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Reverse Horizontal Curves (RHCs) are among the most accident-prone road points, with many annual fatalities and injuries.
*ese fatalities can increase dramatically if the RHCs and longitudinal slopes are combined. *e importance of increasing the
safety of RHCs, especially in mountainous routes, is doubled due to the possibility of combining RHCs with vertical extensions or
combining them with so-called steep slopes. *is study used vehicle dynamic modeling to evaluate the lateral friction of various
vehicles. Including the E-Class Sedan, E-Class SUV, Truck, and Bus, moving on RHCs combined with a longitudinal slope
(downgrade, upgrade, and direct distance). *en, the RHC lateral friction model was presented using the multiple regression
model based on the effective parameters, including design speeds, direct distance, and different longitudinal slopes. *e results
showed that speed, longitudinal slope, and vehicle type had the most impact, and direct distance had the most negligible impact in
friction coefficient models. Based on the modeling results, the higher the design’s speed and the shorter the direct distance, the
lower the lateral friction coefficient for the Sedan and SUV. Hence, the safety of the vehicles is greater. For trucks, reduced speed,
increased direct distance, and reduced slope led to increased safety. In the results, the most critical state was the lateral friction
coefficient at a speed of 80 km/h and a direct distance of 116m for the SUV.

1. Introduction

*e road factor, along with both human and vehicle factors,
plays an influential role in road accidents. *erefore, pro-
viding proper road safety by modifying the geometric design
of the road is important in reducing road accidents [1].
Horizontal curves are one of the most dangerous and ac-
cident-prone parts of the road due to the centrifugal force of
the vehicles, which always attracts special attention to itself
for reducing accidents [2].*e safety of these curves depends
on many factors, the most important of which are the road’s
geometric characteristics [3–5]. *e importance of in-
creasing the safety of horizontal curves, especially in
mountainous routes, is doubled due to the possibility of
combining horizontal curves with vertical extension or

combining them with so-called steep slopes. In addition to
mountainous areas, interchanges inside or outside the city
are a clear example of the combination of horizontal curves
with vertical extension, which is almost inevitable [6].

Due to the possibility of combining RHCs with steep
slopes, the importance of increasing the safety of Reverse
Horizontal Curves (RHCs) on mountain trails is of greater
importance. *e American Association of State Highway
and Transportation Officials (AASHTO) considers a max-
imum value of 1.5 for the ratio between the larger radius and
the smallest reverse radius [7] and does not provide any
other instructions for correcting the geometry of RHCs
combined with the extension of the route. According to a
project by the Transportation Research Board (TRB), the
lateral friction increases on downgrades due to the braking
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force and on upgrades due to tractive force. *is amount of
increase in the lateral friction reduces the safety margin of
the curve. Suppose this lateral friction exceeds the amount of
lateral friction in the curve. In that case, it causes critical and
unsafe conditions for vehicles to cross the curve [8, 9].
Unfortunately, these changes in friction along the upgrade
and downgrade routes have also been ignored in the
AASHTO’s instructions. Hence, this results in a lack of
proper understanding and knowledge of the accident-prone
areas of the route for correction and improvement.

AASHTO’s horizontal curve radius equation based on
the point mass model has been provided [10]. *e point
mass model on a curve with superelevation and fixed radius
is the most straightforward vehicle model for designing
horizontal curves. In this regard, the car’s dynamical analysis
must be considered as a body with certain dimensions and
not a point mass. *e result of the dynamic analysis in
equilibrium conditions of the vehicle leads to a criterion in
which the vehicle suspension system and its dimensions,
especially the distance from the center of mass to the ground
and the axial distance between the left and right wheels, is
effective in balancing the vehicle. One of the basic and
important limitations of the point mass model is that it
ignores the difference in force distribution on the different
wheels and axles of the vehicle. However, the distribution of
force in vehicles varies according to the distance between the
front and rear axles from the center of gravity [11]. Another
limitation of the point mass model is that it does not express
inverse and compound curve calculations alone or in
combination with a vertical route [6].

