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Abstract: Autonomous vehicles (AVs) are becoming increasingly popular, and this can potentially 
affect road performance. Road performance also influences driving comfort and safety for AVs. In 
this study, the influence of changes in traffic volume and wheel track distribution caused by AVs 
on the rutting distress of asphalt pavement was investigated through finite element simulations. A 
vehicle-mounted three-dimensional laser profiler was used to obtain pavement roughness and tex-
ture information. The vehicle vibration acceleration was obtained through vehicle dynamics simu-
lations, and the skid resistance indexes of 20 rutting specimens were collected. The results showed 
that an increase in traffic volume caused by the increasing AV traffic accelerated the occurrence of 
rutting distress; however, the uniform distribution of vehicles at both ends of the transverse direc-
tion could prolong the maintenance life of flexible and semi-rigid pavements by 0.041 and 0.530 
years, respectively. According to Carsim and Trucksim vehicle simulations and multiple linear re-
gression fitting, the relationship models of three factors, namely speed, road roughness, and com-
fort, showed high fitting accuracies; however, there were some differences among the models. 
Among the texture indexes, the arithmetic mean’s height (Ra) had the greatest influence on the tire–
road friction coefficient; Ra greatly influenced the safe driving of AVs. The findings of this study 
were used to present a speed control strategy for AVs based on the roughness and texture index for 
ensuring comfort and safety during automatic driving. 

Keywords: asphalt pavement; numerical simulation; pavement performance; vehicle control; road 
comfort; road safety 
 

1. Introduction 
Autonomous vehicle (AV) technology would provide great convenience to the el-

derly or disabled [1,2], and reduce traffic accidents and air pollution [3]. Fleets of share 
AVs may become cheaper than other modes in relative terms [4]. Therefore, the public 
has had a high acceptance rate of AVs in recent years [5]. Many countries have taken a 
step further by testing their AVs on public roads [6]. However, the interaction between 
AVs and roads seems to only have received a limited amount of attention to the best of 
our knowledge. Some studies have concluded that the control mode and impact of AVs 
considerably change traffic flow compared with human-driving vehicles (HVs), which 
would affect the structure and performance of asphalt pavements [7,8]. On the other hand, 
the speed control and braking strategies of AVs rarely consider the influence of the rough-
ness and texture characteristics of pavements on driving safety and comfort [9,10]. Given 
the rapid growth in vehicle automation technology, there is a pressing need to uncover 
the impact of AVs on the pavement and formulate the control strategy of AVs based on 
pavement performance.  

For AVs’ influence on the service performance of asphalt pavements, Chen et al. [11] 
proposed that a reduction in vehicle lateral can accelerate the occurrence of pavement 
rutting distress; they indicated that a lateral uniform distribution of AVs can reduce 
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rutting damage. Farah et al. [12] reported that by ensuring the precise positioning of AVs, 
road width is flexible and can be reduced in the future; however, this may aggravate the 
occurrence of pavement distress. Zhou et al. [13] found that the standard deviation of lat-
eral displacement of AVs was at least three times smaller than that of HVs and that AVs 
can decrease the fatigue life of pavements by 20% and increase rut depth by 13%. How-
ever, these studies have only considered changes in the lateral positioning mode of AVs 
and have not considered the impact of traffic flow changes caused by the presence of AVs 
on pavement performance. The research shows that an increase in AVs’ penetration rate 
leads to a shortening of following distance and an increase in traffic speed [14,15], thus 
improving the traffic volume and traffic flow efficiency. Variations in traffic volume and 
in vehicle speed change the load repetitions on pavements, which leads to a change in 
road performance. Therefore, to obtain more accurate insights, the impact of changes in 
traffic flow and the lateral distribution caused by the presence of AVs on pavement per-
formance should be comprehensively considered. 

Vehicle speed control plays an important role in the comfort and safety of AVs. To 
ensure passenger comfort, Mohajer et al. [16] generated a comfortable path profile accord-
ing to a road curvature, and a directional path tracking unit optimized the AV’s trajectory 
using a controller and a speed regulator. CHOI et al. [17] proposed a coupled controller 
based on game theory, which realizes AVs’ speed planning in regards to vehicle dynamics 
and considers acceleration changes when the vehicle changes direction to ensure passen-
ger comfort. Nguyen et al. [18] developed a control framework based on a fuzzy model to 
deal with the time-varying characteristics of vehicle speed. In terms of improving driving 
safety, Fu et al. [19] proposed an AV braking strategy based on deep reinforcement learn-
ing, and adopted a behavior criticism algorithm to solve the autonomous braking prob-
lem. Yuan et al. [20] proposed a new compact active braking system for AVs, which was 
based on adaptive gain-scheduling proportional differential controller and logic threshold 
control. Gounis et al. [21] designed a layered automatic emergency braking system based 
on safety distance. Emergency braking can meet the requirements of the safety distance 
threshold under the condition of a constant tire friction coefficient. However, the above 
studies put forward speed control strategies from the perspective of a vehicle speed con-
troller or braking system, not addressing the fact that pavement performance is the fun-
damental source of vehicle vibration and braking force. Roughness and texture character-
istics have a great impact on passenger comfort and braking safety [9,22]. Therefore, ve-
hicle speed control based on pavement performance is the key to improving the driving 
comfort and safety of AVs. 

