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(e water accumulated in the rutted road sections poses a threat to the safety of vehicles. Water-filled ruts will cause partial or
complete loss of the friction between tires and the road surface, leading to driving safety hazards such as hydroplaning and sliding.
At present, the maximumwater depth of left and right ruts is mostly adopted to analyze the safety of water-filled ruts, ignoring the
uneven change of ruts in the driving direction and the cross-section direction, which cannot fully reflect the actual impact of
asymmetric or uneven longitudinal ruts on the vehicle. In order to explore the impact of water-filled ruts on driving safety, a three-
dimensional (3D) tire-road finite element model is established in this paper to calculate the adhesion coefficient between the tire
and the road surface. Moreover, a model of the 3D water-filled rut-adhesion coefficient vehicle is established and simulated by the
dynamics software CarSim. In addition, the influence of the water depth difference between the left and right ruts on the driving
safety is quantitatively analyzed, and a safety prediction model for the water-filled rut is established. (e results of the case study
show that (1) the length of dangerous road sections based on vehicle skidding is longer than that based on hydroplaning, and the
length of dangerous road sections based on hydroplaning is underestimated by 9.4%–100%; (2) as the vehicle speed drops from
120 km/h to 80 km/h, the length of dangerous road sections obtained based on vehicle sliding analysis is reduced by 93.8%.
(erefore, in order to ensure driving safety, the speed limit is controlled within 80 km/h to ensure that the vehicle will not skid.(e
proposed method provides a good foundation for the vehicles to actively respond to the situation of the water-filled road section.

1. Introduction

(ewater accumulated in the rutted sections of roads poses a
threat to the safety of vehicles. Water-filled ruts will cause
part or all of the friction between tires and the road surface to
be lost, resulting in driving safety hazards such as hydro-
planing and skidding [1–3], as shown in Figure 1(a). One of
the serious hazards is the imbalance of the vehicle caused by
the different water depths in the ruts of the left and right
wheel paths (as shown in Figure 1(b)), which will cause
asymmetric lateral forces and finally the lateral offset of the
vehicle. In addition, in the longitudinal direction, the rut will
vary due to different loads and structures, as shown in
Figure 1(c). (us, in rainy days, the driver may still keep the

high speed even on the road section with large longitudinal
variability of the rut because the road conditions cannot be
seen clear. (e abovementioned asymmetrical lateral force
and the reduced adhesion coefficient between the tire and
the road affect the driver’s ability to keep safe control over
steering wheel, brake, acceleration, and other driving
problems [6].

At present, the maximum water depth of left and right
ruts is mostly adopted to analyze the safety of water-filled
ruts, as shown in Figure 1(d), ignoring the uneven change of
ruts in the driving direction and cross-section direction
(Figure 1(c)). (is does not fully reflect the actual impact of
asymmetric or uneven longitudinal ruts on the vehicle and
meanwhile simplifies the safety risk analysis, resulting in
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Figure 1: Uneven water-filled rut and existing water-filled rut depthmodel. (a) A traffic accident caused by water-filled ruts. (b) Asymmetric
water-filled rut in the horizontal direction (FDOT [4]). (c) An uneven rut in both horizontal and longitudinal directions [5]. (d)(e existing
simplified rut depth model based on the maximum water depth of left and right ruts.
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misjudgment of the safety risks, misjudgment of the rut
maintenance timing, and inappropriate allocation of
maintenance funds.

(e previous safety analyses of water-filled ruts usually
investigate the state of a single wheel. If one of the four
wheels has hydroplaning, the vehicle is considered to be in a
very dangerous state. In fact, such analyses are relatively
simple and one-sided. (e vehicle is a whole with multiple
degrees of freedom, so its dangerous state depends on the
overall motion performance of the vehicle. After the vehicle
slips, its driving state is determined by the tire that has
hydroplaning.

To better understand the rut safety problem, different
safety analysis methods regarding the water-filled rut are
studied. Fwa et al. [7] developed an analytical procedure for
the rut depth intervention level based on the concept of the
skid resistance intervention level. (is method relies on the
already known standardized skid resistance threshold and
the skid resistance-vehicle speed curves for different water-
filled rut depths through the established contact model
between tires and water by using the finite element method.
Luo [8] used IMU and 1mm 3D laser data to evaluate
hydroplaning risk based on the Gallaway WFD model. (is
model was also used by the Federal Department of Trans-
portation to predict hydroplaning potential. (e above
models perform hydroplaning and safety analysis based on
the maximum depth of the left and right ruts. (ey have the
advantages of simple geometric definition and convenient
measurement so that it is easy to find the critical trigger
point. (ey provide a more direct basis for road condition
assessment and maintenance decision analysis and have
good applicability.

