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Abstract: Many northern hemisphere countries have experienced exceptionally heavy snow, blizzards,
and cold snaps in recent years, causing considerable public concern about the high crash rate
and safety issues in road traffic. This study used the CarSim dynamics simulation to recreate
several vehicle driving scenarios in snow and ice conditions. To explore the influence of speed,
curve radius, and road adhesion coefficient on vehicle sideslip and rollover, four lateral stability
evaluation indicators, namely lateral offset, lateral acceleration, yaw rate, and roll angle, are chosen.
Unfavorable combinations of these factors result in vehicle deviation from their intended trajectory
and dramatically increase the likelihood of sideslip and rollover incidents. In particular, road
adhesion coefficients ranging from 0.10 to 0.20 lead first to sideslip, while coefficients of 0.21 to 0.35
lead straight to rollover. Additionally, in the initial segment of the curve, cars are more susceptible
to lateral instability. Curve radius has the greatest influence on sideslip when the three influencing
factors are combined, while speed is the key component affecting rollover incidents. Smaller curve
radii and higher speeds are major factors in such incidents. The results are helpful for proper road
alignment parameter selection and dynamic speed-limit measures. This can provide a theoretical
basis for traffic management departments to take targeted measures, which is of great significance to
improving road traffic safety in snowy and icy weather.

Keywords: snowy and icy weather; vehicle dynamics simulation; lateral instability; road alignment;
vehicle speed

1. Introduction

Adverse weather has long been a significant contributing factor to traffic crashes. It
has persistently offered a serious challenge to road traffic safety as an environmental factor
impacting driving conditions, resulting in a substantial increase in road traffic crash rates [1].
According to the NHTSA, adverse weather caused 12% of all crashes [2]. Adverse weather
conditions include fog, rain, snow, wind, and other unfavorable weather conditions [3],
with snow and ice being two of the most dangerous factors [4,5], affecting the driver’s
vision, psychology, driving behavior decisions, and even the vehicle’s controllability and
other aspects. According to statistics from the United States, around 24% of crashes occur
on snowy, muddy, or icy roads, and 15% of crashes happen when it is snowing or sleeting
each year. Furthermore, in a typical year, winter weather conditions involving snow and
ice kill over 2200 people and injure over 192,800 others in highway crashes [6]. European
countries are intensively researching the impact of weather on driving safety. The reports
of road traffic crashes in the Czech Republic from 1979 to 2020 and in Germany from
2006 to 2017 show that snow has the greatest influence on crashes [7,8]. Based on an
analysis of 10,646 traffic crashes on 43 major roads in Finland from 2014 to 2016, Malin
et al. [9] discovered that the likelihood of crashes was more than three times higher during

Sustainability 2024, 16, 888. https://doi.org/10.3390/su16020888 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su16020888
https://doi.org/10.3390/su16020888
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su16020888
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16020888?type=check_update&version=1


Sustainability 2024, 16, 888 2 of 30

the winter. Likewise, Canada, the Korean Peninsula, and Japan concluded that snowfall
increases crashes and their severity [10,11]. It is crucial to highlight that snowy and
icy weather conditions are common in many locations around the world, affecting the
ability to travel for a large proportion of the worldwide population. In the United States,
70% of the road network is in snowy areas, where approximately 70% of the population
resides. Similarly, almost 80% of China’s roads, across all classifications, are in frigid
regions. During the winter, Japan and the Korean Peninsula receive significant snowfall
and blizzard conditions, and certain sections of Russia experience snow accumulation that
lasts up to 11.5 months per year [12]. Countries with a cold and snowy winter are forced
to invest substantial financial resources in snowy and icy road maintenance, resulting in
notable positive outcomes [6,13,14]. However, vehicles will continue to operate on icy
and snowy road surfaces for longer periods in places with prolonged winter durations
due to factors such as significant precipitation, large distances, and delayed snow-clearing
procedures. As a result, this situation presents a compelling reason to explore the safety of
driving vehicles on such hazardous roads.

The research community has paid close attention to road traffic safety in snowy and
icy conditions [15]. Based on crash data, many studies have found that the frequency of
traffic crashes suddenly increases after snowfall in the winter, causing serious injuries
to the occupants [16,17]. Researchers have constantly focused on studying the incidence
rate of crashes in snowy weather and the severity of collisions using crash data [16].
According to crash statistics, road traffic crashes occur at a significantly higher rate and
cause more extensive damage in wintry conditions than in normal weather conditions [18].
These incidents, in particular, cause injuries and property damage that are several times
larger than those seen in normal weather. To reduce the impact of crashes, researchers
have developed models and algorithms that use crash and weather data for analysis and
prediction. These models and algorithms can be used to predict risk prior to the arrival
of snow and ice or to implement various road maintenance strategies to ensure the safe
operation of vehicles in wintry conditions [15,19], thereby reducing collision rates [20].
Although these research efforts have had a positive effect on crash occurrence rates, they
are still some way from achieving the ultimate goal of lowering crashes to a greater extent.
In order to successfully reduce the frequency of such incidents, there is an urgent need to
examine the driving characteristics of vehicles on snow and ice, as well as the underlying
mechanisms that contribute to crashes. Due to the minimal tire-to-road friction under
such conditions, vehicles involved in collisions are prone to sideslips or rollovers. Such
incidents occur when drivers lose control of their vehicle’s trajectory, and the resulting rapid
shift in trajectory is the direct cause of crashes and rear-end crashes involving numerous
vehicles. As a result, the destabilization of a vehicle’s lateral state on snowy and icy roads
is an important consideration. Nonetheless, research on vehicle sideslips and rollovers
in snowy and icy situations is severely lacking. Furthermore, the lack of appropriate
driving practices and safety measures for such conditions makes it difficult for drivers to
manage their vehicles on snow and ice. Given this, the focus of this research is on vehicles
traveling in snowy and icy conditions. A road in Jiamusi City, Heilongjiang Province, China,
known for its cold and snowy weather, served as the research backdrop using CarSim
(2019.0) vehicle dynamics simulation software to establish a driver–vehicle–road model to
reproduce various scenarios of vehicles driving in snowy and icy weather, and explore the
restrictive factors and mechanisms that affect the lateral stability of vehicles, quantitatively
analyze the relationship between sideslip and rollover and the influencing factors, explore
the interaction mechanism of multiple factors during driving, and reveal the characteristics
and laws of crashes to improve the safety of vehicles driving in snowy and icy weather.
The aim of this study was to find ways to effectively reduce the traffic accident rate and
improve the traffic safety status of extreme weather on the whole. The rest of the paper
is organized as follows. Section 2 reviews previous related research. Section 3 introduces
the simulation approach and strategy. Section 4 analyzes the simulation results. Section 5
discusses the importance of influencing factors and the focus of attention on improving
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driving safety. Finally, Section 6 summarizes and proposes future research directions. The
research flow chart is shown in Figure 1.
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2. Literature Review

In recent years, scholars have conducted substantial research on the safety of vehicles
while traveling, with a special emphasis on the positive impact of investigating vehicle
lateral stability. The lateral stability of a vehicle refers to its ability to resist rollover and
sideslip, particularly when traveling on curved roads [21]. Insufficient lateral tire forces to
overcome severe centrifugal forces reduce vehicle stability greatly [22]. Sideslip or rollover
incidents, which are the most common type of single-vehicle crash, can occur in severe
cases [21,23]. These incidents typically occur in adverse weather, particularly snow and
ice. Because of the combination of a small quantity of precipitation and tire rolling, the
melted snow alters the road surface from dry to wet during the commencement of snowfall.
As a result, as snow accumulates on the road, the road adhesion coefficient drops [23].
More seriously, rising humidity and temperatures can transform snow into slush. If the
temperature falls below freezing at night, the melted snow refreezes, leading to a significant
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decrease in the road adhesion coefficient [24] and reducing drivers’ ability to control their
vehicles [25]. As a result, sideslip and rollover crashes occur [22,26].