In recent years, vehicles have improved in both terms of
safety and quality with the development of automotive
engineering technology and road engineering together,
which are the two main parameters to increase road safety
and reduceing road fatalities. Unfortunately, road designs
are not compatible with modern vehicles. *erefore, one of
the main drawbacks of the existing equation of the hori-
zontal curve design is the failure in considering the vehicle
parameters in the equation. *us, this research has another
advantage: the adaptation of the proposed equation between
the lateral friction coefficient and the effective characteristics
of vehicles to the geometric design of the routes. *erefore,
contrary to AASHTO’s assumption and most studies and
research on the subject that have used the point mass model,
in this study, the vehicle dynamic modeling method was
used to study the safety of different vehicles passing through
the RHC by considering the lateral friction coefficient.

2. Literature Review

Various researches have studied the safety effects of road
geometry related to pavement conditions along with some
changes in pavement surface conditions. However, more
studies are needed in terms of vehicle stability and con-
trollability (which depend on pavement surface conditions)
[12]. Pavement surface friction is one of the most critical
issues in traffic safety. A low coefficient of friction due to
surface polishing or misalignment is a potential risk for
accidents [13]. As shown in Figure 1, increasing the speed

and reducing the existing friction increases the necessary
friction, resulting in a greater risk of accidents, especially in
the curve.

Morrall and Talarico examined the required lateral
friction coefficient and the safety margin on the horizontal
curves. In order to estimate the curve safety margin pro-
vided to withstand slipping, lateral friction in the relative
slipping condition and the required maximum lateral
friction must be defined. Different safety margins were
proposed for dry, wet, and frozen pavements since lateral
friction in impending slipping depended on pavement
surface conditions [14].

Dabbour et al. determined the required minimum radius
for RHCs on freeway based on vehicle stability using vehicle
dynamic model to simulate truck behavior on different
alignments. *e results showed that an increase in the
minimum radius requirement for RHC is needed to
maintain driver comfort levels and prevent potential roll-
over. *is increase was from 8.3 to 28.8% depending on the
geometric configuration of the road as well as the design of
the vehicle [15]. In another similar study, Easa and Halim
determined the minimum radius required for RHC design.
*e difference between this study and the previous study was
the addition of intermediate tangents with lengths of 0, 100,
200, and 300m between two horizontal curves. It was
concluded that an increase in the minimum radius of
existing design guides (from 5% to 27%) is needed to
compensate for the effects of inverse curvature and vertical
alignment. As a result, longer intermediate tangents reduced
“the increase in the minimum radius required” for the
Truck’s stability. Design requirements for the spiral length of
RHCs are also presented [16].

Kordani et al. presented the following model to calculate
the lateral friction coefficient in a horizontal curve combined
with longitudinal slopes and in different conditions by
simulating the movements of light and heavy vehicles such
as E-class Sedan, SUV, and truck.

Lateral friction coefficient model for E-class Sedan is as
shown in

f � 3.769 − 3.108 ln]0.1
− 0.003g. (1)

Slim

Safe Speeds Unsafe Speeds

Speeds

Supply of
Friction

Demand of
Friction

Friction

flim

Figure 1: Relationship between existing friction and required
friction in a circular horizontal curve [13].
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Lateral friction coefficient model for SUV is as shown in

f � 0.663 − 0.12 ln] + 7.479E − 7g
3
. (2)

Lateral friction coefficient model for TRUCK heavy
vehicle is as shown in

f � 0.827 − 0.155 ln] − 0.001g, (3)

where ] is the vehicle speed (km/h), and g is the slope in
percentage. *e results showed that the friction coefficient is
affected by the vehicle’s speed and the road’s longitudinal
slope.

In another study, the effect of a horizontal curve com-
bined with longitudinal slopes was investigated by simu-
lating the light and the heavy vehicles at different speed. *e
following results were obtained for the friction coefficient
and the lateral acceleration [17]:

(A) A truck was exposed to more lateral aeccelerations
on downgrades and less lateral accelerations on
upgrades

(B) A higher lateral friction coefficient was created at the
downgrades for all vehicles when turning on the
curve

Echaveguren et al. have combined equations to obtain
the equation of the point of intersection of the existing
friction with the required friction by examining the friction
studies while collecting an appropriate set of literature on the
subject [18].

