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a b s t r a c t
Safe highway operations are one of the major concerns of pavement engineers and authorities. The reduction of skid resistance during rainy weather poses high risk for safe driving. Wet skid resistance varies
under different rainfall intensities and is influenced by many factors such as permeability of asphalt
material, pavement geometric design, and tire operating conditions. Empirical studies could offer useful
understanding of mechanisms of wet skid resistance and its influencing factors, however, the applicability of the empirical relationships are restricted as soon as there is a change in one of the relevant factors.
In recent years, the advancement of the finite element tools has enabled researchers to simulate the tirefluid-pavement interaction in a more realistic way. However, to the best of the authors’ knowledge, the
current available numerical models either do not include the real microstructures of the pavement or
ignore the water infiltration through the pavement voids in the simulations. Therefore, this paper aims
to providing a numerical tool to evaluate the wet skid resistance at various rainfall intensity conditions
considering the effects of pavement geometric design, tire tread design and tire operating conditions. The
surface characteristics and porous microstructures of the pavement are included in the model in a way
that both the vertical water flow into the asphalt concrete and surface flow on the pavement can be captured in the simulation. The effects of several pronouncing influential factors as mentioned above are
quantified. Such a model upon validation is expected to provide an easy and reliable tool for pavement
engineers to evaluate wet skid resistance under rainy weather more accurately which can be incorporated into pavement management systems for safety highway operation.
Ó 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Safe highway operation is of prime importance for most of the
road agencies, road institutions and road organizations. According
to the reports, approximately 14% of the fatal road accidents occur
under wet weather conditions [1,2]. During wet weather driving
conditions, the water on the pavement acts as a lubricant which
reduces the contact area at the tire-pavement interface [3,4]. As
a consequence, skid resistance decreases or in other words chances
of skid related traffic accidents increases on wet pavements as
compared to dry pavements. The adverse effect of the presence
of a water film on skid resistance has been highlighted in many
research studies [5,6]. In general, higher rainfall intensity results
in greater water accumulation over the pavement [7,8]. Further,
a combination of critical water film thickness and vehicle speed
may result in significantly low skid resistance, which has been
widely reported as the main cause of wet weather-related accidents [9,10]. Hence, it is necessary for road authorities and organizations to evaluate wet skid resistance at different rainfall
conditions more accurately. Skid resistance at different rainfall
intensities is also known to be affected by factors such as tire tread
characteristics, vehicle operating conditions and pavement surface
conditions which will be discussed in the following subsections.
1.1. Effect of the tire tread characteristics and vehicle operating
condition
The deep-treaded tire is widely adopted as an important measure of channelling away more water at the tire-pavement contact
zone [11–14]. On the other hand, worn-out tires usually cannot
provide sufficient drainage capacity through their treads and hence
may impact the safety of driving conditions. Therefore, legislation
in many countries set a legal minimum requirement for tread
depth, e.g. a minimum tread depth of 1.6 mm is specified in the
UK, the US and Canada [15].
During wet weather conditions, vehicles travelling at a high
speed are considered at a higher risk of skidding [6,16]. It is
because there is not enough time for the water to escape the
tire-pavement contact zone and hence the skid resistance reduces.
In addition, tire slip ratios also affect wet skid resistance [17]. The
critical slip ratio is reported to be between 7% and 25% and varies
with speeds [18,19].
1.2. Effect of the pavement surface characteristics
Better surface texture affects the actual contact between the
tire and pavement by facilitating the drainage of the entrapped
water and hence can significantly improve wet skid resistance
[20–22]. Previous studies [23,24] suggested that a deeper pavement texture is necessary to have sufficient wet skid resistance
particularly for a vehicle travelling at higher speeds. Apart from
the texture characteristics, the geometric design of the pavement
such as the cross slope is another important factor that influences
the amount of water accumulation on the pavement. Gallaway
et al. [25] observed that increasing cross slope of the pavement
would decrease the accumulated water depth on the pavement
surface which eventually increases the skid resistance. Balmer
[26] reported that both the cross slope and the macrotexture of
the pavement influence water accumulation on the pavement surface during rain.
Above studies highlight that researchers have generally recommended two approaches to alleviate wet weather driving risk: a)
by improving the tire drainage capability by means of proper tire
tread pattern design; b) by improving drainage characteristics of
the pavement surface. Although most of the road authorities make

