DFT device. At the end of each day, the DFT device recorded the coefficient of
friction of the calibration sample as a record of the coefficient of friction when the DFT
device was warmed up. Then, the following day, it was run and repeated on the calibration
sample until the coefficient of friction reached the result from the previous day.
Referring to all figures in Section 5.2, there is as expected a reduction in the coefficient
of friction for all specimens as polishing progressed. This reduction was caused due to
changes in the aggregate microtexture during the polishing process. However, as reported
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by previous researchers (Wilson and Nataadmadja, 2015), there is also a reduction in the
coefficient of friction for unpolished specimens. The DFT device was run three times at
each polishing level on each specimen; therefore, the rubbers on the device affected the
chips microtexture and polished the surface, but not as harshly as the APPD device.
Consequently, the coefficient of friction of all unpolished specimens reduced slightly due
to polishing by the DFT’s rubber pads.
Referring to the results obtained in Chapter 6 using different tyre pressures on the APPD
device, the One-Way ANOVA method returned a p-Value less than 0.05. Therefore, it
can be concluded that the coefficient of friction significantly changed to a 95 percent
confidence level when the tyre pressure on the APPD device changed by ±4 N/cm2 (±5
psi) from the typical 14 N/cm2 (20 psi) used in previous research.
Referring to the pressure pad results from Chapter 5, the contact area between the APPD
tyres and surface reduced when the tyre pressure increased. Also, the average contact
pressure on the surface increased when the tyre pressure increased from 10 N/cm2 (15
psi) to 18 N/cm2 (25psi). The Tukey option on the Statistical Package for the Social
Sciences (SPSS) software was then run to analyse each tyre pressure result as an
individual item. Although it was found that changing tyre pressure has an effect on the
APPD-DFT test results as a group, the results obtained using solid tyres instead of
pneumatic tyres with 14 N/cm2 (20 psi) were not statistically different. This would
suggest that, if the applied load is 570 Newton (58 kg) on the device, it is possible to use
solid tyres instead of pneumatic tyres with 14 N/cm2 (20 psi) tyre pressure, assuming the
aggregates used for the specimen are Greywacke with grade 4 chip size.
The statistical analysis also shows that there is a significant change to a 95 percent
confidence level in the APPD-DFT results when the applied load on the APPD device is
varied. In addition, when tested using the Tukey option in the SPSS software, the
coefficient of friction results between all applied loads (470 Newton (48 kg), 570 Newton
(58 kg) and 670 Newton (68 kg)) are significantly different. This would suggest that,
under the reported conditions, the results from the APPD-DFT are sensitive to a ±10 kg
variation from the typical 58 kg load used in previous research. Future work could
consider whether less differences in applied load would be significant to determine test
tolerances.
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Also, the contact area between the tyres and surface increased when the applied load
changed from 470 Newton (48 kg) to 670 Newton (68 kg). However, the average contact
pressure reduced due to the additional applied load on the APPD device, being spread
over a larger contact area.
A One-Way ANOVA statistical analysis also shows that there is a significant difference
in the equilibrium skid resistance (ESR) values for the specimens prepared using different
aggregate sizes. When tested using the Tukey option, it was found that the coefficient of
friction results for the different aggregate sizes (grade 2, grade 4 and grade 6) are
significantly changed at the 95% confidence level.
In addition, the One-Way ANOVA statistical analysis was run on all APPD-CTM results
for both unpolished samples and after the CoF reached to the ESR level. The majority of
samples in this research were constructed with Grade 4 chips and, consequently, the
expectation was for there to be no significant difference between the macrotexture of the
samples. The One-Way ANOVA statistical analysis confirmed this at the 5% level of
significance. In contrast, the samples constructed to assess the impact of different chip
sizes, by design, use different grades of chip. This introduces a potential difference in
macrotexture between the samples constructed from different chip sizes. The One-Way
ANOVA statistical analysis confirmed this difference at the 5% level of significance.
By using the International Friction Index (IFI) for different aggregate sizes setup
condition, the results help to investigate whether the change in macrotexture between
samples due to different chip sizes affected the measured coefficient of friction results
obtained using the DFT. The results show that whilst the variation between F60 results
reduced from the DFT20, variation the differences in ESR CoF could not be explained
solely by differences in chip size (macrotexture). Therefore, it is important to always use
the same chip sizes when undertaking aggregate polishing tests using the APPD device.
Also, the contact area between the tyres and surface increased when the aggregate size
changed from grade 2 to grade 6. However, the average pressure reduced with an increase
in contact area between the APPD’s tyres and the surface of the samples.
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10.4 The effect of APPD polishing on the Microtextural Wear Equilibrium Skid
Resistance
For each different polishing condition (tyre pressure, applied load, tyre type and chip
grade) the CoF was measured at ESR (measure by the DFT), the macrotexture at ESR
was measured (using the CTM) and 3D images of a chip from each sample were analysed
to determine various microtextural wear parameters (using the ALICONA device). These
parameters include 7 Height of microtexture parameters, which are related to the
difference in height between the surface microtexture, 5 Shape of microtexture
parameters, which are related to the shape of the peaks in the surface and 4 Volume
parameters, which are related to the volume of air voids in the relief of the surface
microtexture.
Referring to Section 3.8, from all mentioned microtextural wear parameters only four
parameters were used for the microtextural wear analysis undertaken using the Alicona
Infinite Focus device at Nantes, France. These parameters are the root mean square height
(Sq) and arithmetic mean height (Sa) for measuring the height of microtexture on each
chip, as well as the root mean square slope (Sdq) and arithmetic mean summit curvature
(Ssc), for measuring the shape of texture. In addition, the volume parameter result
changes of all chips were measured.
These parameters were used in an attempt to understand which parameters could better
explain the connection between the microtextural wear variation and the coefficient of
friction when it reached an equilibrium level. To determine this, a correlation analysis
was undertaken for all of the MountainsMap software parameter results, the coefficient
of friction results and the mean profile depth results using the data analysis option in
Microsoft Excel.
The reason for considering all microtextural wear parameters in the correlation matrix,
instead of just the four previously mentioned parameters, is that previous research
measured the microtexture level by considering minimum three lines on each aggregate
chip and data analysis was undertaken using the Alicona provided software. However, in
this research, a different method was used to analyse the microtextural level on each chip.
All 3D images obtained from the Alicona device were analysed over a 3.5 mm × 3.5 mm
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area (as opposed to a single line) and uploaded to the MountainsMap Universal software
that allowed better analytical techniques. Therefore, all parameters were analysed in this
research in order to find which ones best explain microtextural wear variation at
equilibrium skid resistance level. The correlation results are included in Table 10.1.

