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on Rutting Depth on Flexible Pavements
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Abstract
The continuous development of technologies, including intelligent networking, machine vision, and new energy vehicles, has
made autonomous driving vehicles a research focus. Autonomous vehicles significantly affect road performance under mixed
traffic flow conditions with their excellent lateral control ability and driving stability. A finite element model is established to
analyze the impact of these modes on pavement deformation under maximum air temperature in Nanjing, China. Based on the
simulation results, it has been shown that lateral control of autonomous vehicles significantly reduces pavement deformation.
The proportion of autonomous vehicles affects the difference in distribution modes, and the uniform distribution mode is the
most favorable for horizontal distribution. Additionally, the edge lane experiences less pavement deformation than the center
lane and varies more when the distribution pattern changes. By comparing the deformation of the center and edge lanes, the
edge lane experiences a significant reduction in deformation under the uniform distribution mode, with a maximum reduction
of 73.7%. Comparing the pavement deformation of center and edge lanes under normal distribution mode and uniform distri-
bution mode shows that safe solutions for the lateral distribution of autonomous vehicles depend on the proportion of auton-
omous vehicles. The optimal driving speed for autonomous vehicles is 80 km/h under the uniform distribution model, while
under the normal distribution model it is 90 km/h or 110 km/h. These findings provide a theoretical basis for the lateral control
of autonomous vehicles in the future and propose safe solutions for the lateral distribution of autonomous vehicles.
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Self-driving technology has developed particularly rap-
idly over the past decade and has become one of the
most popular areas of research today, with the global
market for autonomous driving expected to grow to
173 billion dollars by 2030 (1). Automatic vehicle (AV)
refers to a vehicle that is assisted or replaced by human
control through automation technology. The Society of
Automotive Engineers (SAE) defines different levels of
automation, from no automation (Level 0) to fully auto-
mated (Level 5, commonly referred to as automatic,
autonomous, or driverless vehicles) (2). The development
of automatic driving technology will have a positive
impact on the transportation system in many aspects,

including ensuring driving safety, improving road capac-
ity, energy conservation, and emission reduction.
Although the current automatic driving technology has
made great achievements, it will take a long time to com-
pletely replace the human-driven vehicle (HV).
Therefore, the mixed traffic flow composed of HV and
AV will inevitably exist (3).
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The significant difference between AV and HV is the
position and distribution of the vehicle load. When an
HV is running on the road, the wheel track is not a
straight track, but there is a certain lateral displacement
phenomenon, which is called wheel drift (4). Without lat-
eral control, an AV will maintain a lateral position in the
center of the lane, generating repeated single point loads,
which will lead to faster damage to the road structure.
Many studies have already discussed this issue. Chen
et al. (5) used the finite element modeling method to
demonstrate how the reduction of wheel drift of AVs will
accelerate the development of rutting, and the increase
of driving speed will offset this effect to some extent.
Generally speaking, there are two commonly used meth-
ods for allocating the lateral position of vehicles, namely,
trajectory-oriented method and fatigue damage-oriented
method (6). For the trajectory-oriented method, a variety
of lateral control modes of AV have been proposed and
simulated, such as zero distribution mode, uniform dis-
tribution mode, bimodal Gaussian mode, Laplace mode,
and two-stage uniform mode, among which the uniform
mode, bimodal Gaussian mode, and two-stage uniform
mode can have a positive impact on the pavement struc-
ture (7–9). The fatigue damage-oriented method was first
proposed by Chen et al. (10). The mode of this method is
not to control the distribution of vehicle transverse posi-
tions preferentially, but to minimize the change of fati-
gue damage in the lane, so that the pavement damage
state in the lane is consistent. In addition to considering
the lateral distribution of a single vehicle, some studies
also discuss the lateral distribution of AVs in a platoon.
Under the premise of automatic control, taking full
account of the fuel consumption of the fleet, the air resis-
tance of the queue, and the damage to the road pave-
ment, an AV fleet that can minimize the road surface
damage and ensure fuel efficiency is proposed (11, 12).