Varunjikar conducted a comprehensive study of hori-
zontal curves combined with downgrades and performed a
proper analysis of the behavior of vehicles while rotating on
downgrades using various simulation software and models.
According to the results, the superelevation rate does not
significantly affect the amount of lateral friction required,
especially at critical points (maximum friction required)
[19].

In their research, Torbic et al. [20]; used a combination of
vehicle dynamic simulation models, analysis, and data to
evaluate the geometric design criterion for steep horizontal
curves on steep slopes. *eir research aimed to promote
AASHTO’s proposed modifications to develop conditions
that could lead to concerns about steep horizontal curves on
steep slopes. Friction data were collected from 8 sites, 21 of
which measured frictions were recorded at each site, 9 of
which were on the curve tangent, and the other 12 were in
the horizontal curve range. *e purpose of the friction test
was to create the amount of available friction (ftire−pavement)

for the wheels of vehicles and trucks that were suitable for
modeling the expected behavior of vehicles on steep slopes
and steep horizontal curves. *e results showed that the
maximum superelevation rate should not exceed 12% in the
downgrades for a simple horizontal curve. If this value
exceeds 12%, a spiral curve is suggested to increase the safety
margin between the curve’s tangent and the horizontal
curve. On upgrade of 4% or more, the maximum superel-
evation should be limited to 9% for small-radius curves
with a design speed of 55mph and above to prevent wheel
lift [20].

According to a review of prior studies, the primary
themes of research are the horizontal and horizontal curves
combined with the upgrade and downgrade slopes in dis-
tinct paths. However, the lack of a safety-base study that can
simultaneously incorporate vehicle parameters into the
proposed model encouraged the authors to use the dynamic
vehicle modeling method and examine the safety of different
vehicles passing through the RHC by considering the lateral
friction coefficient as themain variable, given the use of RHC
and RHC combined with the upgrade and downgrade slopes
(especially on mountain roads).

3. Research Methodology

Point mass model method has been used to achieve road
design formulas by AASHTO’s Green book; however, due to
various limitations such as not considering the longitudinal
and lateral angles of the road surface and vehicle axis [21],
lack of force distribution effect on different wheels, lack of
road vertical patch specifications effect, and not considering
the dimensions of vehicles [11], has questioned the appli-
cation of this method. In this research, the safety of RHCs
and the factors affecting them were investigated using the
vehicle dynamic modeling method. For this purpose, the
input data for the software is first considered. *en, the
results were analyzed by performing simulation tests using
Trucksim and Carsim simulation model. CarSim and
TruckSim software are 3D simulation software designed and
developed by Mechanical Simulation, based on more than
thirty years of research in automotive dynamics.

Many major automakers have chosen this software as a
convenient design tool and validated the actual results.
Hence, this software does not suffer from a lack of validation.
Finally, a multiple regression model based on the effective
parameters was proposed.

3.1. Modification Input Data

3.1.1. Vehicles. Due to the wide range of vehicles on the
roads and the fundamental differences between the geo-
metric and mechanical characteristics of these vehicles, and
in order to consider a wide range of existing vehicles, this
study tried to estimate the impact of different vehicle pa-
rameters in the defined tests by selecting several types of
vehicles. *e vehicles considered in the simulation tests
include two types of passenger cars (E-class Sedan, E-Class
SUV), a type of Bus, and a type of Truck whose dimensional
specifications are given in Table 1.

3.1.2. Geometric Design of the Path and Pavement
Conditions. In order to design different path conditions and
simulate different positions of the RHC relative to the
longitudinal slopes (downgrade, upgrade, straight path),
different modes of RHCs combined with longitudinal slopes
have been used in this research (Table 2). Due to the lon-
gitudinal limitations in speed for the main routes, the design
speeds of 80, 100, 120 km/h have been used to design the
road plan and profile. Also, seven modes were considered to
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express the position of the RHC combined with the lon-
gitudinal slopes.*e route plan design includes right and left
curves with a standard deflection angle of 90 degrees, two
equal radii, and a straight path between two curves.
According to the rules of AASHTO’s Green book regula-
tions, this route is designed with 80, 100, 120 km/h design
speeds.