Table 10.1: APPD R-Correlations Results of Microtextural Wear data from MountainsMap
Software
CoF

Height of Microtexture

CoF

DFT20 DFT40
DFT20
DFT40

Height of Microtexture

Sq
Ssk

1.00

Volume

Ssk

Sku

Sp

Sv

Sz

Sa

Sdq

Sds

Ssc

Sdr

Sfd

Vmp

Vmc

Vvc

Vvv

MTD

0.99

0.64

0.54

0.61

0.39

0.68

0.54

0.58

0.77

0.71

0.58

0.77

-0.59

0.80

0.48

0.63

0.64

0.55

1.00

0.67

0.57

0.57

0.46

0.71

0.60

0.62

0.80

0.71

0.60

0.80

-0.62

0.80

0.54

0.67

0.63

0.60

1.00

0.38

0.61

0.62

0.93

0.79

0.99

0.80

0.37

0.70

0.78

-0.90

0.89

0.96

0.99

0.96

0.45

1.00

0.41

0.71

0.59

0.71

0.34

0.71

0.39

0.52

0.74

-0.36

0.59

0.26

0.46

0.20

0.67

1.00

0.59

0.68

0.67

0.53

0.48

0.43

0.41

0.46

-0.64

0.81

0.40

0.54

0.70

0.06

1.00

0.73

0.96

0.61

0.62

0.33

0.55

0.64

-0.71

0.63

0.58

0.67

0.47

0.52

1.00

0.89

0.91

0.91

0.50

0.84

0.89

-0.85

0.90

0.85

0.94

0.86

0.56

1.00

0.77

0.78

0.42

0.71

0.79

-0.82

0.79

0.73

0.83

0.66

0.57

1.00

0.78

0.33

0.70

0.76

-0.89

0.84

0.98

0.99

0.94

0.47

1.00

0.68

0.91

1.00

-0.77

0.84

0.72

0.84

0.70

0.73

1.00

0.65

0.67

-0.51

0.53

0.23

0.36

0.39

0.33

1.00

0.90

-0.75

0.66

0.64

0.74

0.63

0.72

1.00

-0.74

0.81

0.69

0.83

0.66

0.78

1.00

-0.82

-0.85

-0.87

-0.87

-0.44

1.00

0.73

0.87

0.88

0.40

1.00

0.96

0.88

0.46

1.00

0.90

0.56

1.00

0.25

Sku
Sp
Sv
Sz
Sa

Shape of Microtexture

Shape of Microtexture

Sq

Sdq
Sds
Ssc
Sdr
Sfd

Volume

Vmp
Vmc
Vvc
Vvv
MPD

1.00
Very High Correlation
(0.90 to 1.00)

Moderate Correlation
(0.50 to 0.69)

High Correlation
(0.70 to 0.89)

* Descriptors for the correlation coefficient ranges were obtained from Asuero, Sayago and Gonzalez (2006).

The comparison in Table 10.1 was undertaken using a correlation analysis with the
descriptors for the ranges below obtained from Asuero, Sayago and Gonzalez (2006):
•

Very High correlations (0.90 to 1.00) are highlighted in green,

•

High correlations (0.70 to 0.89) in orange, and;

•

Moderate correlations (0.50 to 0.69) in red.
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Referring to Table 10.1, only the microtextural wear parameters that correlated with a
moderate to very high correlation (above 0.5 correlation coefficient value) with the
coefficient of friction value, DFT20, will be discussed in the following sections.

Root Mean Square Height (Sq)
Table 10.1 shows that Root Mean Square Height (Sq), a parameter that measures the
height of microtexture and it is an equivalent to the standard deviation of heights of
microtexture. This parameter has a high or very high correlation with most of the
microtextural wear shape and volume parameters. Consequently, the variation of shape
and volume of microtexture during the polishing process can be reasonably well
explained using this parameter.
However, Table 10.1 shows that the Root Mean Square Height (Sq) only returns a
moderate correlation coefficient of 0.64 with the coefficient of friction (DFT20).
Therefore, it is not a strong candidate to help explain or predict the equilibrium coefficient
of friction obtained using the APPD-DFT.