Previous studies of AV lateral drift have often disre-
garded the impact on adjacent lanes and assumed that
the vehicles will remain close to the distribution of lane
lines. However, it has been demonstrated that external
forces can cause vehicles to experience varying degrees of
slippage when driving. This slippage may lead to vehicles
entering adjacent lanes, potentially endangering vehicles
in those lanes. Therefore, it is important to consider a
safe lateral distance between AVs and lane lines to avoid
these safety hazards (13). The main challenge when using
AVs is to minimize road damage while ensuring safety.
One solution is introducing a lateral safety distance. The
concept of lateral safety distance was first proposed by
scientists in the former Soviet Union, who developed a
theoretical model of lane width called the Bolyankov
model (14). Jiang et al. (15) modified the lateral safety
distance by investigating vehicle speed and lateral

distance between vehicles, and demonstrated the effec-
tiveness of the model. Zhang and Zhang (16) constructed
an accident rate model for lane width using statistical
methods and adjusted the lateral safety distance using
the K-means clustering method. However, the impact of
introducing lateral safety distance on the lateral distribu-
tion design of AVs and resulting changes in rutting per-
formance have not been examined. Therefore, this paper
investigates the effects of lateral safety distance on the
lateral distribution design of AVs and explores the
impact of various lateral control schemes on rutting
depth in mixed traffic scenarios. After introducing the
topic, we present our design for the lateral distribution
of mixed traffic, which includes six potential lateral con-
trol modes. We then construct a finite element model to
predict rutting depth under different scenarios and dis-
cuss and analyze the simulation results. Finally, we con-
clude with a summary and conclusions of our findings.

Motivation and Scope

Previous research has demonstrated that the usage of
autonomous vehicles is bound to have an adverse effect
on the physical capacity of roads. When these vehicles
are horizontally distributed, they tend to be closely
aligned with adjacent lanes. During harsh weather condi-
tions, such as heavy winds, rain, snow, and thick fog,
vehicles may experience varying degrees of lateral slip-
page (17–19). Therefore, driving next to the lane line
poses significant safety hazards for cars in adjoining
lanes. The aim of this article is to analyze the influence
of the lateral safety distance of AVs on their lateral posi-
tioning pattern and the damage caused to roads in differ-
ent scenarios. By examining the lateral arrangement of
AVs at different penetration ratios and driving speeds, it
is possible to reduce road damage while also avoiding
disruption to adjacent lanes. This study can contribute
to the effective application of autonomous driving tech-
nology by presenting novel approaches to the lateral dis-
tribution of AVs.

Methods

Based on the introduction of a vehicle lateral distance
model, this study constructed a mixed traffic flow lateral
distribution model for different vehicle types and AV
penetration rates. In addition, a two-dimensional finite
element model was used to simulate pavement rutting
performance under different scenarios. The following
sections describe the model notations and assumptions,
the establishment of the finite element model, and the
mixed traffic flow lateral distribution model.
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Notations and Assumptions

The notations used in this paper are summarized as
Table S1 (see Supplementary Materials).

Without loss of generality, the following assumptions
are set in this paper.

1. For the purpose of this investigation, it is
assumed that all vehicles, including AVs and
HVs, remain within their current lane during
travel and do not engage in lane-changing
behavior.

2. In this study, we assume equal traffic flow
between the center and edge lanes.

Finite Element Modeling

Asphalt mixture exhibits significant viscoelastic proper-
ties, and its behavior is highly temperature-dependent,
particularly at high temperatures (20, 21). Previous stud-
ies have demonstrated that finite element software is a
powerful tool for modeling the long-term performance
of pavements (22, 23). In this study, we used the finite
element method and employed the commercial software
ABAQUS for the necessary simulations. To ensure the
model closely approximates real-world conditions, we
introduced the actual temperature field into the pave-
ment structure. Taking into account the continuous var-
iation of material properties with temperature, a rutting
analysis model with continuous temperature change was
established (24). The following subsections summarize
the geometric shape and finite element type, material
model, climate parameters, load model, and model vali-
dation used in the study.

Geometry of the Finite Element Model. In this study, a finite
element model is employed to evaluate the pavement
response under diverse mixed traffic scenarios.
Commercial finite element software, ABAQUS, is uti-
lized for simulation. To investigate the influence of dif-
ferent lateral control modes and the proportion of AVs,
a typical flexible pavement structure is chosen and its
corresponding finite element model is presented in
Figure 1. The width of the model is 3.90m to mitigate
the impact of boundary stress reflection waves, while its
thickness is set at 3.0m. The mesh of the rutting load
area is locally refined to enhance the accuracy of captur-
ing the mechanical response under wheel loading. The
prescribed boundary conditions comprise lateral hori-
zontal displacement, no horizontal and vertical displace-
ment at the bottom, and full contact between layers.

