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« A state-of-the-art review of skid resistance of asphalt pavements is presented.

« Key parameters influencing skid resistance measurement and modeling are discussed.
« Details modeling efforts entailing different aspects of tire-pavement interaction.

« Frictional performance of asphalt pavements largely depends on coarse aggregates.

« Some research gaps and ongoing efforts to address some of the gaps are identified.
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nization method of friction measurements questioned. The latest developments on pavement surface tex-
ture measurement and characterization are highlighted. A critical review of aggregate properties
affecting friction, the frictional properties of asphalt mixtures and the influence of environmental factors
on skid resistance is presented. An overview of modeling efforts entailing different aspects of tire-
pavement friction is also presented. The frictional performance of asphalt pavements largely depends
on the type and quality of coarse aggregates used. The different hot mix asphalt (HMA) classifications
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Skid resistance generally have similar microtextures. Their frictional performance follows the same order as their macro-
Surface texture textures. There is need for experimentally-validated skid resistance prediction models, especially for
Friction warm surfaces. Such models should account for tire and pavement surface texture characteristics, and

the influence of environmental factors. Some other research needs are also identified.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Skid resistance is defined as the force developed when a tire
that is prevented from rotating slides along the pavement surface
[1]. It is a property of the road surface which characterizes road
pavement roughness and impact on friction forces when the pave-
ment is exposed to the wheel load [2]. The skid resistance of an
asphalt pavement is an important parameter that influences driv-
ing safety on a road. Especially, as it has been shown that there
is a linear relationship between slipperiness of the pavement sur-
face and crashes [3]. Moreover, several studies show a dramatic
increase in accident risk when the friction numbers decrease below
certain threshold values [4].

Skid resistance/friction have two components, namely, adhe-
sion and hysteresis [5]. These components largely depend on two
properties of the pavement surface, vis-a-vis, macrotexture and
microtexture. The aforementioned terms are discussed subse-
quently. The skid resistance of an asphalt pavement evolves over
time and is affected by environmental factors. High ambient and
pavement surface temperatures could significantly influence the
reliability of skid resistance measurements [6]. Therefore, a funda-
mental understanding of the influence of the aforementioned
parameters on skid resistance is crucial. Predictive models for skid
resistance evolution are also necessary for design and construction
of pavements with adequate friction.

Several studies have reviewed different aspects of, and some
parameters influencing tire-pavement friction and skid resistance

Weight, Fw
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Direction
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Friction Force. F

Fig. 1. Illustration of forces acting on a rotating tire (after Hall et al., 2009).

[3,7-15]. However, very few have considered in depth the influ-
ence of several of the aforementioned parameters and skid resis-
tance modeling efforts in a single work. Moreover, the subject
matter is a fast evolving research area. Hence, there is need to keep
researchers and practitioners abreast with the latest developments
in the field. Thus, this paper seeks to provide a concise but critical
review of the state-of-the-art on measurement and modeling of
asphalt pavement skid resistance. It combines information on dif-
ferent parameters associated with skid resistance of asphalt pave-
ments, which are ordinarily the subjects of entire reports. These
include tire-pavement friction, and pavement surface texture mea-
surement and characterization. Other areas reviewed are aggregate
properties affecting friction, the frictional properties of asphalt
mixtures and the influence of environmental factors on skid resis-
tance. Modeling efforts on tire-pavement friction are also
discussed.

2. Tire-pavement interaction/friction

The skid resistance of a pavement surface mainly refers to the
contribution of the pavement surface to tire-pavement interaction
and the resulting friction force [9]. Changes in speed or direction
of a vehicle, the resulting acceleration, braking or turning leads to
development of forces at the tire-pavement interface. Such forces
cause a reaction (called friction) between the tire and pavement that
facilitates the afore-mentioned vehicular movements. Thus, tire-
pavement friction is critical to reduction of potential road crashes.
It has been historically emphasized that most skidding problems
occur due to friction deficiencies from wet pavements [11]. Never-
theless, a recent study showed that friction impacts the rate of dry
condition crashes as well [16]. Hence, more crashes occurs on roads
with low friction than on those with high friction [3].

Pavement friction has been defined as “the force that resists the
relative motion between a vehicle tire and a pavement surface” [7].
A dimensionless coefficient, known as the coefficient of friction (1)
is usually employed for characterizing tire-pavement friction. The
friction coefficient between a tire and a pavement surface can be
defined as the quotient of the tangential force at the tire-
pavement contact interface and the longitudinal force on the
wheel. Fig. 1 illustrates the above definition (braking wheel).

From Fig. 1, the friction coefficient (W) is given as:

F
H=r )
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Fig. 2. Key mechanisms of tire-pavement friction (after Hall et al., 2009).

Tire-pavement friction is affected by several factors. These
include pavement surface characteristics, tire properties, vehicle
operating parameters and environmental factors. The microtex-
ture, macrotexture, pavement materials properties and slip speed
are the factors that can easily be controlled through pavement
design and speed limit regulations. Details of these factors can be
found elsewhere [3].

2.1. Mechanisms of pavement friction

Pavement friction is occasioned by the combination of two
mechanisms, namely, adhesion and hysteresis (Fig. 2). Adhesion
emanates from molecular bonds in areas of high local pressure
resulting from unevenness in the road surface. Hysteresis is due
to energy loss resulting from the deformation of the tire rubber
around the protuberances and depressions in the pavement surface
[5]. In addition to the aforementioned mechanisms, there are also
two other components of rubber friction with little significance.
These are frictional contributions from rubber wear, and surface
(or micro) hysteresis as opposed to bulk hysteresis. The cohesion
loss component of friction from rubber wear was verified through
testing within the last decade [17,18].

2.2. Measurement of pavement friction

The measurement of pavement friction is not an easy task as the
frictional forces being measured are sensitive to a number of fac-
tors difficult to control. Such factors include those from the pave-
ment - namely, texture, temperature, chemistry of materials, etc.
Others are from the tire (tread design, rubber composition, sliding
velocity temperature, etc) and fluid/contaminant (viscosity, den-
sity, film thickness, etc). However, during friction measurement,
all other factors except the road surface are kept constant. The
pavement surface is then wetted with a specified amount of water
and a standardized measuring tire used on friction measuring
equipment to measure the pavement friction.

There are several equipment for friction measurement. Table 1
summarizes a range of some commonly used friction measuring
devices. The three major operating principles of frictional measur-
ing equipment are, longitudinal friction coefficient (LFC), sideway
force coefficient (SFC) and sliders or stationary or slow-moving
measurement principles. The LFC principle entails the creation of
controlled sliding process of the tire through the application of a

braking force. This blocks the vehicle wheel such that it rotates
more slowly than the forward speed of the vehicle. Devices operat-
ing on this principle employ a wide range of slip ratios, which is
used to assess and compare tire and vehicle speeds [2,11]. The slip
ratio is expressed mathematically as follows [3]:

V-V, S

% 100 = 2 x 100 )

SR v v

where SR is slip ratio, V is vehicle directional speed (mph), V, is
average peripheral speed of tire (mph) and S is the slip speed
(mph). The absolute value of SR is normally used, otherwise there
will be negative values for acceleration when V, > V.

The SFC principle uses an instrumented measuring wheel set at
an angle (called slip angle) to the direction of travel of the vehicle
[11]. The slip angle induces friction between the tire and road as it
makes the tire slip over the road surface. The resulting force (side-
ways force) along the wheel axle is then measured [2,11]. The SFC
is then expressed as the ratio of the sideways force to the vertical
reaction between the tire and the pavement surface. Sliders or sta-
tionary or slow-moving measurement principle covers devices
mostly used for stationary testing. Laboratory devices mostly fall
under this group. These devices use rubber sliders that are
attached either to the foot of a pendulum arm or to a rotating head,
which slow down on contact with the pavement surface. Continu-
ous Friction Measuring Equipment (CFME) provide greater detail
about spatial variability of tire-pavement frictional properties.
They operate on LFC or SFC principles, and have gained increased
attention around the world [11]. Details of commonly used CFMEs
are available from Yager [21]. CFME measurements are reported to
be sensitive to water film thickness and testing speed. Measure-
ments by the GripTester — a CFME are also reported to be affected
by grade suggesting greater accuracy mainly on flat surfaces [22].

