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Abstract 

The article aims to investigate the influence of vehicle speed and steering wheel angle on the rollover condition 
of a 4-axle truck vehicle. A 30-degree-of-freedom (DOF) dynamic model of a 4-axle truck is established using 
the Multibody System Method and the Newton-Euler equation system. The vehicle body is described with                 
6 DOFs. Additionally, 2 DOFs are used to describe the roll motion of the front and rear masses of the vehicle 
body, taking into account the influence of the torsional stiffness of the vehicle frame on vehicle dynamics. The 
Burckhardt tire model calculates the interaction forces between tires and the road, using experimental 
coefficients corresponding to the road with a maximum adhesion coefficient of 0.8. The simulation uses 
MATLAB-Simulink, with a 5 to 65 km/h speed range and a steering wheel rotation angle ranging from 25 to 
300 degrees. The results have determined the vehicle rollover conditions based on the signs of the load 
transfer ratio of the axle and the entire vehicle. Together with the results of lateral acceleration, yaw rate, and 
roll angle of the vehicle. This result can be used to propose dynamic thresholds for designing early warning 
systems and anti-rollover control systems for multi-axle truck vehicles. 

Keywords: Full dynamics model, Burckhardt tire model, Multibody System Method, 4-axle truck vehicle. 

 

1. Introduction* 

In recent years, there has been a significant 
increase in the number of accidents involving truck 
vehicles, particularly multi-axle vehicles and 
articulated vehicles. These vehicles are large in size 
and weight, making them prone to rollovers during 
turns or lane changes, as well as collisions with 
obstacles. This instability has been a major 
contributing factor to many truck accidents. According 
to the Insurance Institute for Highway Safety, there 
were 4,714 deaths in the US in 2021 due to collisions 
involving large trucks. Statistics also show that 52% of 
these fatal accidents were caused by large trucks [1]. 
In Korea, truck accidents accounted for approximately 
13% of all accidents and 24% of total deaths in                  
2019 [2]. 

Many truck accidents occur due to unstable 
motion, particularly lateral instability such as rollover, 
side slipping [3, 4]. Rollover, on the other hand, is 
caused by a large inertial force that creates a moment 
strong enough to be a greater anti-rollover moment, 
causing the rollover of the vehicle. This state can occur 
during turning maneuvers on roads with high adhesion 
coefficients, or even when colliding with other objects 

on roads with low adhesion coefficients [5, 6]. The 
structure of multiple steering axles and the kinematic 
alignment of the steering axle ensure the vehicle is 
more stable when turning [7].  

In recent years, there have been numerous studies 
conducted on the lateral stability of truck vehicles. 
These studies have yielded results that evaluate the 
potential for rollover and side sliding in various motion 
conditions, such as braking and turning, particularly at 
high speeds. For example, Lundahl [8] analyzed and 
evaluated the side rollover criteria for truck vehicles 
with load transfer ratio (LTR) and proposed a 
maximum lateral acceleration threshold of 0.55gm/s2 
when Quarter-Circle Maneuver at a speed of 45km/h. 
Researchers have developed dynamic models for 
trucks in different planes (yaw and roll) or in space 
(full dynamics model) [9]. For vehicles with multiple 
steering axles or suspension system links, the 
connections are described using several degrees of 
freedom to accurately simulate the interactions 
between the axles [10]. The evaluation of potential 
instability depends on the results calculated from the 
types of established models [5]. 
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Fig. 1. Schematic of the dynamics model of a 4-axle truck vehicle 

 

In this article, a 30-degree-of-freedom (DOF) full 
dynamics model is established using the Multibody 
System Method, and a detailed nonlinear tire model is 
presented. The model is simulated using MATLAB 
Simulink software to evaluate the lateral stability of a 
4-axle truck vehicle during turning maneuvers on a wet 
asphalt road. The results of this study can serve as a 
basis for designing control systems to improve the 
lateral stability of 4-axle truck vehicles. 