In designing the path of RHCs for solving the problem of
transverse slope at the point of intersection of two curves, a
straight section is considered to create better conditions for
exiting a transverse slope and entering another transverse
slope to prevent sudden changes.

In this study, this direct distance was considered in five
cases with the following conditions:

(A) With having a slope length of superelevation (Lr)
and without opposite slope removal length (Lt) and
variable distance (a� 0)

(B) Having slope length of superelevation (Lr) and
having opposite slope removal length (Lt) and
variable distance (a� 0, 10, 30, 50m)

As a result, the total number of simulation tests required
to perform this research is equal to 315 tests.*erefore, it can
be said that there are several limitations, including the large
number of tests, the limitation of driver behavior, and the
time consuming of the tests.

After completing the simulation in order to obtain new
equations, the output data of Trucksim and Carsim softwares
were used for the inputs of the SPSS statistical analysis
software to obtain the desired variable effect, such as the
longitudinal slope. Finally, a comprehensive model for
calculating friction was presented according to the available
variables.

*e design of the vertical routes includes the charac-
teristics of the longitudinal slope of the upgrade and
downgrade and the straight route, which is the entrance
slopes. Six longitudinal slopes were used for the design,
including +2, +4, +6, −2, −4, and −6% as entrance slopes
(upgrade and downgrade) and a zero longitudinal slope
(straight route).

*e maximum friction coefficient of the pavement
surface is a value that indicates the reaction of the pavement
surface to the car wheels. *is coefficient is determined
according to the type of pavement (concrete, asphalt, soil) or
pavement surface conditions (dry, wet, and frozen). In this
study, considering the asphalt pavement and dry condition,
the friction coefficient of the pavement surface was con-
sidered to be 0.9.

Driver behavior in this study was simulated by defining
variables such as speed, brake, steering, gear, and vertical
alignment. Given that a constant speed is assumed in the
simulations, the brake and gear scenarios are assumed to be

Table 1: Specifications of the vehicle used in the research.

Parameters
Type of vehicles

E-class sedan E-class SUV
Conventional van loaded

Bus
Driver room part Load part

Length (mm) 4250 4220 — 3000 —
Width (mm) 1880 1875 2438 2000 2600
Height (mm) 1480 1800 3200 1000 2920
Distance between the wheels (mm) 3050 2950 — — 4490
Height of the center of the wheel from the road surface (mm) 320 390 — — —
Height of the center of mass (mm) 530 720 1173 1800 1200
Weight (kg) 1650 1590 4457 6789 6360

Table 2: Characteristics of reverse horizontal curves simulated in the road plan.

V(km/h) R (m) e (%) M (m) Lc (m) Lt (m) Lr (m)

1 80 230 8

116
126
146
166
87

361 14.5 58

2 100 395 8

130
140
160
180
97.5

620 16.25 65

3 120 667 8

152
162
182
202
114

1048 19 76
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constant, with only speed and steering changes. In the
simulations, the vehicle speed was considered equal to a
constant speed of 80, 100, and 120 km/h. Due to the RHC at
different speeds, the steering scenario is designed in such a
way that the driver drives in a way that is always 1 meter
away from the road axis.

4. Simulations and Model Outputs

Friction is a component that ensures the safety of the vehicle
against slipping [22]. During vehicle movement, friction
occurs due to the tire and pavement contact, which is created
in two perpendicular directions:

(1) Longitudinal friction provides friction in the di-
rection of vehicle movement and affects the increase
or decrease of speed.

(2) Lateral friction creates the sliding and lateral friction
required to move the car. *e direction of this force
is perpendicular to the direction of motion of the
vehicle and allows the vehicle to change direction
(Figure 2) (RERSO, 2007).

According to the simulation results, the forces on each
vehicle’s wheels are obtained under defined conditions.
Using these results and Formula (4), the lateral friction
coefficient can be obtained for each defined test.

fy �
Fy

Fz

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
, (4)

where in: fy � Lateral friction coefficient; Fy �Total lateral
forces on the wheels of vehicles; Fz �*e total vertical forces
on the wheels of the vehicles.