Skewness (Ssk)
The Skewness (Ssk) parameter, as a parameter that measures the height of microtexture
and demonstrates the degree of bias of the roughness shape, has a high or moderate
correlation with some of the microtextural wear shape parameters but only a weak
correlation with the volume parameters. Therefore, the variation of shape and volume of
microtexture during the polishing process cannot be well explained using the result of this
parameter.
Also, this height of microtexture parameter has a moderate correlation coefficient of 0.54
with the coefficient of friction (DFT20), similar to the Root Mean Square Height (Sq).
Therefore, it is not a strong candidate to help explain or predict the equilibrium coefficient
of friction obtained using the APPD-DFT.
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Kurtosis (Sku)
Another parameter that could potentially explain the height of microtextural wear during
the polishing process is Kurtosis (Sku). It is a parameter that measures the sharpness of
the roughness profile. However, the Kurtosis (Sku) parameter does not correlate well with
the microtextural wear shape, but it has a moderate or high correlation with some of the
volume parameters. Therefore, the variation of microtextural shape during the polishing
process cannot be explained using this parameter. Therefore, it is not a strong candidate
to help explain or predict the equilibrium coefficient of friction obtained using the APPDDFT.
Also, this height of microtexture parameter has a moderate correlation coefficient of 0.61
with the coefficient of friction (DFT20). Therefore, it is not a strong candidate to help
explain or predict the equilibrium coefficient of friction obtained using the APPD-DFT.

Maximum Pit Height (Sv)
This parameter, Sv, also measures the height of the largest pit within the study area during
the polishing process. The results obtained from the MountainsMap software show that
this parameter has a high or very high correlation with a number of microtextural wear
shape and volume parameters. Also, this parameter has a very high correlation with Root
Mean Square Height (Sq).
However, referring to Table 10.1, it can be seen that there is a moderate correlation
between Maximum Pit Height (Sv) and the coefficient of friction (DFT20), returning a
correlation coefficient of 0.68. Therefore, it is not by itself, a strong candidate to help
explain or predict the equilibrium coefficient of friction obtained using the APPD-DFT.

Maximum Height (Sz)
Another parameter that explains the height of microtextural wear during the polishing
process is Maximum Height (Sz). This parameter presents the total of the largest peak
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height value and the largest pit depth value of the study area. The results show that this
parameter has a high correlation with microtextural wear shape and volume parameters.
However, referring to Table 10.1, it can be seen that there is a moderate correlation
between Maximum Height (Sz) and the coefficient of friction (DFT20), returning a
correlation coefficient of 0.54. Therefore, similar to the other height of microtexture
parameters, it is not a strong candidate to best explain or predict the equilibrium
coefficient of friction obtained using the APPD-DFT.

Arithmetic Mean Height (Sa)
Arithmetic Mean Height (Sa) also measures the height of microtextural wear during the
polishing process. The Sa is defined as the arithmetic average of the total value of the
height throughout a sampling area. Based on the results shown in Table 10.1, Arithmetic
Mean Height (Sa) has a high or very high correlation with most of the microtextural wear
shape and volume parameters. Consequently, the variation of shape and volume of
microtexture during the polishing process can be reasonably well explained using this
parameter.
However, Table 10.1 shows that Arithmetic Mean Height (Sa) only returns a moderate
correlation coefficient of 0.58 with the coefficient of friction (DFT20). Therefore, it is not
a strong candidate to best explain or predict the equilibrium coefficient of friction
obtained using the APPD-DFT.
Referring to this table, the Arithmetic Mean Height (Sa) has a very high correlation with
Root Mean Square Height (Sq) and Maximum Pit Height (Sv), returning a very high
correlation coefficient of 0.99 and 0.91, respectively.
Interestingly, previous research (Nataadmadja et al., 2015) identified Sa and Sq, as
potential candidates to explain the variation in microtextural wear of aggregate during the
polishing process. As mentioned, that research used a minimum of three lines from the
3D images to measure the microtextural wear using the Alicona and analyse the results
using the Alicona software.
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However, the height of microtexture parameters are not by themselves the best in
explaining the equilibrium coefficient of friction obtained using the APPD-DFT by
considering a 3.5 mm × 3.5 mm area.

Root Mean Square Slope (Sdq)
The Root Mean Square Slope (Sdq) is a parameter that potentially helps to explain the
shape of microtextural wear during the polishing process by analysing the root mean
square of slops at all points within the analysed area. The Sdq will be zero when the
surface is completely level and it will be larger when the surface has any slope.
The results obtained from the MountainsMap software show that this parameter has a
high or very high correlation with some microtextural wear height and volume
parameters. Also, this parameter has a very high correlation with the density of Arithmetic
mean summit curvature (Ssc) and Developed interfacial area (Sdr), two parameters that
explain the shape of microtexture, returning a correlation coefficient of 0.91 and 1.00,
respectively.
Interestingly, referring to Table 10.1, it can be seen that there is a high correlation between
the Root Mean Square Slope (Sdq) and the coefficient of friction (DFT20), returning a
correlation coefficient of 0.77. Therefore, it can be considered a strong candidate in
helping explain or predict the equilibrium coefficient of friction obtained using the
APPD-DFT.

Density of Summits (Sds)
Another parameter that explains the shape of microtextural wear during the polishing
process is the Density of Summits (Sds). It is a parameter that presents the number of
summits per unit area that makes surface. The results show that this parameter has only a
weak correlation with microtextural wear height and volume parameters.
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However, there is a high correlation between the Density of Summits (Sds) and the
coefficient of friction (DFT20), returning a correlation coefficient of 0.71. Therefore, it
can be considered a strong candidate in helping explain or predict the equilibrium
coefficient of friction obtained using the APPD-DFT.

Arithmetic Mean Summit Curvature (Ssc)
Arithmetic Mean Summit Curvature (Ssc) is the other parameter that explains the shape
of microtextural wear during the polishing process. The Ssc parameter explains the radius
(R) of the circular arc at a measurement point of the chip’s surface.
The results obtained from the MountainsMap software show that this parameter has a
moderate or high correlation with some microtextural wear height and volume
parameters. Also, this parameter has a very high correlation with the Root Mean Square
Slope (Sdq), a parameter that explained the shape of microtexture, returning a correlation
coefficient of 0.91.
However, referring to Table 10.1, it can be seen that there is a moderate correlation
between Arithmetic Mean Summit Curvature (Ssc) and the coefficient of friction (DFT20),
returning a correlation coefficient of 0.58. While it is, therefore, not a strong candidate to
help explain or predict the equilibrium coefficient of friction obtained using the APPDDFT based on these results, its endorsement by Do et al. (2015) and Nataadmadja et al.
(2015) as a potential candidate would suggest that it should still be considered.