Material Model. In the past few years, numerous micro-
mechanical models have been developed to simulate

fatigue-induced damage in asphalt concrete. These mod-
els include the continuum damage mechanics-based vis-
coelasticity model (25), nonlinear viscoelastic method
(26), thermodynamically-based nonlinear rate-dependent
damage-plasticity coupled particle micromechanical
model (27), and other approaches. Material creep defor-
mation is the primary cause of rutting, therefore, the
Bailey-Norton law is employed for creep deformation
analysis in this study (28). The model has been widely
used and validated for simulating rutting deformation in
asphalt layers, demonstrating its soundness and effective-
ness (29, 30). Additionally, the tire drift effect on the
pavement surface can be taken into account easily by
modeling the temporal distribution of tire loading in the
transverse direction (31). The nonlinear time-hardening
creep model enables the determination of the cumulative
creep strain, that is, permanent deformation or rutting,
and can be characterized by effective stress, equivalent
uniaxial creep strain rate, and time, as presented in
Equation 1:

ecr =Aqntm ð1Þ

Boundary Conditions of Pavement Temperature Field. The tem-
perature distribution of asphalt pavements is affected by
external thermal environmental conditions. However,
given the intricacy of the heat transfer process, this study
focuses solely on three crucial heat transfer modes: con-
duction, convective heat transfer, and radiative heat
transfer. Based on the fundamental principles of heat
transfer, we establish a two-dimensional finite element
analysis model. We use the ABAQUS finite element anal-
ysis software’s user subroutines, DFLUX and FILM, to

Figure 1. Finite element model of asphalt pavement.
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define the interaction among heat flow, air temperature,
and convective heat transfer with the road surface over
time. By this means, we establish a corresponding transi-
ent temperature field model to simulate the growth of tire
rutting under varying temperature conditions, making
the simulation results more realistic (32).

The balance of energy on the pavement surface implies
that the total heat transfer through the surface of the
pavement equals the heat conducted inside the pavement.
The temperature field in the pavement is considerably
affected by solar radiation and air temperature. Most
researchers use the research results of Barber (33) to rep-
resent the variation of radiant intensity, which can be
expressed as follows (33, 34):

q(tn)=

0 0 ł tn\12� c
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q0 cosmv(tn � 12) 12� c
2
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2

0 12+ c
2
\tn ł 24

8<
: ð2Þ

The lowest daily temperature typically appears around
dawn, roughly between the hours of 4:00 to 6:00 a.m.,
while the highest temperature is usually observed approx-
imately 2 h after maximum solar radiation. The time
taken for the temperature to increase from the lowest to
the highest value is less than 10 h, whereas it takes over
14 h for the highest temperature to decrease to its lowest
level. This actual process of temperature change is diffi-
cult to simulate with a single sine function, so we propose
a linear combination of two sine functions to model the
diurnal temperature variation. Our results show that this
approach yields good agreement with empirical observa-
tions (35).

Ta = Ta + Tm 0:96 sinv(tn � t0)+ 0:14 sin 2v(tn � t0)½ �
ð3Þ

The heat exchange coefficient between the road surface
and the atmosphere, from thermal exchange, is primarily
determined by wind speed. These two factors have a lin-
ear correlation (36).

hc = 3:7vw + 9:4 ð4Þ

Various factors, such as ground temperature, air tem-
perature, cloud cover, air humidity, and transparency,
are closely related to the amount of effective radiation
from the road surface. Modifying the surface heat release
coefficient or reducing solar radiation can approximate
the effect of surface radiation. However, this method is
subject to relatively large error. The boundary conditions
of effective ground radiation can be directly obtained
using the following formula:

qF = es T1jz= 0 � TZ

� �4 � Ta � TZð Þ4
h i

ð5Þ

Loading Mode and Time. Vehicle loads on asphalt pave-
ment are typically simplified in finite element analysis.
Abu Al-Rub et al. (37) demonstrated the validity and
reasonableness of converting dynamic loads into equiva-
lent static loads. The study converted the number of
dynamic load actions into the corresponding number of
static load loading times using the following equation.

t0 =
0:36NP

nwpBv
ð6Þ

Lateral Distribution Design of Mixed Traffic Flow

From a pavement performance perspective, one of the
most significant differences between AVs and HVs is the
lateral drift of the vehicle. In other words, a computer
program can be proposed and developed to design
appropriate algorithms for the lateral movement of AVs
within their lane, based on theoretical calculations. To
ensure that AVs do not cause interference or present any
safety hazards to adjacent lanes during lateral move-
ments, a vehicle lateral safety distance model has been
introduced. By consolidating various past research, a lat-
eral distribution model is established for mixed traffic
flow scenarios and will be further discussed in this
chapter.

