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Evaluating Wet Weather Driving Benefits Of Grooved Pavements

Fenghua Ju', Tien Fang Fwa', and Ghim Ping Ong**

Abstract: Under wet conditions, vehicles running on wet roads may experience low skid resistance and hydroplaning. Past research has
shown that grooving of pavement reduces the risk of hydroplaning and increases tire-pavement skid resistance. A number of locked-wheel
skid resistance models are available for hydroplaning speed and skid resistance evaluation and prediction. However, today, most
automobiles are equipped with antilock braking systems (ABS) to prevent wheel locking. This paper presents an evaluation of wet
weather driving benefits of pavement grooving utilizing an improved skid resistance simulation model for automobiles with ABS. The
mechanism by which pavement grooving improves the skid resistance of pavements for both locked and rolling wheels are examined.
Based on an analytical study, it is found that the use of ABS with pavement grooving improves wet pavement skid resistance values by
54% to 366% and reduces braking distances by 26.9% to 71.8% as compared to locked wheels braking on smooth pavement surface

under various operational condition.
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Introduction

Pavement skid resistance during wet weather is substantially
reduced from its dry-weather value. This reduced skid resistance
level can lead to a longer braking distance and increase the risk of
hydroplaning occurrence [1, 2]. It is known that grooving of
pavement can drain water trapped at tire-pavement interface through
the groove channels, therefore increase pavement skid resistance.
Past studies have shown that pavement grooving is a good technique
to maintain adequate macrotexture and skid resistance on pavement
surface [3-5]. However, no insight has been given into the
mechanism by which pavement grooving improves the skid
resistance of pavement surfaces.

Nowadays most vehicles are equipped with antilock braking
system (ABS) for safety purpose. By controlling wheel slip during
braking, wheel locking is prevented and the available braking force
is kept at or close to the maximum. The use of ABS was known to
improve skid resistance and braking performance [6]. Much past
studies have been performed for improvising ABS controls to
provide better vehicle braking and directional control [7-9], but little
effort has been made in modeling the effects of ABS on skid
resistance in a mechanistic manner.

The objective of this paper is to evaluate the wet weather driving
benefits of grooved pavements to provide an insight into the
mechanism by which pavement grooving improves the skid
resistance of pavement surfaces for unlocked wheel. The
development of an improved simulation model for the interaction
between a wetted pavement and an automobile tire with ABS is
presented in this paper.
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Finite Element Skid Resistance Simulation Model
Considering ABS Control

Concept of Tire Slip and Use of Antilock Braking System

When the brake is applied to an automobile travelling on the road, a
braking force will be generated to impede vehicle motion [10].
Before the wheel is fully locked, there is a difference existing
between the velocity of the slipping tire tread and the translation
speed of the vehicle. This difference is defined as tire slip ratio and
is calculated by the following equation:

()

where S represents the tire slip ratio, v is the translation speed of
vehicle, o is the tire angular velocity, and r is the effective
tire-rolling radius. When tire slip ratio S is close to zero, it means
that a vehicle is in its normal driving condition. When tire slip ratio
S increases to one, it represents a locked wheel condition. Under the
locked wheel condition, directional control is lost and the braking
distance becomes longer.

Fig. 1 shows a typical non-linear relationship between tire slip
ratio and tire longitudinal friction coefficient. It can be observed
from the figure that friction coefficient increases from zero slip (i.e.
driving state) to an optimum slip ratio and then decreases until the
wheel is locked. The optimum slip ratio is the most desirable a
driver would prefer during braking since its frictional coefficient is
at a higher level as compared to that experienced in the locked
wheel condition. As such, most automobiles today are equipped
with an antilock braking system (ABS) to maintain a slip at or close
to the optimum slip ratio. Past research studies have shown that the
optimum slip ratio lies between 0.10 and 0.20 [10-12]. Most
antilock braking systems attempt to keep the slip within this optimal
slip range of 0.10 to 0.20 and avoid the situation where the wheels
get locked. Therefore, an optimum slip ratio is assumed as 0.15 in
this paper.
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Fig. 1. Relationship between Tire Slip Ratio and Longitudinal
Friction Coefficient.