In order to calculate the lateral friction coefficient for
different moving vehicles, diagrams of lateral and vertical
forces on the wheels of different vehicles are studied in the
occurrence of rutting and control mode. Figures 3(a) and
3(b) shows an example of the lateral and vertical force on a
Sedan vehicle. Also, the simulations of the four studied
vehicles are shown in Figures 3(c)–3(f ).

5. Results and Discussion

5.1. Analyzing the Effect of Speed Changes andDirect Distance
Changes at Upgrade on the Lateral Friction Coefficient for the
Design’sVehicles. By using simulation outputs, many results
such as comparing the lateral friction coefficient of different
vehicles, can be achieved in different conditions. Figure 4
shows the changes in the lateral friction coefficient by
changing the straight distance (D) on the upgrade for dif-
ferent speeds.

According to the results, the lateral friction coefficients
of the Sedan increased (reduced safety) by increasing the
longitudinal slope and at different straight distances (see
Figure 4). However, the lateral friction coefficient of the SUV
decreased (increased safety) under the mentioned condi-
tions. *e lateral friction coefficients of the Truck on the
upgrade slopes were unchanged. *is could be due to the
Truck’s heavyweight, which did not show much change on

the upgrade. On the other hand, by increasing the speed
from 80 to 120 km/h, the lateral friction coefficient of the
Sedan and SUV decreased (increased safety). *e reason for
this result could be related to more driver control at higher
speeds. However, the results showed that the lateral friction
coefficient of the Truck decreased at the speed of 100 km/h
(increased safety) and increased at a speed of 120 km/h
(reduced safety). *e results for the bus vehicle revealed that
the lowest lateral friction coefficient was associated with a
speed of 80 km/h. *e lateral friction coefficient rose at all
distancesD and slopes by increasing the speed from 80 km/h
to 100 km/h and 120 km/h. According to Figure 4, as the
slope of the upgrade increases, the probability of the Bus
slipping increases since the lateral friction coefficient in-
creases. However, in the upgrade scenario, the results in-
dicated that the bus vehicle had a greater lateral friction
coefficient than the Truck, indicating that this factor should
be included in the designs.

AASHTO attributes the increase in lateral friction co-
efficient in the upgrades to the tractive force [7]. According
to the results, it can be concluded that this happened for the
Sedan and bus vehicles and that his result was not achieved
for the other two types of vehicles. At upgrades and direct
distance conditions, when D� 116m, speed is 80 km/h, and
with a slope of 6%, the maximum value of lateral friction
coefficient for Sedan was equal to fy � 0.1542911. Also, at a
direct distance when D� 116m, a speed of 80 km/h, and a
slope of 2%, the maximum value of the lateral friction co-
efficient for an SUV is fy � 0.15590. At all straight distances
(D), the speed of 120 km/h, and the slope of 6% resulted in
the highest value of lateral friction coefficient for the TRUCK
vehicle equal to fy � 0.06516. Finally, the maximum value of
lateral friction coefficient for a bus vehicle was fy� 0.08067
for a straight distance ofD� 202m, a speed of 120 km/h, and
a slope of 6%.

5.2. Analyzing the Effect of Speed Changes andDirect Distance
Changes at aDirect Path on the Lateral Friction Coefficient for
Design Vehicles. Figure 5 shows the changes in the lateral
friction coefficient by changing the direct distance in the
straight route for different speeds. Accordingly, the lateral
friction coefficient of SUVs and Sedans decreases as speed
increases (increased safety), and this is due to the increased
radius of curve and increased straight length. While the
lateral friction coefficient of the truck first decreased and