Lateral Distribution Design of HVs. As a result of the human
driver’s driving behavior and driving preference, vehicle
performance, driving safety, and other factors, the loca-
tion of each vehicle on the cross section of the lane is
random, showing an axisymmetric distribution as a
whole. As a result, the vehicle wheel load is concentrated
at local points of the cross section of the lane, forming
certain lateral distribution characteristics of wheel tracks.
To understand the lateral distribution characteristics of
HVs, Song and Chen (38) collected the lateral distribu-
tion of vehicle tires when the vehicle passed over the
road. After processing and analyzing the data, it is
proved that the lateral distribution of HVs on the road is
close to the normal distribution function, and the stan-
dard deviation s=25cm. The lateral distribution prob-
ability density function of HVs is as follows (39):

fh(x)=
1ffiffiffiffiffiffi
2p
p

s
exp � x� mð Þ2

2s2

 !
ð7Þ

Lateral Drift Area Model of AVs. Based on the theoretical
model of lane width, this study establishes the lateral drift
area model of autonomous vehicles at different driving
speeds. According to the assumption of the Bolyankov
model, the lane width is composed of vehicle width and
lateral safety distance. The lateral safety distance can be
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divided into the lateral safety distance of vehicles travel-
ing in the same direction, the lateral safety distance of
vehicles traveling in the opposite direction, and the lat-
eral safety distance between vehicles and curbs. The geo-
metric composition of lane width is shown in Figure 2. It
is important to note that on a single-direction road seg-
ment, the lanes positioned first and fourth from left to
right are referred to as edge lanes, while the two lanes in
the middle are known as center lanes.

Combined with Figure 1, the Bolyankov model is
composed of the following equations (40):

wo = d=2+ c+ a ð8Þ

wi = d + a ð9Þ

d = 0:7+ 0:02v3=4 ð10Þ

c= 0:4+ 0:02v3=4 ð11Þ

To make the model more consistent with the current
road traffic conditions, Zhang and Zhang (16) revised
the parameters in the model based on the measured data.

d = 0:6+ 0:06v0:5 ð12Þ

c= 0:3+ 0:005v ð13Þ

By combining Equations 8, 9, 12, and 13, the theoretical
value of the minimum lane width required for the AV to
travel safely can be calculated. Then the difference
between the actual lane width and the theoretical width
is the width of the lateral drift area of the AV, as shown
in the following formula:

2xo =w� wo ð14Þ

2xi =w� wi ð15Þ

This AV lateral drift area model is shown in Figure 3.

Lateral Distribution Design of AVs. In previous studies, it has
been proven that AVs are able to break through many

restrictions of HVs, allowing them to behave differently
from HVs (41). As the lateral distribution of vehicles is
closely related to the pavement service life, how to con-
trol the lateral distribution of vehicles to extend the pave-
ment service life has become one of the current research
highlights. The lateral displacement of the AV is con-
strained by the dynamic control system and can drift lat-
erally along the given trajectory, which is different from
the lateral distribution of HVs. To explore the impacts of
the behavior of AVs on the rutting depth under mixed
traffic scenarios, three lateral distribution modes, namely
zero distribution, normal distribution and uniform distri-
bution, are established in this paper. Zero distribution
mode means that the vehicle remains in the center of the
lane at all times without lateral drift. This is an extreme
scenario, which is set as mode 1. The lateral distribution
mode of AVs can simulate the distribution track of HVs,
which follows a normal distribution. However, the lateral
distribution range of AVs is wider than that of HVs. This
method for simulating the distribution trajectory of HVs

Figure 2. Overview of a divided expressway.

Figure 3. Lateral drift area model of automatic vehicle.
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is referred to as mode 2. Because of the precise control
capabilities of AVs, the lateral positions of AVs can cover
the entire drift area evenly, resulting in a more balanced
usage of the road surface and less impact on the road;
this scenario is mode 3. The lateral distribution of the
three modes is shown in Figure 4, and the distribution
function is as follows:

Mode1 : fai(x)= fa1(x)= 1 ð16Þ

Mode2 : fai(x)= fa2(x)=Norm m sð Þ= 1ffiffiffiffiffiffi
2p
p

s
exp � x�mð Þ2

2s2

 !

ð17Þ

Mode3 : fai(x)= fa3(x)=U a bð Þ= 1

b� a
ð18Þ

Lateral Distribution Design of Mixed Traffic Flow. With the
introduction of the lateral drift area model, the lateral dis-
tribution range of the AV will differ from that of the HV.
According to the above model, the lateral drift width of
AVs is 2x, while the lateral drift width of HVs is the whole
lane w, as shown in Figure 5. In addition, according to
the two conditions of the center and edge lanes, combined
with the three lateral drift modes of AVs, the following
six combination modes are proposed, as follows:

(a) Edge lane-zero distribution mode
(b) Center lane-zero distribution mode
(c) Edge lane-normal distribution mode
(d) Center lane-normal distribution mode
(e) Edge lane-uniform distribution mode
(f) Center lane-uniform distribution mode.