Simulation Model of Skid Resistance Considering Vehicle
Slip

This paper assumes that the wheel travels along a straight line with

a given speed and slip ratio. Fig. 2 depicts the three-dimensional

finite element model developed in this paper using the finite

element computer code ADINA [13, 14]. This simulation model has
been modified from one developed by Ong and Fwa [15, 16] to
model the effect of ABS. Basically, the model was developed
considering theoretical structural mechanics and computation fluid
dynamics principles. The ASTM 524 standard smooth tire [17] is
adopted to study the skid resistance characteristics of the tire
subjected to the effects of ABS on both smooth and grooved
pavements. The tire model is developed using four-node
iso-parametric single-layer shell elements. The pavement surface is
assumed to be ideally rigid and is modeled using single-layer
elements. The fluid sub-model is developed using four-node

tetrahedral elements. For the problems studied in the paper, 8,100,

2,400 and 26,432 elements for the tire, pavement and fluid model

were found to give sufficiently accurate results. The key parameters

to the simulation model are listed below.

*  Tire dimensions - tire radius and width for the ASTM E524 tire
[17]

*  Tire inflation pressure of 165.5 kPa;

*  Tire rim is assumed to be rigid with an elastic modulus of 100
GPa, a Poisson’s ratio of 0.3, and a density of 2700 kg/m®;

*  Tire sidewalls are of an assumed isotropic elastic material with
a composite elastic modulus of 20 MPa, a Poisson’s ratio of
0.45 and a density of 1200 kg/m?;

*  Tire tread rubber is assumed to be of a homogeneous, isotropic
elastic material with a composite elastic modulus of 100 MPa, a
Poisson’s ratio of 0.45 and a density of 1200 kg/m®;

*  Wheel load of 4800 N is specified;

e Water is assumed to be incompressible and its properties at
25°C are used, i.e. density, dynamic viscosity and kinematic
viscosity are 997.1 kg/m®, 0.894x10° N.s/m* and 0.897 X 10°
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Fig. 2. Skid Resistance Simulation Model Taking into Account of
\ehicle Slip.

m?/s respectively;
e Water film thickness on pavement surface is varied in the

simulation;
*  \khicle speed and slip can be varied in the simulation;
* Pavement is modeled as a rigid layer; and
*  Pavement grade is assumed to be zero

The tire had been calibrated and validated in the authors’

previous works for the standard ASTM E-274 locked wheel skid
tests [18]. It was found in these studies that the simulation produces
results that were sufficiently close to experimentally-collected
locked wheel skid data.

Determination of Skid Resistance for Rolling Tires

The finite element model produces output data in terms of fluid drag
force, and fluid uplift force due to tire-fluid interaction as
tire-pavement contact reaction force. Skid resistance experienced by
a rolling tire can be calculated as follow:

SN, = R x100- 2

sV
z

where SN, is the skid number at speed v [km/h] with slip ratio s, Fy
is the horizontal resistance force to motion acting on the tire tread
and F, is the vertical wheel load. The horizontal resistance force F,
is the sum of the traction force due to tire-pavement interaction and
the fluid drag force developed at the tire-fluid interface.
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Pavement Surfaces Considered in Study

The driving benefits of pavement grooves on wet pavement are
studied using the experimental data obtained by Horne and Tanner
[19]. Two types of pavement surface are examined in this paper.
They are:

e burlap drag concrete surface

e burlap drag concrete surface transversely grooved with 6.36
mm groove depth and groove width at a center-to-center spacing of
25.4 mm.

Validation of Simulation Model

Validation of the modified numerical simulation model is performed
against experimental results conducted by Horne and Tanner [19].
Two water depths are used in this study. The first water film
thickness is 0.5 mm. The second wetness condition is classified as
flooded with 3.8 mm water-film thickness. The tire adopted in this
study is ASTM 524 bald-tread tire. Both the locked wheel and
braking wheel optimized by the anti-locked system are considered
in the model. Tables 1 and 2 show the comparison between the

results from the simulation model against the experimental SN value.