2.3. Harmonization of pavement friction measurements

Different friction measuring equipment gives different values
for the same pavement surface. Hence, harmonization is used to
adjust the outputs of the different equipment so that they all
report the same value for the same pavement condition. The Per-
manent International Association of Road Congress (PIARC) devel-
oped the international friction index (IFI) to compare and
harmonize different friction measurement methods [23]. The IFI
consists of a speed constant and a friction number at 60 km/h.
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Summary of friction/skid resistance measuring devices [2,19,20].
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Title Measurement Main parameters Tire and wheel load Measurement device
principle view
ADHERA Longitudinal Water film thickness: 1.0 mm; PIARC smooth profile tire
friction coefficient Measures macrotexture; 165R15 (180 kPa);
(LFC) Measurement speed: 40, 60, 90, 120 km/h; Wheel load: 2500 N
Measurement interval: 20 m
BV-11 Longitudinal Slip ratio: 0.17 or 17%; Trelleborg type T49 tire (140 kPa);
friction coefficient Water film thickness: 0.5-1.0 mm; Wheel load: 1000 N
(LFC) Measurement speed: 70 km/h;
Measurement interval: 20 m
GripTester Longitudinal Slip ratio: 0.15 or 15%; 254 mm diameter smooth profile
friction coefficient Water film thickness: 0.5 mm; ASTM-tire (140kPa); Wheel load:
(LFC) Measurement speed: 5-100 km/h; 250N
Measurement interval: 10-20 m or other
RoadSTAR Longitudinal Slip ratio: 0.18 or 18%; PIARC tire with tread;
friction coefficient Water film thickness: 0.5 mm; Wheel load: 3500 N
(LFC) Measures macrotexture;
Measurement speed: 30, 60 km/h
Measurement interval: 50 m
ROAR DK Longitudinal Slip ratio: 0.2 or 20%; ASTM 1551 tire (207 kPa);
friction coefficient Water film thickness: 0.5 mm; Wheel load: 1200 N
(LFC) Measures macrotexture;
Measurement speed: 60, 80 km/h
Measurement interval: >5 m
ROAR NL Longitudinal Slip ratio: 0.86 or 86%; ASTM 1551 tire (200 kPa);

RWS NL Skid
Resistance
Trailer

SCRIM

Skiddo-meter
BV-8

SKM

SRM

TRT

friction coefficient
(LFC)

Longitudinal
friction coefficient
(LFC)

Sideway friction
coefficient (SFC)

Longitudinal
friction coefficient
(LFC)

Sideway friction
coefficient (SFC)

Longitudinal
friction coefficient
(LFC)

Longitudinal
friction coefficient
(LFC)

Water film thickness: 0.5 mm;
Measures macrotexture;
Measurement speed: 50, 70 km/h
Measurement interval: 5-100 m
Slip ratio: 0.86 or 86%;

Water film thickness: 0.5 mm;
Measurement speed: 50, 70 km/h;
Measurement interval: 5-100 m

Slip angle: 20°;

Water film thickness: 0.5 mm;
Measures macrotexture;
Measurement speed: 50 km/h;
Measurement interval: >10 m

Slip ratio: 100% or 14%;

Water film thickness: 0.5 mm;
Measurement speed: 40, 60, 80 km/h;
Measurement interval: 30-50 m

Slip angle: 20°;

Water film thickness: 0.5 mm;
Measurement speed: 50 km/h;
Measurement interval: 100 m or other

Slip ratio: 15% or 100%;
Water film thickness: 0.5 mm;

Measurement speed: 40, 60, 80 km/h; Measurement interval:

20 m or other

Slip ratio: 25%; Water film thickness: 0.5 mm; Measurement
speed: 40-140 km/h; Measurement interval: 20 m or other

Wheel load: 1200 N

PIARC smooth profile tire 165R15
(200 kPa);
Wheel load: 1962 N

Avon SCRIM smooth profile tire 76/
508 (350 kPa);
Wheel load: 1960 N

AIPCR tire with longitudinal tread
165R15;
Wheel load: 3500 N

Smooth profile tire;
Wheel load: 1960 N

AIPCR tire with longitudinal tread
165R15;
Wheel load: 3500 N

Smooth profile ASTM tire;
Wheel load: 1000 N

(continued on next page)
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Table 1 (continued)

Title Measurement Main parameters Tire and wheel load Measurement device
principle view
SRT-3 Longitudinal Slip ratio: 100%; Tire with tread (200 kPa)
friction coefficient Water film thickness: 0.5 mm;
(LFC) Measurement speed: 60 km/h
IMAG Longitudinal Slip ratio: 100%; PIARC smooth profile tire;
friction coefficient Water film thickness: 1.0 mm; Wheel load: 1500 N
(LFC) Measurement speed: 65 km/h

DFT Dynamic Rotating friction  For stationary measurements

Friction
Tester
SRT Pendulum  Pendulum test For stationary measurements -
T2GO Slow-moving Slip ratio: 20%; Two 75 mm width tires
measurement; Used for pedestrian/bicycle paths, road marking
Longitudinal
friction coefficient
(LFC)
VTI Portable Slow-moving Used for pedestrian/bicycle paths -
Friction measurement;

Tester (PFT)  Longitudinal
friction coefficient

(LFC)
1 %
0.60 0.60 -
F60 m b4 F60 e
0.50 0504xs 0115 e+ 0.50 -
y=0.504x+ 0. &
peglipiine e y= 0.681x + 0.069 ”)
040 040 R2=0.912
B~ % yz0586x-0.014 %
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0.30 0.30 s &
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B Calibration at 96 km/h ® Calibration at 96 km/h
0.00 : 0.00 . , -

0 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8
FR60 FR60
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Fig. 3. Quality of IFI calibration for two different friction measuring equipment (a) run way friction tester, and (b) locked wheel skid tester at two different speeds [25]. Note:

F60 is the same as FI and FR60 is the same as F in Eq. (3).

The speed constant is determined by a macrotexture measure-
ment. A macrotexture measurement is required because the influ-
ence of the slip speed on the friction value varies with different
pavement macrotextures [4]. Hence, given a friction measurement
at a certain slip speed coupled with a macrotexture measurement,

the friction at any slip speed for that device can be deduced. This
method is also covered by the ASTM E1960 standard [24]. The fric-
tion index equation is given by [23]:

Fl—A+BxFxe% +CxTx 3)
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where FI is the friction index at 60 km/h slip speed; A, B and C are
device specific constants or calibration factors for the friction equip-
ment used: for smooth tires, the constant C = 0. Fand S are the mea-
sured friction, and slip speed at which the friction was measured,
respectively. Sy, is the speed constant or golden value speed number.
Tx is a measure of the macrotexture (for e.g. mean profile depth,
MPD in mm).

The speed constant (S,) in Eq. (3) can be obtained from the fol-
lowing equation:

S, = a+bTx (4)

where a and b are constants depending on the macrotexture mea-
suring device and can be given values of 14.2 and 89.7 as per ASTM
E1960 [24].

There are criticisms on the inconsistency of this harmonization
method. For instance, the FI at 60 km/h slip speed from the same
equipment estimated from friction measurements at two different
speeds on the same pavement showed considerable variations.
Moreover, the assumption of linearity between the FI at 60 km/h
slip speed, and the measured friction (F) at a different slip speed
adjusted to 60 km/h slip speed using Eq. (3), may not be valid in
some situations. Fig. 3 illustrates the above. It questions the linear-
ity between the FI and the F (Eq. (3)) especially at 96 km/h speed.
Other deficiencies of the IFI method has also been identified. These
include its failure to compensate for disparity in measurements
due to differences in properties of the measuring mechanism such
as different inflation pressures. The impractical requirement of an
extra set of spot texture measurements on the pavement surface in
busy areas was also highlighted. Consequently, the Lund-Grenoble
(LuGre) model has been suggested as a superior alternative to the
underlying model used in the ASTM E1960 standard. Friction mea-
surements by different equipment have been accurately predicted
via non-linear optimization of LuGre model parameters. These are
documented elsewhere [25].