The emergence of the Geographic Information System (GIS) and Vehicular Ad-Hoc 
Network (VANET) [23] has made it possible for AVs to have control based on pavement 
performance. The pavement performance collected by the pavement detection equipment 
can be shared through the VANET technology [24,25], which provides technical support 
for the AVs to optimize their driving behavior according to the pavement performance. 
However, in terms of pavement performance data collection technology, the accelerome-
ter [26] is affected by the vehicle speed and suspension system in the process of pavement 
roughness data collection, resulting in data distortion. Moreover, the method of using op-
tical sensors to collect pavement roughness and texture [27,28] is greatly affected by light-
ing conditions. Thus, using hand-held close range camera technology to collect pavement 
texture information [22] cannot meet requirements for the rapid investigation of a large-
area road network. Therefore, it is crucial to ensure the accurate investigation and rapid 
update of road information, which can enable AVs to obtain road information in real time 
and formulate appropriate speed control strategies. 

Given the above problems, this paper aims to study the influence of AVs’ populari-
zation on pavement performance and to formulate speed control strategies for AVs based 
on pavement performance. For this purpose, flexible and semi-rigid pavements were sim-
ulated using finite element simulations firstly, and the coupling effect of changes in traffic 
volume and wheel track distribution caused by increased AV traffic on rut depth was 
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analyzed. Then, a vehicle-mounted high-precision three-dimensional (3D) laser profiler 
was used to collect data about pavement roughness and texture, and the relationships 
between roughness and comfort, the texture index and skid resistance were investigated. 
An AV control strategy based on roughness and texture was proposed. The discussion of 
the results and concluding remarks are presented in the final section. 

2. Test Materials and Method 
2.1. Test Materials 

To analyze the relationship between pavement texture and skid resistance, rutting 
specimens with different gradations were prepared. The technical indexes of the 70# ma-
trix asphalt, the technical indexes of the aggregate, and the grading curves of different 
rutting specimens are presented in Tables 1 and 2, and Figure 1, respectively. It can be 
seen from Table 1 that the test results of all indexes of the 70# matrix asphalt used in this 
research meet the specification requirements, so the 70# matrix asphalt is sufficient. 

Table 1. Main technical indexes of 70# matrix asphalt. 

Technical Characteristic Test Results Requirements [29] 
Penetration (25 °C, 100 g, 5 s) (mm) 69 60–80 

Softening point (°C) 48 ≥ 46 
Ductility (10 °C, 5 cm/mm) (cm) > 19.5 ≥ 15 
Ductility (15 °C, 5 cm/mm) (cm) > 100 ≥ 100 

COC (°C) 284 ≥ 260 
Solubility in trichloroethene (%) 99.8 ≥ 99.5 

Table 2. Technical indexes of aggregate. 

Index 
Apparent 
Density 
(g/m3) 

Water Ab-
sorption 

(%) 

Crush 
Valve 

(%) 

Percent of Flat 
and Elongated 

Particles 
(%) 

Ruggedness 
(%) 

Requirements ≥ 2.60 ≤ 2.0 ≤ 26.0 ≤ 15 ≤ 12 
Results 2.73 1.2 22.5 12 7 

 
Figure 1. Gradation of rutting specimens. 

2.2. Test Method 
2.2.1. Simulation Calculation of Pavement Rutting 
(1) Finite element model of the pavement structure 
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According to Chinese specification JTG D50-2017 concerning typical pavement struc-
tures in China, two-dimensional finite element models of flexible and semi-rigid pave-
ment structures were established in this study. The pavement structure parameters are 
presented in Figure 2. The width of finite element models of flexible pavement and semi-
rigid pavement was 3.75 m and the thickness was 3 m. The model mesh element type was 
CPE8R, and the mesh of the wheel on-board action area was locally refined. The boundary 
conditions of the model were set as no horizontal displacement in the lateral direction and 
no vertical displacement at the bottom, and the contact between layers was complete. The 
load conditions are shown in Table 3. 

 
Figure 2. Parameters of pavement structure (E is the modulus of elasticity, μ is Poisson’s ratio, ζ is 
damp). 

Table 3. Standard axle load calculation parameters. 

Standard Axis 
Standard 

Load 
P/kN 

Tire Ground-
ing Pressure 

p/MPa 

Rectangular 
Length of Sin-

gle Wheel 
Grounding 

L/cm 

Rectangular 
Width of Sin-

gle Wheel 
Grounding 

B/cm 

Center Dis-
tance between 
Two Wheels 

RL/cm 

BZ-100 100 0.70 22.7 15.7 31.95 

In both the pavement models, the horizontal width and depth were 3.75 and 3 m, 
respectively. The grid of the load action area was locally refined. For the model, the fol-
lowing boundary conditions were used: there was no lateral horizontal displacement, 
there was no vertical displacement at the bottom, and the layers of the pavement were in 
complete contact. Asphalt pavements have viscoelastic–plastic characteristics under the 
action of load and temperature [30]; rutting is mainly caused by creep deformation. There-
fore, the Drucker–Prager model was adopted, as shown in Equation (1). 

