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Compared with straight-line braking, cornering brake has longer braking distance and poorer stability. Therefore, drivers are more
prone to making mistakes. The braking process and the dynamics of vehicles in emergency situations on curves were analyzed.
A biaxial four-wheel vehicle was simplified to a single model. Considering the braking process, dynamics, force distribution, and
stability, a stopping sight distance of the curve braking calculation model was built. Then a driver-vehicle-road simulation platform
was built using multibody dynamic software. The vehicle test of brake-in-turn was realized in this platform. The comparison of
experimental and calculated values verified the reliability of the computational model. Eventually, the experimental values and
calculated values were compared with the stopping sight distance recommended by the Highway Route Design Specification
(JTGD20-2006); the current specification of stopping sight distance does not apply to cornering brake sight distance requirements.

In this paper, the general values and limits of the curve stopping sight distance are presented.

1. Introduction

The sight distance is an important index in ensuring road
safety and one of the compulsory indexes of road engineering
construction standards. While overtaking on horizontal and
vertical curves, short sight distance is a major reason for
traffic accidents [1]. There are four types of sight distances:
stopping sight distance, passing sight distance, give-way
sight distance, and overtaking sight distance. Currently, the
criterion of sight distance is quite different around the
world [2, 3]. The national rules for various types of sight
distance are clearly defined; however, stopping sight distance
recommended by the Highway Route Design Specification
(JTG D20-2006) and Guidelines for Safety Audit of Highway
(JTG/T B05-2004) is quite different [4]. In addition, most
researchers are focused on the study of automatic calculation
of sight distance and three-dimensional analysis of sight
distance [5-10], while less are involved in the accuracy and
rationality of the sight distance of the model itself. Yuan
et al. [11] inferred straight-line braking distance based on
kinematics. Compared with straight-line braking, cornering
brake had longer braking distance and poorer stability and

thus drivers were more prone to making mistakes, which
resulted in drivers losing control over their vehicles [12].
However, there has been no research on stopping sight
distance in horizontal curves. In response to these issues,
this study first analyzed the drivers’ braking process and then
inferred cornering braking distance based on kinematics and
applied the ADAMS software to simulate cornering brake.
Finally, it presents the minimum value of the curve stopping
sight distance.

Previous study on the sight distance is mainly through
the following three methods: mathematical model calcula-
tion, experimental data analysis, and simulation test. The
mathematical model calculation is a traditional way; Peng
Yuhua obtained the linear sight distance equations based on
the expressions of calculating the coordinate and direction
angle of the random position on the road alignment [13]. Liao
et al. investigated a method of using highway 3D dynamic
sight distance to represent the available sight distance, which
considered the influencing factors of combination of horizon-
tal and vertical alignment, the driver’s dynamic visual field,
and the illumination angle of the vehicle head lamps. And
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FIGURE 1: Braking process analysis.

the method was verified by a real case study [14]. The above
study mainly calculated the sight distance from the aspect of
the road alignment, but the kinematic characteristics of the
vehicle itself were not fully taken into account.

Compared to experimental test, simulation test has the
advantage of low cost and short period, whose validity
is verified by numerous previous researches. Delaigue and
Eskandarian through the use of MATLAB and SIMULINK
established the brake model, which is able to simulate
straight-line braking events under various vehicle, driver,
and environment conditions and predict various conditions’
braking distance. The comparisons of stopping distances
between model and experiment show the validation of the
simulations [15]. Pang focused on the sufficient sight distance
at unsignalized intersection and the effect of sight distance
on drivers’ behaviors. With the use of driving simulation
system, drivers’ performance with different conditions can
be simulated to analyze drivers’ sight distance demand [16].
Previous study did not study the stopping distance on the
braking-in-turn. Thus this thesis uses ADAMS software to
simulate cornering brake and obtain the stopping sight
distance on the curve.

2. Braking Process Analysis

When a vehicle brakes urgently, the process of the driver’s
operation can be divided into four stages. The entire process
is shown in Figure 1.