465

recommendations for maintaining minimum tire groove depth,
research studies on optimal design characteristics such as tread
pattern, tread widths etc. are mostly left to tire industries. Thus,
pavement research studies focus more on improving the drainage
capabilities of pavements.
Pavements with the ability to discharge surface runoff are currently recommended particularly in places where adverse weather
are frequently expected [27,28]. Porous asphalt (PA) pavement
which is characterized by high porosity and permeability enables
rainwater to flow through the porous layers more quickly are
always used in such areas. The benefits on wet skid resistance
using porous asphalt pavement have been reported by various
researchers [29–32].
1.3. Mechanistic-based tools to study wet skid resistance
By means of computational and analytical tools, evaluations of
wet skid resistance at different rainfall conditions considering various influential factors related to tire and pavement are often far
less expensive than conducting large-scale experiments. Once
these models are calibrated and validated, they can predict skid
resistance under different rainfall intensities with good accuracy.
Mechanistic-based models will further allow getting a full theoretical vision into drainage characteristics of the asphalt mixture and
tire-wet pavement interaction mechanism.
Earlier, researchers [33–36] proposed several theoretical models to study wet skid resistance where various water film depths
were included to represent different rainfall conditions. However,
these models were of limited use because various assumptions
were made such as: water was made as inviscid and the effects
of tire deformation were ignored. Later, Cho et al. [37] proposed
a theoretical approach to study the rolling/skid resistance of a passenger car tire on a pavement flooded with water. The drawbacks
of this model were the non-textured pavement and the ignored
permeability of the pavement surface. Fwa and Ong [38,39] developed a 3D numerical model to study the effects of speed on wet
skid resistance at different water depth. The transversely and longitudinally grooved pavement surfaces were included in their
studies. However, the model assumed a fixed tire profile and neither the effect of the tire grooving nor the surface morphologies
were considered. Zhang et al. [40] developed a finite element
model to investigate the influence of the aggregate size on the porous and pavement permeability on skid resistance. However, the
pore structure of the pavement was simplified as a grid network
model which is not realistic and hence the percentage of the interconnected voids in the asphalt mix may not be correct. Anupam
[41] proposed a tire-water-pavement interaction model to quantify the effect of the pavement texture depth on wet skid resistance. However, in this model, only a locked smooth tire was
simulated which neglected the effects of different tire operating
conditions such as a skidding tire with various slip ratios on skid
resistance. Also, the pavement surface was artificially grooved
which did not represent the real situation where the pavement
surface was randomly textured. Srirangam et al. [42] and Anupam
et al. [43] developed a tire-fluid-pavement interaction model to
study the wet skid resistance and hydroplaning phenomena by
introducing actual pavement surface morphologies. However, the
drainage process of the rainwater into the asphalt mix and the
effect of pavement geometric design was neglected in their models. Besides, in most of the previous studies [44–46], the accumulated rainwater depths are always determined in a separate
module by using the empirical/analytical method. Such staggered
methodologies, however, on one hand, simplify the complex water
infiltration/flow process by considering only a set of chosen
parameters; on the other hand, they neglect the fact that contact
pressure at the tire-fluid interface causes changes in the fluid flow
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rate and hence alters the fluid flow patterns. The fluctuations in
fluid flow patterns may cause a significant difference in the water
depth than initially prescribed.
1.4. Objective and scope of this study
From the above literature review, it can be seen that although
there have been many experimental and theoretical investigations
to study the effect of different factors on the wet skid resistance,
yet, limited research studies were focused on the evaluation of skid
resistance under different rainfall intensities using the finite element (FE) method. It is basically due to: a) the complex interaction
mechanism between tire, water and pavement structure; b) insufficient computational facilities to accurately capture the water
flow path within the asphalt mixture and over the pavement surface. With the above realizations, this study proposes a FE model
which can be used to evaluate the skid resistance under different
rainfall intensities by accounting for the effects of the drainage
characteristics of asphalt mixture, geometric design of pavement,
tire tread design and various vehicle operating conditions. The proposed framework couples the simulations of water infiltration and
flow process and tire-water-pavement interaction process in one
module. Utilization of parallel computing techniques enables a
more efficient and faster solution for the simulation. This proposed
FE tool aims to provide a better and more accurate estimation of
the loss of wet skid resistance associated with in-service pavement
surfaces under various rainfall conditions. It is noted here that
water loss due to evaporation etc. are not considered in this model.
In short, the objective of this study is to develop an innovative
tire-water-pavement interaction FE model that is able to:
- evaluate the drainage characteristics of various pavement types
for different rainfall conditions;
- simulate the pavement surface water flow and infiltration
processes;
- quantify the effect of water discharge characteristics of a given
asphalt mix design and other influential factors on wet skid
resistance.
- incorporate real pavement surface textures and inner
microstructures;
In order to quantify the effects of different influential factors on
wet skid resistance under different rainfall intensities, the scope of
the proposed study includes:
- comparison of wet skid resistance under various rainfall intensity conditions;
- comparison of wet skid resistance for different pavement cross
slopes;
- comparison of wet skid resistance for different pavement mix
designs;
- comparison of wet skid resistance for a given smooth tire and a
given patterned tire;
- the interplay of tire-related variables such as inflation pressure,
slip ratio, speed on wet skid resistance.

