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In this paper, a closed-loop simulation of vehicle dynamics in CarSim is utilized as surrogate measures to study the effect of
pavement roughness and differential settlement on risk of vehicle rollover and skidding. It is found that the influence of pavement
roughness on vehicle rollover is significant and the influence of pavement roughness on vehicle skidding is insignificant. The
influence of pavement roughness of grade A and B on safety margin of vehicle rollover can be negligible. Pavement roughness of
grade C and D significantly reduces the safety margin of vehicle rollover. A 5cm settlement difference on pavement reduces the
safety margin of vehicle skidding on a good road. When the settlement difference is 5 cm, the vehicle rollover and skidding are
greatly affected by the lane-changing speed. It provides an effective and general method based on vehicle dynamics for studying

transportation safety as well as for setting up criteria for pavement maintenance.

1. Introduction

Despite the decline in highway fatalities from 2001 to 2014
[1], the death toll caused by traffic accidents is still very high.
Road safety has always been an issue of great concern to the
public [2-5]. Traffic accidents are closely related to a number
of factors: interaction among drivers, vehicles, roads, and
road environments, such as road geometry, tire-road fric-
tion, speed, vehicle dynamics, vehicle performances, driver
behaviors, and driving environments. Traditional road safety
studies identify road sections with traffic accident and rely
heavily on historical traffic accident data [6-9]. These
methods belong to post hoc analysis and have limited usage
for improving road safety for road during design stage.
Sun and his associates proposed a new method based on
vehicle dynamics for road safety study [10-14]. The method
analyzes dynamic responses of a vehicle model on a given

road considering road geometry (i.e., longitudinal, hori-
zontal, and vertical alignments), pavement friction coeffi-
cient, operating speed of the road, pavement roughness
[15-33], weather conditions, wind speed, driver behavior
(i.e., lane-changing behavior), roadside environment, ve-
hicle trajectory (i.e., lane-keeping and lane-departing), and
other factors. The dynamic responses can be linked to traffic
accident counts or percentage and therefore serve as ex-
cellent surrogate measures for evaluating road safety.

This vehicle-dynamics-based method has a number of
advantages. First of all, it is objective and does not rely on the
evaluator’s subjective rating. Secondly, it is cost-effective and
generally applicable to not only in-service roads but roads
under design or construction, making it a proactive ap-
proach. Thirdly, it is flexible and fast and allows multiple
factors encountered in real driving environment to be
considered efficiently. This method has been used for
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quantitatively assessing road safety in terms of rollover,
skidding, and other types of accident for improving road
geometry design, transportation operations management,
road maintenance, and transportation safety [10-13].

Although vehicle rollover and skidding have been
studied by many researchers, what is missing in literature is
the study of pavement roughness and differential (longi-
tudinal) settlement in pavement on vehicle rollover and
skidding, which is the focus of this paper.

2. Literature Review

Vehicle’s rollover is the main source of fatal traffic accidents.
According to the New Mexico State Department of Trans-
portation [34], the number of rollover accidents accounted
for 5.2% of the total reported accidents in the U.S. and
resulted in 34.6% of fatal accidents and 36.2% of the deaths
of passengers. According to the National Highway Traffic
Safety Administration (NHTSA), rollovers accidents in the
United States accounted for 17.9% of all fatal accidents in
2016 [1]. Although the proportion of rollover accidents is not
high, but the mortality rate in rollover accident is extremely
high [35], along with huge economic losses.

Skidding seriously affects vehicle stability, which is an-
other main contributing factor to traffic accidents. Studies
have shown that lateral skidding typically (i.e., 66%) occurs
before a vehicle rollover [8]. When a vehicle negotiates a
horizontal alignment, the vehicle is prone to skidding if the
operating speed of the vehicle is too high.

It is of great significance to study the causes of rollover
and skidding. Based on the existing accident data, it is clear
that road geometry, pavement friction coefficient, weather
conditions, and driver behaviors contribute significantly to
vehicle rollover and skidding [7, 9, 34, 36-39]. Farmer and
Lund [40] studied the effects of road conditions (wet and
dry), road alignment (curved and straight), road environ-
ment, and drivers on vehicle rollover and found that the
probability of rollover in the dark was lower than that in the
daytime, and the probability of rollover on wet road was
lower than that on dry road. Hu and Donnell [41] studied the
influence of vehicle, driver, roadway, and median cross
section on rollover crash severity. Morgan and Mannering
[7] studied single-vehicle crashes severities that occurred on
dry, wet, and snow/ice-covered roadway surfaces, according
to the database of single-vehicle crashes in Indiana in 2007
and 2008.

A few of researchers have studied vehicle rollover and
skidding based on vehicle dynamics [10, 40-43]. Har-
wood and Mason [44] based on mass point model
evaluated the margin of safety against vehicle skidding
and rollover for both passenger cars and trucks traveling
at the design speed. Lapapong and Brennan [45] carried
out a dynamic analysis on vehicle rollover process and
established a rollover risk state prediction model in-
cluding superelevation, grade, shoulder, and other fac-
tors. Sun and You [10] comprehensively considered the
influence of road geometry, road condition, roadside
environment, etc., on vehicle rollover and skidding. You
and Sun [11] analyzed the reliability of vehicle stability
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on horizontal and vertical curves. The performance
function based on mass model, vehicle dynamic simu-
lation function considering skidding failure model, and
vehicle dynamic simulation function considering roll-
over failure are proposed, respectively. Mavromatis et al.
[46] determined the maximum attainable safe speed at
impending skid conditions as well as the situation of
comfortable curve negotiation where lower constant
speed values were utilized.