It can be seen from the table that the difference in skid number is
mostly within the range of £3 SN units. This indicates the ability of
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this model in simulating skid resistance for rolling tires moving on
wet pavements at a given slip.

Evaluating the Driving Benefits of Pavement Grooves on Wet
Pavement Skid Resistance

Past research studies had noted the effectiveness of antilock braking
systems in providing superior skid resistance performance [10, 11]
as compared to the extreme situation where a wheel gets locked
during skidding. To illustrate the driving benefits of ABS, this paper
employs the developed simulation model to evaluate the effects of
ABS on skid resistance for different water-film thicknesses and
compare it against locked wheel skid resistance.

Table 3 shows the simulation results of the locked wheel skid
numbers and the skid numbers experienced by the rolling tire at the
optimum slip ratio for each pavement surface with varying water
film thicknesses. Two additional water-film thicknesses, 1.0mm and
7.5 mm respectively, are also examined using the finite element
simulation model to study the effects of water thickness.

Table 4 further compares the skid number experienced by the
locked wheel and that by the wheel at optimum slip under different
pavement surface conditions, water-film thicknesses and speeds.
From this table, it can be observed that:

Table 1. Comparison between Simulation and Experimental Skid Number for Locked Tires.

Pavement Water Depth  Test Speed v Experimental Predicted Error % Error Back-calculated
Surface Type [mm] [km/h] SNlocked SNIocked SNlocked 0
Ungrooved 0.5 32 62.5 62.3 0.2 0.4 64
Pavement 64 41.7 41.2 0.5 1.2
96 30 28.3 1.7 5.7
3.8 32 60 58.5 15 25 64
64 24.2 28.0 -1.3 -4.7
96 175 17.8 15 7.8
Grooved 0.5 32 65.8 68.1 -2.3 -3.5 70
Pavement 64 61 60.4 0.6 0.9
96 54.2 55.1 -0.9 -1.6
3.8 32 65.2 67.6 -2.4 -13.7 70
64 60 58.9 1.1 1.8
96 52.5 53.8 -1.3 -2.4
Table 2. Comparison between Simulation and Experimental Skid Number for Slipping Tires.
Pavement Water Depth Test Speed v Experimental Predicted Error % Error Back-calculated
surface type [mm] [km/h] SNags SNags SNagso
Ungrooved 0.5 32 90.8 87.1 3.7 4.1 88
Pavement 64 70.8 73.6 -2.8 -4.0
96 54.2 51.7 -2.5 45
3.8 32 87.6 86.1 15 25 88
64 59.3 52.1 7.2 121
96 375 374 0.1 0.2
Grooved 0.5 32 94.2 96.0 -1.8 -1.9 97
Pavement 64 89.2 88.4 0.8 0.9
96 86.7 84.6 2.1 2.4
3.8 32 95 95.3 0.3 0.3 97
64 84.2 85.8 -1.6 -1.8
96 76.7 78.7 -2.0 -2.6

\Vol.6 No.4 Jul. 2013

International Journal of Pavement Research and Technology 289



Ju, Fwa, and Ong

Table 3. Skid Numbers for Different Pavements with Varying
Speeds and Water-film Thicknesses.

Pavement Water Speed vV SNjgckedv  SNagsy
Surface Type  Depth[mm]  [km/h]
Ungrooved 1.0 32 60.8 85.7
Pavement 64 38.3 73.4
96 24.1 48.7
7.5 32 55.3 79.4
64 23.8 40.8
96 15.6 29.0
Grooved 1.0 32 68.0 95.6
Pavement 64 59.4 86.8
96 54.7 82.5
7.5 32 67.3 94.5
64 57.3 80.3
96 46.0 72.7

* the application of ABS control and transverse groove is able to
provide the highest improvement of skid resistance when
compared to other driving conditions.

e the skid numbers for all cases decrease as speed increases. This
is in agreement with findings of past research [20, 21].