3. Pavement surface texture

Pavement surface texture is simply defined as the deviations of
the pavement surface from a true planar surface [3]. The scales of
surface texture have been defined by PIARC according to the wave-
lengths of the deviations [26]. Thus, pavement texture is divided
into:

Microtexture with wavelengths from 0 mm to 0.5 mm.
Macrotexture with wavelengths from 0.5 mm to 50 mm.
Megatexture with wavelengths from 50 mm to 500 mm.
Unevenness with wavelengths from 500 mm to 50 m.

These texture scales have different contributions to tire-
pavement friction. The microtexture is the surface roughness of a
pavement at the microscopic level [27]. It can be described as
the fine-scale texture on the surface of the coarse aggregate parti-
cles in asphalt, which interacts with the tire rubber on a molecular
scale and provide adhesion. It is of fundamental importance on
both wet and dry pavements and needs to be present at any speed
[9,11]. Further, the microtexture of aggregates helps cut through
the water film between the aggregate particle and the tire rubber,
thus playing an important role in wet skid resistance [28].

The macrotexture is typically formed by the shape and size of
the aggregate particles in the pavement surface or by grooves in
some surface. It is also affected by the spacing and arrangement
of coarse aggregate particles. It governs skid resistance on wet
pavements, with skid resistance decreasing as speed increases.
Surfaces with greater macrotexture generally have higher friction
at high speeds than at low speeds [29] but this is not always the

case [11]. The macrotexture is responsible for a large portion of
pavement friction at vehicle speeds above 90 km/h on wet pave-
ments regardless of the slip speed [3]. It affects water drainage
from the tire footprint and hence, it is thought to be responsible
for friction due to hysteresis at high speeds [9]. The megatexture
can be described by ruts, potholes, major joints and cracks. It
affects vibrations in the tire walls and is therefore linked to noise
and rolling resistance. Unevenness is usually caused by construc-
tion defects or deformation due to vehicular loading of the pave-
ment. It affects vehicle dynamics, ride quality and pavement
drainage and can also diminish tire-pavement contact [9]. Micro-
and macrotexture are essential, while megatexture and uneven-
ness are undesirable for optimum pavement performance [30].
Pavement texture is affected by a number of factors. These
depend on the materials comprising a pavement, vis-a-vis, aggre-
gate, binder and asphalt mix properties as well as post-
placement treatment. The main factors that affect the macrotex-
ture and microtexture are listed as follows. The macrotexture is
affected by the maximum aggregate size, coarse and fine aggregate
types, mix binder content and viscosity, mix gradation and mix air
content. While the microtexture is mainly affected by the coarse

aggregate type [3].

3.1. Pavement texture measurement

Majority of the generally used methods for pavement texture
measurement are for the macrotexture. These are mostly rubber-
on-road techniques. More recent developments revolving around
non-contact measurements are geared towards microtexture mea-
surements. The most common macrotexture measuring equipment
are volumetric sand patch method, circular texture meter and the
outflow meter. There are also laser-based (or electro-optic) meth-
ods for high speed friction measurements. The details of these
equipment, and their advantages and disadvantages have been
reviewed [3]. Table 2 shows the same information for more recent
laser-based, stereo photogrammetry, and microscopy methods
used for measurement of different texture scales.

The portable Model 9300 laser texture scanner (LTS) from Ames
Engineering is a more recent laser-based equipment. It is capable
of determining a range of texture parameters (see Table 2). These
are applicable for estimation of the macrotexture and some of
the microtexture within 0.03-0.5 mm wavelengths [31]. Albeit,
microtexture determination may only have high accuracy within
the wavelength range not shorter than the equipment’s spot size
of 0.05 mm. Studies have evaluated deployment of 3D modeling
and areal texture parameters for a better understanding of pave-
ment surface texture at its different wavelengths. Laser scanners
such as the triangulation types, which allow the calculation of
new texture indicators, have been used to produce 3D models.
Such indicators, which refer to surfaces and volumes, permit a
more stable and complete texture characterization [32]. However,
laser scanners are quite expensive.

In light of the high cost of laser-based systems, more recent
research have considered 3D measurements of surface texture
using microscopy and stereo photogrammetry (Table 2). Measure-
ments in 3D gives an indication of the extent of physical changes
that cannot be achieved using 2D line profiles. Large amount of
data can be collected, which could likely improve the statistical
significance of surface roughness calculations. Qualitative observa-
tions of changes occurring on surfaces of aggregates during the
polishing process have been successfully made using 3D focus vari-
ation microscopy. The corresponding roughness was then charac-
terized using areal roughness parameters and data filtering
techniques. Roughness parameters used include height (arithmetic
mean height, skewness, kurtosis, etc) and volume (void volume



608

Table 2
Overview, advantages and disadvantages of pavement surface texture measurement

methods [33,34].
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Method/equipment Description Equipment photograph

and details

Parameters measured

Advantages

Disadvantages

Non-contact lasers or laser
texture scanners (LTS) scan
and precisely measure surface
elevations at intervals

<0.25 mm. More recent LTS S |
capable of measuring texture | .
profiles with wavelengths
down to 0.05 mm

Laser method

Sl

LTS from Ames
Engineering

LTS from Ames

Engineering
Close range (stereo)
photogrammetry
and micro-scopy

Based on (stereo) images
captured by camera or
microscope and analyzed
using proprietary software for
3D modeling of the captured
surface

, Computes MPD,

estimated texture

|| depth (ETD), texture

| profile index (TPI), RMS,
| and band passed

| filtered elevation and

| slope variance

Provides threshold
mean texture depth
(TMTD)*. The software
(s) output void and
material volume, and
surface height
parameters

Results found to correlate well
with the sand patch method
[34]. It can also cover key
wavelengths in the microtex-
ture scale of texture. Laser
method collects continuous
data at high speeds

Inexpensive equipment,
ability to visualize surface
texture in 3D. Correlates well
with MTD from sand patch
test (R? = 0.9). Covers micro,
macro and mega texture
scales

Laser systems are very
expensive. Skilled operators
are required for data
collection and processing. As
regards microtexture data, it
omits wavelengths < laser
spot size

Accuracy depends on user-
adopted imaging set up, lens
optics and eliminating the
effect of camera shake.
Requires skill and software
for analysis of 3D models

CCD: Charge coupled device, DFT: Dynamic friction tester, LCD: Liquid-crystal display, MPD: Mean profile depth, MTD: Mean texture depth, RMS: Root mean squared. “TMTD:
New 3D model measure of macrotexture, ~Canon digital SLR camera, = Alicona infinite focus microscope.

and material volume) parameters. Some of these parameters corre-
lated well with friction [9,35].

Stereo photogrammetry involves estimating 3D co-ordinates of
points on an object using measurements from multiple images
taken from different positions. Studies have investigated use of a
version of stereo photogrammetry, close range photogrammetry
(CRP), for texture measurements. The CRP technique entails use
of an ordinary camera to capture multiple (stereo) images of the
pavement surface. Three dimensional models of the surface texture
are then produced and analyzed from the captured images using
proprietary software including 3D flow Zephyr, Digital Surf Moun-
tainsMap, etc [33,36,37]. The CRP technique has been used for
assessments of micro, macro and megatexture scales [28,38-40].

3.2. Pavement texture characterization

There are a number of standard parameters used for character-
ization of pavement surface macrotexture. The most common
parameters used are the MTD, MPD and sensor measured texture
depth (SMTD). The commonly used sand patch method gives the
MTD as the ratio of volume to the total area covered. The latter
term is deduced from the diameter of the area covered by the glass
spheres (sand was formerly used) spread on the surface. A laser-
based system can be used to generate a set of measurements thus
creating a surface profile. Thereafter, an algorithm summarizes the
data into a single average. This single average may be expressed as
the MPD or the SMTD. The MPD is defined as the average of all the
mean segment depths of all the segments of the profile [41]. It
measures the height of the highest peaks above the mean level

[9]. While the SMTD is a root mean square (rms) measure of the
texture above and below a mean level. Laser systems software also
output characteristic parameters for the vertical, horizontal and
synthesized extension of surface profile irregularities. Vertical
extension parameters include the arithmetic mean and RMS devi-
ation of the profile. While horizontal extension parameters include
the average and RMS wavelength of the profile [42].