Considering that AVs cannot completely replace
HVs in the initial stage of development, there will be a
mixed traffic flow of HVs and AVs for a long time.
When discussing the six combination modes, it is neces-
sary to introduce different proportions of AVs into the
lateral distribution design, which results in a composite
function for the lateral distribution of the mixed traffic
flow.

hi(x)=W 3 fai(x)+ (1�W )3 fh(x) ð19Þ

Case Study

Pavement Design Parameters

This section focuses on the Jiangsu segment of the
Shanghai-Nanjing Expressway (China) as the subject of
study. Through a comprehensive exploration of pertinent
literature and on-site investigations, the relevant infor-
mation concerning the type of pavement structure, mate-
rial parameters, and vehicle load parameters has been
obtained. This information contributes to forming the
basis of developing a finite element model for the
Shanghai-Nanjing Expressway.

Pavement Structure and Material Parameters. The Shanghai-
Nanjing Expressway is a fully enclosed and interchanged
highway; its main technical specifications are presented in
Table 1. The typical structure of the pavement is shown

Figure 4. Lateral distributions of automatic vehicles (AVs) under
different modes.

Figure 5. Schematic diagram of vehicle lateral displacement.

Table 1. Main Technical Indicators of Case-Study Road

Design speed (km/h)
Number of

one-way lanes Lane width (m)
Radius of general
circular curve (m)

Minimum radius of
circular curve (m)

120 4 3.75 5,500 3,300
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in Figure 6, with a 4 cm thick SMA-13 layer on top, a
6 cm thick SUP-20 layer in the middle, and an 8 cm thick
SUP-25 layer at the bottom, with a 40 cm cement-
stabilized macadam layer and a 20 cm lime soil layer set
underneath.

To ensure precise finite element analysis, it is crucial to
determine the pertinent parameters associated with each
material layer. By referencing relevant research, the mate-
rial parameters for every layer under varying tempera-
tures have been catalogued in Table 2 as follows (42, 43).

Vehicle Model and Load Parameters. This study selected four
small cars as research subjects to accurately describe the
damage caused by mixed traffic flow on roads. To ensure

model representativeness, the design parameters were
based on the average values of the vehicle parameters for
the four models of small cars, which are shown in
Table 3.

The standard axial load of 100kN and equivalent cir-
cular diameter of 21.3 cm for one wheel were used in all
six combination modes to ensure a ground pressure of
0.7MPa. The distance between the two wheels was
31.95 cm. The two-dimensional finite element simulation
was simplified to a single-axis, two-wheel, double-
rectangular evenly distributed load. The load was rectan-
gular with a width of 15.7 cm and a center distance of
31.95 cm. The ground pressure was 0.7MPa (5, 6). The
parameters of standard axial load are shown in the
Table 4.

Climate Parameters. Atmospheric temperatures display
significant differences between day and night because of
solar radiation, resulting in periodic variations. These
periodic patterns can be approximated using cyclical var-
iation boundary conditions (22). In this study, an experi-
mental investigation was conduct using the day with the
highest daily average temperature recorded in Nanjing
throughout the year 2021 (from Janurary 1 to December
31) as the representative temperature. The specific para-
meters associated with the representative temperature
are shown in Table 5.

Table 2. Material Characteristic Parameters of Different Layers

Temp (�C) A n m Elastic modulus (MPa) Poisson’s ratio

SMA-13
20 6.536310211 0.937 20.592 870 0.25
30 3.32531029 0.862 20.587 620 0.30
40 1.44631028 0.792 20.577 554 0.35
50 1.39031026 0.414 20.525 530 0.40
60 1.46431025 0.336 20.502 526 0.45

SUP-20
20 4.580310211 0.944 20.596 910 0.25
30 2.46131029 0.796 20.585 752 0.30
40 3.67331028 0.773 20.570 600 0.35
50 4.80231026 0.595 20.532 440 0.40
60 7.77831025 0.384 20.441 380 0.45

SUP-25
20 4.590310211 0.922 20.581 1,031 0.25
30 3.46131029 0.859 20.576 900 0.30
40 1.95631028 0.830 20.562 710 0.35
50 1.20031026 0.322 20.522 500 0.40
60 3.75531025 0.210 20.418 390 0.45

Cement-stabilized macadam
NA NA NA NA 1,200 0.20

Lime ash soil
NA NA NA NA 810 0.20

Soil foundation
NA NA NA NA 45 0.35

Notes: NA = not available.

Figure 6. Typical asphalt pavement structure of Shanghai-Nanjing
Expressway (China).
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Model Validation

In this section, a simulation analysis of asphalt mixture
rutting is conducted using finite element software. Indoor
wheel tracking tests were performed under different
experimental conditions to obtain empirical results. A
finite element geometric model, consistent with the
experiments, is then established to verify the reliability of
the finite element model by comparing its simulated
results with the experimental data.