Stage 1 is the brake reaction time. It is made up of the
time taken to realize and identify hazard and the time spent
to decide to brake. It can be expressed as

t,=t +t, +1t;. )

Stage 2 is the braking harmony time, which includes the
time to move the foot from the accelerator pedal to the brake

pedal and the time consumed to eliminate the clearance of
the brake pedal:
t,=t, +ts. )
Stage 3 is the build-up time of the braking force from
the emergence of the brake force to braking force up to the
maximum value. It can be expressed as

ty =t (3)
Stage 4 is the main braking time; that is,
tl = t7. (4)

The braking force is assumed to be a constant value by
the calculation model provided by the Highway Route Design
Specification (JTG D20-2006) and the study model used by
related scholars [11, 17], but in fact if the maximum braking
intensity has remained constant, it will cause the wheels to
lock and skid, as well as causing side impacts and other
dangerous states [19]. As shown in stage 4 of Figure 1, the
braking force was corrected to a certain extent according to
the safe driving behavior of a proficient driver and to widely
used ABS control technology in modern cars.

3. Cornering Brake Dynamics Analysis

For a biaxial four-wheel vehicle, if the variation of the wheel
loads of two wheels on the same axle is ignored, the two
wheels on the respective axle can be substituted by a wheel,
which simplifies the vehicle as a single model shown in
Figure 2. The center of the mass of the vehicle is M whose
speed is V), = v along the tangential direction of the lane
curve and on a straight line with tangential acceleration of
v. Centripetal acceleration (V2/R) of M points to the center
of curvature. Road curve radius is R. The angle 8 between
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FIGURE 2: Force analysis of the single vehicle model and its dynamic
parameters.

Vi and the longitudinal axis of the vehicle is called the side-
slip angle. The vehicle was placed in a fixed X-Y coordinate
system; 6 is the front wheel steering angle. The braking force
of the front wheels of the vehicle given by the brake is F,
while for the rear wheels, it is F;;. Wheelbase of the vehicle
is L and the distance between the centroid of the vehicle and
rear wheels is L.

It is assumed that the turning radius of the vehicle
is constant, which is equal to the circular curve radius.
Therefore, in the tangential direction of the running speed,
the following is obtained:

Fyjcos B+ Fycos (8 — ) = Ma, (5)

where the braking deceleration of the vehicle is a and § is
the front wheel input angle equal to &, + k, (V?*/R). The side-
slip angle is 8 which can be expressed as f8, — k,(V*/R).
The initial steering angle of the vehicle entering the circle
curve (Ackerman angle) is §, which is equal to L/R and 3,
is initial side-slip angle, defined as L ;/R. Both k; and k, are
determined by the stiffness of the front and rear tires and the
wheelbase.

In addition, under the conditions of the ideal distribution
of braking force, each of the relative deceleration values are
given by the following relation:

Hq = Bi- (6)
The ideal braking force can be expanded as follows:
Fo _Fra _ #ofng _ Fng _ G(L-Lu)/L
Fy  Fmy puFng Fym GLy/L
Ly
L-Ly

7)

Therefore, the braking force of the front wheels can be
computed by

L
Fo=-2F,. 8
o= —LF, (8)
The braking force of the rear wheel is
L-L
Fy = Lfﬁg, )

where Fyq, is the longitudinal force of front wheel, Fy; is
longitudinal force of the rear wheel, and F, is the braking
force of the vehicle.

4. Braking Distance Analysis
Based on Kinematics

According to the analysis in Figure 1, the braking distance
consists of three parts: (1) The distance that the vehicle has
covered within ¢, + , at the speed of initial velocity V. It can
be calculated by

s =v (8 +1,). (10)

(2) The distance covered within the build-up time of the
braking force. Assuming that the braking force increases
linearly, the following is obtained:

s t t, a 5
SZ:JdS:J vdt:J (vo—ﬂt>dt
0 0 0 2t

1 2
= Vol — gamaxts.
After an increase in the braking force, the velocity is calcu-
lated as

(1)

te t

V1=V0‘J- amaxtdtzvo—%. (12)
o I 2

(3) The distance covered within the main braking time.