There are no standardized methods for microtexture character-
ization. Albeit, a test method, ASTM E303-93 [43], provides a mea-
sure of microtexture as a frictional property of surfaces using the
British Pendulum Tester (BPT). It has been deployed for measuring
the microtexture of asphalt concrete mixes in a number of studies
[44-46]. However, the values measured do not necessarily agree or
directly correlate with those from other methods of determining
friction properties [43]. Experimental results indicated that the
low-speed friction measurements by the BPT were significantly
affected by test surface macrotexture. Hence, the general view that
the measured low-speed friction is largely governed by the surface
microtexture is not always correct [47]. As mentioned previously,
microtexture influences pavement friction at low speeds. Hence,
the coefficient of friction at 20 km/h measured by the DFT is con-
sidered an indication, not a direct measure, of the pavement micro-
texture [27,48].

In spite of the absence of standard microtexture characteriza-
tion methods, there are a number of parameters in the literature
proposed for that. These are mostly based on the non-contact mea-
surements discussed in Section 3.1. These include average asperity
height (ratio of sum of height of individual asperities to total num-
ber of asperities), and average asperity density (ratio of number of



R.B. Kogbara et al./Construction and Building Materials 114 (2016) 602-617 609

asperity to length of surface considered). The average shape factor
(product of the asperity height and density) is also used. Other
quantitative estimates of surface microtexture include the previ-
ously mentioned roughness - height and volume - parameters
[28,33]. Much of these have been reviewed [9]. The LTS (Table 2)
also outputs the same parameters used for the macrotexture such
as the MPD, ETD, etc within the microtexture wavelength band.
Some authors, who employed the equipment for pavement surface
microtexture characterization also used variables such as the slope
variance and the RMS of the microtexture profile [31].

4. Aggregates and asphalt mixture characteristics

The coefficient of friction is significantly affected by the grading
of aggregates used in the production of bituminous mixtures [49].
The extent to which the pavement surface will provide adequate
skid resistance depend largely on the aggregate polishing proper-
ties [50]. Especially, as the microtexture plays a key role in the
development of tire-pavement friction and it is mainly governed
by aggregate properties. Asphalt binder may have some measure
of influence on microtexture soon after placement. Nevertheless,
aggregates make up the bulk of asphalt mixtures and serve as
the primary contact medium with vehicle tires [3]. Hence, for ade-
quate frictional performance of the pavement surface, the coarse
aggregates for asphalt mixtures must be carefully selected.

4.1. Aggregates properties affecting friction

A number of aggregate properties, which influence pavement
frictional performance, alongside test methods for characterizing
aggregate frictional properties have been reviewed [3]. Salient
points from the aforementioned work are summarized in the fol-
lowing paragraphs, coupled with information from other sources.

4.1.1. Hardness and mineralogy

This largely determines the wear characteristics of the aggre-
gate. Aggregates with hard, strongly bonded, interlocking mineral
crystals (coarse grains) embedded in a matrix of soft minerals usu-
ally provide the highest levels of long-term friction [3,12]. The
hardness of an aggregate is usually determined by the Mohs hard-
ness test. This measures the resistance of a mineral’s surface to
scratching on a scale of 1-10, the values increasing with hardness.
A combination of hardness values >6 for hard minerals and 3-5
for soft minerals is desired in a coarse aggregate that provides good
pavement frictional performance in terms of a balance of wear and
polish resistance [51]. Mineralogy is usually investigated by petro-
graphic analysis, which entails microstructural analysis using opti-
cal and scanning electron microscopy (SEM). A 50-70% content of
hard minerals, an average crystal size of 200 pm and hard grains
with angular tips are thought to provide the best frictional resis-
tance [3].

4.1.2. Polish resistance

The polish resistance of an aggregate refers to its ability to
retain its microtexture after subjection to grinding and shearing
by repeated traffic loadings. It is mainly evaluated by two widely
used and accepted tests — the polished stone value (PSV) and acid
insoluble residue (AIR) tests. Values of 30-35 for the PSV and 50-
70% for the AIR tests are thought to provide good frictional resis-
tance. In addition, there are other polish resistance test methods
including the Wehner/Schulze test (W/S) test. The W/S test is
reported to be capable of finding the difference in polishing among
aggregates in case of similar PSV results [52]. However, suggestions
have been made for polishing and testing the mixture, not just the
coarse aggregate so as to enable relating the laboratory results to

field frictional performance [53]. Albeit, there is experimental evi-
dence of a strong relationship between mix frictional properties
and aggregate PSV and AIR values [54].

4.1.3. Abrasion/wear resistance

This is an indication of the aggregates resistance to mechanical
degradation. It is evaluated by the Micro-Deval and Los Angeles
(LA) abrasion tests. Percent losses of <17-20 in the Micro-Deval
test [3] and <35-45 in the LA abrasion tests [55] are reported as
typical values for good frictional resistance.

4.1.4. Shape, texture and angularity

These characteristics are important for defining micro and
macro texture. Sharp and angular coarse aggregate particles inter-
lock and provide greater macrotexture depth. While flat and elon-
gated particles tend to be horizontally oriented resulting in lower
macrotexture depth. Hence, the former are preferred to the latter.
Two of the most commonly used methods for aggregate shape, tex-
ture and angularity are uncompacted void content of coarse aggre-
gate and fractured-faced particles test. Guideline values of >45%
and 90% are recommended for the uncompacted void content
and fractured-faced particles, respectively. These are from perma-
nent deformation and rutting concerns, not necessarily for fric-
tional performance [56]. A number of different test methods for
aggregate shape, texture and angularity have been identified [57].

Some of the available testing methods for the three parameters
are influenced by changes in them during the tests and do not dis-
tinguish between changes in two parameters (e.g. texture and
angularity). Hence, the Aggregate Imaging System (AIMS), which
provides the distribution of each of the parameters in an aggregate
sample was recommended for analysis of the parameters. AIMS
uses a mechanism for capturing images at different resolutions
based on particle size and measures the three dimensions of aggre-
gates [57]. It gives detailed analysis of texture and is able to rapidly
and accurately quantify the influence of polishing on texture [58].
However, it was reported in a recent study that macrotexture
results from the sand patch test (MTD) did not show a good corre-
lation (R%=0.009) with the ETD results from AIMS analysis [45].
Nevertheless, the microtexture results from the BPT (see Sec-
tion 3.2) showed good correlation (R?=0.88) with AIMS results.
These observations might be due to differences in types of aggre-
gates and asphalt mixes considered by the different authors.

4.1.5. Soundness

This is the ability of the aggregate to resist degradation caused
by climatic/environmental effects such as wetting and drying,
freezing and thawing, etc. It is mainly measured using the magne-
sium sulfate soundness test. This evaluates the maximum
weighted average loss percentage of the aggregate after a number
of hydration-dehydration cycles. Higher loss percentages are
indicative of unsound aggregates. Maximum loss percentages
ranging from 10% to 20% are typical of sound aggregates for good
frictional performance [3].

4.1.6. General comments

The following are some of the most commonly used aggregates
for pavement surface courses: basalt (trap rock), dolerite, granite,
greywacke, river gravel, glacial gravel, dolomite, sandstone, quart-
zite and steel slag. The first four aggregates are reported as the rock
types with the largest number of quarries in the UK [9]. Limestone
is not included here as it is very susceptible to polishing and hence
not used as aggregate in most pavement surfaces courses. Never-
theless, it is used in lower layers of pavement construction
[9,59]. Granites, basalts and crushed gravels are reported to have
similar microtexture and comparable polish resistance [44]. Sand-
stone has a uniform and high texture and is able to retain or regen-
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erate its microtexture (recovery to its original asperity) with time
[60,61]. In contrast, aggregates such as dolomite and dolerite,
which include minerals of similar hardness, are more prone to pol-
ishing than gabbro (a type of trap rock) and sandstone [61]. It was
observed that sandstone possesses the most uniform texture, and
higher skid resistance, compared with quartzite and river gravel
[60]. Steel slag is an expansive aggregate often added when high
frictional properties are required [62].