Wang et al. [47]; Uys et al. [48]; and Kashyzadeh et al.
[49] studied the influence of pavement roughness on vehicle
vibration. Ma et al. [50] and Zhang et al. [51] studied the
effect of pavement roughness on the root mean square value
of weighted acceleration. Hu et al. [52] used two degrees of
freedom vehicle model to study critical wind speed con-
sidering the effect of pavement roughness on vehicle rollover
and skidding.

Highway and bridge widening are prevailing strategies to
accommodate the growth of traffic volume [53-55]. A
common practice of bridge widened is to splice a new bridge
next to the existing bridge. The critical challenge of widening
of old bridge is that the old bridge foundation has been
stabilized at a level for many years, but the new bridge
foundation will continue to settle in a few years after
construction. The differential settlement will cause the
height difference in pavement on new bridge and old
bridges. When a vehicle makes lane change and crosses the
differential settlement, the risk of skidding and rollover
increases, posting a seriously threat to transportation safety.

Traffic accidents on bridges occur frequently. For ex-
ample, on December 13, 2018, due to ponding freezes on the
surface of Huaide Bridge in Changzhou of China, multi-
vehicles collided caused by vehicle skidding [56]. On January
12, 2019, a SUV understeered and crashed into the central
guardrail of the Hangzhou Bay Bridge. This SUV was
rebounded and rolled over. The cause of this accident is that
a car changed lane and collided with other vehicles [57]. On
September 2, 2019, a collision accident of three vehicles
occurred at Beihuan Overpass in Shenzhen, in which two
vehicles overturned and fell to the auxiliary road [58].

A number of studies on traffic safety on bridge focus on
the effect of lateral wind using vehicle dynamics. Fan [59]
investigated traffic safety on bridge using vehicle dynamics
simulation. Chen et al. [60] studied the influence of
crosswind on vehicle driving safety of the part of a bridge
connected to a tunnel through simulation test and selected
yaw rate and steering angle as dynamic response indexes
under crosswind. Zhou and Chen [61] accurately obtained
the dynamic response of each vehicle in random traffic by
considering the full coupling effect of traffic flow, bridge,
wind, and other vehicles. Pan et al. [62], based on the wind-
vehicle-bridge theory, established a driving simulation of
experiment scene of long-span bridges considering both
crosswind and vibration. The influence of bridge vibration
caused by lateral wind on the yaw angle of vehicle is
studied. Yu et al. [63] took no skidding of vehicles as the
index to set wind speed standard of the vehicle safety
driving of cross sea bridge under different bridge floor
characteristics.
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3. Model of Vehicle Dynamics

CarSim is a multibody vehicle dynamics simulation software
developed by UMTRI. The stability, reliability, and efficiency
of CarSim have been tested by the automobile industry.
CarSim simplifies vehicles into 10 parts: a vehicle body part,
four unsprung mass parts, four rotating wheel parts, and an
engine crankshaft part. The simplified model consists of 27
degrees of freedom for vehicle dynamics: three degrees of
freedom of movement (x, y, z) of sprung mass, three degrees
of freedom of rotation (x, y, z) of sprung mass, four degrees
of freedom of unsprung mass, four degrees of freedom of
wheel rotation, one degree of freedom of transmission
system, eight degrees of freedom of tire transient charac-
teristics, and four degrees of freedom of brake pressure.

There are two kinds of simulation systems for vehicle
dynamics in CarSim: open-loop simulation and closed-loop
simulation, as shown in Figure 1. The open-loop simulation
system considers the vehicle as an independent control
system. The system does not consider the driver’s feedback.
The closed-loop simulation system incorporates driver’s
feedback into the system. Drivers get information about the
road ahead and vehicles through “preview” and “percep-
tion,” and continuously correct the steering wheel angle by
estimating the road condition. That is to say, the road
condition is fed back to the driving state of the vehicle. Since
the closed-loop system can more accurately reflect the
driving state of a vehicle, it is adopted in this paper to study
the effect of pavement roughness and pavement differential
settlement on vehicle rollover and skidding.

Because SUV is more prone to rollover due to its higher
center of gravity than that of passenger cars [36, 43, 64], SUV
is adopted in this study as the model of vehicle to be studied.
The driver model includes four parts: speed control, shift
control, braking control, and steering control. In this paper,
the fixed target speed control mode is adopted, and the
closed-loop automatic shift control mode is selected. The
steering control adopts the “1.5s” forward-looking preview
strategy. The road center line is considered as the vehicle
target trajectory, and the vehicle is controlled to travel along
the center line. Detailed parameters of the SUV model and
the driver model can be found in authors’ previous work
(12, 13].

4. Safety Margins of Vehicle Rollover
and Skidding

4.1. Safety Margin of Vehicle Rollover. There are two types of
vehicle rollover, nontripped rollover and tripped rollover.
When vehicles’ lateral acceleration exceeds the compensa-
tion limit of lateral tire weight transfer, the vehicle rotates 90
degrees or more around its longitudinal axis, which is called
nontripped rollover. Another is that when a vehicle slips, the
vehicle loses control. The vehicle is impacted by superele-
vation, curb, mollisol, etc., so as to “trip” the vehicle and
rotates 90 degrees or more around its longitudinal axis,
which is called tripped rollover. Based on the above defi-
nition of nontripped rollover, lateral acceleration a,, is used
to characterize vehicle nontripped rollover. Before tripped

rollover, the vehicle will generally skid. In this paper, tripped
rollover is classified as skidding. Only nontripped rollover is
studied, hereinafter referred to as rollover.

The quasistatic model of rigid vehicle [65] is shown in
Figure 2 (ignoring the elastic deformation of the suspension
and tire of the vehicle). The torque formula of quasistatic
model of rigid vehicle is as follows. The moment reference
point of moment balance is the contact point between the
outside wheel on the roll plane and the ground:

B
(Fcosﬁ—mgsinﬁ)hg+NZ,-~B—(Fsin[3+mgcos[3)~E:O.