Standard Rutting Test. Currently, laboratory testing is the
primary method used to evaluate the rutting performance
of asphalt pavement materials. Representative experi-
mental methods include the standard wheel tracking test,
Hamburg wheel tracking test, French wheel tracking test,
and Asphalt Pavement Analyzer (APA) wheel tracking
test (44, 45). The rutting performance of the individual
layers of the asphalt pavement structure was tested using
the standard wheel tracking test method in this study.

To accurately simulate real-world conditions, a series
of indoor wheel tracking tests on asphalt mixtures are
conducted at a temperature of 30�C. A wheel pressure of
0.7MPa is selected. A test wheel with a 15mm rubber
layer, a diameter of 200mm, and a width of 50mm is
used. The test specimens are prepared by using a wheel
grinder, resulting in dimensions of 300mm 3 300mm
3 50mm, and a loading speed of 42 6 1 cycles per min-
ute. Figure 7 shows the experimental equipment used in
this study (46).

Validation of Finite Element Model. The wheel tracking test
specimens are wrapped in metal molds during the actual
testing. To simulate the actual test conditions more accu-
rately, full constraints are applied to the bottom of the
model while only horizontal displacement was con-
strained on the side. Previous studies have shown that
finite element analysis results of three-dimensional and
two-dimensional (2D) plane models are comparable in
simulating wheel tracking of asphalt mixtures. However,
using 2D plane models saves significant computational
time and memory resources (47). Consequently, we
developed a 2D plane model of the wheel tracking test
specimen to simulate the development of wheel tracking.
After inputting the material parameters and loading
methods, finite element software was used to examine
the wheel tracking development of three types of asphalt
mixtures under different temperature and load condi-
tions. By comparing the simulation results with the wheel
tracking test outcomes, a comparison graph was
obtained, as illustrated in Figure 8.

The graph reveals that the finite element model simu-
lation outcomes are consistent with the experimental
findings, indicating that using the creep model for finite
element model analysis is an accurate method to simulate
the effect of multi-stage loading conditions on wheel
tracking deformation of asphalt mixtures. This approach
offers flexibility and practicality for simulating wheel

Table 4. Parameters of Standard Axial Load

Standard
axial
load/kN

Tire contact
pressure (Mpa)

Center distance
between two
wheels (cm)

One wheel’s
equivalent circular

diameter (cm)

100 0.7 31.95 21.30

Table 3. Major Parameters of the Vehicle Models

Model Length (mm) Width (mm) Rear tread (mm)

NIO ES8 5,022 1,962 1,672
Model X 5,037 2,070 1,699
Model S 4,979 1,964 1,700
WM Motor W6 4,620 1,847 1,565
Average value 4,915 1,961 1,659

Table 5. The Representative Temperature parameters in this
study

Time (tn) Temperature (�C) Time (tn) Temperature (�C)

1 28.9 13 35.9
2 30 14 36.7
3 30 15 36.7
4 30 16 36.7
5 29 17 36.7
6 30 18 36.1
7 30 19 34.2
8 32.5 20 33.6
9 33.8 21 31.5
10 35.1 22 32.4
11 35.8 23 31.8
12 35.8 24 29.1

Figure 7. Standard rutting test instrument.
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tracking through finite element model and can aid in fur-
ther investigating the evolution of wheel tracking in
asphalt pavements under complex loading conditions.

Calculation of Lateral Drift Area

This study develops a lateral drift zone model for AVs
based on lane width theory, covering various travel
speeds. The research focuses on an eight-lane highway
featuring a central reservation strip. The setting of the
central reservation strip eliminates the impact of oncom-
ing traffic, allowing for the classification of the four
lanes into center and edge lanes. The results of the

computational analysis, as depicted in Figure 9, are
obtained on entering the relevant parameters into the
theoretical model of lane width.

The graph illustrates a difference in lateral drift width
between the edge and center lanes based on speed, which
is explained by the distinct sensitivity of speed changes in
these two lanes. Specifically, at low speeds, the center
lane has a smaller lateral drift width than the edge lane,
while this trend reverses as speed exceeds 40 km/h, reach-
ing its maximum difference at 120km/h. Notably, the
formula indicates that both ‘‘d/2’’ and ‘‘c’’ influence the
edge lane, while only ‘‘d’’ affects the center lane, resulting
in different ranges of lateral displacement between the
two lanes at different speeds. Additionally, as speed
increases, the lateral drift distance decreases progres-
sively. However, since the Shanghai-Nanjing Expressway
is designed with a speed limit of 120km/h, further
increases in speed are not considered in this analysis.

When analyzing mixed traffic flows, the representative
speed for HVs is usually taken as 85% of the road’s
designed travel speed (i.e., 102 km/h) (48, 49). However,
very low speeds significantly affect the prediction results
of tire tracks in finite element analysis for autonomous
vehicles. Moreover, such slow speeds do not exist in
practical traffic situations. Therefore, the cruising speed
of autonomous vehicles is set to be between 40km/h and
120km/h.