There is a paucity of literature comparing the aggregate proper-
ties discussed above and the resulting skid resistance of pavements
produced from them for a wide range of aggregates at the same
time. An attempt in this regard considered 5 aggregates, namely,
limestone, dolomite, sandstone, gravel and steel slag [63]. It sought
to predict field friction values using regression analysis of labora-
tory PSV data for the aggregates. However, it was inconclusive
probably due to the diversity of aggregates. All the same, it showed
average PSV of 37 for sandstone, 30.8 for steel slags, 28.5 (24-35
range) for dolomites, 28 for crushed gravels and 26 for limestones
(23.2-29.5 range). This confirms observations made earlier on the
aggregates. The authors suggested correlating a PSV value of 25 to
a friction number smooth of 27.7 and a friction number ribbed of
30.7 for towed friction trailer measurements of field friction -
ASTM E274/E274M [64]. The high frictional property of steel slag
is corroborated by observations in which it showed higher average
friction numbers (45.2) than natural aggregates — crushed gravel
(40), crushed stone (40.5) and dolomite (40.2) for a certain mix
type in ASTM E274 friction tests [65].

4.2. Frictional properties of asphalt mixtures

Asphalt pavement is a mixture of coarse and fine aggregates and
petroleum-based asphalt binder. The factors affecting tire-
pavement friction were identified in Section 2. Based on the factors
that are controllable through pavement design, some of the main
reasons adduced for low skid resistance on asphalt pavements

Table 3
Salient details and frictional properties of asphalt mix classifications.
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are (1) aggregate quality, (2) aggregate gradation, (3) mix design
method, and (4) use of higher asphalt content than recommended
by the mix design method [66].

The quality of aggregates was discussed in the previous section.
The aggregate gradation and the finish quality of the surface mix
determines the surface macrotexture. This in turn influences pave-
ment surface drainage [3]. Aggregate gradation has a minor influ-
ence on microtexture [45]. Having dealt with the reasons relating
to aggregate behavior, we now turn to the reasons related to mix
design method. There are three main bituminous mix design meth-
ods in general use, vis-a-vis, Hveem, Marshall and Superpave
methods. The Superpave method is based upon the volumetric
analysis common to the Hveem and Marshall methods. It was
meant to replace the Hveem and Marshall methods. It is
performance-based in contrast to the empirical basis of the Hveem
and Marshall methods. Thus, it is capable of predicting the perfor-
mance of the constructed pavement unlike the other two methods
[67]. Details and comparisons of the different mix design methods
are provided in a number of studies [68-70]. In spite of their differ-
ences, they all seek to determine optimum contents of aggregates
and asphalt binder for use in an asphalt pavement mix.

Based on the asphalt binder manufacturing process and temper-
atures used, there are two types of asphalt mixes, namely hot mix
asphalt (HMA) or warm mix asphalt (WMA). HMA is heated and
poured at temperatures between 149 °C and 177 °C, while WMA
is manufactured and poured between 93 °C and 121 °C. HMA is
the conventionally used mix and predates the WMA, which origi-
nated from Europe and was first used in the USA around 1990
[71,72]. HMA is further classified into three categories, based
mainly on macrotexture due to aggregate gradation. Salient details
of these mixes are provided in Table 3.

The main binding agent in HMA is asphalt (or bitumen) - a dark
brown to black, highly viscous, hydrocarbon produced from petro-
leum distillation residue. It serves as a waterproof, thermoplastic,
viscoelastic adhesive in the mix. It is graded based on physical

Asphalt Mix type Texture-based mix
category

Description and salient details [3,71,72]

Comments on frictional properties

Hot Mix Asphalt
(HMA)

Dense-graded HMA Well- or continuously-graded mixture of coarse and fine
aggregates, mineral filler and 5-6% asphalt binder.

Has similar microtexture values to gap- and open-graded
mixes. Shows lower macrotexture depths (typically 0.4-

Gap-graded HMA or
Stone matrix asphalt
(SMA)

Open-graded HMA
or Open-graded
friction course
(OGFC)

Warm Mix Asphalt -
(WMA)

Categorized by nominal maximum aggregate size (ranging
from 9.5 mm to 19 mm) into fine-graded and coarse-graded.
The former contains higher percentage of sand and small
stones than the latter. Proper design and placement leads to
relatively impermeable mixes. Mixes are suitable for all
pavement layers and traffic conditions

Aimed at creating stone-on-stone contact within mixture to
improve tire grip and rutting (deformation) resistance.
Contains more durable aggregates, higher (polymer-modified)
asphalt content (6-9%), fillers and fibers. Hence, it is more
expensive than others. Provides benefits of wet weather
friction and lower tire noise due to its coarser surface texture.
It also shows less severe cracking

Designed to be water permeable. Hence, uses mostly coarse
aggregates, small percentage of sand/mineral filler and 3-6%
asphalt binder. Must contain >15% air voids. In addition to
OGFC, a second type of open-graded HMA is used as
permeable base for drainage of the top layer containing dense
and gap-graded mixes. Low-speed traffic and excessive dirt
can clog pores and reduce performance

Manufactured with less fossil fuels and includes binding
materials and additives such as wax, emulsions and zeolites
for easy pouring (reduced viscosity) and spreading at low
temperature. It is environmental-friendly with less dust,
smoke and fumes. WMA is cheaper to produce, and can
remain workable for longer period, than HMA

0.6 mm for fine-graded and 0.6-1.2 mm for coarse-graded)
than gap- and open-graded mixes [3,44]

Shows macrotexture depths typically exceeding 1 mm but
higher than those of dense graded mixes [3,44]. Larger coarse
aggregate sizes in the mix gives better performance and rut
resistance [73]

Shows similar microtexture values to other mixture types but
larger macrotexture (typically of 1.5-3 mm depth). Observed
to show higher friction values than gap- and dense-graded
mixes [3,44,65]

Showed no significant difference in early age skid resistance
compared to HMA pavements. Has comparable or superior
rutting resistance to HMA mixes [74-76]




R.B. Kogbara et al./Construction and Building Materials 114 (2016) 602-617 611

characteristics using the penetration (pen), viscosity (virgin, AC or
aged, AR, sample) and Superpave performance grading (PG) sys-
tems. A more detailed description of asphalt is provided elsewhere
[72]. The effect of different types and grades of asphalt binder on
the frictional properties of asphalt mixtures is beyond the scope
of this review. In addition to the main binding material, WMA
includes additional binding materials and additives (Table 3). The
most well-known WMA additives are Sasobit, Evotherm, Advera
synthetic zeolite, Aspha-Min zeolite and WAM-foam [77-79].
Any of the additives can be introduced in one of three primary
ways of producing WMA. The three WMA technologies are foaming
techniques (using synthetic zeolites or WAM foam), use of organic
or wax additives (Sasobit), and use of chemical additives
(Evotherm) [79].

Asi [66] evaluated the skid resistance of asphalt pavements
using the British Pendulum Number (BPN) for a number of mixes.
The variability in the mixes included mix design method (Marshall
and Superpave) and asphalt content (optimum and 0.5% and 1%
higher). Other variables were HMA mix type (dense and SMA
mixes) and aggregate type (limestone and steel slag). The results
showed skid numbers in the order, mix with 30% limestone
replacement with steel slag (99.6) > Superpave mix (95.7) > SMA
mix (92.4)> Marshall dense mixes in the order of increasing
asphalt content (87.2, 81.3 and 73.9). The unusually high skid
numbers in the study are probably due to the fact that testing
was done on non-trafficked laboratory prepared samples. How-
ever, the results highlight the importance of aggregate quality over
mix design method for good frictional performance. It also showed
the superior performance of the SMA over the dense HMA mix
type. The superior performance of the SMA over the dense mixes
is probably due to its coarser surface texture (Table 3). The Super-
pave mix design method performed better than the Marshall
method for limestone aggregates. However, different studies have
also shown that OGFC and SMA mixes show more consistent per-
formance than Superpave mixes [65,80]. It all depends on the qual-
ity and type of aggregate used. This is supported by the observation
that there was no statistical evidence of texture change with
Superpave and Marshall mix design methods. The nominal maxi-
mum size of aggregate seemed to be the key factor that changes
macrotexture [46].