Developed interfacial area ratio (Sdr)
This parameter, Sdr, also measures the shape of microtexture during the polishing
process. The Sdr is represented as the percentage of study surface area contributed by the
microtexture. The results obtained from the MountainsMap software show that this
parameter has a moderate or high correlation with some microtextural wear height and
volume parameters. Also, this parameter has a very high correlation with the Root Mean
Square Slope (Sdq) and density of Arithmetic mean summit curvature (Ssc), two
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parameters that explained the shape of microtexture, returning a correlation coefficient of
1.00 and 0.90, respectively.
In addition, referring to Table 10.1, it can be seen that there is a high correlation between
the Developed interfacial area (Sdr) and the coefficient of friction (DFT20), returning a
correlation coefficient of 0.77. Therefore, it can be considered a strong candidate to help
explain or predict the equilibrium coefficient of friction obtained using the APPD-DFT.

Fractal dimension of the surface (Sfd)
Fractal dimension of the surface (Sfd) is another parameter that explains the shape of
microtextural wear during the polishing process.
The results show that this parameter has a moderate or high correlation with some
microtextural wear height and volume parameters. Also, this parameter has a very high
correlation with Root Mean Square Height (Sq), a parameter that explains the height of
microtexture, returning a correlation coefficient of -0.90.
However, referring to Table 10.1, it can be seen that there is a moderate correlation
between Fractal dimension of the surface (Sfd) and the coefficient of friction (DFT20),
returning a correlation coefficient of -0.59. Therefore, it cannot be considered a candidate
to help explain or predict the equilibrium coefficient of friction obtained using the APPDDFT.

Volume Parameters
Between all volume parameters (peak material volume – Vmp, core material volume –
Vmc, core void volume – Vvc; and Dale void volume – Vvv), the Vmp volume is highly
correlated with the greatest number of microtextural wear parameters. Vmp (peak
material volume) represents the volume of material at areal material ratio. It can also be
used to quantify the magnitude of the core surface, reduced peaks, and reduced valleys
based on volume parameters. Referring to all volume parameters results and Figure 10.1,

216

10 Discussion of Results

there is a high correlation between the Vmp and the coefficient of friction, returning a
high correlation coefficient of 0.80. Therefore, it is a strong candidate to explain the effect
of the APPD on the microtextural wear at ESR level.

a)

b)

c)
Figure 10.1: Peak material volume (Vmp) of chips polished with the APPD device under
different setup conditions: a) different tyre pressures, b) different applied loads; and c) different
aggregate sizes

Also, the Vmp volume for all chips displays a similar variation to the coefficient of
friction value, based on the R correlation result for Vmp in Table 10.1. A high coefficient
of friction value (i.e with harsh microtexture like that of a newly quarried sealing chip in
an unpolished state – column 1 of the bar chart in Figure 10.1 a), b) and c)) should have
a high corresponding microtexture volume (Vmp) on the aggregates. Figure 10.1 shows
that, when the Vmp volume is high, there is a high level of coefficient of friction as
measured by the DFT due to greater microtexture existing after the polishing process and
vice versa.
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Focussing again on Table 10.1, it can be seen that the volume parameters have a very
high correlation with Sq, a height of microtexture parameter, returning a high correlation
coefficient of 0.95.

Mean Texture Depth
Referring to Table 10.1, it can be seen that there is a moderate correlation between Mean
Texture Depth (MTD) and the coefficient of friction, returning correlation coefficient of
0.55. This moderate correlation aligns with previous research that has shown that skid
resistance cannot be explained by one parameter alone but is a combination of both
microtexture and macrotexture wavelengths, with both being important for adhesion and
hysteretic friction functions.
In addition, the statistical test results show that MTD has a high correlation with the shape
of microtexture parameters, returning an average correlation coefficient of 0.75.

Interpretation of Results
Referring back to the comparison of CoF results with the pressure pad results in Section
7, at a simple or basic level higher contact pressures over a smaller area should intuitively
result in greater polishing of the aggregate, resulting in lower DFT20 values. However,
this is not the case with the APPD CoF results. A potential explanation presented was that
aggregate mineralogy complicates the mechanism of wear. Referring to Section 4.3 it can
be seen that the aggregate contains a combination of harder minerals such as Prehnite
(Mohrs hardness 6.0-6.5) and Pumpellyite (Mohrs hardness 5.5-6.0) as well as softer
minerals such as Mica (Mohrs hardness 2.5-3.0) and Chlorite (Mohrs hardness 2.0-2.5).
It is, therefore, possible that the higher contact pressures were able to erode or dislodge
the softer minerals, thereby creating a rougher microtexture.
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Clearly, therefore, the polishing process is complex. The analysis of microtextural
parameters tend to support the above hypothesis. In particular, the shape of microtexture
parameters are all highly or moderately (positively) correlated with the coefficient of
friction. The Root Mean Square Slope (Sdq), Developed Interfacial Area Ratio (Sdr),
Density of Summits (Sds) are all highly correlated with the coefficient of friction, while
the Arithmetic Mean Summit Curvature (Ssc) is moderately correlated with the
coefficient of friction. Referring to each of these parameters in turn:
•

Sdq, the Root Mean Square (RMS) Surface Slope, is calculated as a root mean
square of slopes at all points in the measurement area, thereby acting as a
smoothing algorithm to reduce the effect of random noise. The Sdq will be zero
when the surface is an ideal plane and it will be larger when the surface has any
slope, and is therefore related to microtexture. This value increased with
increasing contact pressure in this research, indicating that the slopes of the
microtexture increased.