2. Study parameters
Two kinds of asphalt pavements were considered, namely, porous asphalt (PA) and dense asphalt concrete-10 (DAC-10). The
composition and properties of each mix are shown in Table 1.
Two types of tires, namely a PIARC 165R15 standard tire and a
Goodyear 445/65R 22.5 truck tire, were considered in the analysis
to quantify the effect of the tire tread characteristics on wet skid
resistance. In this study, different vehicle operating conditions of
speeds (20 km/h–120 km/h), slip ratios (10% and 100%) and pavement cross slopes (1%– 6%) are analysed. Water properties such
as density were assumed at 20 °C.
3. Generation of fe meshes
3.1. Generation of pavement mesh
The details of the generation of the FE mesh of asphalt concrete
pavement has been discussed in the author’s previous papers
[42,47]. However, for the readers’ understanding, a brief description of the procedure for obtaining the FE mesh of given AC samples is provided here.
At first, the asphalt samples with a height of 60 mm and a diameter of 150 mm were cored out from the pavement test sections for
both mixes (see Table 1). Subsequently an X-ray fan-beam CT scanner with a tube voltage of 225 kV was used to scan these samples
at an interval of 0.4 mm in the vertical direction. Their surface morphologies and internal microstructures were captured by grayscale
images with the resolution of 1430 pixels  1430 pixels. After
post-processing (i.e. filtering and segmenting) the obtained
images, FE meshes for the asphalt pavements were generated by
using SimplewareTM software (Version 1.3; Synopsys, Inc., Mountain View, USA), as shown in Fig. 1.
3.2. Generation of tire mesh
The development of the tire model starts with the 2D FE mesh
of the tire cross-section. Then, the 3D tire model was generated by
revolving the 2D tire mesh about the axis representing the wheel
axle.
For the development of the Goodyear truck tire, the tread and
the tire body were modelled separately with different mesh densities. In this way, the computational cost for the analysis can be
reduced significantly and in the meantime, the contact information
at the tire-pavement interface can be retained effectively. The
developed tire mesh can be seen in Fig. 2. For the purpose of calibrating the developed FE tire models, footprints obtained from a
wheel load test and the numerically predicted results were compared, as can be seen in Fig. 3.
On the other hand, it is generally believed that the skid resistance of a rotating tire is mainly attributed to the hysteresis energy
loss [48]. In order to quantify this energy loss, the rubber compounds are modelled as viscoelastic materials. Dynamic shear
rheometer (DSR) tests are carried out to obtain the rheological

Table 1
PA and DAC-10 asphalt pavement mix compositions.
Composition
Mixtures

4.0–10.0 mm aggregate

2.0–6.3 mm aggregate

0–4.0 mm aggregate

Limestone filler

Binder

PA
DAC-10

54.9%
17.9%

16.8%
33.9%

19.2%
37.7%

3.8%
4.7%

5.3%
5.8%

Mixtures

Density (kg/m3)

Voids (10 gyrations)

Voids (50 gyrations)

Texture depth (mm)

Voids

PA
DAC-10

2582
2387

22.7%
6.3%

8.8%
3.5%

1.6
0.6

23.7%
3.7%
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Asphalt specimen

s

qD2 u=D2 uDt2 Dt2 ¼ r  s r þ s b
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ð1Þ

where q is the density, r is the Cauchy stress, b is the body force.
The subscript ‘‘s” denotes the structure domain.
The system of fluid equations is expressed in non-conservation
partial differential form as:

X-ray source
Detector
Moving table

2D image slices

Df q=Df qDt þ f qr  v ¼ 0

ð2Þ

f

qDv =Dv Dt  r  f r  f b ¼ 0

ð3Þ

f

qDE=Dt  r  ðf r  vÞ  f b  v ¼ 0

ð4Þ

where v is the flow velocity and E is the total energy per unit volume. The subscript ‘‘f” denotes the fluid domain. r  v is a function
of ðp; g; v Þ, where, p is pressure and g is the viscosity.
4.2. Coupling of Eulerian-Lagrangian meshes