(1)

Here, F is the centrifugal force; « is the bank angle of the
road; N, and N, are the lateral forces on the inner and
outer tires, respectively; N,; and N, are the vertical forces
on the inner and outer tires, respectively; and B is the wheel-
base.

According to Newton’s second law, Fcosf}—mgsin
B =ma,, a, is the lateral acceleration. Since the cross-slope
angle S of the road is generally small, so sinf=
tan§ = B = i), cos § = 1, which can be derived from equa-
tion (1) as follows:

B
mayhg+FZi-B—(Fﬁ+mg)-E=O. (2)

When the lateral acceleration is large enough, the inner
wheel will leave the ground. Namely, N_; is 0. The vehicle
does not balance in the roll plane and begins to rollover. The
lateral acceleration that the vehicle is at impending rollover
conditions is called the rollover threshold, which can be
derived from equation (2) as follows:

[FB + mg. (B/2)]
ay - mhg . (3)
In this paper, the minimum rollover threshold is used
[65]. Namely, let § = 0; the rollover threshold of the rigid
automobile is a, = B/2h,g. The parameters of SUV are
substituted into the formula and geta, = 1.2g. For SUV, the
rollover threshold of physical model of roll is 30% lower than
that of the quasistatic model of rigid vehicle [65]. Therefore,
the threshold value of rollover here is a® = 0.84, and the
corresponding rollover safety margin is as follows:

M, :a(;—max<|ay(t)|>0SM1§a(;. (4)

4.2. Safety Margin of Vehicle Skidding. When a vehicle is
traveling on a curve, the lateral force perpendicular to the
direction of the vehicle will be produced due to the influence
of centrifugal force and superelevation. When the lateral
force is equal to or exceeds the maximum lateral adhesive
force provided by the road surface, it will cause lateral slip of
one or both axles of the vehicle, which is called skidding.

According to the definition of the skidding, the lateral
force coefficient of wheels is used to characterize vehicle
skidding in this paper. The lateral force coefficient formula of
the vehicle is [65]
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FiGure 1: Flow chart of vehicle dynamics simulation. (a) Open-loop simulation. (b) Closed-loop simulation.

FiGgure 2: The quasistatic model of rigid vehicle.

F..
W= max( 2
Fy;

), i=1,2,3,4, (5)

where F ; is the tire lateral force; F_; is the tire vertical force;
and i=1, 2, 3, 4 left-front wheel, left-rear wheel, right-front
wheel, and right-rear wheel, respectively. When the lateral
force coefficient of any wheel is greater than the maximum
lateral road adhesion coefficient, the vehicle will skid. Let 4}
be lateral force coeflicient when the vehicle is at impending
skid conditions. When y; > i, skidding will occur. The road
adhesion coefficients f, studied here are 0.8, 0.5, and 0.2,
corresponding to dry, wet, and snow conditions, respectively
[65].

Road adhesion coefficient refers to the maximum lon-
gitudinal road adhesion coefficients. According to Lamm
et al. [66], lateral maximum tire-road friction fp .=
0.925f ,. However, a vehicle is at a high slip value in this
paper; the brake is blocked or the slip is accelerated [67]. In
such a situation, the maximum longitudinal friction coef-
ficient is equivalent to the coefficient of sliding friction f .

Namely, f, = f, Therefore, fp . = 0.925f. Table 1 shows
road adhesion coeflicient, coeflicient of sliding friction, and
maximum lateral tire-road friction coefficient of asphalt on
dry, wet, and snow pavements. Here, f , is the road adhesion
coeflicient; f is the coeflicient of sliding friction. Coefficient
of sliding friction is equal to the braking force coefficient
when the sliding rate is 100%, and fp,.. is the lateral
maximum tire-road friction coeflicient.

The safety margin of vehicle skidding on a curve is
defined as the difference between available tire-road (the
lateral maximum tire-road friction coefficient provided) and
the lateral friction demand [44]. So, the corresponding safety
margin of vehicle skidding

M, = ) — max (4)0 < M, <. (6)

5. Pavement Roughness

Road surface is a three-dimensional entity composed of
horizontal curve, superelevation, and grade. Pavement
roughness refers to the deviation value of the longitudinal
concave convex amount of the road surface [68]. Pavement
roughness is important for evaluating the microundulation
and microgeometric dimension of road surface [69, 70]. In
the cross section of the road, pavement roughness can be
singularly manifested as rutting and cross section uneven-
ness, which can cause vehicles to roll.

5.1. Pavement Roughness Classification. The international
organization for standardization [71] first proposed the
expression draft of road roughness. China’s Changchun
Automobile Research Institute formulated “pavement
roughness representation” of the vehicle vibration input.
Both documents adopt the power spectral density G, (n).
The fitting expression of G, (n) is



Journal of Advanced Transportation

TABLE 1: Pavement friction condition.

Road adhesion coeflicient

Coefficient of sliding friction

Lateral maximum tire-road friction coeflicient

fp fs meax = 0'925fs
0.8 0.75 0.69
0.5 0.45 0.41
0.2 0.15 0.13
n v 2 m
Gy (ny) = G, (%)(—) , (7) o, = J Gy (n)dn. (8)
ny n

where 7 is the spatial frequency and expresses the number of
wavelengths per meter; n, is the reference spatial frequency
ny =0.Im™ 1 G, (n,) represents the coeflicient of road
roughness, which is road power spectral density value when
the reference spatial frequency is n, (unit: m*/m™' = m®); w
is the frequency index; and w represents the slope of double
logarithmic oblique line and reflects the structure of power
spectral density of pavement. In the double logarithmic
coordinates, (7) is a slant line. In order to reduce the fitting
error in the actual measurement of pavement, different
coefficients can be selected in the frequency range for
piecewise fitting in different spaces.