A range of different mixes, including, open-, gap- and dense-
graded mixes at different ages were investigated [44]. The study
was aimed at identifying variables related to friction performance
of surface asphalt mixes. It employed BPT for macrotexture (MPD)
and laser profiler for microtexture. The macrotexture of the differ-
ent mixes increased, while microtexture decreased, with increas-
ing age. The MPD was in the order, open-graded > gap-graded
(SMA) > dense-graded mixes but the mixes had similar microtex-
ture values. It can be deduced from the study that higher air void
content and coarser gradations increases, while denser gradation
reduces, macrotexture. This corroborated earlier studies that
increased aggregate spacing increased macrotexture, which should
improve pavement friction at high speeds [81,82]. However, it dif-
fers from the position that higher aggregate spacing gives lower
friction (BPN) values. Hence, higher friction would be observed
with dense-graded mixes. It is thought that the differences
between the above findings is due to differences in the aggregates
used. In addition to mixture type, aggregate type also has signifi-
cant effect on friction results [80].

The effects of speed, water film thickness and tire tread pattern
on skid resistance of different asphalt pavements have also been
investigated. The skid resistance is essentially independent of
water film thickness at low speeds (30-50 km/h). However, it
decreases with water depth at higher speeds [83] (Fig. 4). This is
due to decrease in the tire-pavement contact area by the water
on the pavement surface, which leads to reduction in friction

100 + 4 Surface dressing, 60 km/h [83]
H A Surface dressing, 90 km/h [83]
90 T ® Semi coarse asphalt, 60 km/h [83]
80 + 4 N O Semi coarse asphalt, 90 km/h [83]
L OPorous asphalt, 90 km/h [84]
_ 70+ = X New rib tire [12]
5 L .
_g 60 4 . X Smooth tire [12]
2 50+ ® s . .
Z 107 % g A = o
@7 [ . X O o
30+ X A
20 + A
10 +
0 —t . t e
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Fig. 4. Effects of water film thickness, speed and tire tread pattern on skid
resistance of different asphalt pavements. Note: MPD = 0.48, 1.12 and 2.9 mm for
surface dressing, semi coarse asphalt and porous asphalt, respectively. Smooth tire
used in related works of Cerezo et al. [83] and Beautru et al. [84]. Measurements
made at 64 km/h in Henry [12].

[11]. It has been shown that the speed effect as the water depth
increases is negligible for surfaces with higher macrotexture
(MPD). Albeit, it becomes significant for surfaces with lower
macrotexture [84] (Fig. 4). Smooth tires have historically been
shown to be more sensitive to changes in water film thickness than
ribbed tires [12] (Fig. 4). Similarly, worn rib tires and half skid tires
are more sensitive to the water depth than new rib tires and full
skid tires, respectively [12,83].

There is a paucity of literature on the frictional properties of
pavements made using WMA. Majority of studies on WMA deal
with other performance issues of the mix such as rutting resis-
tance, aging, moisture susceptibility, tensile strength and fatigue
and thermal resistance. It has been shown that WMA mixes pro-
vides comparable roughness and rutting resistance to HMA mixes
[79]. They also have better tensile strength than HMA mixes [74].
In another study, SMA mixes with WMA were reported to show
superior performance in moisture susceptibility, rutting resistance
and fatigue resistance compared to the same mixes with HMA [76].
It has also been observed that no significant differences existed
between the skid resistance of pavements made from WMA and
HMA five years after construction [75,85].

5. Influence of environmental factors on skid resistance

This section focusses on the influence of temperature, rainfall
and contaminants. These are the major environmental factors that
affect tire-pavement friction.

5.1. Influence of temperature

Seasonal variation in skid resistance has been known for over
eight decades. The skid resistance of a wet road surface is greater
in winter than in summer. Hence, the usual practice of measuring
skid resistance during summer, when the lowest values are obtain-
able, and therefore critical for design. This was rationalized by the
position that rubber resilience increases and hysteresis losses
become smaller as temperature rises. Both effects combine to
reduce the measured value of skid resistance as temperatures
increase [86]. The decrease in friction with increasing temperature
has also been attributed to changes in the stiffness properties of
asphalt and rubber. Changes in the viscosity of water has also been
implicated [87]. In light of the above, some studies have developed
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equations for strong correlations observed between air and pave-
ment temperatures and friction values [88,89]. In cold climates,
winter conditions and maintenance operations tend to increase
the microtexture of the aggregate. Hence, skid measurements
made on a given pavement during or shortly after winter may be
higher than those made during late summer or fall [12]. Evidence
from photomicrographs of in-service pavements have shown that
surface microroughness increases to a maximum during winter
due to natural weathering of aggregates. While much of aggregate
microroughness is removed during the summer due to more pol-
ishing from traffic [17]. This, and the above position on tempera-
ture provides a possible explanation for observed seasonal
variation in skid measurements.

5.2. Influence of rainfall

Rainfall also causes a short term variation in skid resistance.
Skid measurements made shortly after rainfall may show higher
values than those during dry periods. This is linked with the effect
of contaminants such as detritus (e.g. dust) and vehicle oil drop-
pings. Water applied in skid tests done during the dry period mixes
with the dust, detritus and oil thus reducing friction. This effect is
reduced for measurements made shortly after periods of rain [12].
This is because the pavements are less contaminated at such times
as rainfall washes away some of the contaminants. It has also been
shown that skid numbers decrease and reach a minimum value
after 7 days of no rainfall. The lowest value is then maintained
until the next significant rainfall after which it increases [90]. Nev-
ertheless, there are disagreements on skid resistance variation aris-
ing from pavement surface contamination and rainfall. For
instance, it was posited that contamination of the pavement sur-
face could be eliminated as a cause of the observed variation in
skid resistance [88]. Thus, it is logical to assert that the mecha-
nisms by which rainfall causes variations in skid resistance are
not well understood to permit reliable modeling [13,91]. Moreover,
it may not be possible to properly account for the inter-
relationship between the effects of temperature and rainfall. Lim-
ited observations show that microtexture is affected by tempera-
ture, whereas macrotexture is affected by rainfall and freeze-
thaw cycles [44].

5.3. Influence of contaminants

The effects of contaminants on pavement surface aggregates
has been studied. Addition of contaminants on various aggregates
subjected to accelerated polishing resulted in significant behav-
ioral differences. Addition of hard but fine-grained contaminants
significantly reduced measured skid resistance as it helped pol-
ished the aggregate surface. While addition of coarse but hard con-
taminants significantly improved measured skid resistance as it
helped scratched and abraded the surface [13]. There is need to
extend the same investigations to real contaminant types that
end up on pavement surfaces and their influence on different types
of aggregate. Studies quantifying the rate the skid resistance
changes with the period after the last rainfall as a function of
aggregate type are required. This would provide an improved
understanding of the previously mentioned rainfall-
contamination nexus on skid resistance variation.

6. Modeling of tire-pavement friction

Modeling of the interaction between a tire and an asphalt pave-
ment would entail five aspects. These are pavement surface texture
and roughness modeling, tire rubber modeling, and tire-pavement

contact modeling. Other aspects are modeling of asphalt mixes,
and asphalt pavement surface skid resistance modeling.