Determination of Braking Distance on Pavement

With the calculated skid number presented in last section, the effects
of pavement grooving and ABS control on braking distance can be
mechanistically evaluated and compared.

Methodology for Braking Distance Computation

The braking distance is computed based on the method proposed by
Ong and Fwa [22]. It has been defined that braking distance D is
equal to the distance travelled by the vehicle from the moment brake
is applied to the moment of complete stop. This distance D can be
calculated using the following equation:

D= [v(t)dt ®)

0

where v(t) is the vehicle speed at time t, t = 0 is the time application
of brake, t = T is the time when vehicle comes to a complete stop,
and AXx represents the distance travelled over an incremental time
period At.

The vehicle speed at time t can be computed at:

Al
v(t)=v(t—%j—t£ya(t)dt *)

where a(t) is the deceleration rate of the vehicle. The deceleration
rate of the vehicle is a function of the pavement skid resistance and
pavement grade, as shown in Eq. (3),

a(t)=[u(t)+G]g ©)

where p(t) is the coefficient of friction between the tire and wet
pavement surface, G is the grade of the pavement and g is the
acceleration due to gravity. Pavement skid resistance is numerically
related to the tire-pavement coefficient of friction p(t) by the
following equation:

4 =0.01(SN) (6)

This analysis assumes that pavement grade is equal to zero.
Thus Eq. (1) can be reformulated as:

T T tAtS
D= [v(t)dt _.[{v(t—Azt)— £%0.01SN (t )dt}dt )

Eq. (5) provides the computational basis for evaluating braking
distance.

Skid resistance are affected by tire properties, pavement surface
characteristics, vehicle properties and environmental conditions,
therefore the skid number SN can be further expressed as:

SN = f (V, P, tw, P, SNo, W, d, 5, ©) (8)

This equation indicated that skid resistance is dependent on
vehicle speed (v), tire inflation pressure (py), water-film thickness

Table 4. Percentage Improvement in Skid Number Due to Groove and ABS Application.

Percentage Improvement in Skid Number Due to

Water-film Initial Vehicle — —
Thickness [mm] Speed [km/h] Groove Application for ABS Application for Smooth Groove _and_ ABS
Locked Wheel Case Pavement Application
0.5 32 9.3% 39.8% 54.1%
0.5 64 46.6% 78.6% 114.6%
0.5 96 94.7% 82.7% 198.9%
1.0 32 11.8% 41.0% 57.2%
1.0 64 55.1% 91.6% 126.6%
1.0 96 127.0% 102.1% 242.3%
3.8 32 15.6% 47.2% 62.9%
3.8 64 110.4% 86.1% 206.4%
3.8 96 202.2% 110.1% 342.1%
7.5 32 21.7% 43.6% 70.9%
7.5 64 140.8% 71.4% 237.4%
7.5 96 194.9% 85.9% 366.0%
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A
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'
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Eq. 5)
v

Calculate: Braking distance (= sum of all incremental
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End \4

(Determine braking distanceyf Yes

New Sneed < 0?

Add an incremental time step At.

Fig. 3. Mechanistic Braking Distance Computation Framework (Adapted from [22]).

(tw), wheel load (p), skid number at zero speed (SNg), grooved width
(w), grooved depth (d), groove center-to-center spacing (s) and
groove pattern (©). Eqs. (5) and (6) are applied to estimate the
braking distance for a vehicle and the corresponding computation
procedure is illustrated in Fig. 3.

Analysis of Braking Distance Results

Using the computational procedure for braking distance described in
Fig. 3, braking distance can be computed for different initial speeds.
Table 5 lists the calculated braking distance for each pavement
surface under different initial speed and water film thicknesses. It
can be observed that braking distance on wet pavements increases
with increasing water-film thickness. This is due to the fact that wet
pavement skid resistance decreases with thicker water-film
thickness. The highest rate of increase in braking distance for locked
wheel on smooth pavement occurs when the water-film thickness
reaches 4 mm. While for the case of ABS controlled wheel on
grooved pavement, the rate of increase in braking distance tends to
stabilize. Fig. 4 illustrates the effect of water-film thickness on
braking distances (for a given initial speed of 80 km/h).