1
1( [( 1) ] )n m m

cr crAq mε ε += +  (1)

where crε  is the uniaxial equivalent creep strain rate, crε  is the uniaxial equivalent creep 
strain, q is the eccentric stress, and model parameters A, n, and m, as well as the thermal 
property parameters of the asphalt pavement temperature field were taken according to 
the relevant literature [31]. 
(2) Load parameters 

According to Chinese specification JTG D50-2017, 100 kN was selected as the design 
standard axle load. The specific parameters are presented in Table 3. The cumulative ac-
tion time of the load was calculated using Equation (2). 
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0.36

w

NPt
n pBv

=  (2) 

where t is the cumulative action time of the wheel load (s), N is the number of wheel load 
repetitions, nw is the number of axles (4), v is the vehicle speed (80 km/h), P is the standard 
load, p is the tire grounding pressure (0.7 Mpa) and B is the rectangular width of single-
wheel grounding. 

2.2.2. Acquisition of Road Roughness and Vehicle Vibration Acceleration 
To collect roughness data accurately, a 3D laser profiler (Figure 3b) was used; it was 

developed according to laser triangulation to collect the longitudinal contour elevation 
data of the road surface of the vehicle track (Figure 3c). The obtained longitudinal contour 
elevation was input into a quarter of the golden car model after algorithm filtering to cal-
culate the international roughness index (IRI). 

By moving the reference algorithm in the elevation direction, vibration errors were 
effectively eliminated without installing an accelerometer; thus, roughness could be accu-
rately measured in any driving state [32], thereby effectively overcoming the inherent lim-
itations of the accelerometer in the inertial profiler. Different locations on Wenyang road, 
Haidian district, Beijing, were selected for testing. Figure 4 shows the test scenario and the 
relative elevation data of the road section. 

 
Figure 3. Road information collection process. 
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(a) (b) 

Figure 4. Field test (a) Test scenario; (b) Test result. 

To collect vibration acceleration data during vehicle driving, whole vehicle models 
of Carsim and Trucksim software were used to establish a virtual sample vehicle (Figure 
5). Default parameters of the model were used for the vehicle body, tires, suspension, 
transmission device, and aerodynamism. In the software, the road centerline method was 
used to input the road contour elevation values collected by employing the detection ve-
hicle into the model to reproduce the uneven state of the road space. Finally, the acceler-
ation data of the seat in the left and right, front and rear, and up and down directions was 
collected. 

 
Figure 5. Vehicle vibration acceleration model in Carsim. 

2.2.3. Acquisition of Pavement Texture and Skid Resistance 
To collect pavement texture data, the 3D laser profiler was arranged horizontally; 

accumulated image frames of the rutting specimen section were collected at 60 km/h. The 
accumulated image frames were used for the 3D reverse reconstruction of the pavement 
by using the built-in algorithm (Figure 3e). The vertical accuracy reached 0.01 mm, which 
is better than the accuracy (1 mm) of the contemporary full-lane fast laser profiler [33]. 
Moreover, the micro and macro texture boundaries were high (0.05 mm) [32]. Some of the 
texture indexes used in the study included the Ra, Rq, MTD and MPD (see Table A1 in 
Appendix A for the definition of the indexes); these were calculated from the 3D texture 
data [32]. Concerning Chinese standard JTG E60–2008, the sliding resistance of rutting 
specimens was evaluated using a pendulum friction instrument. 
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3. Results and Discussion 
3.1. Influence of AVs on Rutting 
3.1.1. Influence of AVs Popularization on Traffic Volume 

Traffic volume is determined by traffic density and vehicle speed. The traffic density 
is the reciprocal of the lane length occupied by vehicles [34]. The traffic volume of HVs 
(Ch) can be calculated using Equation (3). Since AVs have the features including infor-
mation sharing, an accurate perception of the surrounding environment and rapid deci-
sion-making control functions, they can greatly reduce the vehicle braking reaction time. 
Therefore, compared with HVs, AVs can follow the vehicle at a smaller temporal distance 
(time gap) (Taa) [8]. In a traffic flow composed of fully AVs, the traffic volume Ca is calcu-
lated by Equation (4). The ratio of the two traffic volume calculation equations is shown 
in Equation (5). It can be seen that when the vehicle speed and the vehicle length are the 
same, the change in traffic volume is determined by the time gap.  

In mixed traffic flow, since HVs have no communication function, when an HV fol-
lows AV, the time gap between the HV and AV is equal to the time gap between the HVs 
(Thh), which can be expressed as Thx. When an AV follows an HV, the AV and HV cannot 
realize the information interaction, which degenerates into the adaptive cruise control in 
which the AV uses sensors to judge the state of the vehicle ahead [35]; the time gap be-
tween the AV and HV (Tah) is less than Thx but greater than Taa. The modified traffic volume 
(Cm) calculation equation is shown in Equation (6) [8]. 

h
hh

vC
vT L

=
+

 (3)

a
aa

vC
vT L

=
+

 (4)

h aa

a hh

C vT L
C vT L

+
=

+
 (5)

2 (1 ) (1 )m
aa ah hx pkw

vC
g vT g g vT g vT L

=
+ − + − +

 (6)

where Thh is the time gap to the preceding vehicle (s), L is the vehicle length (m), v is the 
vehicle speed (m/s), g is AVs penetration (%), Taa is the time gap between AVs (0.5 s), Thx 
is the time gap between HVs and the front vehicle (1.15 s). Tah is the time gap between AVs 
and front HVs (0.9 s), Lpkw is the length of the lane occupied by the vehicle (7.5 m), includ-
ing the length of the vehicle and the safe distance between the vehicle and the vehicle in 
front. The parameters in Equations (3)–(6) are taken according to reference [8]. 