6.1. Pavement surface texture and roughness modeling

In Section 3.2, the MPD was mentioned as a parameter for char-
acterizing pavement surface texture. It may be derived from the
MTD of the sand patch test or directly based on laser measure-
ments. It is aimed at modeling a fraction of the pavement profile
frequency spectrum - the macrotexture. A generalized simple
model recently established good correlation between the MTD
and MPD [92]. It fits the data of many asphalt wearing courses.
However, the MTD-MPD relationship diverges from linearity when
open-graded mixtures are considered. Models of surface texture
can also utilize measurements of the entire profile spectrum from
laser profilometry described in Section 3.2. The spectral analysis
approach transforms the longitudinal road profile into the fre-
quency domain [93]. It has been used to highlight the influence
of megatexture on noise, vibrations and rolling resistance [30].
Another approach is by idealizing a laser profile as a spectrum.
Nevertheless, this leads to loss of information on surface properties
relevant to skid resistance modeling [93]. Possible solutions
include using indicators such as MPD and MTD, and use of contin-
uous wavelet and Hilbert-Huang transforms [94,95].

The use of fractals in pavement surface texture modeling has
also been considered. A fractal can be described as a set of points
or a pattern that is apparently similar (repeating pattern) at every
scale. Fractal analysis is particularly useful for characterization of
profiles that exhibit self-similarity and appear the same under
any magnification [9]. Fractal parameters are used to estimate
the height variation of a set of surface laser profiles. A surface mea-
sure relating to macrotexture and microtexture can then be
obtained. This seems to correlate well with measured variation in
height and skid resistance numbers [96-98]. Fractal texture mod-
els consisting of three different scales (ranges) have also been
developed for description of the micro, macro and megatexture
[98,99].

Surface texture modeling also includes 3D models of pavement
surfaces generated by the CRP technique discussed in Section 3.1.
The models have also been deployed in investigation of tire-
pavement contact and its effect on wear and asphalt durability
[100,101]. A related photometric stereovision technique employed
a surface photometric model, based on Lambert’s model for body
reflection [102], to characterize the photometric behavior of pave-
ment surfaces [103]. Color/relief separation was done from three
images taken at three different lighting conditions and from the
photometric model of the surface. The image resolution was
0.05 mm, which is within the microtexture range. Links between
relief, color and grey-level can then be put in equations. This mod-
eling method permits assessment of surface roughness by means of
image-based descriptors. Roughness descriptors also showed cor-
respondence with friction values [103]. Finite element (FE) meshes
of the surface texture of asphalt pavements have also been
deployed for modeling the effect of micromechanical pavement
surface morphology on tire-pavement friction [ 14]. Asphalt surface
morphologies are captured using an X-ray tomographer. Microme-
chanical FE meshes for different types of asphalt pavements can
then be developed from the captured images using proprietary
software (e.g. Simpleware).

6.2. Tire rubber modeling

A passenger car tire consists of layers of belts, plies, and bead
steel embedded in rubber. Its structural complexity and viscoelas-
tic behavior makes its relationship to skid resistance complex. The
application of load to tire rubber causes elastic deformation up to
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Table 4

Assumptions/principles and rationale for some major models for asphalt mixtures.
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Assumption/principle

Comments

Selected references

Linear visco-elastic behavior

Elasto-visco-plastic behavior

Correspondence principle - generation of

Used spring-dashpot analogs like Burger's model, generalized Maxwell

and/or Kelvin models, and Huet-Sayegh model. Response of mixes

described using a small number of parameters

The first group focused on aspects of the 3D elasto-visco-plastic response and their
implementation in FE software for FE analyses of pavements

The second group focused on elasto-visco-plastic response not bound by limitation
of incompressibility. Consists of elasto-plastic and visco-elastic components acting

in parallel

Used for investigation of various aspects of the inelastic response of asphalt mixes

[113-117]

1st group
[118-120]
2nd group
[121,122]

[109-111,123-125]

non-linear visco-elastic models from
non-linear elastic models

Multiplicative decomposition of the total deformation
gradient into elastic and inelastic components

Admits that local unstressed intermediate configurations that evolve with the
development of inelastic deformations exists

[126-128]

large strain values. However, typical rubber materials show a non-
linear elastic stress—strain relationship. Hence, they are termed as
viscoelastic materials since their response to loading is a function
of strain rate and temperature. The Pacejka “Magic Formula” tire
models, a series of empirical tire design models, is widely reported
to fit a wide range of tire constructions and operating conditions.
The following is the general form of the Magic formula:

F(a) = D sin(C arctan(B(1 — E)o + E arctan(Bo.))) (5)

where F is a force or moment resulting from a slip parameter, o«
while B, C, D and E are curve fitting constants. These can be used
to generate equations that show the forces generated for different
vertical loads, camber angles and slip angles [104].

Due to its viscoelasticity and structural complexity, majority of
modeling efforts for tire rubber entail use of viscoelastic and FE
models. Reviews of several viscoelastic and FE tire models can be
found elsewhere [93,105]. FE models including all tire components
like treads, carcass, piles, etc were recently developed. The tire was
tested under static loading conditions to obtain its overall defor-
mation characteristics, especially the tire load-inflation pressure-
foot print. The FE simulation results corresponding to the footprint
and the deformation were then compared with the measurements
of static load deflection tests [ 14]. However, FE modeling is not yet
fast enough for realistic vehicle simulations. Hence empirical mod-
els are still necessary [93].

6.3. Tire-pavement contact modeling

The current trend in modeling the tire-pavement contact entails
including all the major aspects, i.e. noise, rolling resistance, and
skid resistance. A number of different approaches used for model-
ing tire-pavement contact have been reviewed [93]. Computational
contact mechanics models have also been reviewed [14]. Gener-
ally, implicit time integration algorithms are often applied for the
solution of tire-contact problems together with a fine discretiza-
tion of tire with huge numbers of finite elements. A combination
of implicit and explicit time integration schemes may be employed
for the simulation of rolling contact problems on real pavement
surfaces. This would include phenomena such as heat generation
and conduction, hydroplaning, noise etc [14].

Tire-contact problems can usually be analyzed using steady-
state analysis (mixed Lagrangian/Eulerian approach) or transient
state analysis (Lagrangian approach). In the former approach, the
tire is a fixed set to an observer in the reference frame. While mate-
rials flow through the refined stationary mesh. Frictional effects,
inertia effects and history effects in the material are accounted
for. The mesh can deform due to these effects. In the latter
approach, the tires rolls and, turn after turn, the elements touch
and leave the contact area to an observer in the reference frame.

The displacements and velocities are calculated in terms of quanti-
ties known at the beginning of the increment. No iterations and
tangential stiffness matrix are required unlike in steady-state anal-
ysis [14]. The FE models developed for surface texture and the cal-
ibrated tire model mentioned in Sections 6.1 and 6.2 respectively,
were integrated into a thermo-mechanical tire-pavement interac-
tion model. These were used for determination of the temperature
development in the tire body and its eventual effect on friction per-
formance [106]. The wet friction performance of different asphalt
surface morphologies of open-graded and close-graded mixes were
also studied using the developed FE model [14,107].

6.4. Modeling of asphalt mixtures

Asphalt mixtures exhibit elasto-visco-plastic characteristics
even at small strains. They are sensitive to strain rate and temper-
ature. Hence, it is difficult to fully model the various stress state
encountered by asphalt mixtures during their design life. The
major models for asphalt mixtures are based on different assump-
tions regarding the behavior of the material. Some of these are
summarized in Table 4 with comments on the rationale for the
assumptions/principles. Selected references, which highlight the
assumptions/principles are also included. Much of the information
in Table 4 is extracted from Villani [15].

The Huet-Sayegh model with only six parameters is reported to
simulate in an excellent way the behavior of asphalt mixes in
cycling tests over very wide range of frequencies. However, its
main disadvantage is the absence of a viscous element for simulat-
ing permanent deformation in contrast with the more familiar Bur-
ger's model. Combination of a linear dashpot in series with the
Huet-Sayegh model could be used to correct the disadvantage
[108]. Some models based on the correspondence principle
assumed steady state response and simplified the calculation of
pseudo strain [109,110]. Such simplifications are likely to have
potential errors in pseudo strain and may be unable to track any
permanent pseudo strain that may evolve [111]. Further, it has
been shown that models generated by appealing to the correspon-
dence principle do not satisfy the balance of angular momentum
principle. However, this constitutes one of the fundamental princi-
ples in mechanics that ensures the symmetry of a 3D stress tensor
[112]. The admission that local unstressed intermediate configura-
tions that evolve with the development of inelastic deformations
exist is thought to be a limiting postulate. Especially, as experi-
mental evidence indicates the development of large volumetric
strains with loading for asphalt mixtures [10,15].