Results and Discussion

Influence of Lateral Distribution of Mixed Traffic Flow
on Rutting Development

Many previous studies have compared the rutting depth
under zero, normal, and uniform distributions, demon-
strating that the uniform distribution mode has the least
damage effect on the road. According to Chen et al. (6),
the uniform distribution mode is the best control mode,
which can reduce the fatigue damage by 35%, and delay
maintenance by up to 2.3 years compared with expecta-
tions. In addition, Yeganeh et al. (8) demonstrated that
different proportions of AVs caused variability in rutting
damage, and the differences under higher proportions
were more significant than those under lower propor-
tions. In this study, a lateral drift area model of AVs is
introduced to improve safety, and the rutting develop-
ment of different distribution modes under the influence
of this model is simulated. Figure 10 shows the rutting
development under different distribution modes.

As shown in Figure 10, the rutting depth in the zero
distribution mode is significantly greater than that in the
normal distribution mode and uniform distribution
mode. In addition, the proportion of AVs in the mixed
traffic flow also has an impact on rutting development,
with a greater proportion of AVs bassociated with more

Figure 8. Comparison diagram of standard rutting test and finite
element simulation results.

Figure 9. Lateral drift width of edge and center lanes at different
speeds.
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Figure 10. Rutting depth curves under different distribution modes: (a) edge lane-zero distribution mode, (b) center lane-zero
distribution mode, (c) edge lane-normal distribution mode, (d) center lane-normal distribution mode, (e) edge lane-uniform distribution
mode, (f) center lane-uniform distribution mode.
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significant variability in the different distribution modes.
These findings are consistent with previous studies.
However, there are still some differences in these conclu-
sions when the center and edge lanes are analyzed
separately.

Although the rutting depths of both center and edge
lanes are affected by the changes of distribution mode,
the magnitude of the change in rutting depth that occurs
when the distribution mode changes vary between the
center and edge lanes. Rutting depths are generally
greater in the edge lane than the center lane. As shown
in Figure 7, the rutting depth of the edge lane changes
more significantly, while the rutting depth of the center
lane changes slightly. The maximum rutting depth for
both the center and edge lanes in the zero distribution
mode is 11.320mm. The maximum rutting depth for the
center lanes in the normal and uniform distribution
modes is 4.479 and 2.975mm respectively, a reduction of
6.841mm and 8.345mm compared with the maximum
rutting depth in the zero distribution mode. However,
the maximum rutting depth for the edge lanes in the nor-
mal and uniform distribution modes is 6.509mm and
5.946mm respectively, a reduction of 4.811mm and
5.374mm compared with the maximum rutting depth in
the zero distribution mode respectively.

A comparison of the rutting depth variation values for
the center and edge lanes shows that the rut depth of the
center lane is significantly reduced in the uniformly dis-
tributed pattern by up to 73.7%, while the edge lane is
only reduced by up to 47.5%. Therefore, AVs should be
allowed to drive along the edge lane in uniform distribu-
tion mode as far as possible, but the proportion of AVs
should not be too high, after taking into account vehicle
safety considerations.

Rutting Depth Development Pattern of Center Lane
Under Normal and Uniform Distribution Mode

As the safety of AVs when performing lateral distribu-
tion has been largely disregarded in previous studies, the
issue of center and edge lane variability does not exist. In
this study, the lateral drift area model for AVs was estab-
lished and introduced so that the rutting development
patterns of the center and edge lanes in the same scenario
differed. As the rutting development trend of the center
and edge lanes in the zero distribution mode is the same,
only the development trend of the center lane rutting
depth in the normal and uniform distribution modes is
compared and analyzed, as shown in Figure 11.

The figure shows a distinctive ‘‘U’’ shape representing
how the rutting depth in the center lane first decreases
and then increases in response to AV cruising speed in
both normal and uniform distribution modes. This phe-
nomenon can be attributed to the influence of two fac-
tors: vehicle speed and lateral drift width of the road.
Specifically, at higher speeds, the lateral drift width of
the vehicle decreases, resulting in a more concentrated
vehicle distribution and a consequential increase in the
depth of ruts. In contrast, at lower speeds, vehicles have
a longer dwell time, and an increase in load action time
will significantly increase the rutting. Thus, the combina-
tion of these two competing factors generates the
observed ‘‘U’’ shape. However, there are still some differ-
ences in the rutting development patterns between the
different distribution modes.