2. Full Dynamics Model of 4-Axle Truck Vehicle 

Some assumptions are proposed as follows:  
(1) the wheels are elastic when moving on a flat road; 
(2) the elastic influence of the steering system is 
ignored; (3) the points of applied forces from the 
suspension system correspond to the midpoint of the 
leaf springs; (4) the lateral linkage forces of the vehicle 
body and the vehicle axles are referred to the 
corresponding roll centers at the axle. 

The Multibody System Method [11] and the 
Newton-Euler equation system [5] are utilized to 
formulate a set of mathematical equations that describe 
the motion of a 4-axle truck vehicle. The vehicle body 
is characterized by 6 DOFs: longitudinal translation, 
lateral translation, vertical translation, roll rotation, 
pitch rotation, and yaw rotation. To accurately 
simulate the impact of frame torsional stiffness on the 
vehicle's dynamics, two roll motions of the front and 
rear mass of the vehicle body are incorporated, each 
with 2 DOFs. The four axles are represented by                 

3 DOFs: lateral translation, vertical translation, and 
roll rotation for each axle. Additionally, the 8 wheels 
are described as having a DOF for wheel rotation. The 
reference systems are conventionally defined as 
follows. 

The fixed coordinate system OXYZ is located at 
the ground; The body coordinate system Cxyz is 
located at the Center of Gravity of the vehicle body; 
The axle coordinate systems AixAiyAizAi (i=1÷4) are 
located at the CoG of the axles, respectively; The 
wheel coordinate systems WijxWijyWijzWij (i=1÷4;j=1÷2) 
is located at the center of wheel. 

2.1. Motion Equation System of the Vehicle Body 

The Newton-Euler equation system for the 
vehicle body is written as follows: 
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( )
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( )
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
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




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  (1) 

where: m is the mass of the vehicle body; Ix, Iy, and Iz 
are the moment of inertia of the vehicle body along Cx, 
Cy, and Cz, respectively; vx, vy, and vz are translational 
velocities; ωx, ωy, ωz are the rotational velocities. 
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FX refers to the combined external forces acting 
in the direction of Cx. These forces include those 
transmitted from the axles to the suspended mass 
(F'

xij), the aerodynamic drag force (Fwx), and the 
dynamic force caused by the weight of the suspended 
vehicle body in the Cx direction. This can be expressed 
as follows. 

11 12 21 22 341 342
' ' ' ' ' '

X x x x x x x

wx

F F F F F F F
mg sin Fϕ

= + + + + +
+ −

    (2) 

FY represents the combined external forces acting 
in the direction of Cy, which includes the lateral forces 
at the roll center (F'

R1, F'
R2, F'

R34), the lateral 
aerodynamic drag force (Fwy), and the dynamic force 
caused by the weight of the suspended vehicle body. 
This can be expressed as follows: 

1 2 34
' ' '

Y R R R wyF F F F mg cos sin Fϕ β= + + − +        (3) 

FZ is the total external force acting on the Cz 
direction, determined by the leaf spring forces FCij, the 
damping force FKij, and the gravity force of the 
suspended vehicle body, which can be written as 
follows: 

11 12 11 12 11 22 21 22

341 342 341 342 (1- cos cos )
Z C C K K C C K K

C C K K

F F F F F F F F F
F F F F mg ϕ β

= + + + + + + +
+ + + + +

(4) 

MX is the sum of external force moments along 
the Cx axis, written as follows: 
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2 21 21 22 22
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' ' '

1 1 2 2 1 34 34

1 2 3 4

( - - )
( - - )
( - - )
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   (5) 

MY is the total external force moment along the 
Cy axis written as follows: 

1 11 11 12 12 2 21 21 22 22

3 341 341 342 342

' ' ' ' ' '
1 11 12 21 22 341 342

11 12 21 22 341 342

( ) ( )

( )( )
2

( )( )
( ) ( )
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w wx
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  (6) 

MZ is the total external force moment along the 
Cz axis, written as follows: 

' ' ' '
1 12 11 2 22 21

' ' ' ' '3 4
34 342 341 1 1 2 2 34

( ) ( )

( - ) ( )
2

Z x x x x

x x R R R

M w F F w F F
l l

w F F l F l F F

= − + − +
+

+ + −
  (7) 

To consider the torsional of the vehicle frame, the 
two equations determining the front mass and rear 
mass roll rotation of the vehicle body are determined 
by the following two equations as:  