ISO classifies pavement roughness into eight grades (ISO
2016), as shown in Table 2. This table also includes the
corresponding coefficient G, (1) of pavement roughness of
different grades and root mean square g,,,(0,) corre-
sponded to different grades of pavement roughness within
the range 0.011lm ' <n<2.83m™ .

5.2. Pavement Roughmness Reconstruction. The common
methods of road spectrum reconstruction include white
noise method, Fourier transform method, time series model
method, and harmonic superposition method. The filter
structure of white noise method is not strict enough. Fourier
transform method has strong expansibility, but compared
with the harmonic superposition method, the accuracy is not
enough. The simulation process of time series model method
is long and the efficiency is low. Therefore, the harmonic
superposition method is used in this paper. Although the
computational burden of this method is heavy, the simu-
lation accuracy is high.

In the method of harmonic superposition, the road
signal is decomposed into a series of sine waves or cosine
waves with different frequency and amplitude by discrete
Fourier transform. The time domain or spatial domain
model of pavement roughness can be obtained by super-
position of a certain number or amount of harmonic waves.
In this paper, sine wave is used to simulate random road
surface. It is worth noting that great attention should be
taken when artificial profiles of pavement are generated as
presented in Loprencipe and Zoccali [72, 73] and Zoccali
and Cantisani [74].

The power spectral density of pavement displacement is
G, (n) in the space frequency of 0.011 <7< 2.83, as shown in
(7). In the stationary stochastic process, according to the
expansion property of power spectral density, the pavement
roughness variance o2 can be expressed as

Interval [n,,n,] can be further divided into several in-
tercells. The spectral density at the center frequency
Mmia-i (1 = 1,2,..., k) of each intercell G, (11,4 ;) is used for
replacing G, (n) of whole intercell. After discretization, the
variance value of pavement roughness shown in formula (8)
can be approximately expressed as follows:

P
7= 6, man (9)

n

Standard deviation of center frequency of each intercell

is 1/G, (11iq_;)n;. The corresponding sine wave function is
expressed as |2G, (g )n; sin (271,34_;x + ;). Therefore

the sine wave function of different intercell is superimposed,
the input value of random displacement space domain of
pavement can be obtained as follows:

q(x) = Z \2G, (Migi)An - sin (27,54 + 6;). (10)
i=1

Here, G, (n,,,4_;) is the power spectral density (unit:
m?/m! = mq3); n is the frequency interval (unit: m™!); X is
the distance travelled (unit: m); and 0; is a random variable
between [0, 2], which is independent and uniformly dis-
tributed. When the interval is divided close enough, that is,
when the k is very large, the frequency characteristics dis-
played by the random displacement input are consistent
with the given road spectrum.

In order to verify the accuracy of reconstructed pave-
ment, the power spectrum density of pavement roughness is
analyzed by Welch’s method, and the power spectral density
of pavement roughness is compared with that of standard
pavement.

As shown in Figure 3, the power spectral density of the
pavement of grade “I” reconstructed and that of the
standard pavement of grade “I” are shown. Due to lack of
space, only the pavement of grade “I” is shown in this
paper, and “B”~“H” pavements are not shown here. Fig-
ure 3 shows that the spatial frequency double logarithmic
function of the power spectral density curve of standard
pavement roughness is linear distribution. The power
spectral density curve of simulated pavement elevation is
obtained by using harmonic superposition method which is
in high agreement with the power spectral density curve of
standard pavement.

Table 2 shows that the root mean squares of pavement
roughness of grade “A”~“H” reconstructed are within the
standard range and very close to the standard value of road
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TaBLE 2: Classification of pavement roughness.

G, (1)/107°m? (1, = 0.1m™1)

aq/10‘3 m0.011m™'<n<283m™! gq/m*m

Grade  Lower Geometric mean value of Upper Lower Root mean square of  Upper Root mean square of
limit road roughness coefficient limit limit road roughness limit  reconstructed road roughness
“T 8 16 32 2.69 3.81 5.38 3.7
“r 32 64 128 5.38 7.61 10.77 7.7
“urr 128 256 512 10.77 15.23 21.53 14.7
A 512 1024 2048 21.53 30.45 43.06 30.2
“v” 2048 4096 8192 43.06 60.9 86.13 61
“vr 8192 16384 32768 86.13 121.8 172.26 121.2
“VIIrr 32768 65536 131072 172.26 243.61 344.52 238
“VIII” 131072 262144 524288 344.52 487.22 689.04 491.1
G ' ' — A grade P‘)avemem road adhesion coeflicient (A x D) which are also considered.
5 00Lr 1 The level of each factor is shown in Table 3, each of which
g contains three factor levels.
g 0 i The road studied in this paper is highway, road width is
E 3.75m, and there are transition sections. The design speed
2 001f . levels are 80 km/h, 100 km/h, and 120 km/h. The levels of all
’ ; ; ; : road factors are selected based on these different design
0 200 400 600 800 1000 speeds. According to the design specification for highway
distance (m) alignment [75], the minimum radius of horizontal curve
_ Simulation value with design speed of 120 km/h is 650 m. Therefore, the radius
— — Theoretical value of horizontal curve is greater than this value. The road radius
Q% selected in this study is shown in Table 3. For the grade level,
&1 °r horizontal, upslope, and downslope sections are selected.
& The grade is designed between the maximum and the
— minimum value. The superelevation selection is evenly
" - " — . distributed within the range allowed by the specification.
10 10 10 10

spatial frequency n (m™)

FIGURE 3: Grade “I” pavement roughness.

roughness. The pavement roughness reconstructed by
harmonic superposition method is in line with the standard.