The research shows that with the increase in AVs’ penetration rate, the traffic speed 
can be significantly increased, and vehicles can quickly pass through the traffic bottleneck 
area to reduce traffic congestion [14,36]. When the AVs’ penetration rate reaches 100%, 
the traffic speed can be increased by 45–72% [37,38]. At AV penetration rates of 20%, 40%, 
60%, 80% and 100%, the vehicle speed is increased by 27%, 38%, 57%, 67% and 72%, re-
spectively [38]. Considering the changes in the time gap and traffic speed caused by the 
popularization of AVs, we calculated the traffic volume under five kinds of AV penetra-
tion rates according to Equation (6), and the results are shown in Figure 6. 
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Figure 6. Influence of AVs’ popularization on traffic. 

Figure 6 shows that as the vehicle speed and driving distance changed due to higher 
AV traffic, the traffic volume increased; at a high AV penetration rate ( ≥ 40%), the result-
ing change in driving distance was the main factor that increased traffic volume. At the 
AV penetration rates of 20%, 40%, 60%, 80% and 100%, the traffic volume increased by 
10%, 21%, 39%, 67% and 114%, respectively.  

3.1.2. Influence of AVs Popularization on Load Repetitions 
With continuous advances in algorithms and control systems, the lateral control 

strategy of AVs is becoming increasingly robust. In the future, the programmed distribu-
tion of the wheels’ lateral trajectory can be realized; then, road performance will be mainly 
influenced by heavy-duty vehicles. Chen et al. [11] considered a truck model and pro-
posed that the lateral distribution of the wheel trajectory of HVs is the normal distribution. 
In the future, AVs may appear centrally distributed, with uniform distribution at both 
ends, including bimodal Gaussian normal distribution and uniform distribution. The 
wheel trace distribution equation and schematic diagram are shown in Table 4. 

Table 4. Equation of schematic diagram of vehicle wheel track distribution. 

Wheel Track Distribution Equation Schematic 

Normal distribution 
2 2

2 2
1 ( ) 1 ( 840)( ) exp( ) exp( )

2 2 2162 216 2
x xf x μ

σπ σ π
− −= − = −

×
 

 

Centralized distribution 0
1, 840

( )
0, 840
x mm

g x
x mm

==  ≠
 

 

Uniform distribution at both 
ends 1

0.5 , 408 408 280
280

( ) 0, 408 280 1272 280
0.5 ,1272 280 1272
280

x

g x x

x

 < < +


= + < < −

 − < <
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Bimodal Gaussian normal dis-
tribution 

2 2

2 2 2
0.5 ( 624) 0.5 ( 1056)( ) exp( ) exp( )

2 108 2 108108 2 108 2
x xg x

π π
− −= − + −
× ×

 

 

Uniform distribution 3
1 1( )

840
g x

ep sp
= =

−
 

 
Note: Refer to the literature [11] for the meaning of specific parameters in the table. 

The synthetic transverse distribution function at different AV penetration rates can 
be calculated using Equation (7). 

( ) * ( ) (1 ) * ( )i j j j iF x w f x w g x= + −  (7)

where wj is the proportion of HVs; i—0,1,2,3 correspond to the four lateral distribution 
modes of the wheel tracks in AVs; f(x) is the load frequency curve of HVs; and gi(x) is the 
load frequency of AVs. A double wheel with a width = 466 mm was considered as the 
main wheel trace belt [39], and the effective load frequency within the track belt was cal-
culated; that is, the load frequency curve was integrated within the range of x = [607, 1073] 
to obtain the probability density, and it was the ratio of the load repetitions in the wheel 
track belt to the total load repetitions in the section [7,40]. 

The influence of changes in vehicle load repetitions caused by changes in traffic vol-
ume on the pavement structure was not considered. Herein, the coupling effect of AV 
distribution mode and traffic volume change was considered, and the ratio of the number 
of load repetitions in the wheel track belt under different AV penetration rates to the num-
ber of load repetitions in the wheel track belt without AVs was calculated, as shown in 
Figure 7. 

 
Figure 7. Influence of AVs popularization on the ratio of load repetitions in wheel track belt. 

Figure 7 shows that by considering the changes in traffic volume and speed caused 
by higher traffic of AVs, the wheel track mode with uniform distribution at both ends can 
effectively reduce the load repetitions in the wheel track belt of vehicles in case of high-
AV traffic. In Figure 7, the ratio of the load repetitions in the wheel track belt with a bi-
modal Gaussian distribution and uniform distribution under different AV penetration 
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rates shows a similar trend, because in the tire load action interval x = [607, 1073], the ratios 
of the load repetitions in the wheel track with a bimodal Gaussian distribution and uni-
form distribution to the total load repetitions in the section were 56% and 54%, respec-
tively, which was close. After the two-wheel track lateral distribution functions were sub-
stituted into Equation (7), the proportion of the load repetitions in the wheel track belt to 
the total load repetitions of the section under different AV penetration rates obtained by 
integration were close. This results in a similar trend in the ratio of the load repetitions in 
the wheel track belt of the two-wheel track distributions to the load repetitions in the 
wheel track belt without AVs under different AV penetration rates. 