1 1 1 11 11 12 12 2 21 21 22 22

1 2

2 2 34 341 341 342 342 3 4

( - - ) ( - - )
M

( - - ) M

x C K C K C K C K

T T kx

x C K C K T T kx

I w F F F F w F F F F
M M

I w F F F F M M

β

β

 = + + +


− − −
 = + − − +





    (8) 

2.2. Motion Equation of the Axles 

The axle is connected to the vehicle body through 
the suspension system. The Newton-Euler equation, 
expanded in the roll plane for three degrees of freedom 
according to the 3 equations of motion of the axle, can 
be written as follows. 

( )
( )

( )

ai yai ai xai zai zai xai AYi

ai zai ai yai xAi xai yai AZi

axi xai yai zai yai zai AXi
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ω ω

ω ω

ω ω ω

 − − =


− − =
 − − =







     (9) 

where: mai and Iaxi, Iayi, and Iazi are the mass and 
moment of inertia of the axle, respectively; FAYi and 
FAZi are the total external forces in the Aiyai and Aizai 
directions of the axle, respectively; MAxi is the total 
moment along the Aixai axis. 

 
Fig. 2. Schematic dynamics of 1st axle and 2nd axle on 
the roll plane 

Fig. 2 shows the external forces and moments 
acting on the first and second axles in the roll plane. 
These forces and moments can include lateral forces at 
the tires, leaf spring force FCij, damping force FKij, 
lateral force at the center of roll center FRi, and roll 
moment MTi. They can be expressed using the 
following formula as: 
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  (10) 

 
Fig. 3. Schematic dynamics of the 3rd axle and 4th axle 
on the roll plane 

The "Walking Beam" suspension system 
connects the 3rd and 4th axles to the vehicle body. This 
results in vertical forces, known as FCKij forces, acting 
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on the suspension system at points above and below it, 
as shown in Fig. 3. The total external forces acting on 
the 3rd and 4th axles in the roll plane can be calculated 
using the following formula as: 

 

'
1 2

1 2 1 2

1 2 2 1

1 1 2

cos sin
( ) - ( )

(1- cos cos )
( - ) ( - )

( ) ( )

AYi yi yi Ri ai ai ai
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Ri Ri yi yi i Ti

F F F F m g
F F F F F

m g
M F F b F F w

F h r F F r M

 = + − −


= + +
 +
 = +
 + − + + +

ϕ β

ϕ β  (11) 

2.3. Dynamics of Wheels 

To accurately describe the motion of a vehicle, it 
is crucial to determine the longitudinal and lateral 
forces acting on its wheels. This article will focus on 
the relative rotation between the wheel and the axle. 
The angular velocity of the wheel is used as an input 
parameter to calculate the longitudinal slip and lateral 
slip angles, which are then used in tire models to 
determine the forces at the tire-road interface. The 
general dynamic equations for 8 wheels are as follows: 

- ( 1 4; 1 2)Wij Wij Wij xij dijI ω T F r i j= = ÷ = ÷  (12) 

where ωWij are the angular velocities of the wheels; Fxij 
are the longitudinal forces; TWij are the moment applied 
to the wheels ij; IWyij are the moment of inertia of the 
wheels about the Wijyij axis; rdij are the dynamic radius 
of the wheels. 

 
Fig. 4. Schematic dynamics of the wheels 

3. Determined the Applied Forces and Moments 

3.1. Burckhardt Tire Model 

The tire force on each wheel consists of three 
components: longitudinal force (Fxij), lateral force 
(Fyij), and vertical force (Fzij). These forces are 
influenced by factors such as tire structure, road 
pavement,... To accurately model vehicle dynamics, a 
tire model is commonly used. In this study, the 
Burckhardt tire model is used, with coefficients 
C1=0.857, C2=33.82, and C3 = 0.35 and a maximum 
adhesion coefficient of 0.8 [12]. The Burckhardt 

model is used to calculate the longitudinal and lateral 
forces at the wheel, as shown in equation system as 
follows: 

2 2
2

2 2
2

2 2
1 32 2

2 2
1 32 2

( 1 )