Textured pavement mesh
Fig. 1. Procedures for generating FE meshes of asphalt pavement surface.

parameters of the rubber compounds. For details, readers may
refer to the authors’ previous work [49].
4. Development of the tire-water-pavement interaction model
In the developed FE model the following interactions are considered: fluid-pavement interaction, fluid-tire interaction and
tire-pavement interaction. The water is represented by the Eulerian formulation while the tire and pavement are simulated as traditional Lagrangian bodies. The coupled Eulerian and Lagrangian
(CEL) technique and surface-surface contact algorithm are used
to handle the interactions between the tire and pavement, tire
and water, and water and pavement. The dynamic explicit analysis
procedure is adopted to solve geometric and material nonlinearity.
4.1. Governing equations
The governing equations of the Lagrangian bodies (i.e. tire and
pavement) are derived from the law of conservation of momentum
are stated as:

In the CEL method, a partitioned solver is utilized to couple
structure and fluid domains. The partitioned solver consists of a
structure solver and a fluid solver and a coupling algorithm that
couples the solvers at the interface of fluid and structure domains
both in time and space. The coupling algorithm contains an interpolation method to transfer data from one domain to the other and
an iteration scheme to obtain a coupled solution that is within the
desired accuracy.
In Fluid-Structure-Interaction (FSI) problems fluid and structure
domains are considered separately which are denoted here as soX
and foX respectively. Once in contact, they share the same interface which is denoted here as @ Xc . The coupling of the fluid and
the structure are governed by the following equations:
s

r  s n ¼ pf I  f n þ f r  f n

su

¼ fu

ð5Þ
ð6Þ

where, sr and fr denote stress tensor for the structure and viscous
stress tensor for the fluid, p is the pressure field of the fluid, sn is the
normal of the interface at the structure side, fn is the normal of the
interface at the fluid side, I is the Identity tensor, fu is the displacement tensor of the fluid, and su is the displacement tensor of the
structure.
Eq. (5) indicates that the tractions on both fluid and structure
sides are in balance. Similarly, Eq. (6) applies the compatibility
condition between the fluid-structural displacements at the
interface.

Fig. 2. Tire FE mesh: (a) smooth tire mesh; (b) grooved truck tire mesh.
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Fig. 3. Comparison of footprints at the load of 2 kN and the inflation pressure of 200 kP: (a) experiment result (b) FE modelling result.

Generally, the fluid and structure domains have different mesh
refining requirements. In the case of non-matching mesh densities,
the coupling of the displacement field of the two domains at the
contact interface can be realized by:

On the other hand, the virtual work due to the structural forces
on soX can be represented as
s dW

¼

i¼iS
X
f i s ui

ð10Þ

i¼1

a) projecting each fluid grid node Sj to the closest point Si on
the structural element sXe 2soX, where e denotes element.
b) determining the coordinates vj of the projected node Si on
sXe.
c) interpolating fu inside sXe to obtain:
f uj

i¼ie
  X
 
 
¼ f u Sj ¼ s u v j ¼
Ni vj ui
i¼1

s

j 2 f @ X; i 2 s @ X

ð7Þ

Apart from matching the displacement fields, the laws of conservation of energy also needs to be satisfied. The virtual work
due to traction acting on foX can be written as:

Z

f dW

¼
¼

f @X

f @X

ðpf n þ f r  f nÞDjf uj ds ¼

j¼jf
X

Ujf uj

ð8Þ

j¼1

!
j¼jf
i¼iS X

   
 
X
Ni vj p vj n þ f r vj  f n s ui
i¼1

¼

j¼1

j¼jf
i¼iS X
X

!
 

Uj Ni vj

i¼1

j¼jf
X

Uj N i ðvj Þ

ð11Þ

j¼1

P e
The shape functions in finite element must satisfy i¼i
i¼1 N i ¼ 1
and thus the nodal loads in Equation (11) should fulfil the condition shown in Eq. (12)
i¼iS
X
i¼1

fi ¼

j¼jf
i¼iS X
X
i¼1

j¼1

Uj Ni ðvj Þ ¼

j¼jf
X

ð12Þ

Uj

j¼1

4.3. Computation of wet skid resistance

where Dj is an extrapolation function on foX and Uj is defined as the
numerical flux.
Eq. (9) describes the relation in the discretized form which can
be obtained by Eqs. (7) and (8),
f dW ¼

fi ¼

ðpf n þ f r  f nÞf u ds

jf Z
X
j¼1

Since the energy is conserved at the interface, Equation (11) can
be obtained by comparing Eqs. (10) and (11):

j¼1

s ui

In this model, the theory of hysteresis energy loss is used to calculate the skid resistance. A detailed description of the calculation
procedure could be found elsewhere [47]. A brief description of the
procedure is presented below.
The viscous work can be expressed by the following evolution
equation:
tþDt