In thesemethods, however, themaximumdepth of the left
and right ruts used for safety analysis is an unreliable index. It
can be seen that two profiles with the same maximum rut
depth may have different rut profiles. Full-lane coverage rut
profile’s information could be more meaningful than the
singular parameter of maximum hypothetical water depth
valid for a single point in the cross section. After all, the
vehicle tires have a specific width, and a vehicle has four
wheels, and one of the tires has a complete hydroplane
without the vehicle’s driving stability being necessarily lost [1].
In addition, these methods do not consider the danger of
skidding and offset under the imbalanced left and right
friction coefficients caused by the difference of water-filled rut
depth. And, these methods focused more on the complete
hydroplaning, but failed to take partial hydroplaning into
consideration. Under partial hydroplaning, differential rut
depth (or friction) between the right and left wheel paths
could result in imbalanced lateral forces and further lateral
stability issues such as vehicle skidding, according to the early
studies of Burns [3]. Some other researchers like Xu et al. [9]
and Han et al. [10] used Automatic Dynamic Analysis of
Mechanical Systems (ADAMS) to simulate differential fric-
tion skidding situations, but the roadway surface (friction)
they used are not real-world data. It cannot consider the
rutted and unrutted sections, so the synthetic frictions are
used to represent half cross-section pavements, which cannot
represent the real road full-lane pavement condition.

(us, there is a need to develop a method that can be
used to adequately evaluate and describe the behavior of a
vehicle on the water-filled rut. With the advance of 3D
technology, it provided a high-resolution, full-lane width
coverage 3D point cloud data, and it is feasible to extract the
rutting depths in every 1mm. (us, the objective of this
paper is to establish a method with 3D point cloud data to
find the vehicle response on the real-world water-filled rut
instead of traditionally used the maximum rut depth of the
left and right wheel path for a single point in the cross
section on travel safety analysis. To be specific, this paper
mainly tries to show the difference between the proposed
method by using the full-lane rut depth and the roughly
maximum rut depth.

2. Theoretical Analysis of Critical Rut
Depth Determination

2.1. Analysis of Complete Hydroplaning of the Vehicle.
Hydroplaning refers to the separation of the tires of a
moving vehicle from the road surface by the water on it. In
this case, the driver is incapable of taking control over the
steering or braking of the vehicle. When the vehicle runs on
a road covered by a water film, the rolling tires will squeeze
the water film to generate hydrodynamic pressure that
causes the tires to float. Hydroplaning occurs when the
hydrodynamic buoyancy acting on the tires is equal to the
weight plus the vertical load on them [6,11,12]. At this point,
the reduction in the contact area between the tires and the
road results in a decrease in the adhesion coefficient so that
the driver is unable to control the forward direction of the
vehicle, and the stability of the vehicle will decrease.

2.2. Analysis of Vehicle Sliding. When the left and right
wheels of the vehicle are running in the grooves of the left
and right ruts, respectively, the following two working
conditions will occur:

(1) When the water depths of the left and right ruts are
equal (WDL � WDR), the adhesion coefficients be-
tween the left and right tires and the road surface will
drop to the same degree, which will lead to a longer
braking distance, but not the skidding of the vehicle

(2) When the water depths of the left and right ruts are
not equal (WDL ≠WDR), the adhesion coefficients
between the left and right tires and the road surface
are different, so the vehicle will skid

In practice, due to the effect of the cross slope of the road,
the forces on the left and right wheel paths are not equal,
resulting in unequal depths of the left and right ruts. (e
specific mechanism of the impact of such asymmetrical ruts
on the vehicle is shown in Figure 2. When the vehicle en-
counters water, the adhesion coefficient between the left
front wheel and the road surface is reduced, which further
decreases the friction between the left front wheel and the rut
surface. In a unit time, the left front wheel decelerates
relative to the right front wheel, causing the vehicle to deflect
to the left. At the same time, it will cause a large slip angle β
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of vehicle centroid, resulting in vehicle oversteer and even
loss of control.