Studies have demonstrated that sideslip and rollover incidents are common on curved
roads [27], which has aroused researchers’ interest in learning more about how curves affect
vehicle safety. According to Alrejjal and Ksaibati [28], vehicles traveling on curved roads
have a higher requirement for side friction, which reduces the safety factor of sideslips.
Furthermore, during emergency braking, sideslip and rollover safety margins are dramat-
ically reduced. Furthermore, when the curve radius is small [29], particularly when it is
less than 200m or when a small radius curve combines with a vertical curve, vehicles are
highly susceptible to sideslip. Sideslip and rollover appear as the primary threats during
vehicle travel in such situations [30,31]. Lateral acceleration is an important indicator of
vehicle instability [32], and it increases dramatically when a vehicle travels on curved
roads [25], resulting in increased driver discomfort. There is a risk of sideslip and rollover
once the lateral acceleration exceeds a critical value [33,34]. At greater operating speeds,
the impacts are more severe [1]. The load transfer ratio (LTR) is another classic indication
that characterizes the occurrence of vehicle rollovers [35,36]. It is established using the
vertical reaction force exerted by the tires. When one side of the wheel loses contact with
the ground, the vertical reaction force on that side of the tire becomes zero [37]. Another
often-used measure to assess lateral stability is lateral offset [38,39]. It provides an intuitive
assessment of the possibility of a vehicle sideslip and accurately analyzes the driving
situation. A lateral offset distance of more than 30 cm is usually suggestive of a vehicle
sideslip. Roll angle, sideslip angle, side friction coefficient, and yaw angle are additional
important indicators for assessing vehicle lateral stability [40–43].

In addition to weather and road factors, there are also driver factors that contribute to
vehicle sideslips and rollovers [44,45]. Scholars largely agree that sideslips and rollovers
are caused by a driver’s interaction with the vehicle, road, and environment [30]. Human
negligence happens by chance among driver factors, making it difficult to foresee and
guide in advance [11]. As a result, most research focuses on driver speed control in order
to reduce the possibility of driving errors and the terrible consequences that occur due to
driving errors by establishing limiting speeds. According to Deutermann [46], speed is
a critical element leading to rollover events, with most rollovers occurring at speeds of
89 km/h or above. Cheng et al. [47] and Xin et al. [48] developed formulas for determining
safe speeds in abrupt corners for vehicles and trucks, respectively, providing insights on
strategies to reduce lateral destabilization incidents. Gallen et al. [49] established speed
restrictions by using precipitation, visibility, vehicle characteristics, and driver reaction
time, as well as emergency braking considerations. Yan et al. [26] calculated the suitable
speed limit for trucks in curves by integrating turning and braking while considering the
friction coefficient of wet roads and the principle of the friction ellipse. Their approach
helps traffic managers make decisions and, to some extent, reduces the traffic impact caused
by adverse weather. Although these methods produce more accurate safe speeds for road
speed limits, the deceleration amplitude is frequently less than that implied by the signs
when slowing down in curves, and lateral instability incidents can occur even at speeds
lower than the speed limit [50]. Even in snowy and icy weather, vehicles may sideslip
when traveling at speeds 8–16 km/h below the speed limit [28]. It is clear from this that
previous studies did not sufficiently account for speed limit values into account and the
model utilized has to be improved. As a result, defining an appropriate speed limit remains
the focus of research efforts, which requires a combination of several factors.

Significant progress has been achieved in crash risk detection and prevention studies,
as well as in simulation modeling of vehicle lateral instability. To estimate crash risks, Xu
et al. [39] conducted on-road driving tests, translated the obtained driving trajectories into
a coordinate system, and determined the lateral deviation rate (LDRT). Wang et al. [50]
collected approximately 10,000 vehicle trajectories traveling on horizontal curves to investi-
gate factors influencing speed on curves using generalized estimating equations. Zhang
et al. [51] conducted a study on the identification and prediction of road crash hazards using
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real-time tire force data and developed both a negative binomial regression model (NBR)
and a random-effects negative binomial regression model (RENBR). Pang et al. [15] used
four years of snowfall crash data from New York State to develop a stochastic parametric
model with mean and variance heterogeneity to investigate the effect of various factors
on crashes. There is no doubt that these studies have produced irreplaceable positive
results in this field. However, many of these methods are developed based on big data sets,
which may pose challenges in data collection and acquisition in some cases. For instance,
field tests may encounter challenges in managing environmental and traffic conditions,
potentially leading to crashes [52]. Furthermore, the data collection process may take a long
time and contain inaccuracies [53]. To overcome the challenges of data collection in this
field of study, researchers developed several models that integrate vehicle performance for
crash analysis and prevention. Sentouh et al. [54] developed a four-wheel-vehicle dynamics
model for off-road collision avoidance and used the sideslip angle. You et al. [55] used a
closed-loop dynamics model for conventional vehicles to develop a vehicle performance
function for analyzing sideslip and rollover incidents. Dhahir and Hassan [56] proposed
a probabilistic safety explicit method for horizontal curve design that uses performance
functions to assess horizontal curve reliability based on four design criteria: vehicle perfor-
mance, driver comfort, sight distance, and rollover. Furthermore, they predicted horizontal
curve safety performance. Zolali et al. [57] used structural equation modeling (SEM) to
investigate complex relationships between variables and the factors that influence speed
fluctuations during vehicle travel.

Furthermore, simulation methodologies can be used to assess vehicle driving risk [58,59].
Scholars have recognized that these approaches not only help avoid crashes in field testing
but also aid in lowering the high testing costs. Shin and Lee [22] analyzed vehicle driving
behavior using TruckSim simulation software and determined that truck rollovers are
particularly sensitive to vehicle speed, whereas sideslips are mostly impacted by the road
adhesion coefficient. Abdollahzadeh Nasiri et al. [60] analyzed the real-time impacts of
vehicle weight, size, longitudinal gradient, and speed variations on a spiral curve using a
multibody dynamics simulation approach. Yildiz and Özel (2021) [43] chose an autonomous
vehicle to subtract the consideration of driver mistakes and steering response delays in
the vehicle, and they set the vehicle stability strategy by calculating the yaw rate and
sideslip angle. Sharf Aldeen et al. [61] investigated dynamic changes and variations in
maximum side friction coefficient, lateral acceleration, roll rate, and roll angle among
different vehicle types while driving on simple and spiral horizontal curves using CarSim
and TruckSim. The findings show that the vehicle dynamics simulation model can respond
to the vehicle’s performance in real-time, capturing dynamic changes during the driving
process and evaluating operational characteristics under specified situations. This makes it
easier to summarize the laws influencing vehicle stability at different operating speeds and
road alignments.

According to the reviewed literature, vehicle crash studies frequently use mathematical
models or simulation approaches to examine hazardous scenarios that take into account
road, environmental, driver, and vehicle factors. However, studies on vehicle travel
stability that take into account the combined impacts of snowy and icy road conditions,
road alignment (e.g., curve radius, superelevation), and speed are lacking. In this work, we
focus on the factors that influence crashes and use a CarSim dynamics simulation approach
to analyze the lateral stability of the vehicle, investigating the mechanisms of sideslip and
rollover under poor weather conditions such as snow and ice. These findings provide
important information for the development of crash prevention and management strategies.