The reconstructed pavement roughness is incorporated
into road geometry to develop three-dimensional road
surface models. The road models are imported into CarSim,
and the coupling model of human-vehicle-road-road en-
vironment is developed in CarSim. The lateral acceleration
and lateral force coeflicient are used to characterize vehicle’s
rollover and skidding, respectively. The effects of road
factors considering pavement roughness on vehicle rollover
and skidding are then studied.

6. Design of Experiment of Vehicle
Dynamics Simulation

In order to study the influence of various road factors on
vehicle driving safety through relatively few and highly
representative simulations, the orthogonal test method is
used. This paper analyzes the influence of horizontal curve
(A), grade (B), superelevation (C), road adhesion coefficient
(D), vehicle speed (E), and pavement roughness (F) on
vehicle rollover and skidding, and the horizontal curve
interacts with grade (A x B), horizontal curve interacts with
superelevation (A x C), and horizontal curve interacts with

Snow covered pavement (0.2), wet pavement (0.5), and
dry pavement (0.8) are studied. Highway pavement spec-
trum in China is generally within the range of “I,” “II,” and
“III” [76]. Pavement roughness of almost of all newly-built
highways is grade “I.” Most of the pavements with longer
operation time are in grade “II” and some of them are in
grade “III” or “IV” [77]. Rough road surface of the ISO “IV”
grade is not usual in the paved road but refers to an unpaved
road surface extremely irregular. In this paper, road surface
roughness of grade “I,” “II,” and “IV” is studied. Orthogonal
table of L,,(31%) is selected. The parameters of 27 road
models are imported by CarSim. According to the literature
[78], the position of each interaction factor can be obtained,
and the blank column is used as the error term. Table 4
shows the orthogonal table of 27 road models and the safety
margin of rollover and skidding obtained by vehicle dy-
namics simulation.

7. Effect of Pavement Roughness on Vehicle
Rollover and Skidding

7.1. Vehicle Rollover. Table 5 is the variance analysis of safety
margin of vehicle rollover. Some factors have no significant
effect on the results. That is, the sum of squares of this factor
is much less than that of error terms. Specifically, we see
S5 <Se> Sc<Ser Sp <Se» Savs <Se» Saxc <Se» and Syp <.
Therefore, the sum of squares of factors with marginal effect
is absorbed into a single new error term e. The square error
and the new degree of freedom are obtained as follows: S, =
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TaBLE 3: Factors and levels considered in simulation of vehicle dynamics.

A B C D E F

Level hori Radius of Grade (%) Superelevation (%) Road adhesion coefficient Vehicle speed (km/h) Grades of road

orizontal curve (m) surface roughness
1 700 -4 4 0.2 80 “T°

1000 0 6 0.5 100 “I1”
3 1500 4 8 0.8 120 “Iv”
TaBLE 4: Orthogonal design and simulation results.
Factors A B AXxB; AXB, C Ax(C AxC, D AxD, AXxD, E F M, (g) M
Column 1 2 3 4 5 6 7 8 9 10 11 12 13 18 2
1 1 1 1 1 1 1 1 1 1 1 1 1 1 0.5545 0.0532
2 1 1 1 1 2 2 2 2 2 2 2 2 2 0.5166 0.3097
3 1 1 1 1 3 3 3 3 3 3 3 3 3 0.4684 0.622
4 1 2 2 2 1 1 1 2 2 2 3 3 3 0.4668 0.238
5 1 2 2 2 2 2 2 3 3 3 1 1 1 0.5582 0.6865
6 1 2 2 2 3 3 3 1 1 1 2 2 2 0.5178 0.0574
7 1 3 3 3 1 1 1 3 3 3 2 2 2 0.5174 0.6317
8 1 3 3 3 2 2 2 1 1 1 3 3 3 0.4664 0.0176
9 1 3 3 3 3 3 3 2 2 2 1 1 1 0.5582 0.3464
10 2 1 2 3 1 2 3 1 2 3 1 2 3 0.5772 0.068
11 2 1 2 3 2 3 1 2 3 1 2 3 1 0.5501 0.3467
12 2 1 2 3 3 1 2 3 1 2 3 1 2 0.5158 0.6726
13 2 2 3 1 1 2 3 2 3 1 3 1 2 0.5151 0.2898
14 2 2 3 1 2 3 1 3 1 2 1 2 3 0.5789 0.6868
15 2 2 3 1 3 1 2 1 2 3 2 3 1 0.5508 0.074
16 2 3 1 2 1 2 3 3 1 2 2 3 1 0.5505 0.668
17 2 3 1 2 2 3 1 1 2 3 3 1 2 0.5153 0.0434
18 2 3 1 2 3 1 2 2 3 1 1 2 3 0.5789 0.3467
19 3 1 3 2 1 3 2 1 3 2 1 3 2 0.5953 0.0683
20 3 1 3 2 2 1 3 2 1 3 2 1 3 0.5761 0.3545
21 3 1 3 2 3 2 1 3 2 1 3 2 1 0.553 0.6857
22 3 2 1 3 1 3 2 2 1 3 3 2 1 0.5532 0.331
23 3 2 1 3 2 1 3 3 2 1 1 3 2 0.5952 0.687
24 3 2 1 3 3 2 1 1 3 2 2 1 3 0.5764 0.0787
25 3 3 2 1 1 3 2 3 2 1 2 1 3 0.5763 0.6903
26 3 3 2 1 2 1 3 1 3 2 3 2 1 0.5535 0.0678
27 3 3 2 1 3 2 1 2 1 3 1 3 2 0.5952 0.3469
TaBLE 5: Variance analysis of safety margin of vehicle’s rollover.
Source Absorbed  Sum of  Freedom, Mean F . .
of . < Significance Critical value
. into e squares, S f square, S value

variance
A No 0.017 2 0.0085 184.38 Highly
B Yes 1.916E-6 2 9.58E-7
C Yes 3.736E—-6 2 1.868E—6
D Yes 2.352E—6 2 1.176E-6
E No 0.019 2 0.0095 20652  Highly  F, o, (2,22) = 2.56F, s (2,22) = 3.44F,_,, (2,22) =
F No 0.001 2 0.0005  10.87  Highly 5.72F, 4, (4,22) = 2.22F, 05 (4,22) = 2.82F, o0,
(A x B) Yes 7.282E-7 4 1.8205E -7 (4,22)=4.31
(AxC)  Yes 2.935E-6 4 7.3375E—7
(A% B) Yes 3.06E—6 4 7.65E—7
e No 0.001 2 0.0005
el — 1.0147E -3 22 4.61E-5