•

Sdr, the Developed Interfacial Area Ratio, is the percentage of additional surface
area contributed by the texture as compared to an ideal plane. As additional
surface area increases from an ideal plane the ratio increases. This value increased
with increasing contact pressure in this research, indicating that additional surface
area was created.

•

Sds, the Density of Summits (Sds), is the number of prominent summits per unit
area making up the surface. Clearly the more summits the more points of contact
with other objects, such as the rubber slider on the DFT. This value increased with
increasing contact pressure in this research, indicating that more prominent
summits, or peaks, were created.
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•

Ssc is the Mean Summit Curvature for the various peaks or summits, as described
above for the summit density. A smaller value indicates that the points of contact
with other objects have a rounded shape; a larger value indicates that the points
of contact with other objects have a more pointed shape. This value increased with
increasing contact pressure in this research, indicating that the prominent
summits, or peaks, mentioned above were more pointed.

This highlights the importance of understanding the microtextural parameters if we are to
gain greater knowledge and understanding of skid resistance.

10.5 The effect of WS on the Microtextural Wear During the Polishing Process
This section discusses the quantification of the change in microtextural wear during the
polishing process in order to understand which microtextural parameters best explain the
change in CoF on the surface. As mentioned in Chapter 9, an attempt was undertaken to
assess the microtextural wear during the APPD polishing process. However, as the APPD
was in Auckland and the Alicona was in the IFSTTAR laboratories in Nantes, one chip
was removed from the sample after each polishing interval and replaced with another
chip. All extracted chips were then transported to the IFSTTAR laboratory to measure the
microtextural wear during the APPD polishing process. However, because of the above
procedure, the measurement of microtextural wear after each polishing interval was
undertaken on a different chip. The results showed little or no relationship between the
CoF and microtextural wear results for different chips removed from the same sample
after each polishing interval. Consequently, a methodology capable of measuring the
microtextural wear results of the same chip after each polishing interval was required.
This was possible at the IFSTTAR laboratory in Nantes, France using a W/S device for
polishing and the same Alicona device for measuring microtextural wear. The devices
were located in the same laboratory and it was, therefore, possible to move the whole
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sample to the Alicona (without removing the chip from the sample) and, most
importantly, to create a 3D image of the same chip each time.
As mentioned, one WS specimen was constructed using grade 4 NZ Greywacke aggregate
to polish with the WS device. The coefficient of friction and microtextural wear were
measured after each polishing period. These were undertaken in order to determine which
microtextural wear parameters best explain or predict the change in the coefficient of
friction during the polishing process.
To determine this, a correlation analysis was undertaken for all of the height, shape and
volume parameters and the coefficient of friction results. The correlation results are
included in Table 10.2. As per the previous section, the comparison was undertaken using
a correlation analysis with the descriptors for the ranges below obtained from Asuero,
Sayago and Gonzalez (2006):
•

Very High correlations (0.90 to 1.00) are highlighted in green,

•

High correlations (0.70 to 0.89) in orange, and;

•

Moderate correlations (0.50 to 0.69) in red.
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Table 10.2: WS R-Correlation Results of Microtextural Wear data
Height of Microtexture

CoF

Height of Microtexture

Sq
Ssk
Sku

Shape of Microtexture

Sq

Ssk

Sku

Sp

Sv

Sz

Sa

Sdq

Sds

Ssc

Sdr

Sfd

Vmp

Vmc

Vvc

Vvv

1.00

0.77

0.70

-0.42

0.84

-0.27

0.54

0.83

-0.15

0.19

0.40

-0.05

-0.36

0.48

0.85

0.79

0.20

1.00

0.95

-0.15

0.86

0.28

0.87

0.98

0.25

0.29

0.43

0.38

-0.28

0.86

0.93

0.99

0.67

1.00

-0.03

0.80

0.17

0.76

0.90

0.15

0.37

0.20

0.30

-0.15

0.91

0.83

0.93

0.66

1.00

-0.36

0.43

-0.04

-0.35

0.55

0.73

-0.01

0.45

0.71

0.29

-0.50

-0.18

0.49

1.00

-0.02

0.81

0.91

0.19

0.15

0.43

0.33

-0.26

0.57

0.91

0.90

0.32

1.00

0.57

0.16

0.76

0.29

0.32

0.77

0.22

0.36

0.07

0.27

0.60

1.00

0.84

0.60

0.30

0.53

0.72

-0.08

0.68

0.78

0.90

0.62

1.00

0.13

0.13

0.43

0.28

-0.40

0.74

0.98

0.97

0.53

1.00

0.52

0.41

0.97

0.51

0.30

0.02

0.28

0.52

1.00

0.16

0.50

0.73

0.50

0.00

0.32

0.47

1.00

0.40

-0.20

0.24

0.41

0.43

0.40

1.00

0.48

0.39

0.18

0.42

0.54

1.00

-0.06

-0.49

-0.21

-0.02

1.00

0.62

0.79

0.89

1.00

0.93

0.38

1.00

0.58

Sp
Sv
Sz

Shape of Microtexture

Sa
Sdq
Sds
Ssc
Sdr
Sfd
Vmp

Volume

Volume

CoF

Vmc
Vvc
Vvv

1.00
Very High Correlation
(0.90 to 1.00)

High Correlation
(0.70 to 0.89)

Moderate Correlation
(0.50 to 0.69)

* Descriptors for the correlation coefficient ranges were obtained from Asuero, Sayago and Gonzalez (2006).

Referring to Table 10.2, only the results with a moderate correlation to very high
correlation (above 0.5 correlation coefficient value) with CoF value obtained by WS
device will be discussed in the following sections.