According to the different out-of-control states men-
tioned above, this paper proposes an improved method for
determining the water-filled rut depth. (e flowchart is
shown in Figure 3. (e determination of the critical rut depth
needs to be considered in two separate cases: symmetric rut
and asymmetric rut. (e previous threshold determination
method is to study the critical depth of the symmetrical rut, so
the research object is the critical point of the maximum rut
depth for a driving danger. In this case, the analysis of
complete hydroplaning and actual braking distance of the
vehicle can be achieved based on a single rut depth. Nev-
ertheless, it can be seen from the above analysis of the rut
profile that the cross-sectional shapes of ruts may be different
even in case of identical maximum rut depths, resulting in the
asymmetrical rut. Such asymmetrical ruts will cause the ve-
hicle to slide, while running in a straight line and braking, and
even a more dangerous rotational motion. In the process of
skidding, the water depth of the entire cross-sectional area as
well as the rut width will also impact the lateral offset, lateral
acceleration, heading angle, and other indicators of the ve-
hicle. Vehicle sliding induced by the asymmetric rut can also
occur in the case of partial hydroplaning. In other words, even
if the water depth of the rut is too small to cause complete
hydroplaning, a large difference in the depths of the left and
right ruts will lead to unsafe driving as well. (erefore, it is
inadequate to evaluate the safety of the water-filled rut
through the dangerous state of complete hydroplaning. (is
paper takes the evaluation of vehicle sliding with partial
hydroplaning as an example to analyze the driving safety of
the water rut.(e evaluation methods under other conditions
are consistent with the skidding evaluation method. (e
purpose of this paper is to enrich the current approaches for
calculating the critical rut depth. A case study is carried out to
compare the lengths of dangerous road sections based on
complete hydroplaning and vehicle sliding.

3. Establishment of the Research Model and
Prediction Model

(e purpose of this section is to use the high-resolution 3D
pavement data to establish a grid distribution model of the
adhesion coefficient of the water-filled rut, so as to analyze
the safety risks induced by water-filled ruts under real road
conditions.(e safety analysis model of the water-filled rut is
established in the following three steps: (1) division of the
water accumulation area in the rut and calculation of water
depth, (2) computation of the adhesion coefficient based on
a 3D tire-road finite element model, and (3) establishment of
the 3D water-filled rut-adhesion coefficient vehicle model
and safety analysis. First, the water accumulation area is
divided, and the accumulated water depth in the grid after
the division is computed based on the calculated rut water
depth. Subsequently, the regression equation of the vehicle
adhesion coefficient is established after considering the
depth of the tire pattern, the speed of the vehicle, and the
water depth. Finally, a vehicle-rut multi-degree-of-freedom
model is established to analyze the safety of the vehicle when
the water depths of the left and right ruts are different
(Figure 4).

3.1. Division of the Water Accumulation Area in the Rut and
WaterDepthCalculation. (is paper will take the grid of tire
and road contact area as an example to introduce themethod
of dividing the water area in the rut, as shown in Figure 5(a).
Each grid consists of the area enclosed by the tire width and
the tire-road contact length. At the same time, it is assumed
that each grid has only one water depth, that is, the max-
imumwater depth in the current grid is used to represent the
water depth of the entire grid. (e water depths are rep-
resented by different colors, and the color of each grid is
uniform. (e darker the grid color, the greater the water
depth. (e selection of the maximum water depth is shown
in Figure 5(b), where the red and green points both indicate
the maximum water depth in each grid. (e water depth
corresponding to the red dot is the maximum water depth of
the commonly used maximum depth method. In addition,
while dividing the cross-section grid, the maximum water
depth of the rut is taken as the center to extend half the tire
width to both sides so that the maximum water depth is
included in the grid. Figure 5(c) shows the grid distribution
of the water area under the 3D perspective.

Here, taking the grid of the contact area between the tire
and the road surface as an example, the method of dividing
the rut water area is introduced. (e water area is repre-
sented by the area enclosed by the tire width and the tire-
road contact length, as shown in Figure 5(a). It is assumed
that there is only one water depth in each grid, so the
maximum water depth in the grid is used to represent the
water depth of the entire grid. In Figure 5(a), the water
depths are represented by different colors, and the color of
each grid is uniform; the darker the grid color, the greater the
water depth. (e selection of the maximum water depth is
shown in Figure 5(b). (e red and green points in the figure
both indicate the maximum water depth in the grid. (e

Driving
direction

C D

r

V

Fy

A

δ

B

Water-
accumulated area

β

Figure 2: Schematic diagram of vehicle sliding caused by the water
accumulated in the rut.
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water depth corresponding to the red dot is the maximum
water depth which is compared with the commonly used
maximum depth method. Moreover, when the cross-section
grid is divided, the maximum water depth is taken as the
center to extend half the tire width to both sides, in which
way the maximum water depth is included in the grid.