3.1.3. Influence of AVs Popularization on Rutting 
According to the finite element model established in Section 2.1, the rutting depth 

under different load repetitions was calculated and regressed to obtain the relationship 
between rutting depth and load repetitions. The relationship between rutting depth and 
standard axle load repetitions of the two pavements is shown in Figure 8. 

  
(a) (b) 

Figure 8. The relationship between rutting depth and load repetitions (a) Flexible pavement; (b) 
Semi-rigid pavement. 

Figure 8 shows that the rut depth increased with an increase in load repetitions. At 
the same load repetitions, the rut depth of the semi-rigid pavement was less than that of 
the flexible pavement, indicating the better rutting resistance of the semi-rigid pavement. 
A cloud diagram of rut distress in the flexible and semi-rigid pavements under twenty 
thousand load repetitions is shown in Figure 9. 

  
(a) (b) 

Figure 9. Finite element simulation of rutting (a) Flexible pavement; (b) Semi-rigid pavement. 

When the wheel track distribution change was not considered, the increase in traffic 
volume caused by higher AV traffic aggravated the rutting distress of the pavement. For 
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flexible and semi-rigid pavements, when the load repetitions reached 3.9907 and 48.1742 
million times, respectively, the pavement rutting depth reached the maintenance rut 
depth (15 mm). Considering the lateral distribution of the wheel tracks of AVs, for the 
four lateral distribution modes of wheel tracks, under the condition of 100% AV penetra-
tion, the pavement maintenance period was calculated according to the relationship be-
tween road rutting and load repetitions (Figure 8). The results are shown in Figure 10. 

 
Figure 10. Pavement maintenance period under different wheel track distribution modes. 

At the AV penetration rate of 0, the maintenance periods of the flexible and semi-
rigid pavements were 0.264 and 3.150 years, respectively. As shown in Figure 10, high AV 
traffic increased traffic volume; however, the uniform distribution of vehicles at both ends 
of the horizontal direction could reduce the occurrence of rutting distress and extend the 
maintenance life of flexible and semi-rigid pavements by 0.041 and 0.530 years, respec-
tively. In Figure 10, there was a large difference between the maintenance period of uni-
form distribution at both ends and that of uniform distribution. This is because when the 
AVs’ penetration rate was 100%, the ratios of the number of load repetitions in the track 
belt under uniform distribution and uniform distribution at both ends to the number of 
load repetitions in the track belt without AVs were 1.60 and 0.86, respectively. The number 
of load repetitions in the wheel track belt under uniform distribution was 1.86 times that 
of uniform distribution at both ends. The above phenomenon indicates that to achieve the 
same number of load repetitions in the wheel track belt and the same rutting depth in the 
wheel track belt, the traffic volume of a single lane with a uniform distribution at both 
ends of the wheel track needs to be 1.86 times that of the uniform distribution [41], result-
ing in a large difference in maintenance period under the two distribution modes. 

3.1.4. The Framework of Lateral Control on AVs 
Note that this section mainly focuses on the influence of traffic volume and wheel 

track distribution changes caused by AVs on rutting distress, for which the method to 
achieve the target wheel track lateral distribution curve is briefly introduced as follows.  

Video detection and the Internet of Things are used to collect the driving track of 
vehicles on the road ahead [42], and the current road wheel track distribution curve is 
obtained. The AVs obtain the current wheel track distribution curve through V2I technol-
ogy. The current lateral position of AVs is known, and a new lateral position on the future 
lane is assigned to AVs according to the parameters, such as the target track distribution 
curve and the lane width. 
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According to the trajectory planning model [43], the electronic control unit of AVs 
determines the route (distance and trajectory alignment) required for the trajectory 
change, and generates steering information; the steering motor realizes steering and 
reaches the designated lateral distribution point. After the current AV passes through the 
target lateral point, the wheel track distribution curve is updated to control the lateral 
position of the subsequent AVs. The AVs’ lateral distribution strategy is shown in Figure 
11. 

 
Figure 11. The framework of lateral control of AVs. 

3.2. Influence of Road Performance on Driving Behavior of AVs 
3.2.1. Relationship between Roughness and AVs Comfort 

After obtaining the road roughness and vehicle vibration acceleration in Section 2.2.2, 
the total weighted root mean square acceleration method was used to evaluate comfort. 
Before calculating the root mean square value of total weighted acceleration, the root 
mean square value of uniaxial weighted acceleration was calculated. First, the acceleration 
self-power spectrum function, Ga(f), was obtained using the spectral analysis of the accel-
eration in each axis, and then, the one-way weighted root mean square value of accelera-
tion, aw, was calculated through the direct integration of Ga(f) according to Equation (8). 

80
2

0.5

( ) ( )w aa w f G f df=   (8)

where f is frequency (Hz); w(f) is the frequency weighting function. For w(f) with different 
axes, see Equations (9) and (10) for the functional relationship. 

0.5,  0.5 2

,  2 4
4( ) 1,  4 12.5
12.5 ,  12.5 80

z

f
f f

w f f

f
f

≤ <

 ≤ <
=  ≤ <


≤ ≤


 (9)
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1,  0.5 2
( ) ( ) 2 ,  2 80x y

f
w f w f

f
f

≤ <
= =  ≤ ≤

 (10)

The root mean square value of the total weighted acceleration was calculated using 
Equation (11). 

2 2 2
0 (1.4 ) (1.4 ) ( )w wx wy wza a a a= + +  (11)

where aw0 is the root mean square value of total weighted acceleration(m/s2); awx, awy and 
awz are the root mean square value of acceleration in the directions of the X-axis, Y-axis, 
and Z-axis, respectively(m/s2).  