Root Mean Square Height (Sq)
Table 10.2 shows that Root Mean Square Height (Sq), a parameter that measures the
height of microtexture and it is an equivalent to the standard deviation of heights of
microtexture. This parameter has a high or very high correlation with most of the
microtextural wear volume parameters. However, there is only a weak correlation
between this parameter and the shape of microtexture. This parameter has a very high
correlation with Skewness (Ssk) and Arithmetic Mean Height (Sa), as two height of
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microtexture parameters, returning a very high correlation coefficient of 0.95 and 0.98,
respectively.
Referring to the results obtained in Table 10.2, it shows the Root Mean Square Height
(Sq) returns a high correlation coefficient of 0.77 with the coefficient of friction.
Therefore, it is a reasonably strong candidate to help explain or predict the equilibrium
coefficient of friction obtained using the WS device.

Skewness (Ssk)
The Skewness (Ssk) parameter, as a parameter that measures the height of microtexture
and demonstrates the degree of bias of the roughness shape, has a high or very high
correlation with most of the microtextural wear volume parameters. However, similar to
the Sq parameter, there is only a weak correlation between the Ssk parameter and the
shape of microtexture. Nonetheless, there is a very high correlation with Arithmetic Mean
Height (Sa), returning a very high correlation coefficient of 0.90.
Also, this height of microtexture parameter has a high correlation coefficient of 0.70 with
the coefficient of friction, similar to the Root Mean Square Height (Sq). Therefore, it is
another reasonably strong candidate to help explain or predict the equilibrium coefficient
of friction obtained using the WS device.

Maximum peak height (Sp)
Maximum peak height (Sp), as the height of the highest peak within the study area, is
another parameter that explains the height of microtextural wear during the polishing
process. This parameter does not correlate well with the microtextural wear shape, but it
has a very high correlation with some of the volume parameters and the Arithmetic Mean
Height (Sa).
However, referring to Table 10.2, this height of microtexture parameter has a high
correlation coefficient of 0.84 with the coefficient of friction. This is as would be expected
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as polishing would be expected to affect the peaks of the surfaces more than in the troughs
of the textured surface. Therefore, it is a reasonably strong candidate to help explain or
predict the equilibrium coefficient of friction obtained using the WS device.

Maximum Height (Sz)
Another parameter that explains the height of microtextural wear during the polishing
process is Maximum Height (Sz). This parameter presents the total of the largest peak
height value and the largest pit depth value of the study area. The results show that this
parameter has a moderate, high and very high correlation with some microtextural wear
shape and volume parameters.
However, referring to Table 10.2, it can be seen that there is only a moderate correlation
between Maximum Height (Sz) and the coefficient of friction, returning a correlation
coefficient of 0.54. Therefore, it is not a strong candidate to help explain or predict the
equilibrium coefficient of friction obtained using the WS device.

Arithmetic Mean Height (Sa)
Arithmetic Mean Height (Sa) is another parameter that explains the height of
microtextural wear during the polishing process. Sa is the extension of Ra (arithmetical
mean height of a line) to a surface. It expresses, as an absolute value, the difference in
height of each point compared to the arithmetical mean of the surface. This parameter is
used generally to evaluate surface roughness. The results show that this parameter is very
highly correlated with a number of other microtextural wear height parameters as would
be expected. However, similar to the other height parameters, there is only a weak
correlation between this parameter and the shape of microtexture during the polishing
process.
Referring to Table 10.2, it can be seen that there is a high correlation between Arithmetic
Mean Height (Sa) and the coefficient of friction, returning a correlation coefficient of
0.83.
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Also, the Arithmetic Mean Height (Sa) has a very strong correlation with Root Mean
Square Height (Sq), Skewness (Ssk) and Maximum Peak Height (Sp), returning a high
correlation coefficient of 0.98, 0.90 and 0.91, respectively. Therefore, it is a reasonably
strong candidate to help explain or predict the equilibrium coefficient of friction obtained
using the WS device.

The shape of microtexture parameters
The obtained results show that all microtextural shape parameters are only weakly
correlated with all the microtextural wear parameters. Referring to Table 10.2, there is no
correlation between all shape parameters and the coefficient of friction. Therefore, the
shape of microtexture cannot explain the effect of the WS device on the microtextural
wear during the polishing process.

Volume Parameters
Between all volume parameters (peak material volume – Vmp, core material volume –
Vmc, core void volume – Vvc; and Dale void volume – Vvv), the Vmc and Vvc volumes
are highly correlated with the CoF values which obtained during the polishing process
using the WS device. Referring to Table 10.2, there is a high correlation between core
material volume (Vmc) and the coefficient of friction, returning a high correlation
coefficient of 0.85. Also, Dale void volume (Vvv) is the other volume parameter that has
a strong correlation with the coefficient of friction, returning a high correlation coefficient
of 0.79. Therefore, these two volume parameters are candidate parameters to explain the
effect of the WS device on the microtextural wear during the polishing process especially
for volume parameter changes that occur in the top of the aggregate surfaces. Referring
to this table, the Vmc has a very strong correlation with Vvv, two main volume parameters
that can explain microtextural wear of aggregate during the polishing process by the WS
device, returning a high correlation coefficient of 0.93.
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Chapter 11
Conclusions and Further Research

11.1 Research Conclusions
The main aim of this research was to gain a better understanding of the sensitivity of the
Auckland Pavement Polishing Device (APPD), a relatively new laboratory polishing
device, to changes in setup variables such as tyre pressure, type of tyre, applied load and
aggregate grade size, on the measured coefficient of friction. As stated in Chapter 1, the
objectives of the research can be summarised as follows:
1. Evaluate the sensitivity of the Auckland Pavement Polishing Device (APPD)
polishing mechanism to changes in:
•

Tyre pressure, type of tyre, applied load and aggregate size on the reported
coefficient of friction;

•

Tyre pressure, type of tyre, applied load and aggregate size on the reported
Mean Profile Depth (MPD);

•

Tyre pressure, applied load and aggregate size on contact area and pressure
between the pneumatic tyres and the sample surface.