3. Methodology
3.1. Mechanical Analysis of Vehicle Lateral Instability

This study focuses on the driving environment and uses CarSim dynamics simulation
software to investigate the impact of road geometry, pavement conditions, speed, and
other variables on vehicle lateral stability while traveling. The approach assumes the
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vehicle has a rigid body and ignores the influence of the suspension and tires. The force
study of the vehicle on curved roads was performed using the approaches of Dhahir and
Hassan [56], as well as Qu et al. [35], with the lateral instability analysis shown in Table 1.
Equations (6) and (9) must be met to prevent the vehicle from sideslipping and rolling.
The geometric parameters of the vehicle, road curve radius, superelevation, friction force,
coefficient of adhesion, speed, acceleration, and other parameters all have an impact on
vehicle stability. The study investigates the effects of curve radius, road adhesion coefficient,
and vehicle speed on sideslip and rollover through simulation, based on force analysis, to
clarify the generation mechanism of sideslip and rollover phenomena in vehicles traveling
in snowy and icy weather conditions.

Table 1. Mechanical analysis of vehicle lateral instability.

Sideslip Rollover Note

Schematic
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(8)
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3.2. Evaluation Indicators

Numerous evaluation indicators are employed in the simulation and field test to
measure the lateral stability state of the vehicle while traveling. Table 2 summarizes the
evaluation indicators used in current literature to provide a summary of historical research.
In the studies cited, the most commonly used indicator is lateral acceleration, followed by
yaw angle, roll angle, sideslip angle, lateral force, load transfer ratio (LTR), lateral offset,
and tire vertical reaction force. These indicators are distributed in a three-dimensional
dynamic coordinate system to assess the vehicle’s operating state from multiple directions,
effectively defining the sideslip and rollover tendency. The coordinate system is centered
on the driver, with the X-axis indicating front and rear vehicle movement, the Y-axis
representing left and right lateral directions perpendicular to the vehicle’s motion, and the
Z-axis representing the vertical direction of the vehicle’s plane. As shown in Figure 2a, this
forms a three-dimensional coordinate system to characterize the vehicle’s movements. To
characterize the vehicle’s state, the roll angle and LTR are used as motion indicators along
the X-axis direction. The roll angle indicates the vehicle’s inclination toward the ground
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as it travels around a curve. Rollover is possible if the roll angle is high enough because
there is an increase in load on one side of the front and rear axles’ wheels during vehicle
roll and a decrease in load on the other side. Therefore, LTR can also be used to reflect the
load transfer caused by rollover and evaluate the rollover risk. The Y-axis indicators of
lateral acceleration, sideslip angle, lateral force, and side friction factor characterize the
vehicle’s motion state. When traveling around a curve, the vehicle generates a lateral force
perpendicular to its motion, and the side friction given by the road may be insufficient
to resist this lateral force. As a result, there is a large lateral acceleration and sideslip
angle, which can lead to vehicle sideslip. As a result, these indications accurately describe
the vehicle’s likelihood of sideslip. Yaw rate and tire vertical reaction force are Z-axis
evaluation indicators. The magnitude of the yaw angle represents the vehicle’s rotational
deflection angle around the vertical axis. An uneven distribution of vertical reaction force
between the front and rear axles, as well as the left and right tires, might increase the
likelihood of a rollover. These indications can also be categorized based on the two types of
lateral crash states that occur while driving a vehicle. Sideslip can be indicated by lateral
acceleration, sideslip angle, lateral force, and side friction factor, whereas roll angle, load
transfer ratio, yaw rate, and vertical reaction force describe the vehicle’s rollover state.
Some indicators, such as lateral acceleration and side friction factor, are relatively complete,
defining both vehicle states at the same time. Based on research findings in the relevant
literature and the functions of each evaluation indicator, we selected some representative
and most frequently used evaluation indicators indicating the vehicle’s motion state in
each direction for our investigation. Roll angle, lateral acceleration, and yaw rate are the
indications in the X-, Y-, and Z-axis directions, respectively. Furthermore, in addition to
real-time vehicle dynamics, we should also consider the cumulative risk indicators of the
vehicle. We chose the lateral offset [62], which reflects the vehicle’s trajectory deviation and
intuitively depicts the vehicle’s sideslip tendency. These four indicators will be used in
future studies. Figure 2b,c illustrate the chosen indicators.

Table 2. Main evaluation indicators of lateral stability of the vehicle.

References Lateral
Acceleration

Yaw
Angle

Roll
Angle

Sideslip
Angle LTR Lateral

Force
Lateral
Offset

Vertical
Reaction

Force

Side
Friction
Factor

Shin and Lee, 2015 [22]
√ √ √ √ √ √

Kordan et al., 2018 [44]
√ √ √

Chu et al., 2018 [63]
√ √ √ √ √ √

Qu et al., 2018 [35]
√ √ √

Dhahir and Hassan, 2018
[56]

√ √ √

Ataei et al. 2018 [64]
√ √ √ √

Mauriello et al. 2018 [38]
√

Cheng et al., 2019 [65]
√ √ √ √

Jin et al., 2019 [36]
√ √ √ √ √

Nasiri, 2020 [60]
√ √

González et al., 2020 [66]
√ √

Yin et al., 2020 [67]
√ √ √ √

Li et al., 2022 [68]
√ √

Wang et al., 2021 [62]
√ √

Tian et al., 2021 [23]
√ √

Xin et al., 2021 [48]
√ √

Ikhsan et al. 2021 [69]
√ √ √

Wang et al. 2022 [53]
√ √ √ √ √

Xu et al., 2022 [70]
√ √ √ √

Zhu et al., 2022 [21]
√ √ √ √ √
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In addition to evaluating the selected vehicle’s motion state during the traveling pro-
cess in each direction, it is critical to determine the threshold values for these indicators
when the motion state changes. These thresholds serve as warning indicators that the
vehicle has deviated from its regular traveling state and is at risk of a sideslip or rollover
incident. These threshold values were determined using China’s “Limit Values and Eval-
uation Methods of Automobile Maneuvering Stability Indicators” (QC/T480-1999 [71]),
which included steady-state slewing and serpentine tests, among other procedures. This
study refers to ISO 3888-2:2011 [72], EU Regulation 661/2009 [73], and prior studies by
scholars when considering the influence of vehicle parameter fluctuation on evaluation
indicator thresholds [26,35,48,74–76]. The determined thresholds are: for lateral offset,
0.3 m, for lateral acceleration, 0.4 g, for yaw rate thresholds, 25 deg/s (60 km/h), 17.5 deg/s
(80 km/h), and 10 deg/s (100 km/h), and roll angle thresholds, 1.2 deg (60 km/h), 0.95 deg
(80 km/h), and 0.7 deg (100 km/h). These evaluation indicator thresholds will help in
identifying changes in the operational state of the vehicle during the simulation analysis.

3.3. Simulation Modelling
3.3.1. Model Parameters Setting

CarSim software is a simulation tool designed for vehicle dynamics and is used in
this work to model and simulate the vehicle’s motion. It offers flexibility and convenience,
catering to various vehicle types such as sedans, light-duty trucks, and SUVs, supported by
an extensive database of vehicle models. Vehicle, driver, road, and environment parameters
are modified to reflect real-world situations, ensuring the vehicle drives appropriately under
the given simulation conditions and match actual driving scenarios. Figure 3 illustrates
the scenario and the parameter setting process for vehicle travel simulations. The chosen
road model represents a highway in Heilongjiang Province that runs north to south for
157.85 km. The primary road specifications are an 80 km/h design speed, a 3.75 m road
width with four lanes in both directions, and a 0.75 m shoulder width. The simulation study
focuses on a specific road that includes a straight, a transition curve, a curve, a transition
curve, and a straight. Appendix A contains the detailed parameters of the road simulation.
Validations are performed using double lane change tests to check the adequacy of the
simulation model’s parameters.
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3.3.2. Double Lane Change Test

The double lane change test is a standard vehicle handling evaluation method used
to analyze vehicle stability performance and trajectory variations during lane changes. In
this test, the vehicle enters a designated lane at a constant speed and performs steering
operations while maintaining its position inside the lane borders. An optimal preview
control model is used to perform the double lane change test, and essential parameters
such as preview time, time lag, and maximum steering wheel angle rate are correctly
selected depending on actual driver behavior and road conditions. The vehicle’s steering is
properly regulated by minimizing mistakes in the calculation of steering angle and taking
into account road and vehicle parameters, offering a more accurate representation of the
vehicle’s behavior during regular driving. For these reasons, we use the double lane change
test to determine the validity of the CarSim simulation model settings. The successful
completion of the lane shift, followed by the vehicle returning to the original lane, validates
the rationality of the driver model, vehicle model, and road model configurations to some
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extent. Because of this accomplishment, the test is now useful as a tool for studying the
vehicle’s driving behavior in real-world circumstances. Figure 4 illustrates the process of a
double lane change performed on a human–vehicle–road simulation model based on actual
road parameters.