It is evident from Table 4 that the thermo-mechanical behavior
of asphalt mixtures are mainly simulated using linear elastic and
linear visco-elastic models. Nevertheless, these seem insufficient
due to the time-, rate-, and temperature-dependence of the
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response of asphalt mixtures. This led to development of a 3D
microstructure-based computational model that predicts the
thermo-mechanical response of asphalt mixtures using a coupled
thermo-viscoelastic, thermo-viscoplastic, and thermo-
viscodamage constitutive model. The microstructure was recon-
structed from slices of 2D X-ray computed tomography images.
The model could predict the overall thermo-mechanical response
of asphalt mixtures and provide insight on the influence of
microstructure on macroscopic response [129]. Further, models
based on elasto-visco-plastic behavior do not cover the secondary
response and remaining deformations after unloading. Conse-
quently, a recent model was developed to cover the above by com-
bining principles of elasto-visco-plastic response not bound by
limitation of incompressibility and multiplicative decomposition
[130]. The viscoelastic response of asphalt at any time instant
depends on the material’s microstructural status, which is in turn
a function of the viscoplastic deformation history. Hence, the
recent development of a viscoplastic model that captures the
material’s internal hardening/softening mechanisms. The model
is also able to determine the material’'s macroscopic deformation
[131].

6.5. Pavement surface skid resistance modeling

The Penn State model (PSU model) [132], which relates macro-
texture to skid resistance, is the most widely used model for tire-
pavement skid resistance/friction. It forms the basis of the IFI
(Eq. (3)) discussed in Section 2.3. The PSU model describes skid
resistance variation with speed and incorporates texture-
dependent constants. It can predict pavement surface skid resis-
tance at any slip speed using friction data from the pavement sur-
face at the operating slip speed of the measuring device. The
following statistically developed exponential equation expresses
the model:

SN = SN €1V (6)

where SN is the skid resistance (skid number or coefficient of fric-
tion), SNy is SN at slip speed =0, V is slip speed, and C; is an expo-
nential constant - the product of the reciprocal of SN and the skid
number gradient, %. C; is independent of speed and is related to
surface macrotexture [9]. A similar model (the Rado model) com-
plements the PSU model by modeling the maximum friction and
maximum speed [133]. These are simple steady state models that
are restricted to constant slip speed and constant normal load anal-
ysis [25].

The speed is considered in all skid resistance models. However,
the applied pressure and rubber temperature are not considered in
the development of the aforementioned models. Hence, other
models, which considered these parameters, were developed. Such
include the Wriggers model, which defines the friction evolution as
a function of the normal pressure, the maximum friction coeffi-
cient, and the corresponding speed [134]. While another model
function of speed and pressure was presented. It is valid only when
the temperature variation can be neglected, such as when small

Relative velocity

TR

Fig. 5. Analogy between surface asperities and bristles in the LuGre model frictional
interface.

sliding velocities occur (10~ to 10 m/s) [135]. Details of these
can be found elsewhere [15].

The drawbacks of the PSU model and its derivative, the IFI, were
identified in Section 2.3. Thus, the previously mentioned LuGre
model has been suggested. The LuGre model [136,137] is one of
a number of friction models that incorporate dynamic effects as
done in the Dahl model [138] and the bristles model(s) [139]. Sim-
ilar to the bristles model(s), the LuGre model treats the frictional
interface as a collection of bristles representing surface asperities
as shown in Fig. 5. The LuGre model describes 3D tire friction
dynamics simplified by assuming constant slip along the contact
patch. The model includes the effects of lateral deformation of
the tire tread, which leads to varying slip speeds along the contact
patch [93]. It employs physically meaningful parameters to repre-
sent the main attributes of tire/pavement friction. Eqgs. (7)-(9)
expresses simplified forms of the LuGre model, especially the aver-
age deflection of the bristles and the friction force [140].

- \4

Z=V— m (7)
G(V) = alo (Fc + (Fs — Fc)e’(v/VS)z) (8)
FL(V,Z) = 6oZ + 617 + 0,V 9)

where Z is the average deflection of the bristles when there is a rel-
ative velocity, V, between the two surfaces. G(V) is a function that
allows the model to accommodate a higher static coefficient of fric-
tion than dynamic coefficient of friction, with one of its possible
forms shown in Eq. (8). Regarding the additional terms in Eq. (8),
Fc is the kinetic friction force; Fs is the static friction force; gy is
the aggregate bristle stiffness; and Vs is the Stribeck velocity. For
the additional terms in Eq. (9), F; is the LuGre friction force; o is
a damping coefficient and ¢, accounts for viscous friction.

More recent analytical models express skid resistance as a func-
tion of mixture gradation, aggregate texture and traffic level. A
model was developed based on comprehensive laboratory and field
measurements and analysis of asphalt mixture surface characteris-
tics [141]. The measurements included friction, texture and skid
resistance. The multi-step model is able to provide an estimate of
the skid number in the field. The steps involved include, estimation
of the IFI using CTMeter and DFT field measurements. The IFI is
then expressed as a function of the number of polishing cycles in
the second step. While in the third and final step, the IFI is
expressed as a function of some measure of traffic instead of num-
ber of polishing cycles [141]. A similar model for predicting resis-
tance to friction loss incorporates parameters that describe
aggregate shape characteristics, aggregate resistance to abrasion
and polishing, aggregate gradation, and polishing cycles. It can be
used to select the proper aggregate type and aggregate gradation
needed to provide adequate asphalt pavement skid resistance [27].

7. Concluding remarks

Key parameters influencing measurements of skid resistance of
asphalt pavements have been identified and reviewed. A brief
overview of some of the most common approaches to modeling
the major aspects of tire-pavement friction has also been provided.
This paper has provided an overview of some of the latest refer-
ences on the above subjects not covered in previous reviews.
Inconsistencies in the currently used IFI for harmonization of fric-
tion measurements were identified. The LuGre model was then
suggested in place of the underlying PSU model. Pavement texture
measurements have evolved from 2D to 3D methods with the lat-
ter capable of covering micro, macro and megatexture scales. 3D
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measurements also give an indication of the extent of physical
changes that cannot be achieved using 2D line profiles.

The frictional performance of asphalt pavements largely depend
on the type and quality of coarse aggregates in the asphalt mixture.
Aggregates such as trap rock, sandstone and steel slag are noted for
their relatively higher frictional performance. The use of Superpave
or Marshall mix design methods does not seem to have significant
effect on pavement frictional performance. The different HMA clas-
sifications generally have similar microtextures. Their frictional
performance follows the same order as their macrotextures. There
are no significant differences between the skid resistance of pave-
ments made from WMA and HMA up to five years after construc-
tion. Further, it is currently not possible to properly account for
the inter-relationship between the effects of temperature and rain-
fall on skid resistance variation.

Modeling efforts on tire-pavement interaction entailing models
for surface texture, tire rubber, tire-pavement contact, asphalt
mixtures and pavement surface skid resistance were reviewed.
There is still a need to develop experimentally-validated models
for predicting asphalt pavement skid resistance, especially for
warm surfaces. Such models must take into account rheological
and geometric characteristics of tires, material and multi-scale sur-
face texture characteristics of pavements and the influence of envi-
ronmental factors. The existence of models that predict the
evolution of skid resistance would help complete data from peri-
odic measurements of pavement surface characteristics. The
authors are currently working on developing such models. The fol-
lowing are some other areas where there is need to bridge the
information gap.

(i) Comparisons of aggregate properties and the resulting skid
resistance of pavements produced from them for a wide
range of aggregates at the same time.

(ii) Extensive testing on the frictional properties of pavements
made using WMA; and

(iii) Quantification of the influence of aggregate type on the rate
the skid resistance changes with the period after the last
rainfall.
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