N

FI FI

F2 = F2
I + F2

t

Ft

F
Ft

fI = FI/N ft = Ft/N

Figure 2: How the frictional force gets applied on the contact
surface of rubber and pavement [23].
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then increased with increasing speed. According to Figure 5,
the lateral friction coefficient of the SUV was slightly higher
than that of the Sedan, which continued to increase slightly
at different speeds. *e bus vehicle’s lateral friction coeffi-
cient increased from 80 km/h to 120 km/h once the vehicle’s
speed was increased. *is behavior was equivalent to the
instance involving the uphill climb scenario. By comparing
the data of the Bus and the Truck, it can be inferred that the
Bus had a higher potential for slippage at higher speeds than
the Truck, which the designer should consider. In straight
route scenario, at a speed of 80 km/h and for a direct distance
of D� 116m, the maximum value of lateral friction coeffi-
cient for Sedan was fy � 0.15317. Also, at a speed of 80 km/h
and a direct distance of D� 116m, the maximum value of

lateral friction coefficient for SUV was equal to fy � 0.15598.
At the speed of 120 km/h and all direct distances, TRUCK’s
maximum lateral friction coefficient was equal to
fy � 0.06420. Finally, at a speed of 120 km/h and direct
distances D� 152m and 162m, the maximum value of
lateral friction coefficient for bus vehicle was equal to
fy � 0.10765.

5.3. Analyzing the Effect of Speed Changes andDirect Distance
Changes at the Downgrade on the Lateral Friction Coefficient
for Design’s Vehicles. Figure 6 shows the changes in the
lateral friction coefficient by changing the direct distance on
the slope for different speeds. Based on the results, the
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process of changes in the lateral friction coefficient of the
Sedan and SUV has had similar behavior in most of the
results; thus, at a speed of 80 km/h and with an increasing
downgrade slope, the friction coefficient decreases. On the
other hand, at speeds of 100 and 120 km/h and by increasing
the longitudinal slope’s downgrade, the friction coefficient
slightly decreased and increased significantly (reducing
safety). For trucks, the lateral friction coefficient first de-
creases and then increases as the truck speed increases, while
the lateral friction coefficient decreases (increasing safety) at
each specific speed and with increasing downgrade slope.
Increased speed resulted in a rise in the lateral friction
coefficient for the bus vehicle, but the lateral friction coef-
ficient decreased with increasing downgrade slope for each
specified speed (increased safety). Due to the higher lateral
friction coefficient of the Bus, it can be argued that the Bus
has a higher probability of slipping than the Truck (this
result was also obtained in the previous two scenarios).
*erefore, this issue should be considered by the designer.

AASHTO [7] attributes the lateral friction coefficient
increase in slopes to the braking force. It can be concluded
that this occurred for Sedans and SUVs at speeds of 100 and
120 km/h. Based on the overall results, at a downgrade and at
a straight distanceD� 87m, a speed of 80 km/h, and slope of
−6%, the maximum value of lateral friction coefficient for
Sedan was fy � 0.15282. At a direct distance of D� 116m, a
speed of 80 km/h, and a slope of −2% the maximum value of
the lateral friction coefficient for the SUV was equal to
fy � 0.155773. At all straight distances, the speed of 120 km/h,
and the slope of −2% the maximum value of the lateral
friction coefficient for the truck vehicle is fy � 0.063885.
Finally, at a speed of 120 km/h and a direct distance of
D� 202m, the maximum value of the lateral friction coef-
ficient for the bus vehicle was fy� 0.07900.

6. Lateral Friction Coefficient Modeling

After the simulation process and summarizing the out-
puts in the form of tables and graphs mentioned in the
previous section, a set of multiple regression analyses was
performed on the data by the SPSS software to provide
new equations for improving the safety of geometric data
design. *ese equations show changes in the lateral
friction coefficient (dependent variable) based on the
vehicle speed, longitudinal slope, vehicle type, and the
direct distance between two curves as independent
variables.

*e purpose of the work is represented as

y � β0 + β1 · xi1 + β2 · xi2 + · · · + βk · xik + εi, i � 1, . . . , n,

(5)

where y is the response variables, xik are the explanatory
variables, βi are the regression coefficients, εiare the statis-
tical model errors, and n is the sample sizes.