Figure 4. Schematic diagram of the simulated working condition of the double lane change test.
(A: The width of the road. B: The width of the road after changing lanes).

For the recommended double lane change test, an initial maximum desired speed
of 80 km/h is set in accordance with the international standard ISO 4138:2004 [77] 1996.
The double lane change test is performed under both road models and real-world situ-
ations. The output primarily describes the lateral offset, which represents the vehicle’s
trajectory characteristics and indicates the vehicle’s stability through parameters like yaw
rate and lateral acceleration, as well as its motion characteristics through longitudinal
speed. Figures 5 and 6 demonstrate the corresponding response curves.

The results shown in Figure 5 demonstrate that there is a great agreement between the
vehicle lateral offset and the target offset curve both before and after the vehicle changes
lanes—there is basically no offset. The longitudinal speed, lateral acceleration, and yaw rate
demonstrate slight fluctuations within 200 m (8 s) of the lane change, eventually stabilizing
and maintaining uniform speed while moving along the predetermined route. These results
show that the driver model, which is based on preview control theory, effectively manages
the vehicle’s operation during the double lane change test. Furthermore, the vehicle model,
which is based on closed-loop steering and braking control, ensures smooth lane changes,
proving the simulation model’s reasonability and feasibility.

The vehicle exhibits smooth lane shifts and successfully follows the designated route
during the test after substituting the double lane change road model with the actual road
model. Each dynamic indicator’s response is also observed to be stable. Figure 6 displays
the evaluation indicator parameter values obtained from the actual road condition test. It is
found that there is great consistency between the driving characteristics observed under
actual road conditions and those observed in the double lane change test road model. This
finding verifies the effective performance of the actual road model in the test, proving the
actual road model’s reliability and the simulation model’s operability.

Additionally, an extensive literature review shows that many scholars utilize CarSim
for various research purposes. This includes not only the analysis of vehicle driving
safety but also investigations into the performance of vehicle intrinsic parameters and as a
simulator in autonomous driving research [78–80]. CarSim is widely recognized for its high
accuracy and applicability in simulation, establishing itself as one of the most extensively
used software products across multiple domains.
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3.3.3. Simulation Strategies

Through simulation, this study investigates the influence of three factors on the
vehicle’s traveling state: speed, curve radius, and road adhesion coefficient. The emphasis
is on vehicle speed, which is widely recognized as the most significant factor determining
road traffic safety. Six different vehicle operating speeds are examined, ranging from
30 km/h to 80 km/h in 10 km increments. According to the “Road Speed Limit Provisions
and Speeding Penalty Standards”, a speed of 80 km/h corresponds to the speed limit set
for first-class highways in China. Road alignment has a considerable impact on vehicle
trajectory, especially when approaching road curves, forcing the vehicle to deviate from its
straight path and becoming an important cause of vehicle sideslip and rollover incidents
in snowy and icy weather. The study references China’s “Highway Route Design Code”
(JTG D20-2017), which specifies a minimum curve radius of 400 m for a design speed of
80 km/h, the most challenging working condition. The curve radius of the road alignment
runs from 400 to 1000 m with a step length of 100 m, resulting in seven operating condition
situations. Icy and snowy weather give rise to diverse traffic safety challenges, such as
their impact on road anti-slip ability, visibility, and driver psychological pressure. Among
these issues, the alteration of road anti-slip ability is a crucial component contributing
to traffic crashes, and such changes can be gauged in real-world settings by examining
the road adhesion coefficient. According to Ghandour et al.’s estimates of the adhesion
coefficient for icy and snowy road surfaces [81], icy and snowy road conditions can be
categorized into four categories: The worst result under bad weather is an icy road with a
road adhesion coefficient ranging from 0.10 to 0.15, followed by a compacted snow road
with a road adhesion coefficient ranging from 0.10 to 0.20, a snow slushy road with a
road adhesion coefficient ranging from 0.15 to 0.25, and, finally, a loose snow road with
a road adhesion coefficient ranging from 0.25 to 0.35. In this study, the road adhesion
coefficient was varied from 0.10 to 0.35 at 0.05 intervals to refine the relationship between
road adhesion coefficient changes and vehicle driving characteristics under icy and snowy
weather conditions, resulting in a total of six working conditions. The adhesion coefficient of
a dry asphalt road was set at 0.75 for comparative purposes, serving as a control experiment
for icy and snowy roads. In this study, we established 20 different simulation scenarios to
investigate the influence of various factors on vehicle driving stability. We specifically set
the values of other factors to be constant at the most unfavorable levels for single-factor
analyses and the impact of vehicle driving conditions. We analyze the individual effects of
speed, curve radius, and road adhesion coefficient on the vehicle’s motion by studying the
vehicle under various parameter combinations. Table 3 shows the entire simulation strategy.
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Table 3. Simulation strategy.

Number Speed (km/h) Curve Radius
(m)

Road Adhesion
Coefficient

Simulation
Strategy

1 30

400 0.10
Speed acting

independently

2 40
3 50
4 60
5 70
6 80

7

80

400

0.10
Curve radius

acting
independently

8 500
9 600
10 700
11 800
12 900
13 1000

14

80 400

0.10

Road adhesion
coefficient acting
independently

15 0.15
16 0.20
17 0.25
18 0.30
19 0.35
20 0.75 (contrast)

4. Results
4.1. Influence of Speed on Vehicle Lateral Stability

Figure 7 displays the real-time change curves of lateral offset, lateral acceleration, yaw
rate, and roll angle while the vehicle travels along the specified path at various speeds.
According to the findings, vehicle speed has a strong and positive correlation with the
evaluation indicators of vehicle lateral stability. As speed increases, so does the value of
these evaluation indications, resulting in a decline in driving safety.