Figure 5(c) shows the grid distribution of the water area
from a 3D perspective.

(e grid-based water depth is the height difference
between the horizontal water line and the maximum depth
in each grid of the rut profile. (erefore, for a rut profile, the
water depth of each grid is calculated by the following
formula:

WDgridi �
WDlgridi � Z1 − Zgridi, x1 < gridi<xi,

WDrgridi � Zgridnumber − Zgrid(i+1), xi+1 < gridi< xgridnumber,

⎧⎨

⎩ (1)

where WDgridi is the water depth of the ith grid, WDlgridi and
WDrgridi are the water depths of the ith grid of the left and
right wheel paths, and Zgridi is the maximum depth of the ith
grid in a rut profile.

3.2. Calculation of the Adhesion Coefficient of the Water-
Accumulated Grid in the Model. After the water area of the
rut is divided, it is necessary to determine the adhesion
coefficient of each water grid. Approaches for calculating the
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Figure 3: Impact of 3-dimensional ruts on driving safety.
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Figure 4: Schematic diagram of impact of the water-filled rut on vehicle safety.
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adhesion coefficient include empirical methods and me-
chanical methods. (is paper uses the mechanics method
shown in Figure 6 to establish a 3D tire-road finite element
model and obtains the regression equation of the adhesion
coefficient between the tire and the water-accumulated road
surface.With detailed information of grid-based water depth
and adhesion coefficient distribution, it is possible to analyze
the impact of the horizontally asymmetric and longitudi-
nally uneven water-filled rut on driving safety.

(e adhesion coefficient in each water-accumulated
grid is calculated by the 3D tire-road finite element
model. (is model takes into account the water depth,
vehicle speed, and tire pattern depth and uses tire-water
hydrodynamics [13–15] for simulation. In this paper,
FLUENT is utilized to simulate the 3D tire-road
finite element model. (is software is often applied
to simulate fluid flow, heat transfer, and chemical
reactions.
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rut profile with maximum water depth in each grid (transverse direction). (c) Grid distribution of the water area under the 3D perspective.
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Based on the water depth, the regression equation of the
adhesion coefficient between the tire and the water-accu-
mulated road surface at different speeds can be calculated
(see formula (2–4)):

f − 0.1921 � −0.01106(WD − 5), V � 80 km/h , (2)

f − 0.0800 � −0.00574(WD − 5), V � 100 km/h, (3)
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Figure 6:(e 3D tire-road finite element model and the setting of model boundary conditions. (a) Tire hydroplaning FEM. (b) Fluid model.
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f − 0.0502 � −0.00398(WD − 5), V � 120 km/h . (4)

In the above formulae, f is the adhesion coefficient be-
tween the tire and the water-accumulated road surface, V is
the vehicle speed (km/h), and the adhesion coefficient in the
dry area is 0.5 [15]. During the model simulation, it is found
that when the water depth exceeds 5mm, it has a good linear
relationship with the adhesion coefficient between the tire
and the water-accumulated road surface; when the water
depth is below 5mm, however, this linear relationship no
longer exists. (erefore, in the following analysis, the water
depth of the rut is greater than 5mm.

Taking Section (j) as an example, Figure 7 illustrates the
conversion of the water depth in each grid of the rut profile
into the adhesion coefficient. It can be seen that the rut water
area is divided by the tire width, and the water depths
WD1,WD2, . . . ,WD13 are calculated. (rough the regres-
sion formula between the water depth and the adhesion
coefficient, for the selected tire 225/60 R18, its adhesion
coefficients f1, f2, ... f13 at different speeds can be calculated. It
can also be seen that the adhesion coefficient of the grid with
identical water depth varies under different vehicle speeds.
(e blue and red dashes in the figure represent the adhesion
coefficients of the grid at vehicle speeds of 100 km/h and
120 km/h, respectively. (e higher the vehicle speed, the
smaller the adhesion coefficient.