S, +Sp+Sc+Sp +Suxs + Saxc +Suxp +S, =1.012x 1073
glzld fe=fetfo+tfetfo+fast fact fap+ fe=

The variance test is performed through the formula
F=S;/fi/Selfes. It F2F,_,(f}, fes), the significance of
the influence of this factor on the results was inferred by
significance a. If F; > Fy_ 4, (f, ), this factor has a highly
significant effect on the results. If Fy o (f} fo)>
F;>Fy_g5(f > fe), this factor has a significant effect on the
results. If Fy_o5(f}, fo)>F;2F 1 (f}, fe), the influence
of this factor on the results is generally significant. If
Fy_o,(f}» fe) > F, this factor has no significant effect on the
results.

Table 5 shows F values of horizontal curve (A), vehicle
speed (E), and road surface roughness (F) are greater than
F_01(2,22) =5.72, so the influence of horizontal curve,
vehicle speed, and road surface roughness on safety margin
of vehicle rollover is highly significant. “Highly significance”
indicates that the factor has a highly significant effect on the
test results. The influence of grade (B) and superelevation (C)
and road adhesion coeflicient (D) on the safety margin of
vehicle rollover is not significant.

Figure 4 shows the influence of horizontal curve on
vehicle rollover. The vehicle speed is 80 km/h, and the road
adhesion coeflicient is 0.8 (good pavement). The pavement
roughness is grade “II.” The grade is zero, and road camber is
designed as 2%. The radius of horizontal curve is 500 m,
600 m, 700 m, 800 m, and 900 m, respectively. In the studied
road section, the vehicle starts from the straight section and
passes through the curve steadily. The traveling time be-
tween 9s and 45s was studied.

The first section is a straight section, the middle is a
transition curve section, and the last is a circular curve
section. Figure 4 shows safety margin of vehicle rollover is
not affected in the straight section. In the transition curve
section, with the increase of the radius of the horizontal
curve, the safety margin of the vehicle rollover decreases. In
the circular curve section, the safety margin of the vehicle
rollover is steady at the minimum value, and with the in-
crease of circle curve radius, the stability value of rollover
safety margin is smaller. That is to say, the vehicle is more
prone to rollover with the decrease of horizontal curve
radius.

Figure 5 shows the influence of vehicle speed on safety
margin of vehicle’s rollover. The radius of horizontal curve is
1000 m, and the road adhesion coefficient is 0.8. The pave-
ment roughness is grade “IL.” The grade is not designed, and
road camber is 2%. The vehicle speed is 80 km/h, 90 km/h,
100km/h, 110km/h, and 120km/h, respectively. Figure 6
shows that the greater the vehicle speed, the smaller the
safety margin of vehicle rollover, and the vehicle is more
prone to rollover.

Figure 6 shows the influence of pavement roughness on
safety margin of vehicle rollover when the road is a curve.
The vehicle speed is 80 km/h. The radius of horizontal curve
is 1000 m, and the road adhesion coefficient is 0.8, no grade,
and road camber is designed as 2%. The pavement roughness
of grade “I,” “II,” “III,” and “IV” is studied, respectively.
According to Figure 6, with the change of pavement
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roughness level, the safety margins of vehicle rollover are
coincident. Namely, with the change of pavement roughness
level, the change of safety margin of vehicle rollover is not
obvious. According to Table 5, F value of horizontal curve is
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far greater than that of road roughness. It means that when
there are both curves and road roughness, the influence of
pavement roughness is negligible as compared to that of the
curve.

In order to further study the influence of pavement
roughness on safety margin of vehicle rollover. The straight
road sections are studied, as shown in Figure 7. Figure 7
shows that the pavement roughness of grade “I” and “II” has
little influence on safety margin of vehicle rollover. These
values are steady at the maximum rollover safety margin
(0.84 g). It also shows that the fluctuation range of the curve
of the safety margins of vehicle rollover corresponding to
roughness grade “II” is greater than that of roughness grade
“L.” Figure 7 shows that the safety margins of vehicle rollover
of grade “III” and “IV” are smaller than that of “I” and “IL.”
The curves of grade “III” and “IV” coincide. These values are
steadily at 0.83 g. The fluctuation range of the curve of grade
“IV” is larger than that of grade “II.” The analysis indicates
that the greater the pavement roughness grade is, the smaller
the safety margin of vehicle rollover is. In other words, the
vehicle is more prone to rollover.

7.2. Vehicle Skidding. Table 6 shows variance analysis of
safety margin of vehicle skidding. The F values of horizontal
curve (A), road adhesion coefficient (D), and vehicle speed
(E) in Table 6 are greater than F,_,, (2,16) = 6.23, so the
impact of these factors is highly significant on safety margin
of vehicle skidding. The F value of superelevation (C) is
greater than F;_;(s(2,16) =3.63 and less than
Fl_ o001 (2,16) = 6.23, so the superelevation has a significant
impact on the safety margin of vehicle skidding. “Highly
significance” indicates that the factor has a highly significant
effect on the test results. The impact of grade (B) and
pavement roughness (F) on the safety margin of vehicle
skidding is not significant.