As shown in Figure 7a, at lower speeds, the total force on the vehicle remains balanced,
and the lateral offset approaches 0, indicating a stable operational state. When the speed
approaches 80 km/h, the vehicle encounters a substantial sideslip, resulting in instability.
A localized magnification figure for speeds ranging from 30 to 70 km/h is given to provide
an extensive overview of the lateral offset fluctuation with speed. Within this range, the
vehicle enters the curve in the road with a slight right offset, then a slight left offset,
and eventually remains stable. The lateral offset gradually increases with vehicle speed,
although only by a small amount, and the curves remain essentially consistent. At 70 km/h,
the maximum lateral offset is 0.090 m, which is much less than the threshold value of
0.3 m. This result indicates that the vehicle will not encounter sideslip and will be capable
of maintaining safe driving conditions. At 80 km/h on a straight road, the lateral offset
is virtually 0. This phenomenon may be caused by the vehicle’s balance of gravity and
support force, resulting in no change in direction and ensuring that the vehicle remains
centered within the controlled range. However, as soon as the vehicle enters the curve, it
constantly modifies its driving trajectory for safety. Despite these efforts, the lateral force
on the wheels is inadequate to resist the greater centrifugal force, resulting in considerable
deflection on both the left and right sides, loss of vehicle control, and sideslip.
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As seen in Figure 7b,d, the trends in each curve are nearly the same. When the vehicle
speed is between 30 and 70 km/h, it will not produce a centrifugal force on a straight
road, and the lateral acceleration, yaw rate, and roll angle will be close to 0 with little
variation, allowing the vehicle to travel stably. When the vehicle entered the curve, its
operating status changed, with the lateral acceleration, yaw rate, and roll angle increasing
linearly until each indicator stabilized, while maintaining constant lateral acceleration, yaw
rate, and roll angle [82]. Subsequently, when the vehicle exited the curve, the indicators
began to decrease linearly until the vehicle re-entered the straight, at which point the
indicators recovered to roughly 0. It is worth noting that, on a curved road, the vehicle
speed positively correlates with the rate increase in each indicator over the same section
length due to the presence of centrifugal force. Furthermore, faster speeds result in higher
peak values and shorter curve durations. At speeds ranging from 30 to 70 km/h, the
maximum values of lateral acceleration are 0.018 g, 0.032 g, 0.050 g, 0.071 g, and 0.098 g,
respectively. Similarly, the maximum values of the yaw rate are 1.194 deg/s, 1.594 deg/s,
1.997 deg/s, 2.046 deg/s, and 2.844 deg/s, respectively. Additionally, the maximum values
of roll angle are 0.096 deg, 0.133 deg, 0.180 deg, 0.238 deg, and 0.309 deg, respectively.
None of these values exceed the sideslip and rollover thresholds, indicating the vehicle
can properly complete the set simulation working conditions. As a result, the vehicle can
pass through the curve at speeds ranging from 30 to 70 km/h on an icy road with a road
adhesion value of 0.10. These conclusions, however, are based primarily on one aspect of
the simulation result. Notably, at 70 km/h, indicators show a significant increase, indicating
a significant tendency toward higher hazards. This is an important consideration.
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At 80 km/h, the vehicle drives normally on the straight; however, as it approaches the
curve, the lateral acceleration, yaw rate, and roll angle rapidly rise, resulting in an unstable
vehicle operating state. To ensure driving safety, constant modifications are required,
resulting in frequent fluctuations in the lateral acceleration, yaw rate, and roll angle curves.
The greatest values are 0.110 g, 5.325 deg/s, and 0.593 deg, respectively, all of which are
lower than the safety threshold for rollover. Nonetheless, the vehicle tends to rush out of
the curve at this moment and cannot be driven properly due to the occurrence of a sideslip.
Importantly, while non-tripping rollover may not occur in this state, tripping rollover
may occur as a result of sideslipping collisions with obstacles, curbs, guardrails, and so
on [34,67]. This discrepancy arises because the simulation modeling assumes an ideal state
for the road slope during the sideslipping process, ignoring the impacts of collisions with
barriers, potentially resulting in minor discrepancies between the simulation result and the
actual situation. To summarize, the chance of instability on curves is always greater than on
straight roads during snowy and icy weather, regardless of the vehicle’s operating speed.
When driving on roads with poor road adhesion coefficients and small radius curves, it is
essential to apply proper braking before entering the curve and maintain an appropriate
speed throughout the curve to ensure driver safety.

4.2. Influence of Curve Radius on Vehicle Lateral Stability

Figure 8 shows the real-time change curves of lateral offset, lateral acceleration, yaw
rate, and roll angle as the vehicle travels on the designated road at various curve radii. The
simulation results show that the curve radius has a more significant and negative link with
the influence of the indicators. As the curve radius decreases, the values of the indicators
increase, resulting in poorer vehicle driving safety. This contrasts with the effect of speed
on the indicators.

According to the observations in Figure 8a, the vehicle has about 0 lateral offset and
maintains stable driving on a straight road. However, as the vehicle enters the curve, it
experiences a rightward and then leftward offset until it completes the curved trajectory.
The radius of the curve ranges between 500 m and 1000 m and has a low lateral offset along
the whole road. A closer examination of the localized magnification figure demonstrates
that gentler curves subject the vehicle to smaller centrifugal forces, allowing the lateral
force to be efficiently counteracted, resulting in a shorter offset distance and increased
safety. At the beginning of the 500 m radius curve, the vehicle has a maximum lateral
offset of 0.185 m, which is lower than the threshold value of 0.3 m, indicating that no
sideslip occurs. The simulation animation also shows that there is no risk of vehicle sideslip
instability. However, with a curve radius of 400 m, the vehicle encounters extreme sideslip
instability, resulting in a significant offset exceeding 100 m, preventing it from passing the
designated route.

Figure 8b–d illustrate lateral acceleration, yaw rate, and roll angle plots with compara-
ble change patterns. On the straight, the indicators remain near 0 within the curve radius
range of 500–1000 m. When the indicators enter the curve, they show a linear increase,
with a quicker rate of growth observed for lower curve radii. Following that, the indicators
undergo a tiny decline and remain stable until departing the curve, at which point they
gradually revert to 0. Furthermore, the evaluation indicators peak immediately after the
vehicle enters the curve. The bigger the peak value, the smaller the curve radius, suggesting
that the entrance to the curve represents the most essential section of lateral instability dur-
ing vehicle travel, necessitating drivers’ attention. These findings are consistent with Molan,
Alrejjal, and Ksaibati’s research [33,83]. The possible reason is that when the vehicle passes
through the section with an abrupt curve radius, the driver lacks sufficient time to adjust
the steering wheel, resulting in lateral instability. As a result, it can be concluded that the
establishment of a transition curve is required. It allows for a gradual change in the radius
of the curve, which is beneficial to driving safety, especially in adverse weather conditions,
and plays an important role in ensuring safe driving. Furthermore, the straight road is
safer in snowy and icy weather, whereas the curve’s stability is significantly reduced due to
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the driver’s challenges adapting to the road alignment and executing directional changes,
which can easily result in vehicle sideslipping and rollover incidents. Slow steering is an
important measure to maintain driving safety in snowy and icy situations.
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It is noteworthy that the decreasing points of lateral acceleration, yaw rate, and roll
angle vary with the curve radius. Because of the higher curve radius and longer curve,
the plots in the figure have a step-like pattern, resulting in a more backward-descending
position. Clearly, each indicator remains below the safety threshold within this range,
suggesting no risk of a sideslip or rollover. Furthermore, the simulation results demonstrate
that the vehicle can navigate the designated road properly. The vehicle may be driven
properly on the straight with a curve radius of 400 m. However, after entering the curve,
the plots in the figure demonstrate frequent fluctuations and the maximum values of each
indicator reach 0.126 g, 5.458 deg/s, and 0.596 deg. As a result, even though it does not
approach the rollover threshold, the vehicle loses control and cannot handle the curve
properly. Figure 9 demonstrates the longitudinal speed and tire vertical reaction force of
a vehicle with a 400 m radius in CarSim. Figure 9a shows that the vehicle’s longitudinal
speed fluctuates and deviates from the set speed at the curve, whereas Figure 9b shows
that the wheels on both sides of the same suspension reach a balanced state and the tire
vertical reaction force remains greater than 0, indicating no risk of rollover and consistent
with the above analysis. To ensure that the vehicle passes safely, drivers should decelerate
and slow down when passing through small radius curves and hold the steering wheel
tightly and slowly, especially at the entrance to the curves.
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4.3. Influence of Road Adhesion Coefficient on Vehicle Lateral Stability

Figures 10–13 show the relationships between lateral offset, lateral acceleration, yaw
rate, roll angle, and changes in the adhesion coefficient while driving on various types of
snowy and icy roads. The simulation results demonstrate that the road adhesion coefficient
has an insignificant influence on each indicator. The plots in the figures show similar trends,
with each indicator having a negative correlation. Furthermore, a lower road adhesion
coefficient results in higher indicator values, resulting in decreased driving safety.
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Figure 10. Lateral offset under different road adhesion coefficients.