6.1. Lateral Friction Coefficient Models of Sedan, SUV,
Truck, and Bus. According to Tables 3 and 4, the obtained
models for calculating the lateral friction coefficient for
Sedan, SUV, Truck, and Bus corresponds to Equations
(6)–(9).

fy−Sedan � 0.245 − 0.001V + 8.98 × 10− 6
􏼐 􏼑 D R

2
� 0.946􏼐 􏼑,

(6)

fy−SUV � 0.244 − 0.001V + 1.029 × 10− 5
􏼐 􏼑 D R

2
� 0.768􏼐 􏼑,

(7)
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fy−Truck � −0.01 + 0.001V − 2.673 × 10− 5
􏼐 􏼑 D

+ 8.661 × 10− 5
􏼐 􏼑 G R

2
� 0.525􏼐 􏼑,

(8)

fy−Bus � −0.046 + 0.001V − 2.673 × 10− 6
􏼐 􏼑D

+ 0.037G R
2

� 0.939􏼐 􏼑,
(9)

V: vehicle speed when entering the curve (km/h); D: direct
distance of inverted curve cycles (m);G: longitudinal slope (%).

As can be seen from the models, speed and direct dis-
tance parameters are present in all models. Based on the
results, the impact of these two parameters on the results of
Sedans and SUVs has been the same. However, the opposite
effect was obtained for truck and Bus. *e effect of the G

parameter on the models was for the track and Bus. *is can
be attributed to the greater effect of the longitudinal slope of
the track on the truck and bus.

6.2. Checking theValidation of theModel. Once the model is
fitted to data, the validation of the model should be checked
by examining the basic assumptions of a linear regression

model. Model validation is probably the most important
and sometimes the most challenging step in creating a
model. It should be noted that R-squared is a criterion for
“explained variation” and not a criterion for the accuracy of
the fitted model [24]. *e R-squared explains what per-
centage of the response variable variation can be explained
by covariates included in the model. To evaluate the ac-
curacy of the model, we must use diagnostic techniques as
in Section 6.2.

6.2.1. 9e Effect of Explanatory Variables on the Model.
For Sedans, SUVs and bus, considering the significance of
each variable, it was concluded that the variables of speed
and longitudinal slope of the RHC have a relatively good
effect on the model. However, the direct distance variable
has a negligible effect on the model concerning 0.566 and
0.773. For the Truck, and according to the significance of
each variable, it was concluded that the variable of speed
have a relatively good effect on the model. However, the
longitudinal slope variable has a negligible effect on the
model with a value of 0.702. Finally, for the bus model, and

Table 4: Model’s coefficients for vehicle’s lateral friction coefficient.

Model Unstandardized coefficients Standardized coefficients t Sig.
B Std. error Beta

Sedan

(Constant) 0.245 0.003 84.944 0.000
V −0.001 0.000 −0.977 −37.706 0.000
G 0.000 0.000 −0.062 −2.672 0.009
D 8.984E−6 0.000 0.015 .575 0.566

SUV

(Constant) 0.244 0.007 −0.881 37.213 0.000
V −0.001 0.000 −0.058 −16.478 0.000
G 0.000 0.000 0.015 −1.203 0.232
D 1.029E−5 0.000 0.290 0.773

Truck

(Constant) −0.010 0.006 0.750 −1.736 0.086
V 0.001 0.000 0.026 9.805 0.000
G 8.661E−5 0.000 −0.064 0.384 0.702
D −2.673E−5 0.000 −0.836 0.405

Bus

(Constant) −0.046 0.003 0.961 −16.758 0.000
V 0.001 0.000 0.085 35.162 0.000
G 0.037 0.011 0.010 3.463 0.001
D 5.67E−6 0.000 0.379 0.705

aDependent variable: fy.

Table 3: ANOVA test results for vehicle’s lateral friction coefficient.

Model Sum of squares Df Mean square F Sig

Sedan
Regression 0.036 3 0.012 584.482 0.000b

Residual 0.002 101 0.000
Total 0.038 104

SUV
Regression 0.035 3 0.012 111.424 0.000b

Residual 0.011 101 0.000
Total 0.046 104

Truck
Regression 0.010 3 0.003 37.214 0.000b

Residual 0.009 101 0.000
Total 0.018 104

Bus
Regression 0.029 3 0.010 522.002 0.000b

Residual 0.002 101 0.000
Total 0.031 104

aDependent variable: Fy. bPredictors: (constant), D, G, V.
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according to the significance, it was concluded that the
variables of speed and slope have a relatively good effect on
the model. However, the variable direct distance has a slight
effect on the model with a value of 0.705.