Figure 8(a) shows the influence of horizontal curve on
safety margin of vehicle skidding; the design parameters in
Figure 5(a) are consistent with that of Figure 5. Figure 8(a)
shows that the larger the radius of horizontal curve is, the
greater the safety margin of vehicle skidding is, and the
vehicle is more prone to skidding. Figure 8(b) is the in-
fluence of vehicle speed on the safety margin of vehicle
skidding; the design parameters in Figure 8(b) are consistent
with that of Figure 6. Figure 8(b) shows that the higher the
vehicle speed is, the smaller the safety margin of vehicle
skidding is, and the vehicle is more prone to skidding.

Figure 8(c) is the influence of the superelevation on the
safety margin of vehicle skidding. The vehicle speed is
80 km/h, the road adhesion coeflicient is 0.8, no grade and
road roughness, the radius of horizontal curve is 300m, and
the superelevation is 0.02, 0.04, 0.06, 0.08, and 0.1, re-
spectively. Figure 8(c) shows that the larger the superele-
vation is, the greater the safety margin of vehicle skidding is,
and the vehicle is not prone to skidding.

Figure 8(d) is the influence of road adhesion coeflicient
on the safety margin of vehicle skidding. The vehicle speed is
80 km/h; the road adhesion coefficient is 0.8. The pavement
roughness is grade “II.” The grade is not designed. The radius
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FiGure 7: Effect of pavement roughness on safety margin of vehicle
rollover (straight line).

of horizontal curve is 1000 m, and the superelevation is set as
0.2, 0.3, 0.5, 0.7, and 0.8. Figure 8(d) shows that the greater
the road adhesion coefficient is, the greater the safety margin
of vehicle skidding is, and the vehicle is not prone to
skidding.

8. Pavement Differential Settlement

8.1. Pavement Differential Settlement due to Bridge Widening.
Fanyang River Bridge is widened on the left and right sides
to accommodate more lanes for traffic. The old bridge is
366.04 m long and 28 m wide. The geometric alignment of
the new bridge is consistent with those of the old bridge.
Cross view of the widened Fanyang River Bridge is shown in
Figure 9, in which two new bridges with a width of 6.5 m are
added to the left and right sides of the old bridge. Each new
bridge consists of two lanes, with each lane having a width of
3.75m (CCCC First Highway Consultants Co., 2017). After
the completion of the new bridge, five lanes are on the right
side and five lanes are on the left side.

The scenario considered in this study is that there is a
differential settlement in pavement at the joint between the
old and new bridges, as shown in Figure 10. Assume that the
left side of the joint is the old bridge lane and the right side is
the new bridge lane in the direction of the vehicle. A 140 m
long bridge section is studied, which is a straight segment
with no grade and no superelevation. When a vehicle
crossing the joint to make a lane change from the old bridge
(the red part in Figure 10) to the bridge (the blue part in
Figure 10), the trajectory of the vehicle traverses the dif-
ferential settlement, as shown in Figure 11, posing some
risks to vehicle stability.

This section studies the influence of settlement differ-
ences of widened bridges on the risk of vehicle rollover and
skidding under different pavement conditions. Lateral ac-
celeration and lateral force coefficient are used to charac-
terize vehicle’s rollover and skidding, respectively. A human-
vehicle-bridge coupling dynamic model is developed in
CarSim. In the simulation model, a number of assumptions
are made, including that there is a 45° slope at the joint of the
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TaBLE 6: Analysis of vehicle skidding safety margin variance.

Source of variance Sum of squares, S Freedom, f Mean square, S F value Significance Critical value
A 0.007 2 0.0035 12.93 Highly
B 0 2 0
C 0.002 2 0.001 3.70 Significance
D 1.369 2 0.684 2527.72 Highly
E 0.006 2 0.003 11.09 Highly F, o, (2,16) = 2.67;
F 0.001 2 0.0005 Fy 005 (2,16) = 3.63;
(Ax B) 1.618E — 04 4 4.05E-05 Fio01 (2,16) = 6.23
AxC) 6.633 E—04 4 1.65825E — 04
(
(Ax D) 2.504E - 04 4 6.26E-05
e 0.002 2 0.001
et 4.330E-03 16 2.706E — 04
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Road adhesion coeflicient.

new and old bridges, as shown in the yellow circle in Fig-
ure 11; the vehicle is traveling at a steady speed of 50 km/h
when changing lanes. To study the influence of pavement
condition and settlement difference on road safety, three
levels of road adhesion coefficient are considered: 0.8 (dry
pavement), 0.5 (wet asphalt pavement), and 0.2 (compacted
snow pavement), and five levels of settlement difference are
considered: 1 cm, 2cm, 3 cm, 4cm, and 5 cm, respectively.

8.2. Effect of Pavement Differential Settlement on Vehicle
Rollover and Skidding. Figure 12 shows the influence of
settlement difference on the safety margin of vehicle

skidding, when the road adhesion coefficients of the bridge
are 0.2, 0.5, and 0.8, respectively. Figure 12 shows that when
the road adhesion coefficient is small (0.2, 0.5), the safety
margin of vehicle skidding is less affected by settlement
difference. When the road adhesion coefhicient of the bridge
is 0.2, the safety margin of vehicle skidding is less than 0,
which indicates that the vehicle has skidded. The vehicle will
deviate from the original driving lane and collide with the
vehicle in the adjacent lane. If obstacles or potholes are
encountered in the process of skidding, the vehicle is likely to
roll over. This phenomenon is related to the low road ad-
hesion coefficient.
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When the road adhesion coefficient is 0.5, the safety
margin of vehicle skidding is less than 0.1. Although the
vehicle will not skid, the vehicle is prone to skidding due to
the low safety margin. When the road adhesion coeflicient is
0.8, the safety margin of vehicle skidding is high, and the
possibility of vehicle skidding is low. However, when set-
tlement difference is 1-4 cm, the safety margin of vehicle
skidding is not affected. When the settlement difference is
5cm, the safety margin of vehicle skidding decreases. It is
thus clear that when the settlement difference is 5 cm, the
driving safety of vehicles will be affected.