The acceleration data obtained in the vehicle dynamics experiment were discrete data 
that changed with time. To accurately express it using mathematical expressions, time-
domain sequence data were first converted (Figure 12a) into frequency-domain sequence 
data (Figure 12b). In the calculation of the root mean square value of weighted accelera-
tion, the power spectral density function of acceleration data was calculated according to 
Equation (12). 

  
(a) (b) 

Figure 12. Vehicle vibration acceleration acquisition process (a) Acceleration frequency domain se-
quence curve; (b) Acceleration time domain sequence curve. 

2 2( ) ( )x t dt x f df
+∞ +∞

−∞ −∞

= | |   (12)

where x(f) is the Fourier transform function of time-domain acceleration, t is time (s) and 
f is the frequency (Hz). 

In the simulation software, different vehicle models were selected to drive on roads 
with different roughness at different speeds. The vibration acceleration of the vehicle was 
collected, and the root mean square of the weighted acceleration was calculated. Vibration 
acceleration, speed and roughness data were subject to multiple linear regressions by us-
ing SPSS software. A small sedan car and a conventional truck van were considered ex-
amples, and the relationships between acceleration, roughness and speed were repre-
sented using Equations (13) and (14). 

20 046 0 005 0 194 0 961wa . IRI . v . ,R .= + − =  (13)

20 135 0 003 0 077 0 917wa . IRI . v . ,R .= + − =  (14)
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When the goodness of fit R2 was close to 1, the fitting effect of the regression equation 
was considered good. The goodness of fit of the regression equation in Equations (13) and 
(14) was >0.9, indicating that the function expression was well fitted with the observed 
values. This value was selected as the critical value to determine passenger comfort in 
transit; the critical value of roughness based on passenger comfort was obtained for dif-
ferent models at different driving speeds. The results are shown in Figure 13. A greater 
roughness value implied a bumpier road. 

 
Figure 13. Roughness critical value based on comfort. 

As shown in Figure 12, the requirement for roughness increases with an increase in 
vehicle speed; therefore, AVs should actively reduce vehicle speed to ensure human com-
fort when the roughness of the road ahead is poor. At the same speed, the critical value of 
roughness required to meet the riding comfort of trucks was considerably smaller than 
that of cars, indicating that different speed control strategies can be specified for different 
AVs. 

3.2.2. Pavement Texture and Safe Driving Behavior of AVs 
(1) Correlation analysis between pavement texture and skid resistance 

Five groups of rutting specimens (20 pieces) with different grading were scanned 
using a 3D laser, and skid resistance was examined. The Pearson correlation method [44] 
was employed to calculate the correlation between multiple indicators. The results are 
shown in Figure 14. An SPSS was used to calculate the standardized influence coefficient 
of the macro texture index (β) on BPN. The results are shown in Figure 15. 



Sustainability 2022, 14, 11693 15 of 23 
 

 
Figure 14. Correlation analysis between macro texture index and BPN. 

 
Figure 15. Standard influence coefficient of texture index on BPN. 

As shown in Figure 13, among the macro texture indexes, only the Pearson coefficient 
between Ra and MPD is >0.8; the two indexes are strongly correlated. In terms of the cor-
relation between the macro texture and BPN, the correlation between Ra and BPN was 
0.928, which indicated a high correlation. The correlation between other macro texture 
indexes and BPN was <0.8, which showed a moderate correlation. The order of weight of 
each texture index on BPN value was Ra>Rq >MPD>MTD. 
(2) Skid resistance and driving safety of AVs 

Considering the correlation and standardized weight influence coefficients, the de-
tection value of Ra was used to predict the skid resistance of the pavements. The regression 
of BPN and Ra was calculated using Equation (15). 

29 269 40 942aBPN . R .= +  (15)

The conversion relationship between pavement friction coefficient, μ , and BPN was 
given using Equation (16) [45]. 

1110 1( )
3BPN

μ −= −  (16)
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Finally, the conversion relationship between μ and Ra was obtained using Equation 
(17). 

87.807 122.826
289.058 29.269

a

a

R
R

μ +
=

−
 (17)

After obtaining the texture index Ra of the pavement ahead, the AV calculated the 
road friction coefficient by using Equation (17), and thus, determined the expected brak-
ing acceleration to ensure safe driving. 

During driving, excessive lateral offset distance is an important factor that may lead 
to road accidents. Therefore, the road texture data were calculated using Equation (15) to 
obtain the dynamic friction coefficient for different roads with the considered vehicles; the 
calculated dynamic friction coefficient was input into the Carsim vehicle simulation soft-
ware for simulating the safe driving of AVs. The results are presented in Figure 15. 

As shown in Figure 16, the offset distance difference of the AV model developed by 
Carsim can be accurate to the order of 0.0001 m, which is higher than the detection re-
quirements of the centimeter level [46], with high accuracy. It can distinguish the lateral 
offset difference of AV to the scale of <1 mm, indicating that the model had high reliability. 
Different pavement initial states had good skid resistance; thus, the texture structure pro-
vided by the road surface to the tire–road contact was relatively good. Among the three 
gradation types, the texture structure provided by AC-13 to AVs for safe driving was more 
complete. 

