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Influence of pavement frictional properties on braking distance
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Abstract: In order to study the relationship between pavement
friction management criteria and braking distance requirements
of road geometric design, an approach for determining the
braking distance considering pavement frictional properties is
proposed. A finite element model (FEM) of a rolling tire under
steady state is established based on theoretical hydrodynamics
and mechanics principles, in which factors, including tire type,
water film thickness, pavement surface properties, and vehicle
speed, are considered. With the FEM, braking distances under
different operating conditions are calculated. Furthermore, the
allowable water film thickness is determined by comparing
braking distances calculated with friction management criteria
and that required by road geometric design. The results show
that the braking distance is affected by the above operating
conditions. As a result, it is necessary to maintain consistency
between geometric design braking distance requirements and
pavement friction management to achieve safe road operations.
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roviding a safe braking distance is an important re-
P quirement in road geometric design. According to Chi-
nese design specifications for highway alignment'", the de-
termination of the braking distance is based on a selected
constant value of the tire-pavement friction coefficient,
without clearly stating pavement frictional properties. The
tire-pavement skid resistance varies with a vehicle’s different
operating conditions related to tire, pavement surface, the
presence of water on the pavement surface and so on'’™.
However, these aspects have not been sufficiently reflected in
the existing determination of braking distance'*” .

Pavement frictional properties decrease with the increase
in road age. The maintained skid resistance depends on the
pavement friction management threshold. As a result, to en-
sure safe driving conditions, the ability to connect braking
distance requirements with pavement friction management is
of high practical significance.

This paper proposes an approach to determining the bra-
king distance considering pavement frictional properties via
basic mechanics and a finite-element skid resistance model.
Furthermore, it examines the relationship between braking
distance requirements of design specifications for highway
alignment and the skid resistance threshold adopted by tech-
nical specifications for the maintenance of highway asphalt
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pavement'® .
1 Determination of Braking Distance Considering

Pavement Frictional Properties

1.1 Theoretical determination of braking distance

Braking distance D is generally computed as

D = f:v(t)dt = f:[v(z = 0) —f‘a(t)dz]dt =

0

[[ote =0~ [t e (1)

where v(7) is the vehicle speed at time #; a(?) is the decel-
eration rate at time #; u(?) is the coefficient of friction be-
tween tire and pavement surface; and g is the acceleration
due to gravity.

In this paper, pavement skid resistance is numerically re-
lated to the sideway force coefficient (SFC), which is in ac-
cordance with the skid resistance factor used in the mainte-
nance specifications.

1.2 Determination of pavement frictional properties by
finite element simulation

1.2.1 Simulation model adopted

In the case of the tire rolling on the wet pavement, forces
acting on the tire are illustrated in Fig. 1. G is the gravity.
Both the force of the pavement acting on the tire (a horizon-
tal force f and a vertical force N) and the force of water film
acting on the tire (a horizontal force W, and a vertical force
W,) are distributed forces, while the force of the pavement
can be calculated by the finite element simulation model.
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Fig.1 Schematics of forces in rolling tire with water film

The origin of coordinates O is set to the center of the tire
rim as illustrated in Fig. 2. The tire is considered to be in no
translational motion, while the pavement moves at a speed
of V. The point B of the tire is subjected to water pressure
p, which is resolved into a horizontal component p, and a
vertical component p,. Assume that a tube of flow is mov-
ing from point A to B, and its speed slows from V to zero.
Its kinetic energy is entirely converted into pressure energy.
The pressure of the dynamic head H, acting on point B is
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Fig.2 Schematics of hydrodynamic pressure

where 7, is the bulk density of water in N/m’, and p, is the
density of water in kg/m”’.

During the finite element analysis, hydrodynamic pressure
is added to the tread elements within the scope of tire-fluid
interaction. According to technical specifications, pavement
skid resistance is tested by SCRIM using a smooth tire of
3.00-20"". The pavement is assumed to be rigid with an
elastic modulus of 30 GPa (see Fig.3).

Fig.3 Finite element simulation model

1.2.2 Input parameters

The finite element software package ABAQUS is used to
simulate the tire-fluid-pavement interaction process. The
key input parameters to the simulation model are listed be-
low:

e Tire dimensions and inflation pressure;

e Physical properties of water (bulk density and density) ;

e Water film thickness on pavement surface;

e Sliding speed of tire;

e Static frictional coefficient of tire-pavement contact.
1.2.3 Determination of wet pavement skid resistance

at a given speed
The skid resistance of the whole tire is

, _Fo [+ Wy
Y

(3)

where f is the traction force developed on the tire-pavement
contact; F_ is an input parameter and it remains constant
throughout the simulation.

2 Braking Distance Requirement and Pavement
Friction Management

The following two main steps are involved in the analysis:

Step 1  The SCRIM smooth tire skid resistance test uses
a water film thickness of 0. 5 mm. For a given friction ma-
intenance threshold value SFC, we determine the corre-
sponding tire-pavement coefficient of friction u,, at any giv-
en water film thickness d, using the finite element simula-
tion model.

Step 2 For each computed u,,, we calculate the brak-
ing distances for different vehicle speeds, using the braking

distance computation procedure described in the previous
section of this paper.

The results in Tab. 1 list the friction maintenance thresh-
olds and the corresponding u,, values for the test tire at a
speed of 50 km/h with the specified water film thickness d,
(i.e., analysis performed in step 1).

Tab. 1  Frictional coefficients u,, under different maintenance
thresholds and water film thicknesses
SFC d,/mm

et 5 1 2 5 8 10
25 0.25 0.22 0.20 0.18 0.17 0.17
30 0.30 0.26 0.24 0.23 0.21 0.21
35 0.35 0.31 0.28 0.26 0.24 0.24
40 0. 40 0.35 0.32 0.29 0.27 0.27
45 0.45 0.39 0.36 0.34 0.31 0.31

As an illustration, the results for the case where the pave-
ment has a skid resistance value of SFC =30 are plotted in
Fig.4 (i.e., analysis performed in step 2).

Fig. 4 (a) shows that braking distance on wet pavement
increases at a decreasing rate with the increase in water film
thickness. The highest rate of increase in braking distance
occurs initially up to a water film thickness of about 2 mm.
Thereafter, the rate of increase tends to level off.

Fig. 4(b) shows that braking distance on wet pavements
increases with the increase in vehicle speed. The rate of in-
crease of braking distance rises considerably when vehicle
speed goes beyond about 40 km/h.
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Fig. 4  Effects of different factors affecting braking distance.
(a) d, vs. D; (b) Vvs. D

Depending on the design speed, there is a range of water
film thicknesses where both braking requirements and pave-
ment friction management thresholds are satisfied. Fig.5
plots the speed-braking distance relationships of different
water film thicknesses for SFC threshold values of 30 and
40, respectively. It can be observed graphically that the al-
lowable water film thickness should be a major consideration
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in pavement friction management to meet braking distance the mathematical model, while pavement frictional proper-

requirements. ties are simulated via the finite element model. The results
200 4, show that braking distance is significantly influenced by
B T)ml‘ pavement frictional properties. In the actual road operation,
50k --- 0.5 o a vehicle’s braking distance may exceed its requirements
. specified by geometric design as a result of moisture or high
E ool running speed. Therefore, it is recommended to connect the
braking distance determination with pavement maintenance

5ol on frictional properties.
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braking distances of in-service pavements considering pave-
ment frictional properties. Braking distance is calculated by
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