3.3. Establishment of 3D Water-Accumulated Rut-Adhesion
Coefficient-Vehicle Model and Safety Analysis. (e rut water
depth and the 3D tire-road finite element model are used to
calculate the adhesion coefficient between the tire and the
water-accumulated road surface. Based on the dynamic
differential equation theory and the vehicle model (four-
wheel model) [16–18], a 3D water-filled rut-adhesion co-
efficient-vehicle model with 27 degrees of freedom is stabled
and used for driving safety analysis. As shown in Figure 8,
the left front wheel is taken as an example to describe the

dynamic differential equation of the vehicle motion. (is
function takes into account the sprung mass (m2), the un-
sprung mass (m1), the Ks (Kt) and Cs (Ct) performance (KC
characteristics) of the suspension and tires, and the 1/4
vertical elevation (Z) of a continuous road [19]. Combined
with the adhesion coefficient of the grid, the model is capable
of analyzing the vehicle’s driving safety during lateral sliding,
for example, whether the lateral offset reaches the threshold,
and also simulating different driving conditions (such as
changing the vehicle speed and driving operations).

CarSim, a piece of common vehicle dynamics analysis and
simulation software, is used to establish a 3D vehicle-road
interaction model and analyze the lateral offset of the vehicle. It
can import road information (including road alignment, vertical
elevation of cross section, and adhesion coefficient) and vehicle
parameter information through different modules. In the car
simulator, the mathematical model of the vehicle four-wheel
model has over 110 ordinary differential equations and 250 state
variables that can fully define the state of the system [16–18]. In
addition, many researchers, including Cao et al. [20], Guo [14],
Zhang [15], and Pilgrim [21], also use CarSim to simulate and
analyze the safety problems arising from the reduced adhesion
coefficient between the road surface and the vehicle.

(e simulation test consists of three steps. (e first step is
to build a vehicle model in CarSim. (e vehicle module in
CarSim contains various types of vehicles which can be selected
according to research needs. (e second step is to establish a
road surface model, into which the road surface point cloud
data are input through the geometry module. (e adhesion
coefficient of each road surface grid is input to CarSim via the
road friction map module. (e final step is to output the
variation curve of the lateral offset with driving time to analyze
the impact of the water-filled rut on driving safety.

3.4. Evaluation Indices of Safety of the Water-Filled Rut.
Figure 9 shows the rut-vehicle model under practical road
conditions. (e road model is a two-way two-lane road, and

Z
XY
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Z2
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Z Sprung mass differential equation

Unsprung mass differential equation

m2z̈2 = Ks (z1 – z2) + Cs (ż1 – ż2)

m1z̈1 = Kt (z – z1) – Ks (z1 – z2) – Cs (ż1 – ż2)

Ct

Z1

Csm1Lateral force

Kt

Figure 8: 3D differential equation model of the vehicle pavement with multidegree of freedom.
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the lower lane is accumulated with some water. (ere is
more water in the left rut than in the right rut (the darker the
blue, the larger the water depth). (e curve in the figure is
the actual sideslip trajectory of the vehicle, and the vehicle
slides towards the direction where there is more water [22].
C. J. Baker believes that the vehicle should be determined to
have sliding risks once its lateral offset exceeds 0.5m. (is
method has been widely applied in practical engineering
[23–26]. Nevertheless, this indicator fails to describe the
state of the road surface and reflect the influence of rut water
depth on the lateral offset. Indeed, whether the lateral offset
is dangerous needs to be comprehensively determined in
conjunction with the slip time.

(e research object of this paper is rut. When the vehicle
slips out of the rut’s water area, the water depth will change
dramatically. Assuming that the vehicle tire is running in the
center of the rut, the vehicle’s slipping out of the water area is
defined as the lateral offset exceeding half of the rut width,
and the time for the vehicle to skid out of the water area is
recorded as slip time, denoted by T. When the slip time T is
longer than the driver’s judgment and reaction time for a
complicated situation, the vehicle is immediately in danger.

3.5. Establishment of the Safety PredictionModel of theWater-
Filled Rut. In order to establish the correlation between the
water-filled rut index and the safety evaluation index, the rut
detection data of the Xi’an-Shangzhou Expressway section in
Shaanxi Province are preprocessed, and the influence of the
water depth difference between left and right ruts (herein-
after referred to as water depth difference) on the total lateral
offset is obtained and applied to predict and analyze the
safety of the water-filled rut.