Figure 13 shows the influence of settlement difference of
new and old bridges on vehicle rollover, when the road
adhesion coefficients of the bridge are 0.2, 0.5 and 0.8, re-
spectively. Figure 13 shows that when the road adhesion
coefficients are 0.5 and 0.8, the safety margin of vehicle
rollover is little affected by the settlement difference, and the
two curves basically coincide. When the adhesion coefficient
is 0.2, the safety margin of vehicle rollover decreases with the
increase of settlement difference. The analysis indicates that
when the road adhesion coefficient is low, the vehicle
rollover is greatly affected by the settlement difference.

In addition, Figure 13 shows that when the road ad-
hesion coeflicient is 0.2, the safety margin of vehicle
rollover is greater than that when the road adhesion co-
efficients are 0.5 and 0.8, respectively. That is, when the
road adhesion coeflicient is 0.2, the vehicle is not more
prone to rollover. Based on the above analysis of skidding,
when the road adhesion coefficient is 0.2, the vehicle has
skidded when changing lanes. It is thus clear that vehicle
skidding has an impact on vehicle rollover, and vehicle
skidding will reduce the possibility of vehicle rollover
(nontripped rollover).

8.3. Effect of Vehicle Speed on Rollover and Skidding when
Crossing Differential Settlement. To study the influence of
vehicle speed on driving safety of vehicle when there is set-
tlement difference, the settlement difference is designed at
5cm. The road adhesion coefficient is designed at 0.8. The
vehicle changes lanes at speeds of 50 km/h, 60 km/h, 70 km/h,
80km/h, and 90km/h, respectively; the safety margin of
vehicle rollover and skidding is shown in Figure 14. Figure 14
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shows that the safety margin of vehicle rollover and skidding
decreases with the increase of vehicle speed. When the speed
is 70km/h, the safety margin of vehicle skidding is 0.024,
which is very low and the vehicle is prone to skidding. When
the vehicle speeds are 80 km/h and 90 km/h, the safety margin
of vehicle skidding is less than 0, and theoretically, the vehicle
has skidded.

When the vehicle speed is less than 80 km/h, the safety
margin of vehicle rollover is greater than 0.1, and the vehicle
is not prone to rollover. When the speed is 90 km/h, the
safety margin of vehicle rollover is 0.079, which is very low
and the vehicle is prone to rollover.

Figure 14 shows that when the settlement difference
between the new and old bridges is 5cm, the lane-
changing speed of vehicles has a great influence on the
safety margin of vehicle rollover and skidding. When the
lane-changing speed is greater than or equal to 70 km/h,
the vehicle is prone to skidding. When the lane-changing
speed is greater than or equal to 90 km/h, the vehicle is
prone to rollover. Therefore, when the settlement dif-
ference is greater than or equal to 5 cm, the vehicle speed
should be strictly controlled. In addition, because the scale
of primary ordinate and secondary ordinate is consistent,
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the safety margin of vehicle rollover and skidding can be
compared. Figure 14 shows that the safety margin of
rollover is always greater than that of skidding. Namely,
when the settlement difference is 5cm and the road ad-
hesion coefficient is 0.8, it is more prone to skidding than
rollover.

9. Concluding Remarks

The influence of pavement roughness on vehicle rollover
is significant, while the influence of pavement roughness
on vehicle skidding is not significant. The higher the
grade of pavement roughness, the smaller the safety
margin of vehicles rollover. The influence of pavement
roughness of grade A and B on vehicle rollover is neg-
ligible. Pavement roughness of grade C and D signifi-
cantly reduces safety margin of vehicle rollover. As
pavement roughness further deteriorates to grades lower
than D, the safety margin of vehicle rollover gets further
reduced. Therefore, pavement roughness should be
considered in road safety study. Timely pavement
maintenance to restore evenness of pavement surface is
critical to improve road safety.

When road adhesion coefficients of the bridge are 0.2
and 0.5, and vehicles change lanes at a speed of 50 km/h,
the safety margin of vehicle skidding is not affected by the
settlement difference. When the road adhesion coeffi-
cient of the bridge is 0.8 and the settlement difference is
between 1cm and 4cm, the safety margin of vehicle
skidding is not affected by the settlement difference.
When the settlement difference is 5 cm, the safety margin
of vehicle skidding reduces. The settlement difference of
5cm can be used as a reasonable standard for pavement
maintenance from road safety point of view. When the
road adhesion coefficients of the bridge are 0.5 and 0.8,
and vehicles change lanes at a speed of 50 km/h, the safety
margin of vehicle rollover is little affected by the set-
tlement difference. When the road adhesion coeflicient is
0.2, the safety margin of vehicle rollover decreases with
the increase of settlement difference.

It is also found that vehicle skidding can reduce the risk
of nontripped rollover. When the settlement difference is
5cm and the road adhesion coefficient is 0.8, the safety
margin of vehicle skidding and rollover decreases with the
increase of lane-changing speed of vehicles, and the vehicle is
more prone to skidding than rollover. When the settlement
difference is greater than or equal to 5cm, vehicle lane-
changing speed should not exceed 70 km/h. For the sake of
traffic safety, lane-changing speed of vehicles should be
strictly controlled.
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