As seen in Figure 10, the lateral offset of the vehicle increases dramatically when
the road adhesion coefficient decreases. When the road adhesion coefficient is 0.1, the
adhesion between the road and the tires is limited, and the tires are unable to effectively
counteract the centrifugal force on the curve. As a result, the vehicle suffers from severe
sideslip and loses lateral stability. On the entire road, the offset of snow and ice with
road adhesion coefficients ranging from 0.15 to 0.35 is nearly 0. The maximum offsets, as
shown in the localized magnification figure, are 0.0289 m, 0.0244 m, 0.0228 m, 0.0212 m,
and 0.0208 m, which do not reach the critical point of affecting vehicle safety and even
differ very little from that of the dry asphalt road, which is 0.020 m. The slight offsets may
just be typical offsets caused by the driver making slight adjustments to the steering wheel
to ensure normal passage through the curve and are significantly lower than the lateral
offset threshold value of 0.3 m.
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Figure 13. Roll angle under different road adhesion coefficients. (a) Overall; (b) Localized magnification.

Figures 11–13 show that within the 0.15–0.35 road adhesion coefficient range, varia-
tions in lateral acceleration, yaw rate, and roll angle are minimal, resulting in essentially
overlapping plots. Each indicator remains close to 0 throughout the straight. After the
vehicle enters the curve, every indicator gradually rises to its maximum value and remains
constant, finally returning to near 0 once the vehicle exits the curve. The local zoom-in
diagram also reveals that the difference in indicator values between the snowy and icy
road and the dry asphalt road is negligible and far below the safety threshold, ensuring
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safe vehicle operation. However, when the road adhesion coefficient is 0.1, the road surface
resistance decreases, resulting in frequent fluctuations in the plots shown in the figure and
vehicle sideslip instability.

We also performed a multi-case simulation, altering the road adhesion coefficients
from 0.10 to 0.35 at intervals of 0.1, to establish the speed threshold when the vehicle
negotiates a curve with a minimum radius of 400 m under varied snowy and icy road
conditions. The goal of this part of the study was to determine the lowest speed at which the
vehicle encounters lateral instability. Table 4 summarizes the critical speed corresponding to
the lateral instability of the vehicle under the snowy and icy road conditions by extracting
the tire vertical reaction force curves from the CarSim simulation results and combining
them with the 3D animation in CarSim to visually judge the real operating state of the
vehicle. The results show that when the road adhesion coefficient decreases, so does the
critical speed. A lower road adhesion coefficient also increases the risk of vehicle sideslips.
Road adhesion coefficients in the 0.10–0.20 range caused sideslip first, while those in the
0.21–0.35 range caused rollover first, which is consistent with the findings of Shin and Lee
et al. [22,23]. One possible explanation is that with increasing road adhesion coefficients,
speed, rather than the road adhesion coefficient, becomes the primary element determining
crashes. When the critical speed of the sideslip exceeds the critical speed of rollover, the
vehicle is less prone to sideslipping. Higher speeds cause rollover [63,70], making rollover
the most common cause of crashes in this speed range and on dry roads [84]. The lower
the road coefficient of adhesion, the less tire adhesion there is, and the critical speed for
sideslip is less than the critical speed for rollover, so the smoother the road surface, the more
likely it is that a vehicle with a low center of gravity will tend to sideslip first [1]. In reality,
both situations are possible on icy roads, which are extremely smooth, such as a sideslip
followed by a collision with a guardrail or meeting a barrier and tripping a rollover [34].

Table 4. The critical state of vehicle operation on snowy and icy roads.

Snowy
and Icy

Road Type
Critical State

Icy road

Road adhesion
coefficient 0.10 0.11 0.12 0.13 0.14 0.15

Critical speed
(km/h) 54.6 55.3 55.7 56.3 56.6 57.3

Critical state Sideslip Sideslip Sideslip Sideslip Sideslip Sideslip

Compacted
snow road

Road adhesion
coefficient 0.16 0.17 0.18 0.19 0.20

Critical speed
(km/h) 58.2 58.6 58.8 59.2 59.8

Critical state Sideslip Sideslip Sideslip Sideslip Sideslip

Snow
slushy
road

Road adhesion
coefficient 0.21 0.22 0.23 0.24 0.25

Critical speed
(km/h) 60.2 60.5 61.0 61.2 61.4

Critical state Rollover Rollover Rollover Rollover Rollover

Loose
snow road

Road adhesion
coefficient 0.26 0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.35

Critical speed
(km/h) 62.0 62.6 62.9 63.1 63.7 63.9 64.1 64.6 64.6 65.0

Critical state Rollover Rollover Rollover Rollover Rollover Rollover Rollover Rollover Rollover Rollover

5. Discussion
5.1. Sensitivity Analysis of Lateral Instability Factors

The study’s findings establish that decreasing vehicle speed, increasing road adhesion
coefficient, or increasing curve radius can effectively decrease the vehicle’s lateral offset,
lateral acceleration, yaw rate, and roll angle, which has a positive effect on preventing
sideslip or rollover. The impact of influencing factors is not independent [62]. Vehicle
rollover or sideslip is frequently influenced by multiple factors, resulting in a highly
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complex interaction mechanism. We used a three-factor, three-level orthogonal test to
identify the most important impact factors. Curve radii of 400 m, 600 m, and 1000 m were
used in the experiment, with road adhesion coefficients of 0.10, 0.25, and 0.35 representing
ice road, snow slurry road, and loose snow road conditions, respectively. The speeds tested
were 60, 70, and 80 km/h. The simulation made use of the previously specified road and
vehicle models. Figure 14 illustrates the combined factor test findings obtained from the
analysis of range and the analysis of variance (ANOVA).

According to the results of both the analysis of range and the analysis of variance, the
factors influencing vehicle sideslip are in the following sensitivity order: curve radius >
road adhesion coefficient > speed. First of all, the curve radius has the greatest influence on
vehicle sideslip, owing to the forces involved at the curve, such as increased centrifugal
force and poorer road adhesion in snowy and icy conditions. Furthermore, because the
vehicle needs to adjust its trajectory while traveling through the curve, the combined effect
of these multiple factors increases the likelihood of sideslips. A lower curve radius, in
particular, results in a greater centrifugal force at the curve, reducing the lateral force on the
snowy and icy road and making it challenging for the vehicle to overcome the centrifugal
force. It also results in a higher lateral deviation in the vehicle’s path after the sideslip.
The road adhesion coefficient is second only to the curve radius. The lower the adhesion
coefficient, the more likely a vehicle is to sideslip. This is due to the vehicle’s sideslip-critical
situation, in which the lateral force is less than or equal to the lateral adhesion between the
tire and the road. As a result, differences in road adhesion coefficient across different types
of icy and snowy roads have a significant influence on vehicle sideslip. Finally, the influence
of speed on vehicle sideslip is relatively slight, especially on straight highways where it
has little effect on lateral stability. Even at the top speed restriction of 80 km/h, the vehicle
can continue to drive properly because gravity keeps the vehicle balanced and unaffected
by centrifugal force. On curved roads, however, vehicle stability must account for both
lateral and centrifugal forces, with the latter being proportional. If the centrifugal force
increases and the adhesion decreases, the vehicle is more likely to sideslip. At this point,
the speed for the severity of the crash has a considerable influence. As a result, enforcing
acceptable speed limits remains critical. Furthermore, when it comes to snow and ice, the
curve radius remains unchanged. To prevent the vehicle from sideslipping, salt must be
scattered on the road surface, sand must be laid, a snow melting agent must be sprayed, or
mechanical deicing must be performed to improve the road adhesion coefficient. At the
same time, drivers should be reminded to slow down and avoid risky behaviors such as
sudden braking and sharp turns.