Table 6 further quantifies the percentage improvement in braking
distance due to the application of ABS and the application of
pavement grooving. It is clear from the table that in the presence of
ABS control and pavement grooving, braking distance is
significantly improved by 71.8% when compared to a locked wheel
sliding on smooth pavement. The larger percent improvements at
higher speeds indicate the effectiveness of these applications at high
vehicle speeds. Moreover, it can be observed that the application of
ABS control is more efficient than the application of pavement
grooving under the same condition when the water-film thickness is
less than 4 mm. For water thickness thicker than 4 mm, pavement

\Vol.6 No.4 Jul. 2013

grooving becomes more efficient at initial vehicle speeds higher
than 60 km/h. This suggests the importance of providing escape
channels when the water thickness is thick.

Table 6 also shows that when transverse grooves and ABS
control are both applied, the combined improvements are higher
than when the two measures are applied singly. The percent
improvement of braking distance by combining the two applications
becomes more significant with increasing water thickness and initial
speed.

Conclusions and Future Work

This paper has presented a 3-dimensional finite element simulation
model to evaluate the improvement of pavement frictional
performance of transversely grooved pavement surfaces under
different driving conditions. The simulation model was applied to
determinate the skid resistance and braking distances of vehicles
moving on smooth pavement and transversely grooved pavements
respectively. The skid resistance simulation model is capable to
simulate vehicle slip on wet pavements and is validated against past
experimental results. It is found from the analyses presented in the
paper that skid resistance is higher for wheels equipped with ABS as
opposed to locked wheels. Using the mechanistic braking distance
computation framework presented in the paper, It is found that use
of pavement grooving and ABS is more apt in providing safe
braking as compared to the condition of locked wheel on smooth
pavements. This paper considers tire longitudinal slip only. Future
studies will improve the proposed simulation model by taking into
account lateral slip angle.
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Table 5. Braking Distances for Different Initial Speeds and Water-film Thicknesses.

. . . Predicted Braking Distance for Locked Wheel Predicted Braking Distance for ABS
Water-film Initial Vehicle
Thickness [mm]  Speed [km/h] [m] Controlled Wheel [m]
P Smooth Pavement Grooved Pavement Smooth Pavement Grooved Pavement
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1.0 20 2.8 25 2.2 2.0
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1.0 60 29 225 18.1 15.8
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1.0 100 113.6 68.1 64.3 46.5
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3.8 40 11.5 9.9 8.5 7.0
3.8 60 33 22.7 22.4 16.0
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7.5 40 12.3 10.2 8.8 7.1
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120 Table 6. Percentage Improvement in Braking Distance Due to
Conditions: ced-wheel ) Groove and ABS Application.
1 Initial vehicle speed = 80 km/h  Locked-wheel on smoot - -
100 p pavement Percentage I_mprovement in Braking
= — . Distance Due to
E — . Initial
o 80 - /’/-/ Water-film Vehicle Groove ABS
§ /_/.// ABS on smooth pavement Thickness Speed Application Application Groove and
£ 60l o * [mm] for Locked ABS
2 « A [km/h] for Smooth -
B e Wheel Application
g2 AT Pavement
% 4| wa-_—=———g—f-————— - case
@ Ak R » N 0.5 20 7.7% 23.1% 26.9%
20 - Locked he:| g . \ 0.5 40 10.4% 30.2% 35.8%
T ed-w ABS on grooved pavement
grooved pavement grooved pav! 0.5 60 19.8% 35.3% 43.9%
0.5 80 29.8% 40.0% 51.6%
0 0 2 "1 é é 10 0.5 100 34.2% 38.6% 55.6%
) ) 1.0 20 9.1% 20.0% 27.3%
Water-film thickness (mm) 1.0 40 11.0% 31.9% 36.7%
Fig. 4. Effect of Water Film Thickness on Braking Distances. 1.0 60 22 4% 37.6% 45.5%
1.0 80 33.9% 43.8% 54.2%
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