( 1 )

xij yij

xij yij

C s sxij
xij xij yij zij

xij yij

C s syij
yij xij yij zij

xij yij

s
F C e C s s F

s s

s
F C e C s s F

s s

− +

− +

  = − − +   +


  = − − +   +

   (13) 

  

sxij are the longitudinal slip coefficients on each 
wheel are calculated according to the following 
formula: 

xij dij Wij
xij

xij
xij

dij Wij xij
xij

dij Wij

v r
khi 1 s 0

v
s

r v
khi 0 s 1

r

− ω
− − ≤ ≤
=  ω − < < ω

      (14)         

syij are the slip angles at the wheel depending on 
each wheel and they are calculated according to the 
following formula 

1( 1)
yai

yij ij j
xai i z

v
s atan

v b
δ

ω−

 
= −  + − 

          (15) 

Fzij are the total vertical forces on each wheel are 
calculated according to the following formula: 

( ) " "

" "

zij CLij zstij

Lij ij Aij
CLij

zstij

F F F

C h z when wheel is lift on
F

F when wheel is lift off

= +
  − − = 

− − 

  (16) 

3.2. Suspension Model 

The suspension systems for the 1st and 2nd axles 
utilize solid suspension systems, which consist of leaf 
springs and hydraulic dampers. The spring and damper 
forces can be calculated using the following equations: 

( )
( )
( )

( )

n n
aij sij dij dij aij sij

t n
Cij ij aij sij dij aij sij dij

n n
aij sij dij aij sij dij

Kij ij aij sij
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F C z z when f z z f

C z z f when z z f

F K z z

∞

∞

  − + < −
  = − ≤ − ≤


− − − − < 

= −  

   (17) 

The vertical motion of the upper and lower link 
points of the 1st and 2nd axle suspension system is 
determined by the vertical motion of the CoG of the 
vehicle body in the body coordinate system, as well as 
the pitch angle φ and roll angle β1. We calculate the 
vertical motion of the lower link points of the 1st and 
2nd axle suspension system from the motion of the CoG 
of axle zai and the roll angle βai as: 

1
1

1

sin ( 1) sin

( 1) sin

j
sij i i

j
aij ai i ai

z z l w

z z w

ϕ β

β

−

−

 = − + −


= + −

                        (18) 
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To calculate the distribution of the suspension 
force in the “Walking Beam” suspension system, it is 
necessary to describe two rigid beams that join the 3rd 
and 4th axles. These beams A1A2 and B1B2 have a 
moment of inertia for left and right IayL, and IayR, 
respectively as: 

31 41

32 42

2 2

2 2

ayL L CK CK

ayR R CK CK

a aI F F

a aI F F

ϕ

ϕ

 = − +

 = − +






                       (19) 

The spring forces and the damper forces of the 
“Walking Beam” suspension system can be calculated 
as follows: 

( )
( )
( )
( )

34 34 34 34 34 34

34 34 34 34 34 34 34 34

34 34 34 34 34 34

34 34 34 34
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∞
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
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(20)  

The motions of these beams are vertical motion 
and pitch angle za341, za342 respectively. The vertical 
motion of the above and lower of the “Walking Beam” 
suspension system can be determined as follows: 

3 4 3 4
341 2

3 4 3 4
342 2

341 3 4 3 3 4 4

342 3 4 3 3 4 4

sin sin
2 2
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+ + = + +

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

 = +


    (21) 

Roll angles of the axles are calculated as: 

( )sin tan tanai xai y ai z aicos dtβ ω ω β ϕ ω ϕ β= + +∫    (22) 

The moments due to frame torsion and roll 
moment are calculated as follows: 

2 1

1 1 1 1

2 2 2 1

3 3 3 2

4 4 4 2
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 = −

                       (23) 

3.3. Model of 2-Axle Steering System 

When the driver acts on the steering wheel, the 
wheels will turn at corresponding angles to make the 
vehicle turn. With 2 axles steer on the front, the steer 
wheels   are   linked   via   levers   to   ensure   correct  

kinematics when turning [7]. The wheels on a steering 
axle still ensure alignment and are described by the 