According to (5), (8), and (9), the braking deceleration of the

vehicle is

e [(L—LH)cosﬂ+LHcos(6—/3)]FZ' 13)
ML

Based on ABS braking force control theory, the variation
of the braking force is obtained and can be approximated by
a sine function:

F, = Fyyax — Fu lsinwt]|, (14)

where F;,x is the maximum of the braking force, F, is the
amplitude of the braking force, and w is the rate of the change
of the braking force (w = 2m/T, where T is the cycle of the
braking force).

According to (13) and (14), the braking deceleration of the
vehicle is expressed in another form:

a

_ [(L—Lgy)cos B+ Ly cos (8~ B)] (Fzyax — Fa lsin wt|) (15)
ML

=K(a

max

— Alsinwt|),
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TaBLE 1: Car structure parameters.
Weight (kg) Wheelbase (m)  Distance between CG and back axle (m) Cornering stiffness (N/rad) Braking torque (Nm)
Front wheel Rear wheel Front wheel =~ Rear wheel
1437 2.56 1.33 800 800 1000 1700
where K = ((L — Ly)cosB + Lycos(8 — B))/L is the 5. Cornering Brake Simulation Analysis Based

structural parameter of the vehicle, A = F, /M is the dynamic

parameter of the vehicle, a,,,, is the maximum deceleration

of the vehicle.
The vehicle speed at any time can be calculated by
v t
[ av=[ adr (16)
vy 0
Therefore,
t
V= — J- adt. 17)
0

Foraspeed of v = 0, the braking time is given by the following
relation:
Y1

tl ) Kamax - A/\/E (18)

Based on (17) and (18), the distance during braking can be

found:
s t t t
53:st:J vdt:J (Vl—Jadt>dt
0 0 0 0

2
Y1

2 (Kag, - A/V2)

(4) The total braking distance. According to (10), (11), and
(19), it is found that

(19)

S=S+8,+8
2
1 ) v (20)
= vy (t, +t, +t) — =t + .
Ohr e 2 (Kapy — A/V2)

6 max”s
As shown in the literature [3, 11], the build-up time of the
braking force is short; hence, the speed of the vehicle during
this process is almost constant (v, = v,); therefore,

S=S 45, + 53

—v(t+t+t)—la £+ % 2y
0 \*r a s 6 Z(Kamax—A/\/z)'

max”s

The stopping sight distance calculation model shows that
the stopping sight distance of the cornering brake is not
only related to the braking deceleration of the vehicle, the
friction coeflicient of the road, and the driver’s reaction time
but also correlated with the circular curve parameters and
the structure of the vehicle. The model indicates that the
driver-vehicle-road system has an impact on the stopping
sight distance.

on Multibody Dynamics

5.1. Construction of Simulation System. A virtual simulation
analysis can be performed using the multibody dynamics
simulation software ADAMS [20]. The core of the simulation
system includes vehicle model, road model, driver model,
tire model, and the simulation settings. In this study, the 97-
degree-of-freedom general car model was used. This feature
comes with the ADAMS/car software and its parameters are
shown in Table 1. The driver-vehicle-road simulation system
introduces an open-loop control method for driving and
builds a slippery circular curve road model which meets the
Highway Route Design Specification (JTG D20-2006) [17]
requirements. The super elevation rate of the circular curve
is 8% and the Fiala tire model [20] is selected, conforming to
the highway cornering brake simulation requirements.

5.2. Simulation Setting. A simulation analysis was carried out
for cornering brake, one of the most dangerous common
situations in daily driving. In this test simulation, the driver
drives the vehicle from a straight-line approach road (100 m)
into the test line and then the vehicle accelerates until
it achieves lateral acceleration. Once the vehicle reaches
the designed lateral acceleration, the drive maintains the
speed and turns radius to reach a steady-state value after a
period of time. Then, the drive adjusts the steering value,
maintains the original turning radius (circular curve radius
of road), and brakes (brake for the BF), so that the vehicle
achieves a targeted deceleration a. Within the set duration,
the deceleration remains unchanged until the speed reduces
to 2.5m/s or less. After the simulation, the braking distance
of the vehicle under different circular curves is measured. The
car-road simulation model is shown in Figures 3 and 4.