ð9Þ

W V ¼ t W V þ ðSe : Lv Þ  Dt;

0

WV ¼ 0

ð13Þ

where Se is the elastic second Piola-Kirchhoff tensor and Lv is
viscous spatial velocity gradient tensor.
The energy loss DW per element per time step can be written
as:
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Z

DW ¼
0

DT

Se : Lv dt

ð14Þ

The total energy loss over the time for one tire revolution can be
obtained as:

DW ¼

M X
K Z
X
m¼1 k¼1

0

T

km
Skm
e : Lv dt

ð15Þ

where k ¼ 1; 2; :::; K is the number of partitions in the tire model
and m ¼ 1; 2; :::; M is the number of elements in each partition.

4.4. Boundary conditions of water inflow and outflow
The top inlet was prescribed with a velocity boundary condition
to control the rainfall intensity at a distance of 150 mm above the
pavement surface. The side boundaries were modelled as a zeropressure outlet (i.e. atmospheric pressure) [41] to allow the water
to flow freely out of the pavement surface. After the water passes
the pavement surface layer, its flow rate will be controlled by the
permeability of the pavement sub-layers (base, subbase and subgrade). Therefore, according to the previous experimental studies
[50], the bottom of the pavement was prescribed with an outlet
velocity of 8 mm/hr. In addition, body force was applied to the
Eulerian region as shown in Fig. 5.

4.5. Analysis framework to evaluate the wet skid resistance
As mentioned earlier, the current framework couples the simulations of water flow/infiltration process and tire-water-pavement
interaction process. The overall framework (as shown in Fig. 4) is
as follows:

Pavement surface characteristics
Asphalt microstructure
Rainfall intensity
Pavement cross slope
Outflow boundaries
Material properties

 As the first step, a steady state analysis was carried out. In this
analysis a 3D tire is translated horizontal and rotated along the
axle considering a smooth plane pavement. Tire contact patch
(footprint) was obtained and verified with the experimental
data within 1% accuracy. The deformations, stresses and strains
state variables of tire mesh are stored for subsequent analysis.
 In the second step, the water body is allowed to flow sideways
and vertically under the influence of gravitational force. Since,
the bottom outflow condition (see Fig. 5) depends upon the
capability of pavement course underneath to drain out water,
then, if inflow becomes greater than this outflow, water accumulation on the pavement surface is bound to happen. It is
noted here that the bottom outflow is one of the boundary conditions in the model. Once a steady state flow is reached, a constant water film thickness will be obtained as the distance
between the top of the pavement surface and the top of the fluid
surface. The next step of the simulation is carried out considering this condition as an initial condition.
 As the third step, analysis of the tire-water-pavement interaction was carried out to compute wet skid resistance (see
Fig. 6). The tire mesh, as developed in the first step, was allowed
to move with prescribed operating conditions such as axle load,
tire inflation pressure, speed and slip ratio on the wetted pavement. Fig. 7 shows the comparison of the tire-water-pavement
contact footprint when water film is thick and that when water
film is thin for PA pavement under the same tire operating conditions. Wet skid resistance was finally computed using the procedures developed in the previous section.
 Step 1 to Step 3 are repeated with different input parameters to
carry out a sensitivity analysis.
5. Model validation
The proposed FE model is validated in term of two aspects: the
water depth prediction and the skid resistance prediction.

Water-pavement
infiltration analysis
Step 2

Water depth
Tire geometry and properties
Inflation pressure
Rolling/sliding speed
Slip ratio
Axle load

Steady state analysis of tire
over smooth pavement
Step 1

i=i+1
N

If

Y

Wetted pavement with
water depth

Transient analysis of
tire-water-pavement
interaction Step 3
Compute

Print out

Fig. 4. Framework of determination of wet skid resistance.

j=j+1
N

If

Y

470

T. Tang et al. / Construction and Building Materials 220 (2019) 464–475

Inflow of water

Water

t = t1

t = t0

Side outflow
Inflow of water

Water

Textured pavement

Side outflow

Bottom outflow

Fig. 5. Simulation of the water infiltration process.

ment and simulation results of wet skid resistance for a passenger
car tire on a porous asphalt surface operating at four different
speeds (40, 60, 90, and 120 km/h), two slip ratios (10% and
100%), and two different water film thicknesses (2.5 mm and
5 mm). The comparison results show a good agreement between
simulations and field tests, allowing for the unavoidable differences in field conditions and accuracy of the instrument.