 
Figure 16. AVs’ lateral offset distance based on the Carsim simulation. 

3.2.3. Speed Control Strategy of AVs Based on Pavement Performance 
Based on the relationship between driving comfort of AVs and roughness, safety and 

road texture, this study introduced a hyperbolic tangent function of speed control, as 
shown in Equation (18) [47] and proposed a speed control strategy for AVs based on pave-
ment performance. Acceleration and deceleration were symmetrical; therefore, only the 
speed adjustment strategy under deceleration was considered: 

0( ) tanh( ( ))fv b k t b vε τ= − + − − +  (18)

where vf is final speed (m/s), v0 is initial speed (m/s), b is half of the absolute speed differ-
ence between final speed and initial speed (m/s), t is time (s), k is the stability coefficient 
that determines the shape of the speed change, τ  is the time constant [26,47], tanh is the 
hyperbolic tangent function, changing the value of k can adjust the speed of curve change, 
and the error is ( 0)ε ε > . 
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The acceleration produced during vehicle deceleration (ad) is calculated according to 
Equation (19). 

2( ) [1 (tanh( ( ))) ]da b k k tε τ= − + − −  (19)

The deceleration process was assumed to take place in the longitudinal direction, 
ignoring the lateral acceleration. In the influence of roughness on vehicle vibration, verti-
cal acceleration had the most considerable influence. When decelerating, longitudinal ac-
celeration was mainly considered; hence, the root mean square value of weighted acceler-
ation (adv) was expressed using Equation (20). 

2 2( ) ( )dv v v d da a aω ω= ⋅ + ⋅  (20)

where vω  and dω  were the weights of road roughness and acceleration caused by vehi-
cle deceleration, respectively; av is the vehicle vibration acceleration (m/s2). 

The critical value of vibration acceleration for passenger comfort was a = 0.565 m/s2 
[48]. Therefore, vehicle vibration acceleration was calculated using Equation (21), 

2max /dva m s| |≤ 0.565 : 

va xIRI yv z= + +  (21)

where IRI is the roughness of pavement ahead (m/km); 𝑣 is the target speed of road 
ahead (m/s); and x, y and z are the equation constants of different models. The stability 
coefficient k calculated by ensuring that the acceleration does not exceed the passenger 
comfort limit during deceleration is expressed by k1 and calculated according to Equation 
(22): 

2 2

1
0.319 ( ) 0.319 [ ( )]

( ) ( )
v v v

d d

a xIRI yv z
k

b b
ω ω

ε ω ε ω
− ⋅ − ⋅ + +

≤ =
+ +

 (22)

Furthermore, the bumpiness limit for comfortable driving should also be considered. 
Bumps manifest as the rate of change of vehicle longitudinal acceleration [49]; studies 
have shown that vehicle bumps considerably influence comfort. Hubbard [50] reported 
that turbulence should not exceed 2.94 m/s3 to ensure passenger comfort, as shown in 
Equation (23). The stability coefficient k to ensure that the vehicle bumps do not exceed 
the passenger comfort limit is expressed by k2, which is calculated according to Equation 
(24). 

2 34( ) 2.94 /
9
b k m sε+ ≤  (23)

2
2.57k
b ε

≤
+  

(24)

When an AV detects an obstacle in front and there is a need for emergency braking, 
it will not consider the driver’s reaction time; the resulting braking distance was calculated 
using Equation (21). 

2
0

0( )
2 2
s

a
t v

d v t
gμ

= + +
 

(25)

where v0 is initial speed, ta is system response and commissioning time, ts is braking force 
growth time, and g is gravitational acceleration. 

The acceleration provided by the ground friction force is gμ  [51], and the maximum 
braking of the vehicle is obtained as Equation (26) by combining Equation (19). 
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max ( ) 2a b k gε μ= + =  (26)

The stability coefficient k calculated under the maximum braking acceleration is ex-
pressed by k3. By combining Equations (17) and (26), the relationship between k3 and Ra 
was obtained, as shown in Equation (27). 

3
175.614 245.652

(289.058 29.269 )( )
a

a

g R g
k

R b ε
⋅ +

=
− +

 (27)

After determining the stability coefficient k, in combination with the speed change 
curve function shown in Equation (18), the deceleration time and distance can be calcu-
lated according to Equations (28) and (29), respectively. 

tanh( ) tanh( ) 2 tanh( )b b bar ar ar
b b bt

k k
ε ε ε

−−
+ + += =  (28)

0

0

0

0

2 ln[tanh( ( )) 1] ( )
2

2 2( ) tanh( ) ln( )
2

f

fbs vdt k t v t
k

b bv ar
k b k b

τ
τ
τ

τ

ε τ ε

ε εε
ε ε

+= = ⋅ − + + + |

+= + ⋅ +
+ +


 (29)

Thus, this paper presents a detailed speed control strategy for AVs, as shown in Fig-
ure 17. 

 
Figure 17. AV speed control strategy based on pavement performance. 