5.3. Parameter Setting. The experimental results in the lit-
erature [21] show that the braking deceleration should not
exceed 3m/s® in nonemergency braking situations and the
maximum deceleration on wet surfaces should not exceed
2m/s*. Therefore, in this study, values of @, = 2m/s* and
a, = 3m/s> were selected. The maximum braking time, as
an initial value, was calculated by the chosen braking force.
The experimental trigger condition was set based on different
circular curve radii and the speed of vehicle (VZ/R).

In the validation experiment, where the curve radius
affects the braking distance, vehicle and other road parame-
ters were kept constant on curve radii of 300 m, 400 m, 500 m,
and 600 m and at the speed of 80 km/h and a deceleration of
3m/s.
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FIGURE 3: Curve.

MDI_Demo_Vehicle

FIGURE 4: Driver-vehicle-road simulation system.

5.4. Simulation Results and Analysis. Figure 5 shows the same
vehicle trajectory on four different curve radii at the same
initial velocity and deceleration. Based on the simulation
analysis, the relationship between the radius and the curve
stopping sight distance is shown in Figure 6.

The vehicle cornering brake simulation under different
braking decelerations and different circular curve parameters
is completed. The result for the braking trajectory of vehicle
is shown in Figures 7 and 8. The curve of stopping sight
distance can be obtained by measuring the length of the
braking trajectory of the vehicle combined with the driver’s
recognition reaction and the distance of the vehicle running
between braking harmony time and build-up time of braking
force (shown in Table 2).

Comparing the results from Figures 7 and 8, conclusions
can be obtained as follows. When the 2 m/s® braking deceler-
ation is applied, the vehicle can be stopped relatively stable.
When the applied braking deceleration is 3 m/s’, because
at this time the tire/road interface maximum coeflicient of
adhesion is close to the maximum coefficient friction of the
road, at a speed of 102 km/h the vehicle slides off the road;
at 85km/h and 68 km/h though the vehicle does not exhibit
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FIGURE 5: Braking trajectory of the vehicle in different radius curves.
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TABLE 3: Curve stopping sight distance.

Design velocity (km/h) 120 100 80 60
Limits of the curve stopping sight distance (m) 230 170 120 85
The general stopping sight distance (m) 280 205 145 100

Note: the lager value of final experimental value for (21) and @ = 3 m/s” is rounded to get the limits of the curve stopping sight distance. The general stopping
sight distance is obtained by rounding final experimental value for a = 2 m/s®.

lateral instability and it is in an unstable state. Thus, we
should not use the maximum coefficient friction of the road
to calculate the stopping sight distance.

A comparison of the values of the four stopping sight
distances shows that the current specification for stopping
sight distance does not apply to the curve stopping sight
distance requirements. In fact, the vehicle needs longer curve
stopping sight distance and even a longer stopping sight
distance is needed to meet the requirements of cornering
braking stability. The comparison of simulation experiment
values and model values shows that the derived model values
and experimental values are basically similar, which verifies
the applicability and reliability of the calculation model.
Therefore, it can be used as a calculation model of the curve
stopping sight distance.

Comprehensive analysis of four kinds of stopping sight
distances gives the minimum limits of the curve stopping
sight distance. The general stopping sight distance meets
comfort and stability of braking-in-turn (Table 3).

6. Conclusion

Current studies of stopping sight distance braking model
only consider the straight-line braking problems and do not
study the vehicle stopping sight distance for cornering brake,
which is a dangerous situation. In addition, current studies
rarely consider the effect of the structure of the vehicle,
road alignment parameters, and stopping sight distance. This
paper overcomes the shortcomings of above research, and
a stopping sight distance calculation model for cornering
brake is deduced considering vehicle dynamics. A simulation
experiment using ADAMS software is carried out, verifying
the reliability of the model. Finally, the paper provides the
minimum limits of the curve stopping sight distance and
the general stopping sight distance met comfort and stability
of car braking-in-turn, which provides reference for road
design research officers. It takes further studies on large heavy
vehicles with higher requirements for sight distance.
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