PIARC smooth tire

w

Velocity

F
Tire-wet pavement
contact area

Water

Textured pavement

Fig. 6. Tire-water-pavement interaction process.

5.1. Model validation in terms of skid resistance prediction
The validation of the developed FE model for wet skid resistance
prediction was carried out by comparing with the field measurements, as shown in Fig. 8. The parameters investigated in the field
tests can been seen in Table 2.
The detailed description of the test equipment and process can
be found elsewhere [42]. Fig. 9 and Table 3 compare the experi-

5.2. Model validation in terms of water depth prediction
The predicted water depth by the FE simulation was compared
against the water depth calculated from empirical models developed by Gallaway et al [25] and Transport Research Laboratory
(TRL,UK) [51]. As shown in Fig. 10, the predicted water depths
are within a reasonable range considering variances in the environmental factors and test conditions under which those empirical
models are developed.
6. Results and discussion
In this section, different input parameters related to the rain,
pavement, and tire are investigated to quantify the effects of their
variations on wet skid resistance. The results are discussed in each
of the subsections.
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(a)

Tire-wett pavement
contact footprint

(b)
Fig. 7. Comparison of the tire-water-pavement contact footprint under same tire operating conditions: (a) with thick water film and (b) with thin water film.

Controlled water depth by water retention systeem

Test vehicle du
during testing at the prescribe test
condition

Fig. 8. Field testing of wet skid resistance (after [42]).

Table 2
Parameters for field tests.
Pavement types

Water thickness (mm)

Slip ratio (%)

Velocity (km/h)

Inflation Pressure (kPa)

Load (kN)

PA 0/6 and DAC 0/10

2.5/5

10/100

40, 60, 90 and 120

220

4.29

6.1. Influence of rainfall intensity on skid resistance
Fig. 11 shows the variations of skid resistance with rainfall
intensity for DAC pavement and PA pavement under various
speeds. With other parameters kept the same, skid resistance
decreases with increasing rainfall intensity for both pavements,
which is consistent with previous studies [5,6]. Generally, under
the same rainfall condition, PA pavement offers higher wet skid
resistance than the DAC pavement. For example, at a speed of
the 120 km/h, the increase of the rainfall intensity from 50 to
100 mm/hr decreases the skid resistance on the PA pavement by
5% (from 0.73 to 0.69) while that on DAC pavement is 11% (from
0.52 to 0.46). It can also be found that at high rainfall intensity,
the decreasing rate of the skid resistance on PA pavement is lower
than that on DAC pavement. This indicates that under extreme
conditions (high speed and high rainfall intensity), DAC pavement

is more susceptible to insufficient skid resistance induced accidents than PA pavement.
6.2. Influence of cross slope on wet skid resistance
Fig. 12 shows the effects of pavement cross slope on wet skid
resistance under various speeds. The rainfall intensity is set at
100 mm/h for all cases. It can be seen that the skid resistance
increases with increasing cross slope for both pavement types. This
effect is more pronounced for the PA pavement than the DAC pavement. For example, at the speed of 120 km/h, the increase of the
cross slope from 1% to 6% results in the increase of skid resistance
on the PA pavement from 0.69 to 0.76 (10%) whereas that increase
on DAC pavement is from 0.5 to 0.52 (4%). It is also highlighted that
the largest increase in skid resistance is from cross slope 1% to 3%
(75% of the total increase for PA pavement, 60% of the total increase
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1.2

Surface: PA
Slip ratio:10%
Water depth: 5mm
Tire type:Goodyear

Experiment
Simulation

1
0.8
0.6
0.4

10
TRL
Gallaway

8

Water depth (mm)
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FE results for DAC
FE results for PA

6

4

2

0.2
0

0
40

60

90

0

120

50

100

(a)
0.7
0.6

150

200

250

300

350

Rainfall intensity (mm/hr)

Speed (km/h)

Fig. 10. Comparison of the water depth with previous empirical models.