Although the rutting trends are more or less the same
for the different distribution patterns, the uniform distri-
bution pattern has a smoother rutting depth trend and is
more significantly influenced by speed, with a clear

Figure 11. Rutting depth development pattern of center lane for: (a) uniform and (b) normal distribution modes.
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optimum driving speed. It is observed that the optimal
driving speed for AVs in the uniform distribution mode is
80km/h, and when AVs drive at that speed, they cause
the least damage to the road surface. The rutting trend in
the normal distribution model is more complex, with the
optimum speed being 110 km/h when the proportion of
AVs is less than or equal to 80% and 90km/h when the
proportion of AVs is more than 80%. In addition, the rut-
ting depth in the uniform distribution model is overall less
than that in the normal distribution model, a finding that
is also consistent with the findings in the above contents.

Therefore, when an AV is driving in the center lane,
the lateral distribution should be designed according to
the uniform distribution pattern as far as possible and
the cruising speed should be set at 80 km/h. When the lat-
eral distribution is designed according to the normal dis-
tribution pattern, the cruising speed should be adjusted
according to the proportion of the autonomous vehicle.

Rutting Depth Development Pattern of Edge Lane
Under Normal and Uniform Distribution Mode

As the rutting trends for the center and edge lanes are
the same in the zero distribution mode, only the rutting
depth trends in the edge lanes in the normal and uniform
distribution modes are compared and analyzed, as shown
in Figure 12.

As shown in Figure 12, the rutting depth of the edge
lane increases with the increase of the cruise speed of
AVs, both in the normal distribution mode and in the
uniform distribution mode. However, there are still some
differences in the rutting development patterns between
the different distribution modes.

Although the rutting depth is positively correlated with
the speed of AVs in both distribution modes, the sensitiv-
ity to speed variation differs, and the rutting depth varia-
tion curve is smoother under uniform distribution. As
can be observed from Figure 12, when the traffic flow is
composed entirely of AVs, the maximum and minimum
rutting depths under the normal distribution mode are
6.509mm and 4.531mm respectively, with a variation of
1.978mm. The maximum and minimum rutting depths
under the uniform distribution mode are 5.946mm and
3.013mm respectively, with a variation of 2.933mm.

Conclusions

With the aim of improving safety during lateral distribu-
tion, a lateral drift zone model for autonomous vehicles
was developed and various distribution patterns of mixed
traffic flow based on this model were proposed. Based on
data analysis, wheel drift significantly affects the fatigue
cracking and rutting performance indicators of asphalt
layers in flexible pavement. The main conclusions drawn
from this survey are as follows:

1. This study proposed three AV lateral distribution
modes: zero, normal, and uniform. Comparison
of rutting development in these modes demon-
strated that the uniform distribution pattern
resulted in the smallest rutting depth. The pro-
portion of AVs had a significant impact on varia-
bility in the different distribution modes. Rutting
depth was generally greater in the edge lane than
in the center lane, and varied more significantly
when the distribution pattern changed. The maxi-
mum relative difference in rutting depth under

Figure 12. Rutting depth development pattern of edge lane for: (a) uniform and (b) normal distribution modes.
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the same scenario was 50%. Comparing rutting
depths between center and edge lanes, it was
found that the uniform distribution pattern sig-
nificantly reduced rutting depths in the edge lanes
by up to 73.7%, while reducing the center lanes
by only up to 47.5%.

2. The rutting depth in the center lane exhibits a
‘‘U’’ shaped trend as the cruising speed of AVs
increases in both normal and uniform distribution
modes, with an optimal driving speed. In the uni-
form distribution mode, this trend is smoother,
and the optimal driving speed is 80 km/h. In the
normal distribution mode, the rutting trend is
more complicated, with an optimal speed of
110 km/h when the proportion of AVs is less than
or equal to 80%, and 90km/h when the propor-
tion of AVs is greater than 80%.

3. Comparison of rutting depth development in the
edge lane under normal and uniform distribution
modes shows that increasing cruising speeds result
in increased rutting depth. In the uniformly dis-
tributed model, rutting depth shows a stronger
correlation with speed, with a maximum variation
of 2.933mm.

In this article, the establishment of the AVs lateral
drift zone model improves the safety of mixed traffic flow
and provides new ideas for the design of lateral distribu-
tion in mixed traffic scenarios. Specifically, it demon-
strates how to adjust lateral distribution to minimize
impact on adjacent lanes while maintaining road surface
quality. Clearly, safety is the primary factor to consider
in future mixed traffic flow scenarios. This method also
provides a theoretical basis for practical projects such as
intelligent long-distance freight and unmanned public
transportation systems. However, the impact of lateral
drift of AVs on the behavior of surrounding vehicles is
still unclear, and research on the safety of lateral distri-
bution of AVs remains incomplete. Further study is nec-
essary to design a more accurate and scientific lateral
distribution model of mixed traffic flow.
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