(e water depth difference is changed to observe its
impact on the lateral slip time. (e positions of the maxi-
mum water depths of the ruts are the same, so are the ruts’
widths. At a vehicle speed of 100 km/h, the water depth of

the right rut remains unchanged, and the water depth of the
left is altered at intervals of 1mm from 7mm to 15mm, so
the water depth difference varies between 2mm and 10mm.
(e left and right rut widths are 1249mm and 1290mm,
respectively.(e lateral slip time is analyzed according to the
minimum width, so the risk threshold of the lateral offset is
0.6m.

It can be seen from Figure 10 that when the maximum
rut depths are equal, the increase in the left rut depth will
lead to a reduction in water depth difference, but an increase
in the slip time. (e greater the water depth difference, the
easier it is to reach the slip risk threshold. Specifically, when
the water depth difference is 6mm, the slip time is 5.2 s;
when the difference is 7mm, the slip time is 4.8 s, which is
close to the driver’s reaction time to complex situations of 5 s
[27,28]. It is, therefore, preliminarily determined that the
critical value of the water depth difference is 6.5mm when
the vehicle speed is 100 km/h.

In order to quantitatively explore the influence of the water
depth difference on the slip time, the above relationship is
further analyzed through multiple rut profiles, that is, 7 ex-
perimental groups with a total of 42 pairs of rut profiles are
simulated, as shown in Table 1. Here, thewater depth difference
between the right and left ruts ranges within 4mm and 10mm.
In this case, the maximum rut water depth is 17mm and the
minimum is 5mm, which, respectively, meet the conditions for
partial hydroplaning and the basic requirements for the linear
regression formula of the adhesion coefficient.

Figure 11 shows the results of the above experiment.
From the correlation analysis between the water depth
difference and the lateral slip time, it can be seen that the
water depth difference shows a good linear relationship with
the slip time obtained by simulation, and the regression
coefficient is 0.9415. Draw a horizontal line with the critical
value of dangerous time 5 s. (is time is the driver’s reaction
time to complex judgments and understandings. Intersected
with the linear regression formula, the dangerous left and

Center line

Driving direction

Hazardous 1.025m
1.875m

3.
75

m

1.875m

600mWarm length 400m

Driving direction

Center line

Rutting width

0.5m

1.7m

Lateral offset

Vehicle width

Expected driving trajectory
Actual driving trajectory

Figure 9: Hazardous lateral offset during vehicle skidding.
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right water depth difference is 6.7mm.(is value is the water
depth difference for a dangerous situation and is roughly
equal to the critical value preliminarily determined above.

4. Case Study

Based on the established water-filled rut safety research
model, the measured data of rut profiles, the spatial

distribution of water depth difference in the driving di-
rection, and the safety of the rut section can be assessed from
the perspectives of time and space. Table 2 shows the lengths
of dangerous road sections at different vehicle speeds cal-
culated separately in cases of complete hydroplaning and
sliding. (e comparison shows that the lengths of dangerous
road sections based on sliding exceed those based on
hydroplaning. In other words, the sliding-based risk
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direction: left
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Figure 10: Impact of the water depth difference on the lateral slip time.

Table 1: Settings of left and right rut water depths.

Experimental
group

Water depth difference/
mm

(e water depth corresponding to the left wheels and the water depth corresponding to the
right wheels/mm-mm

1 10 17–7, 16–6, and 15–5
2 9 17–8, 16–7, 15–6, and 14–5
3 8 17–9, 16–8, 15–7, 14–6, and 13–5
4 7 17–10, 16–9, 15–8, 14–7, 13–6, and 12–5
5 6 17–11, 16–10, 15–9, 14–8, 13–7, 12–6, and 11–5
6 5 17–12, 16–11, 15–10, 14–9, 13–8, 12–7, 11–6, and 10–5
7 4 17–13, 16–12, 15–11, 14–10, 13–9, 12–8, 11–7, 10–6, and 9–5
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Figure 11: Correlation between vehicle slip time and water depth difference.

Table 2: Comparison of lengths of dangerous road sections obtained by complete hydroplaning- and sliding-based methods.