Surface: DAC
Slip ratio: 100%
Water depth: 2.5mm
Tire type: Goodyear

Experiment
Simulation

0.5

0.9

Cross slop 2%
Patterned truck tire
PA pavement
Slip ratio 10%

0.4
0.3

0.8

0.2
RI 50mm/hr

0.1

RI 100mm/hr

0

RI 150mm/hr

0.7

40

60

90

120

RI 200mm/hr

Speed (km/h)

RI 250mm/hr

(b)

RI 300mm/hr
0.6
20

Fig. 9. Comparison of the skid resistance with experimental data.

40

60

80

100

120
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(a)
for DAC pavement). This implies that the drop in skid resistance
beyond the cross slope 3% is marginal from the practical point of
view and thus the cross slope 3% is recommended in terms of optimal pavement drainage design.

0.7

Cross slop 2%
Patterned truck tire
DAC pavement
Slip ratio 10%

0.6

6.3. Influence of MPD on wet skid resistance
RI 50mm/hr

0.5

To evaluate the effect of MPD on wet skid resistance, two types
of asphalt mixture, as mentioned previously, PA and DAC are utilized for simulations. The MPD of the PA is 1.6 mm while that of
DAC is 0.6 mm. As shown in Fig. 13, a pavement with higher
MPD offers higher wet skid resistance. For this case, at the speed
of 120 km/h, the increase of MPD by 1 mm leads to an increase
of skid resistance from 0.53 to 0.72 (36%). It shows the need of
maintaining adequate pavement roughness to combat against skid
related accident during wet weather as confirmed by previous
research studies [12,21,29]. Such information could be easily
embedded in pavement management databases for the road

RI 100mm/hr
RI 150mm/hr
RI 200mm/hr

0.4

RI 250mm/hr
RI 300mm/hr
0.3
20

40

60

80

100

120

Speed (km/h)

(b)
Fig. 11. Schematic of the effect of rainfall intensity (RI) on skid resistance: (a) PA
pavement; (b) DAC pavement.

Table 3
Errors between results from experiments and simulations.
Speed (km/h)

40

60

90

120

PA

Experiment
Simulation
Error

0.96
1.03
+0.07

0.94
0.99
+0.05

0.88
0.93
+0.05

0.8
0.87
+0.07

DAC

Experiment
Simulation
Error

0.59
0.57
0.02

0.57
0.54
0.03

0.5
0.48
0.02

0.4
0.44
+0.04
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Fig. 14. Schematic of the effect of tire tread on skid resistance: (a) PA pavement; (b)
DAC pavement.

Fig. 12. Schematic of the effect of cross slope (CS) on skid resistance: (a) PA
pavement; (b) DAC pavement.

Patterned truck tire
Rainfall intensity 100mm/hr
Cross slope 2%
Slip ratio 10%

0.9

0.8

the vehicle highly prone to losing directional control. It can also be
seen that on the same pavement surface, with increasing speed,
that the rate of decreasing skid resistance for the smooth tire is
higher than that of the patterned tire.
6.5. Influence of slip ratio on skid resistance

0.7

0.6
PA (MPD=1.6mm)

0.5

DAC (MPD=0.6mm)
0.4
20

40

60

80

100

120

Speed (km/h)
Fig. 13. Comparison of wet skid resistance on PA and DAC at different speeds.

authorities to come up with optimal planning and scheduling of
road maintenance schemes.
6.4. Influence of tire tread on wet skid resistance
In order to study the effect of the tire tread pattern on wet skid
resistance, two types of tires namely a PIARC smooth tire and a
grooves truck tire were simulated. Fig. 14 shows that at all speeds,
the patterned tire offers higher wet skid resistance than the
smooth tire for both of the given pavements. The critical condition
is when the smooth tire travels on a DAC pavement at the highest
speed. The corresponding skid resistance coefficient of 0.08 makes

The proposed model is capable of evaluating the effect of slip
ratio on wet skid resistance. Fig. 15 shows that wet skid resistance
decreases while the slip ratio increase from 10% to 100%. The rate
of decrease in wet skid resistance is more noticeable for fully
locked tire (100% slip) than an anti-locked wheel during a braking
operation on both pavement surfaces. Lower wet skid resistance
was observed for a fully locked tire denoting that there is a higher
risk for accidents. With increasing speed, the average percentage
decrease in wet skid resistance for a 10% slip tire is 34% for the
PA pavement and 59% for the DAC pavement. The results show
the effectiveness of an anti-lock braking system in enhancing
safety driving.
7. Summary of results
For the ease of the readers’ understanding, a summary of all the
results is presented in Table 4. This table shows the relationship
between l against friction-speed gradient (G) (the definition of G
can be found in [52]), improvement in cross slope (CS) and an
increase in rainfall intensity (RI) on an average basis. On the basis
of the results, the following conclusions can be drawn:
 irrespective of pavement type, G40-G120 is higher than G40G80, which means the higher the speed the lesser is l;
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Table 4
Summary of results.