The sensitivity order of factors influencing vehicle rollover in snowy and icy road
conditions is speed > curve radius > road adhesion coefficient. In contrast to sideslip, speed
has the greatest influence on rollover. The probable reason for this is that the critical speed
for a sideslip on a curved road is lower than the critical speed for a rollover. When the
speed becomes too high, the lateral force generates an overturning moment that exceeds
the stabilizing moment, making it difficult for the driver to manage the vehicle properly. As
a result, this factor has the greatest influence on rollover occurrences. This is followed by
curve radius, and because of the inverse relationship between centrifugal force and radius
as well as its direct proportionality to speed, centrifugal force becomes more significant at
greater speeds, magnifying the influence of speed compared to curve radius. Although
the road adhesion coefficient has a smaller effect on rollovers, it is still considerable and
has a strong association with rollover crashes. Therefore, to improve driving safety in
areas prone to snow and ice, road design should prioritize the use of bigger curve radii.
Furthermore, the use of changeable speed limit signs and dynamic speed limit systems can
successfully remind drivers to maintain lower speeds and employ safe driving strategies.
At the same time, timely melting and other snow removal measures are critical to improving
road adhesion during snowfall. Thereby reducing road traffic crashes in snowy and icy
weather conditions.
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5.2. Prevention of Lateral Instability Crashes

It is extremely useful to develop appropriate prevention and control measures based on
the influencing factors connected to lateral instability incidents discussed in the preceding
sections. In road alignment parameters, the radius and position of the curve should be
emphasized. In regions prone to snow and ice, particular consideration must be given
to reducing lateral instability during road design. Curved roads include, for example,
mountainous highways and highways with frequent hairpin curves. The probability of
traffic crashes on such roads increases in snowy and icy conditions. As a result, road design
should prioritize vehicle driving characteristics in adverse weather conditions. Avoiding
sharp curves and long downhill slopes is part of this. Tunnels, if necessary, can be used to
alleviate poor linear road parameters. These methods, however, are primarily applicable to
new roads and are not feasible for existing roads.

Implementing suitable speed restrictions on constructed and operational highways is
a beneficial safety measure [85]. Given the large alterations in road adhesion coefficients,
environmental conditions, and field of view during adverse weather, stricter speed limits
for roads are required. The existing standards’ design speeds do not account for adverse
weather conditions such as snow and ice. Furthermore, restricted speeds in good weather
conditions may not ensure vehicle safety. This is due to the theory’s reduction of the
vehicle to a point-mass model, which fails to account for the distribution of forces on
the wheels [86]. Furthermore, vehicles will inevitably encounter unforeseen situations,
necessitating actions such as emergency braking and sharp turns [48]. As a result, reducing
the speed limit even more on smooth roads during snowy and icy weather is critical to
ensure driving safety [18]. On primary roads, a dynamic speed limit system is used to
dynamically adjust speed limit values based on real-time changes in snowy and icy roads.
This information is then conveyed to drivers by signs, displays, broadcasts, etc. Providing
accurate road information is an important line of defense for ensuring driving safety in
snowy and icy conditions.

v = f (R, µ) = 0.2092R − 71.24µ − 0.7986Rµ − 0.0001235R2 + 99.03µ2

−0.001666(µR)2 + 0.0007382µR2 + 1.67µ2R + 1
(10)

We conducted the following experiments to determine the dynamic speed limit values
for various roads: For curve roads with a radius of 100–1000 m, 1000 sets of random
numbers representing road adhesion coefficients were generated. The critical speeds at
which vehicles failed to pass through the established working conditions for the first time
under various snowy and icy road conditions were then determined using simulation tests.
Table 5 summarizes the results. Based on the findings in Table 5, we developed a model for
calculating the dynamic speed threshold under various conditions (Equation (10)), with
curve radius and road adhesion coefficient as independent variables.

Where µ ∈ [0.1, 0.35]. The curve fitting produces a fit of 0.9899, suggesting that
the curve is well-fitted. Figure 15 shows the graphs for the speed threshold fitting and
residual analysis. We compared the computational accuracy of the speed threshold model
to models proposed by Lusetti et al. [87] and Lee et al. [88] in related studies. The error was
roughly 10%, indicating that the model established in this study was reasonable. Based on
changing snowy and icy road conditions, The road traffic management department can
apply Equation (10) to anticipate speed thresholds. The estimated speed limit figure can
then be shown on variable information signs along different roads by dynamic scrolling
screens. They can also assign grades to different road sections and periods based on
factors such as road alignment, road adhesion coefficient, and traffic volume. The classified
strategy is input into the real-time dynamic speed limit system, and different speed limit
measures are implemented based on different road conditions to provide accurate road
information to drivers while avoiding increasing the risk of sideslip and rollover due to an
excessively high-speed limit or causing congestion due to an insufficiently low-speed limit.
Roads in areas with heavy snow and ice should be closed as needed.
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Table 5. Vehicle speed thresholds for different snowy and icy roads.

Curve Radius
(m)

Speed Threshold (km/h)

Icy Road
(0.10~0.15)

Compacted Snow
Road

(0.10~0.20)

Snow Slushy
Road (0.15~0.25)

Loose Snow
Road (0.25~0.35)

100 19.8 20.3 22.5 24.3
200 31.2 32.2 38.4 40.6
300 43.8 45.6 50.7 57.7
400 50.4 52.3 57.3 61.4
500 55.5 56.9 65.8 68.4
600 62.3 63.8 71.3 75.4
700 66.9 68.5 76.0 79.3
800 73.4 75.4 81.1 85.2
900 75.3 80.6 87.5 90.1

1000 78.2 85.3 92.5 96.8
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Driver behavior, on the other hand, is an important aspect that should not be disre-
garded. According to research, many experienced drivers demonstrate overconfidence and
disregard changes in the speed limit while driving, occasionally turning to higher speeds
or even overtaking behaviors to save time [89,90]. Although unfamiliar drivers may be
more aware, they face higher challenges in reacting to and adapting to their surroundings
due to poorer road conditions in adverse weather [91]. This challenge is particularly acute
for older drivers, who struggle to adjust their driving strategies in time when confronted
with risks [92]. Furthermore, a driver’s age might have a substantial impact on driving
safety. Inexperienced drivers conducting risk assessments on snowy and icy roads may
struggle to appropriately judge the smoothness of the road surface based solely on eye
observation. Visually determining whether the road surface is moist or covered with black
ice, particularly at temperatures around 0 ◦C [93], could be challenging. These challenges
have a significant impact on the driver’s vehicle handling. Physical device installation is
an efficient way to combat these factors. By improving the material of the anti-skid chain,
the friction between the tire and the road surface is enhanced, resulting in the develop-
ment of a new type of snow chain system. Using an automation device on the vehicle,
automatic installation can be realized anytime and anywhere. When combined with deep
learning algorithms, sensors and other equipment can be used to feed back and collect road
conditions and input them into the speed limit system. This can then be combined with
intelligent transportation systems such as safety speed controllers and in-vehicle curve
speed warning systems to prompt drivers for appropriate speed adjustments and prevent
unsafe driving practices. Drivers use braking strategies to avoid sideslips or rollovers in
curves and appropriate braking minimizes the risk of driving in curves, whereas emer-



Sustainability 2024, 16, 888 24 of 30

gency braking increases the likelihood of lateral instability. When braking deceleration
approaches −4.0 m/s2 on dry roads, safety suffers dramatically [94], and the chance of
sideslip and rollover increases when driving on icy roads with the same braking force. As
a result, stricter braking requirements are required in snowy and icy conditions. Given
the varying risk levels of different icy roads and drivers’ diverse reactions, the key focus
of our future research will be to determine the specific braking force required, as well
as the appropriate time and location, to achieve a similar braking effect as on dry roads,
ensuring safe vehicle passage through curves. Furthermore, substantial safety education
and publicity should be conducted, and drivers should receive rigorous training to improve
their risk awareness and reduce crash occurrences.