Vehicle
speed
(km/h)

Length of dangerous road section (m)
Comparison of assessed results (hydroplaning-
based method-sliding-based method)/Sliding-

based method

Increase in the length of
dangerous road sections by
sliding-based method (%)

Obtained by
hydroplaning-based

method

Obtained by
sliding-based

method
80 0 10 100% lower by hydroplaning-based method
100 145 160 9.4% lower by hydroplaning-based method 60
120 154 256 41.9% lower by hydroplaning-based method 150
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assessment method is more conservative than the hydro-
planing-based. It can be concluded that when the rut severity
and the vehicle speed are low, the hydroplaning-based risk
assessment method will greatly underestimate the risk of the
water-filled rut.

Figure 12 illustrates the safety assessment of the dan-
gerous road sections caused by water-filled ruts. (e areas
marked by arrows are the dangerous sections. (e orange
point cloud data are the distribution of the maximum water
depth of the left and right ruts. (e blue point cloud data is
the distribution of the water depth difference.(e gray curve
and the yellow straight line are the threshold lines based on
vehicle skidding and complete hydroplaning, respectively.
(e vertical elevation of the rut corresponding to the
hydroplaning-based threshold line is 19mm. When the blue
point data, i.e., the maximum water depth, is greater than
19mm, complete hydroplaning will occur. When the orange
point cloud data, that is, the water depth difference is higher
than the gray curve, the vehicle will slip before the driver has
time to react. (e evaluation of two dangerous sections of
190m–320m and 340m–355m, with a total length of about
145m, is obtained by the complete hydroplaning-based
assessment method; three dangerous sections of
220m–350m, 430m–445m, and 465m–480m, totaling
about 160m, are obtained by the vehicle sliding-based
evaluation method. (e dangerous sections evaluated by the
two approaches should be superimposed to form the final
dangerous sections of 190m–355m, 430m–445m, and
465m–480m, with a total length of 195m. For water-filled
rut sections with safety risks, a more economical and ef-
fective way is to reduce the speed of vehicles in addition to

maintenance.(us, it is recommended to control the driving
risk by lowering the vehicle speed on rutted sections under
the premise of adequate capacity of the road section.

In addition to the skidding threshold line at a speed of
100 km/h, the threshold lines at 120 km/h and 80 km/h are
added for further analysis. As shown in Figure 13, the
120 km/h threshold line is lower than the 100 km/h one,
which is lower than the 80 km/h one.

It can be seen from Table 3 that reducing the speed from
120km/h to 100km/h can reduce the length of dangerous
sections by 39.6% and lowering the speed from 100km/h to
80km/h can decrease the length by 93.8%. For driving safety, the
speed limit should be controlled within 80km/h to ensure that
the vehicle will not skid. (erefore, the risk of rutted road
sections can be effectively avoided through vehicle speed control.

5. Conclusions

Based on the CarSim software, this paper established a 3D
model of the water-filled rut-adhesion coefficient-vehicle. In
this model, the inputs include the rut water depth and the
adhesion coefficient between the tire and the water-accumu-
lated road surface calculated by the 3D tire-road finite element
model; the safety evaluation index is the slip time to reach the
dangerous lateral offset, and the threshold of slip time is the
driver’s critical reaction time. An experiment was designed to
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Figure 12: Safety assessment of the water-filled rut (100 km/h).
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Figure 13: Safety risk assessment of the water-filled rut at different speeds (80, 100, and 120 km/h).

Table 3: Reduction in length of dangerous sections by decreased
vehicle speeds.

Year 120⟶100 (km/h) (%) 100⟶80 (km/h) (%)
2017 39.6 93.8
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analyze the impact of the water depth difference on the safety of
the water-filled rut, and a safety prediction model for the
water-filled rut was established.

(1) It is found from comparison that the lengths of
dangerous road sections obtained by the sliding-
based method proposed in this paper are larger than
those by the hydroplaning-based method. (e
hydroplaning-based approach underestimates the
dangerous road length by 9.4%–100%, which is likely
to result in insufficient maintenance and vehicle
skidding.

(2) (e safety analysis was carried out on the actual
water-filled ruts. (e simulation results showed that,
as the vehicle speed dropped from 120 km/h to
80 km/h, the length of dangerous sections based on
vehicle skidding decreased by 93.8%. For driving
safety, the speed limit should be controlled within
80 km/h to ensure that the vehicle will not slip.

(is paper mainly analyzed the influence of the rut’s
lateral shape on the safety of the water-filled rut from vehicle
sliding and clustered the unsafe rutted sections in the driving
direction. (is paper failed to consider the impact of the
longitudinal variation in the rut profile on the vehicle’s
braking, which can be further studied.
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