2. Analyse the change in microtextural wear due to polishing by:
•

Undertaking Microtextural analysis in order to determine how best to
quantify the change in microtextural wear due to aggregate surface
polishing under different setup conditions using a 3D micro coordinate
measurement device.

3. Develop a methodology to quantify the variation of aggregate microtextural
parameters during the polishing process by:
•

Determining changes on microtextural parameters during the polishing
process using the APPD device and the Wehner/Schulze (WS) device.
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Objective 1: Evaluate the sensitivity of the Auckland Pavement Polishing Device (APPD)
The first objective was to evaluate the sensitivity of the APPD to changes or variations in
setup. This included different tyre pressures, different type of tyres, different applied
loads and different aggregate sizes. All samples were polished for eight hours until they
reached an equilibrium level. The coefficient of friction and MTD were measured using
the DFT device and CTM, respectively.
The APPD-DFT results showed that the coefficient of friction significantly changed when
the pressure of the pneumatic tyres changed. It can, therefore, be concluded that the DFT
measured CoF is sensitive to a ±4 N/cm2 (±5 psi) variation from the typical 14 N/cm2 (20
psi) used in previous research. However, the tyre pressure with 14 N/cm2 (20 psi) and the
solid tyre were not significantly different. It can, therefore, be concluded that the 14
N/cm2 (20 psi) pneumatic tyre pressure and the solid tyre are interchangeable, with no
significant difference in the resulting CoF results.
Additionally, the APPD-DFT results show there is a significant difference between the
coefficient of friction results obtained using different applied loads on the APPD device.
It can, therefore, be concluded that the coefficient of friction results between all applied
loads (470 Newton (48 kg), 570 Newton (58 kg) and 670 Newton (68 kg)) are
significantly different. This would suggest that, under the reported conditions, the results
from the APPD-DFT are sensitive to a ±10 kg variation from the typical 58 kg load used
in previous research.
Finally, the APPD-DFT results showed that the coefficient of friction was significantly
different for specimens made using different aggregate sizes. It can, therefore, be
concluded that the results obtained from grade 2, grade 4 and grade 6 were significantly
different when all specimens were polished with 14 N/cm2 (20 psi) pneumatic tyre
pressure and 570 Newton (58 kg) applied load.
Key Conclusion: Given that tyre pressure is probably the most difficult to control,
particularly with changes in ambient temperature as well as temperature increases due
to rolling friction during testing, there is a strong argument for changing to a solid tyre
instead of a pneumatic one in order to reduce potential variability as part of the
standardisation of the device. In contrast, grade of aggregate and applied load are
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relatively easy to control. Clearly, the specification for the tyre would need to be agreed
and a consistent supplier identified.
When comparing the coefficient of friction results for all specimens, it was observed that,
although the coefficient of friction kept reducing during the polishing process, the
macrotexture level remained steady. Therefore, it can be concluded that for this
greywacke aggregate the APPD device did not reduce the MTD of the surface during the
polishing process. This is a positive outcome as an original objective in the development
of the APPD device was to accelerate microtextural changes in aggregates and not to
decrease macrotexture due to abrasion.
Key Conclusion: The CTM measured MTD is not sensitive to changes in the APPD
polishing mechanism (tyre pressure, type of tyre, applied load and aggregate size on the
reported coefficient of friction) within the reported variations for the tested greywacke
aggregate.
Although not listed as a specify objective of the research, it was noted during testing that
the DFT measured CoF results were unexpectedly high when used for the first time each
day. This variation can be explained by the fact that the DFT rubber temperature was low
before running the device for the first time each day. Consequently, an additional,
calibration step was added to the procedure whereby, every day, before measuring the
coefficient of friction on the main specimens, the DFT device was run on a calibration
sample, which was prepared solely for calibrating the DFT device. At the end of each
day, the DFT device recorded the coefficient of friction of the calibration sample as a
record of the coefficient of friction when the DFT device was warmed up. Then, the
following day, it was run and repeated on the calibration sample until the coefficient of
friction reached the result from the previous day.
Key Conclusion: In order to ensure consistency in the CoF values measured from the
APPD-DFT device, a calibration sample should be created to ensure that the DFT rubber
temperature has warmed up sufficiently to begin testing.
To further understand the sensitivity of the APPD polishing mechanism using different
setup conditions, a pressure pad device was used to measure the contact area and contact

228

11 Conclusion and Further Research

pressure distribution between the pneumatic tyres and the sample surface. The results
were analysed using the Xsensor X3 Pro V6 software. All the results were as expected:
•

When the tyre pressure was increased, the contact area between the tyres and
surface was reduced and vice versa.

•

The highest applied loads resulted in the greatest contact area between the tyres
and surface, and the lowest applied load resulted in the least contact area between
the tyres and specimen’s surface.

•

The specimen made using the largest aggregate size resulted in the least contact
area between the tyres and surface. The reason for this variation is that the smaller
the aggregate size the lower the MTD.

Key Conclusion: Although the pressure pad results are as expected, they reinforce the
need to control tyre pressure, applied load and aggregate size in the APPD, given the
consequential changes in contact pressure between the polishing tyres and sample
surface.