0.9

0.7

Pavement
type

Change in condition

PA

Friction-speed gradient (20 km/h-40 km/h)
Friction-speed gradient (20 km/h-60 km/h)
Friction-speed gradient (20 km/h-80 km/h)
Friction-speed gradient (20 km/h-100 km/h)
Friction-speed gradient (20 km/h-120 km/h)
Improving cross slope from 1% to 2%
Improving cross slope from 1% to 3%
Improving cross slope from 1% to 4%
Improving cross slope from 1% to 5%
Improving cross slope from 1% to 6%
Increase in rain intensity from 50 mm/h to
100 mm/h
Increase in rain intensity from 50 mm/h to
150 mm/h
Increase in rain intensity from 50 mm/h to
200 mm/h
Increase in rain intensity from 50 mm/h to
250 mm/h
Increase in rain intensity from 50 mm/h to
300 mm/h

0.028
0.066
0.114
0.172
0.24
+0.017
+0.028
+0.033
+0.036
+0.039
0.013

Friction-speed gradient (20 km/h-40 km/h)
Friction-speed gradient (20 km/h-60 km/h)
Friction-speed gradient (20 km/h-80 km/h)
Friction-speed gradient (20 km/h-100 km/h)
Friction-speed gradient (20 km/h-120 km/h)
Improving cross slope from 1% to 2%
Improving cross slope from 1% to 3%
Improving cross slope from 1% to 4%
Improving cross slope from 1% to 5%
Improving cross slope from 1% to 6%
Increase in rain intensity from 50 mm/h to
100 mm/h
Increase in rain intensity from 50 mm/h to
150 mm/h
Increase in rain intensity from 50 mm/h to
200 mm/h
Increase in rain intensity from 50 mm/h to
250 mm/h
Increase in rain intensity from 50 mm/h to
300 mm/h

0.032
0.074
0.126
0.188
0.26
+0.013
+0.017
+0.022
+0.026
+0.029
0.022

0.5

Grooved truck tire
Rainfall intensity 100mm/hr
Cross slope 2%
PA pavement

0.3

Slip ratio 10%
Slip ratio 100%

0.1
20
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60

80

100

120

Speed (km/h)

(a)
0.8

0.6
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0.4
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Cross slope 2%
PA pavement

0.2
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Slip ratio 100%
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(b)
Fig. 15. Schematic of the effect of slip ratio on skid resistance: (a) PA pavement; (b)
DAC pavement.

 improving cross slope decreases l for both surface types, which
indicates higher cross slopes provides better safety against
skidding;
 Increase in rain intensity decreases l. This highlights that considering a better estimation of rain intensities while designing
pavement is a good practice;
 PA surfaces not only demonstrate higher skid resistance values
than DAC but they also seem to be slightly more resilient to the
adverse change in conditions (increasing rainfall intensity and
increasing speed).
8. Conclusions
This paper presents an innovative tire-water-pavement interaction FE model with the aim to evaluate wet skid resistance under
different rainfall intensities considering the effects of pavement
geometric design, tire tread design and various tire operating conditions. As opposed to some widely used FE models, the proposed
FE model incorporates the real pavement surface textures and
inner microstructures of the AC mixes into the pavement mesh
by means of CT scanning. Hence, the proposed FE model is not only
able to simulate water flowing on the pavement surface but also
capture the process of water infiltrating into the porous structure
of the pavement. Thus, the tire-water-pavement interaction process is simulated more realistically and wet skid resistance results
are obtained more accurately. The proposed FE model was validated against the results from the previous empirical models and
field data.
The capabilities of the FE model were illustrated by quantifying
the effects of various parameters on wet skid resistance as
mentioned above. It was highlighted that the risk of safe driving

Change in

l

0.02
0.027
0.032
0.036

0.039
0.055
0.069
0.079

 decrease in skid resistance; + increase in skid resistance.

conditions significantly increases for a vehicle travelling at high
speed under high rainfall intensities. It is also recommended that
a pavement with higher porosity and MPD values and a passenger/truck tire with a proper tread pattern are necessary for the
increment of wet skid resistance and hence improves the safety
driving conditions. Such an FE tool with its capability to directly
link rainfall intensity and wet skid resistance for an in-service
pavement could, therefore, help pavement authorities to come up
with effective engineering measures to ensure safer driving conditions especially during rainy weather.
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