Ackermann formula with the steering wheel rotation 
angle δSW being the input rule according to the 
following formulas: 

11
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2 3
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1 3
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  + + =   + + 
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                (24) 

4. Assessment Parameters 

After solving the system of 30 equations 
including 6 equations of the system of equations (1),   
2 equations of the system of equations (2),                       
12 equations of the system of equations (9), and              
8 equations of the system of equations (12). Some 
motion assessment parameters can be calculated. 
Lateral acceleration and roll angle of the vehicle body 
are calculated as: 

( )sin tan cos tan
y y z x x z

x y z

a v v v

dt

ω ω

β ω ω β ϕ ω β ϕ

= + −


= + + ∫



(25) 

The LTR on each axle (LTRi) is a measure used 
to determine the wheel separation state of an axle         
[6-8]. Lift-off is the phenomenon in which one side of 
the wheel on an axle separates from the road surface. 
When liff-off occurs on an axle, the LTR on that axle 
is equal to 1. The calculation formula for 4 vehicle 
axles is as follows: 

2 1

2 1

-
( 1 4)zi zi

i
zi zi

F F
LTR i

F F
= = ÷

+
  (26) 

The LTR is a measure of the load distribution of 
the whole vehicle [6 - 8]. For a 4-axle truck vehicle, 
the formula is as follows. 

4

2 1
1

4

2 1
1

( - )

( )

zi zi
i

zi zi
i

F F
LTR

F F

=

=

=
+

∑

∑
    (27) 

5. Results and Discussions 

The dynamics model is simulated by MATLAB-
Simulink software with the parameters of the vehicle 
labeled HOWO 8×4 HW76 380HP [13], as shown in 
the table below. 
Table 1. The structure parameters of a 4-axle truck 
vehicle. 
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Parameters (Symbol) Values (Unit) 

Mass of vehicle body (m) 26400 (kg) 

Mass of the first and second 
axles (ma1,ma2) 

570 (kg) 

Mass of the third and fourth 
axles (ma3,ma4) 

785 (kg) 

Roll moment of the inertia of 
front and rear mass (Ix1; Ix2) 

12810;17191.9 
(kgm2) 

Roll moment of inertia             
the vehicle body (Ix) 

30001.9(kgm2) 

Pitch moment of inertia           
the vehicle body (Iy) 

203270.3 (kgm2) 

Yaw moment of inertia           
the vehicle body (Iz) 

200768.5 (kgm2) 

Pitch moment of inertia of      
the rigid beam (IAyL, IAyR) 600 (kgm2) 

Suspension stiffness of            
the suspension of the 1st and 2nd 
axles (C1j, C2j) 

250 (kN/m) 

Suspension stiffness of             
the 3rd axle and 4th axle (C34j) 

1400 (kN/m) 

Damper coefficient of               
the suspension of the 1st axle 
and the 2nd axle (K1j, K2j) 

15000 (Ns/m) 

Damper coefficient of the 3rd 
axle and 4th axle (K34j) 

30000 (Ns/m) 

Torsion coefficient of frame 
body (Ckx) 

4000 (kNm/rad) 

Torsion coefficient of 
stabilizing bar of the 1st axle 
and the 2nd axle (CT1, CT2) 

28.648 (kNm/rad) 

Torsion coefficient of 
stabilizing bar of the 3rd axle 
and 4th axle (CT3, CT4) 

171.890 
(kNm/rad) 

Vertical stiffness of the tire of 
the 1st axle and the 2nd axle 
(CL1j, CL2j) 

980 (kN/m) 

Vertical stiffness of the tire of 
the 3rd axle and 4th axle (CL3j, 
CL4j) 

1960 (kN/m) 

Distance from CoG to the  axle 
i (li) 

3.674;1.874; 
1.326; 2.676 (m) 

Height of vehicle body’s CoG 
(h) 1.700 (m) 

Half-track width of the axles 
(bi) 

1.0205;1.0205; 
0.925;0.925 (m) 

Half spring spacing of the axles 
(wi) 

0.6;0.6;0.5;0.5 
(m) 

Diameter of tire (r) 0.512 (m) 