6.2.2. Normality of the Residuals. *e normality of the
residues can be visually checked with a histogram or a q-q
chart. Also, the Kolmogorov-Smirnov test can be used to
determine the assumption of normality at a certain level of
importance. *e residual histogram and q-q for the model
shown in Figure 7 show the normality of the residual. Also,

the result of the Kolmogorov-Smirnov test confirms nor-
mality at a significance level of 0.05 (0.00452 for Sedan,
0.01028 for SUV, 0.00924 for Truck, and 0.02720 for bus
model).

6.2.3. Multicollinearity. Amulticollinearity occurs when the
explanatory variables are not statistically independent. *is
causes difficulties in estimation of the regression coefficients
[24]. One way to determine this parameter is the Variance
Inflation Factor (VIF). *e VIF criterion defined as VIF� 1/
T, where T�1-R2 shows the tolerance measure.*is can be a
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Figure 7: Correlation of lateral friction coefficient model for different scenarios.

12 Journal of Advanced Transportation



problemwhen the VIF value is greater than 100. Considering
the value of R2, we can say that the value of VIF for all four
models was 18.51, 4.18, 2.10, and 16.40, respectively, which
indicates no problem.

7. Conclusions

*is study investigated the safety of the RHCs of highways
using the lateral friction coefficient of different vehicles using
the dynamic vehicle modelingmethod. Due to the exorbitant
costs of field study in this research, the results of this study
can be valuable for engineers and designers. *e results
showed that the different parameters involved in the re-
search showed different effects on the modeling results.
However, based on the results, the validation of the obtained
models showed that these models could be used as an ex-
perimental equation to estimate the friction coefficient of the
asphalt pavement in RHCs of highways. According to the
results of this study, the vertical alignment of the route, when
combined with the RHC, creates more severe safety con-
ditions for vehicles. Some of the most important results are
briefly mentioned in this section.

(i) According to the studies performed by the vehicle
simulation model, the maximum values of lateral
friction coefficient are for the SUV vehicle, the
Sedan, the bus, and finally the truck, respectively.
*e highest lateral friction coefficient of the Sedan
vehicle is at upgrade and downgrade at 80 km/h in a
direct distance between 116 and 87 with a slope of
+6% and −6%. Also, the maximum lateral friction
coefficient of the SUV vehicle is at the upgrade and
downgrade at 80 km/h with a direct distance of
116m and a slope of +2%, −2%. *e maximum
lateral friction coefficient of the truck and bus ve-
hicles is at the upgrade and downgrade at a speed of
120 km/h, at all direct distances with a slope of +6%
and −2%.*is hypothesis confirms the research and
states that critical situations are created if RCHs are
combined with longitudinal slopes (downgrade and
upgrade).

(ii) *e higher the design’s speed and the shorter the
direct distance, the lower the lateral friction coef-
ficient for the Sedan and SUV; hence, the vehicle’s
safety is excellent. Reduced speed, increased direct
distance, and reduced slope led to increased safety
for the truck and bus.

(iii) Due to the higher lateral friction coefficient of the
Bus, it can be argued that the Bus has a higher
probability of slipping than the Truck (this result
was also obtained in the previous two scenarios).
*erefore, this issue should be considered by the
designer.

(iv) By comparing different vehicles in the simulation
results, it can be concluded that the truck vehicle has
a lower lateral friction coefficient than the Bus and
the two passenger vehicles, Sedan and SUV, at all
speeds and slopes. *us, it has a lower potential for

slipping in all conditions. *is is because the truck
vehicle applies more vertical force to its wheels due
to being heavier than the other two vehicles, which
reduces the lateral friction coefficient created be-
tween the pavement and the wheels of this vehicle.

For future studies, the authors propose to study different
types of vehicles at speeds of less than 80 km/h and more
than 120 km/h. It is also suggested that the effect of some
parameters such as the effect of braking scenario on the
lateral friction coefficient of vehicles be investigated.
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