Objective 2: Analyse the change in microtextural wear due to polishing
The second objective was to analyse the change in microtextural wear during the
polishing process when subjected to different APPD setup conditions, with the intention
of helping to explain the polishing mechanism. In particular, it was hoped that
microtextural analysis would support the hypothesis that the higher CoF values obtained
from higher contact pressures is a result of the aggregate mineralogy. The hypothesis
states that, as the aggregate contains a combination of harder and softer minerals, the
higher contact pressures were able to erode or dislodge the softer minerals, thereby
creating a rougher microtexture.
The analysis of microtextural parameters tend to support the above hypothesis. In
particular, the shape of microtexture parameters are all highly or moderately (positively)
correlated with the coefficient of friction. For example, the increasing Density of Summits
(Sds) indicates that more prominent summits, or peaks, were created with higher contact
pressures. In addition, the increasing Mean Summit Curvature (Ssc) indicates that the
prominent summits, or peaks, mentioned above were more pointed. These could both be
229

11 Conclusion and Further Research

explained by the erosion or dislodgement of softer minerals to create more prominent
peaks - those peaks being composed of the harder minerals - and that these prominent
(harder) peaks are more pointed compared to the softer minerals.
Key Conclusion: Although the polishing or wear mechanism has been shown to be
complex when dealing with natural materials such as aggregate, the microtextural shape
parameters, in particular, were consistent with the CoF results. It can therefore be
concluded that, the shape of microtexture paramemeters best represent the microtextural
wear variation at ESR. This highlights the importance of understanding the microtextural
parameters if we are to gain greater knowledge and understanding of skid resistance.

Objective 3: Develop a methodology to quantify the variation of aggregate volume
parameters during the polishing process
The last objective was to develop a methodology to quantify the variation of aggregate
volume parameters during the polishing process using the APPD device. However, the
results showed little or no relationship between the CoF and microtextural wear results
for chips removed from the same sample after each polishing interval. This attributed to
the fact that a different chip was extracted each time due to logistical challenges.
Consequently, a methodology capable of measuring the microtextural wear results of the
same chip after each polishing interval was required. This was possible at the IFSTTAR
laboratory in Nantes, France using a W/S device for polishing and the same Alicona
device for measuring microtextural wear. The devices were located in the same laboratory
and it was, therefore, possible to move the whole sample to the Alicona (without
removing the chip from the sample) and, most importantly, to create a 3D image of the
same chip each time.
Key Conclusion: In order to analyse microtextural wear during the polishing process,
also referred to as the evolution of polishing, the same chips need to be analysed after
each polishing interval.
Referring to Figure 9.9, the results obtained from the WS device show that the height of
microtexture parameters (Sq and Sa) best represent the microtextural wear variation
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during the WS polishing process. The height of microtexture parameters (Sq and Sa)
reduced when the coefficient of friction decreased. In contrast, when the coefficient of
friction value reduced during the polishing process, the shape of texture parameters (Sdq
and Ssc) fluctuated for the samples polished using the WS device. Based on the
correlation results it can also be concluded that the core material volume (Vmc) is a
suitable candidate to evaluate the effect of the WS device on the microtextural level
during the polishing process. The variation of the Vmc follows the same trend and is
highly correlated with the coefficient of friction value reducing for specimens polished
using the WS device.
Key Conclusion: It would appear that the height of microtexture parameters (Sq and Sa),
along with the core material volume (Vmc), best represent the microtextural wear
variation during the polishing process, rather than the Shape of Microtexture parameters
(which best represent the CoF at ESR). This conclusion, however, should be tempered by
the fact that different polishing devices were used.

11.2 Implications of the Research
The PSV is a commonly used polishing device to predict the polishing effect on aggregate
texture in the laboratory and the standard method that is used for this machine was
developed in the UK decades ago. The BPT is the only device that can be used to measure
the coefficient of friction of PSV specimens. The sand patch method and 3D photos from
a specimen’s surface can be used to measure the macrotexture of the road surface.
However, this research has gone a long way to standardising an alternative device - the
APPD-DFT polishing device developed by Wilson (2006) at the University of Auckland.
A particular advantage is that the device was specifically developed for New Zealand
aggregates and road surface conditions. In addition, the DFT device can reach initial
speeds of up to 100 km/h for measuring the skid resistance level across the slip speed
cycle; while, the BPT only reaches speeds of approximately 10 km/h. Finally, the contact
area for the APPD polishing and the CoF testing via the DFT is much greater than the
BPT contact area and is, therefore, more robust and repeatable statistically. A practical
implication of the research could potentially be the adoption of the device for use in New
Zealand industry.
231

11 Conclusion and Further Research

Although MTD has been collected by contactless technology for some time now via high
frequency lasers, the measurement of CoF still requires contact with the road surface.
This research has shown that, despite the polishing or wear mechanism being complex
when dealing with natural materials such as aggregate, the microtextural parameters were
capable of reflecting this complexity. The implication is that, assuming technology and
processing speeds catch up, it is potentially possible for a totally contactless assessment
of CoF to be developed based on MTD and microtextural parameters.

11.3 Further Research
Wilson (2006) introduced the APPD device as a new polishing machine to measure the
effect of polishing on aggregate in the laboratory and this research evaluated the
sensitivity of this machine to variations in setup, such as different tyre pressure, different
type of tyres, different applied loads and different aggregates sizes. The following gives
recommendations to further this research:
•

This research used only one type of aggregate, a greywacke aggregate, to evaluate
the sensitivity of the APPD device. It can be expanded to include a greater
selection of aggregates with varying geological properties.

•

In term of evaluating the sensitivity of the APPD device, smaller variations to the
setup tyre pressure and applied load are needed to determine tolerance levels in
order to fully standardise the APPD-DFT device.
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Appendix E
Pressure Pad Result - XSensor X3 Pro Output
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Alicona (InfiniteFocus) General Specifications
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3D Image Results from Infinite Focus Device
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