 
A survey was conducted on the performance with 

a steering wheel angle of 175 degrees, as shown in 

Fig. 5. The Magnitude of Steering Wheel Angle 
(MSWA) was used in the simulation for initial speeds 
(vint)  ranging from 5km/h to 65km/h. The road steer 
angle was calculated from the steering wheel angle 
with the ratio iSW=1/25, as shown in formula (24) and 
presented in Fig. 6. As the vehicle's speed increased, 
its response changed accordingly. At speeds of 60 or 
65km/h, the vehicle became unstable and prone to 
rollover. This was shown in the roll angle of the 
vehicle body, which reached 51.5 degrees at a speed of 
65km/h after 3.8 sec of the survey.  

 
Fig. 5. Steering wheel angle. 

 

 
Fig. 6. Road steer angle. 

 

 
Fig. 7. Lateral acceleration of vehicle body. 

The results of the survey showed that at a speed 
of 60 km/h, the vehicle was in a rollover condition, 
with a maximum lateral acceleration of 4.503m/sec2 at 
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2.505 sec in the survey. This was earlier than the time 
of 3.44 sec when LTR and LTR1 reached 1, but later 
than the time of 2.284 sec when LTR4 reached 1. This 
indicates that the LTRi coefficients at the axles can be 
used to predict the onset of rollover. The survey also 
determined that the 4th axle experienced early lift-off, 
followed by the front axle. 

 

 
Fig. 8. Roll angle of the vehicle body 

 

 
Fig. 9. Yaw rate of the vehicle body 

 

 
Fig. 10. Load Transfer Ratio of the whole vehicle 

 
Fig. 11. Load Transfer Ratio of the 1st axle 

 

 
Fig. 12. Load Transfer Ratio of the 2nd axle 

 

 
Fig. 13. Load Transfer Ratio of the 3rd axle 

 

 
Fig. 14. Load Transfer Ratio of the 4th axle 
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Fig. 15. Max of lateral acceleration of vehicle body 

 

 
Fig. 16. Max of yaw rate of the vehicle body 

 

 
Fig. 17. Max of LTR 

 

 
Fig. 18. Max of LTR1 

 
Fig. 19. Max of LTR2 

 

 
Fig. 20. Max of LTR3 

 

 
Fig. 21. Max of LTR4 

The survey was conducted with a range of 
MSWA from 25 degrees to 300 degrees and initial 
speeds ranging from 5 to 56 km/h. Fig. 15 shows the 
maximum lateral acceleration of the vehicle body at 
different speeds and MSWA ranges. Fig. 17 to                        
Fig. 21 illustrate the maximum LTR and LTRi values at 
different speeds and MSWA ranges. These results 
demonstrate the combined influence of vehicle speed 
and steering wheel angle on the rollover condition of 
the 4-axle truck vehicle. Rollover can be determined 
from Fig. 17, where LTR values equal 1. Furthermore, 
the region where LTRi equals 1 on the independent 
vehicle axles (Fig. 18 to Fig. 21) can also indicate an 
early warning of a potential rollover condition. The 
results of this article can serve as a foundation for 
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designing active control systems to improve the 
motion stability of 4-axle truck vehicles. 

6. Conclusion 

Rollover is the main cause of accidents involving 
multi-axle truck vehicles. The article presents the 
results of a study on the rollover of a 4-axle truck 
vehicle using a 30-DOFs dynamic model. The model 
describes the vehicle body with 6 DOFs representing 
the movements of the center of gravity and 2 DOFs 
representing the roll angle of the front and rear mass of 
the vehicle. The Burckhardt tire model was utilized to 
calculate the tire force. The study surveyed 4-axle 
truck vehicle turning at initial speeds ranging from                 
5 to 65 km/h and at MSWA ranging from 25 to 
300 degrees. The results demonstrate the complexity 
of the vehicle response. The article determined the 
range of parameters for the steering wheel angle and 
vehicle speed at which the vehicle is at risk of rollover 
(LTR is equal to 1). This model can be used to analyze 
the dynamics of 4-axle truck vehicle and their 
combined effects, providing a basis for developing 
warning and control systems for multi-axle truck 
vehicles. 
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