6. Conclusions

This study focuses on focusing on the influencing factors, considering the characteris-
tics of vehicles, drivers, roads, and environment based on an actual road, and establishing a
CarSim vehicle dynamics simulation model to simulate driving scenarios with 20 different
factors in icy and snowy weather conditions. Using four lateral instability evaluation
indicators (lateral offset, lateral acceleration, yaw rate, and roll angle), this study analyzes
the influence laws of three influencing factors (vehicle speed, curve radius, and snowy and
icy road type) on sideslip and rollover in single-vehicle crashes. A sensitivity analysis of
the influencing factors of lateral instability crashes is then performed using the three-factor
and three-level orthogonal test, and the interaction mechanism of the influencing factors in
sideslip and rollover crashes is explored, as well as the calculation model of the dynamic
speed threshold of a vehicle driving in snowy and icy weather conditions. The main
findings can be summarized as follows:

(1) The lateral offset, representing the cumulative risk, and the roll angle, lateral accelera-
tion, and yaw rate in the X-, Y-, and Z-axis directions of the vehicle’s three-dimensional
kinematic coordinate system were selected as the indicators to represent the lateral
instability of the vehicle in motion. The study also determined the thresholds for these
indicators to identify occurrences of lateral instability. According to the study, speed
and curve radius have a substantial influence on each evaluation indicator. However,
snowy and icy roads have a relatively lower influence on vehicle driving. The higher
their unfavorable values, the faster the evaluation indicators reach the dangerous
state of lateral instability. As a result, the driver has less time to react and adjust their
maneuvers, increasing the risk of a vehicle sideslip and rollover.

(2) Curved roads are susceptible to sideslips and rollovers, especially at the entrance to
the curve, where lateral instability is most likely to occur. Furthermore, lower curve
radii increase the risk of lateral instability crashes. On straight roads, however, speed
and snowy or icy conditions have minimal influence on the vehicle’s lateral stability.
As such, vehicles may still drive on snowy roads safely at speeds up to 80 km/h.
Sideslip incidents occur on icy and compacted-snow roads, while rollover incidents
are more likely on slushy and loose-snow roads. Multiple factors contribute to vehicle
lateral instability incidents in snowy and icy weather, with a smaller curve radius and
greater speed posing the greatest risk. In particular, the curve radius has the largest
influence on sideslip, whereas speed has the biggest influence on rollover.

(3) In adverse circumstances, establishing a reasonable speed limit is an important ap-
proach to enhancing road traffic safety. To prevent lateral instability, a calculation
model for the dynamic speed threshold of vehicles is developed, taking into account
the road adhesion coefficient and curve radius. This model is applicable to a variety
of snowy and icy weather conditions.

v = f (R, µ) = 0.2092R − 71.24µ − 0.7986Rµ − 0.0001235R2 + 99.03µ2

−0.001666(µR)2 + 0.0007382µR2 + 1.67µ2R + 1



Sustainability 2024, 16, 888 25 of 30

The road traffic management department might determine the appropriate speed
limit value by considering the curve radius of various road sections and the change
in snowy and icy road conditions. Through dynamic variable information signs,
accurate road information is provided for drivers. Combined with intelligent and
connected technology, the driver’s behavior is modified.

(4) This study deeply analyzes the influencing factors and mechanisms of driving safety
in snowy and icy weather. It provides potential theoretical insights and practical
measures for the road traffic management departments with the goal of improving
overall traffic safety in extreme snowy and icy weather conditions. However, there
are some limitations. On the one hand, only the influence factors on driving safety are
discussed. In the follow-up study, we can explore the interactions between different
influencing factors and go further into the rules to take more targeted measures.
Furthermore, we plan to test the driving safety of low-grade roads in snowy and icy
weather conditions, particularly those with poor alignment characteristics such as a
small radius and a steep slope in mountainous and rural areas. At the same time, we
will also consider testing the worst-case scenario of a snowstorm, which will make the
research results more applicable. In addition, it is necessary to further improve the
sensitivity analysis method of influencing factors so that it can solve more complicated
risky driving environments, which can then be applied to more driving conditions,
and provide more accurate prevention and control schemes.
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Appendix A

Table A1. The main parameters of the model vehicle.

Parameters Value

Sprung mass 1165 (kg)
Height of center of mass 520 (mm)

Front overhang 1110 (mm)
Rear overhang 1756 (mm)

Roll inertia 671.3 (kg/m2)
Pitch inertia 1972.8 (kg/m2)
Yaw inertia 2315.3 (kg/m2)
Front tire 180/65 R15
Rear tire 180/65 R15

Front wheelbase 1550 (mm)
Rear wheelbase 1550 (mm)

ABS
√

Front wheel torque 500 (N * m/Mpa)
Rear wheel braking torque 250 (N * m/Mpa)
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Table A2. Column-by-column coordinates and elevation of real roads.

Number
Coordinate

Elevation
X Y

K6+000 3,138,271.952 419,012.987 70.794
K6+020 3,138,252.846 419,018.720 70.594
K6+032 3,138,240.070 419,019.825 70.415
K6+040 3,138,232.908 419,019.866 70.247
K6+060 3,138,212.908 419,019.888 69.659
K6+062 3,138,210.070 419,019.870 69.464
K6+080 3,138,192.910 419,019.605 68.603
K6+120 3,138,152.945 419,017.971 66.672
K6+130 3,138,142.822 419,017.395 66.275
K6+140 3,138,132.979 419,016.804 65.882
K6+155 3,138,117.893 419,015.545 65.463
K6+160 3,138,113.066 419,014.977 65.367
K6+180 3,138,093.349 419,011.656 64.733
K6+200 3,138,073.961 419,006.770 64.146
K6+220 3,138,055.025 419,000.351 63.621
K6+221 3,138,053.702 418,999.838 63.518
K6+240 3,138,036.395 418,993.075 62.972
K6+258 3,138,018.907 418,986.241 62.421
K6+260 3,138,017.767 418,985.796 62.348
K6+280 3,137,999.058 418,978.726 61.798
K6+299 3,137,980.501 418,972.131 61.220
K6+300 3,137,980.212 418,972.032 61.135
K6+320 3,137,961.302 418,965.521 60.624
K6+340 3,137,942.392 418,959.009 60.038
K6+360 3,137,923.481 418,952.498 59.426
K6+375 3,137,908.435 418,947.317 58.865
K6+380 3,137,904.573 418,945.981 58.653
K6+400 3,137,885.223 418,940.981 57.882
K6+460 3,137,825.628 418,941.805 55.342
K6+464 3,137,820.861 418,942.922 54.901
K6+480 3,137,806.089 418,946.051 54.206
K6+500 3,137,786.243 418,948.463 53.233
K6+503 3,137,783.082 418,948.663 53.140
K6+520 3,137,766.296 418,949.908 52.365
K6+540 3,137,746.431 418,952.211 51.445
K6+560 3,137,726.689 418,955.404 50.524
K6+580 3,137,707.111 418,959.481 49.604
K6+600 3,137,687.736 418,964.433 48.683
K6+620 3,137,668.602 418,970.251 47.762
K6+640 3,137,649.750 418,976.922 47.221
K6+644 3,137,645.453 418,978.578 46.630
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