AVs obtain the real-time roughness and texture information of the road ahead using 
sensing modules or V2I technology; these data are transmitted to the motion planning 
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module and further processed in combination with the environmental information and 
vehicle status. According to the roughness of the road ahead, to ensure that the accelera-
tion and bumps produced during the shifting process do not exceed the passenger com-
fort limit, the AV calculates the stability coefficients k1 and k2; based on the texture infor-
mation, the AV calculates a stability coefficient k3 that provides the maximum braking 
acceleration. When the distance between the AV and vehicle (obstacle) in front is greater 
than the safe braking distance, only the passenger comfort is considered, and the mini-
mum value of k1 and k2 is taken as the stability coefficient k of the target speed change 
curve; otherwise, k2 is taken as the stability coefficient k of the target speed change curve. 
Finally, the AV produces a new speed curve according to the updated k value to complete 
the speed control under the premise of ensuring the comfort and safety of passengers. 

4. Conclusions 
In this study, the vehicle–road interaction for AVs was investigated using finite ele-

ment simulation, road detection vehicle data acquisition and vehicle dynamics simula-
tion. The main findings are as follows. 
(1) Considering the change in traffic volume caused by AVs, the semi-rigid pavement 

has a longer maintenance period than flexible pavement under various wheel track 
distribution modes. When the AVs’ penetration rate reaches 100%, only the uniform 
distribution at both ends can reduce the number of loads in the wheel track by 24.3%, 
and prolong the maintenance period of flexible pavement and semi-rigid pavement 
by 0.041 and 0.53 years, respectively. 

(2) There is a linear relationship between roughness and passenger comfort. The good-
ness of fit of the comfort prediction model based on roughness and vehicle speed is 
almost one. To ensure the comfort of passengers, the AVs should reduce the speed 
as the roughness becomes worse. Under the same road roughness, the critical value 
of vehicle speed to meet the comfort of truck passengers is significantly smaller than 
that of cars, which indicates that specific vehicle speed control strategies need to be 
formulated for different vehicle types. 

(3) In the relationship between texture index and BPN, the correlation coefficient be-
tween Ra and BPN is 0.928, and the influence coefficient of Ra on BPN is 0.973, which 
is higher than other texture indexes. It proves the effectiveness of using Ra to predict 
the road friction coefficient. In the Carsim vehicle dynamic simulation, the texture 
structure provided by AC-13 to AVs for safe driving was more complete. 

(4) In the aspect of lateral control of AVs, this paper proposes that the lateral position of 
AVs can be assigned according to the current and target wheel track distribution 
curve, and trajectory planning can be carried out. However, the specific mode and 
effect of the lateral intervention of the wheel track of AVs need further research, and 
the feasibility and reliability of the lateral control should be evaluated.  

(5) In the speed control of AVs, the hyperbolic tangent speed function curve was intro-
duced in this paper. Considering the influence of pavement performance on riding 
comfort and braking safety, the stability coefficient k of the speed curve was deter-
mined to realize the speed control of AVs. In the future, the difference between the 
speed control strategy of AVs and HVs can be studied in depth, and the influence of 
different vehicle types and different driving environments on the speed control strat-
egy of AVs can be analyzed. 
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Appendix A 
The definitions of symbols in this paper are summarized, as shown in Table A1. 

Table A1. Symbols and definitions. 

Symbols Definitions 
crε  The uniaxial equivalent creep strain 
crε  The uniaxial equivalent creep strain 
q Eccentric stress 
A Creep parameter 
n Creep parameter 
m Creep parameter 
t Ttime 
N The number of wheel load actions 
nw The number of axles 
v Vehicle speed 
P Standard load 
p Tire grounding pressure 
B The rectangular width of single wheel grounding 
Ch Traffic volume of HVs 
Ca Traffic volume of AVs 
Cm Traffic volume of AVs and HVs mixed traffic flow 
L Vehicle length 
g AVs penetration 

Thh The time gap to the preceding vehicle 
Taa The time gap between AVs and front HVs 
Thx The time gap between HVs and front vehicle 
Tah The time gap between AVs and front HVs 
Lpkw The length of lane occupied by vehicle 

Fij(x) The synthetic transverse distribution function 
wj The proportion of HVs 

f(x) Load frequency curve of HVs 
gi(x) Load frequency of AVs 
Ga(f) The acceleration self-power spectrum function 
w(f) Frequency weighting function 
wx(f) Frequency weighting function in x-axis direction 
wy(f) Frequency weighting function in y-axis direction 
wz(f) Frequency weighting function in Z-axis direction 

f Frequency 
aw One-way weighted root mean square value of acceleration 
awx Root mean square value of acceleration in X-axis 
awy Root mean square value of acceleration in y-axis 
awz Root mean square value of acceleration in z-axis 
x(f) The Fourier transform function of time-domain acceleration 
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IRI International roughness index 
BPN British pendulum number 
MPD Mean profile depth 
MTD Mean texture depth 

Rq Root mean square deviation of the profile 
Ra Average deviation of the contour arithmetic 
μ  Friction coefficient 
vf Final speed 
v0 Initial speed 
b Half of the absolute speed difference 
ε  Error 
k Stability coefficient that determines the shape of the speed change 

k1 Stability coefficient calculated by ensuring that the acceleration does not 
Exceed the passenger comfort limit during deceleration 

k2 Stability coefficient calculated by ensuring the vehicle bumps do not ex-
ceed the passenger comfort limit 

k3 Stability coefficient calculated under the maximum braking acceleration 
τ  Time constant 

tanh Hyperbolic tangent function 
adv Root mean square value of weighted acceleration 
av Vehicle vibration acceleration 
ad Acceleration produced during vehicle deceleration 
ww The weights of road roughness 
wd The weights of acceleration caused by vehicle deceleration 
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