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A B S T R A C T 

Dynamic investigation of vehicle collisions with stationary obstacles in most 

cases concerns solutions to complex tasks related to identification of occupant 

position in the vehicle. The focus of the study is on how forces of inertia 

change their magnitude and direction during car motion. This requires 

specific analysis done by dividing vehicle trajectory into separate stages 

according to certain indicators, such as free motion, impact process, post-

impact residual motion. Particular attention has been paid to the impact itself, 

in which the forces of inertia are the most intense, and their magnitude and 

direction change abruptly. Solution to Cauchy problem has been found, in 

which initial kinematic parameters of the crash process are considered, 

satisfying the kinematic values at rest position. Dynamic analysis of the 

impact phase of a vehicle-fixed barrier collision has been performed by the 

finite element method using the software product Abaqus/Explicit. 

© 2023 Published by Faculty of Engineeringg  

 

 

 

 

1. DYNAMIC MODEL OF A VEHICLE-

FIXED BARRIER FRONT CRASH (ALL 

CAPS  
 

The present dynamic investigation in this study is 

related to the car motion when a driver loses control, 

followed by a collision process with a roadside tree and 

the subsequent post-impact vehicle motion. The purpose 

of this investigation is to design a mechanical and 

mathematical model so as to analyse the vehicle 

dynamic motion and the impact process itself 

(Lyubenov et al., 2019, 2022; Saliev & Damyanov, 

2022). Futhermore, it aims at determining directions and 

magnitudes of the forces of inertia exerted on the bodies 

in the car at each stage, predicting in a dynamic aspect 

the displacement of the vehicle occupants in the car 

body (Uzunov, Dechkova, Dimitrov, Uzunov, 2021; 

Matzinski et al., 2021).  
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Forces of inertia act in different stages and they are of 

various types and magnitudes so the car motion is 

divided into several stages. The first stage is prior to 

impact, the second is the impact itself and the third is 

the post-impact motion. The tasks studied are related to 

both modelling vehicle dynamics in each stage, as well 

as the displacement of the bodies in the movable 

coordinate system. Furthermore, the effect of the forces 

of inertia on the passengers in the car is investigated and 

their directions are determined in order to identify their 

displacement. Inertial forces cause relative displacement 

of the bodies inside the car body, and the size of 

displacement depends on the fact whether the passanger 

vehicle occupants use seat belts or not. 

 

According to D'Alembert's principle, the first main 

force acting on bodies and considered in the vehicle's 

movable coordinate system is the fictitious translation 

force. It is determined by the expressionand 

 

�⃗� = −𝑚. �⃗� = −𝑚. ,�⃗� + 𝜀 × �⃗� + �⃗⃗⃗� × �⃗⃗⃗� × �⃗�-. (1) 

 

where 𝑚 is the mass of the passenger; �⃗�   - fictitious 

translation acceleration; �⃗�  -  acceleration of vehicle’s 

center of mass; �⃗�  - Coriolis acceleration of the body 

center of mass; �⃗⃗⃗� - angular velocity of the vehicle; 𝜀  - 
vehicle angular acceleration; �⃗� - radius vector of the 

body center of mass relative to the vehicle’s center of 

mass. 

 

Another major inertial force acting on the bodies in the 

car when there is body displacement and the car rotates 

around its vertical axis is the Coriolis inertial force. It is 

of the type 

 

                     �⃗� = −𝑚. �⃗�  = − .𝑚. [�⃗⃗⃗� ×  ⃗⃗ ]                 (2) 

 

where  ⃗⃗   - relative velocity of the body center of mass 

in relation to the vehicle movable coordinate system. 

 

During vehicle deceleration motion at the stage of loss 

of transverse stability main force is exerted on the 

bodies, namely the fictitious translation force caused by 

the retarded motion. It has the form of 

 

                                   �⃗�  = − 𝑚.  ⃗                                      (3) 

 

 ⃗  – fictitious translation acceleration in retarded mode. 

 

Centrifugal force caused by inertia is generated when 

the vehicle rotates. The magnitude of the inertia force 

depends on the three-component rotation and the 

direction of the vector �⃗⃗⃗�. To facilitate the analysis, it is 

assumed that the car rotation has a major component 

around the vertical axis passing through the center of 

mass. The magnitude of the centrifugal inertial force is 

as follows: 

 

                                 �⃗�  = 𝑚.𝜔 . �⃗�                                     (4) 

where �⃗� is the distance from the body center of mass to 

the vehicle center of mass. This distance is variable and 

depends on the distance of the body center of mass to 

the vehicle center of mass in the movable coordinate 

system. 

 

To achieve the aim of the dynamic investigation and to 

determine the body motion, it is necessary to look into 

the car macromotion in the separate stages in advance: 

prior the impact, the impact itself and after the impact 

(Jiang et al., 2003; Karapetkov & Dimitrov, 2022; 

Karapetkov 2010; Karapetkov & Uzunov 2016; 

Karapetkov et al., 2019). Solution to the Cauchy 

problem is found in which the initial conditions of each 

stage are the final ones of the previous one, satisfying 

the kinematic parameters of the known position at rest 

(Karapetkov et al., 2019). At impact stage, the task is 

solved by using the finite element method, and the 

conditions satisfy the direction of deformation of the car 

body and the direction of the impact force. 

 

For certain kinematic quantities in the stages of motion, 

the magnitudes and directions of each component of the 

inertial forces could be sufficiently predicted, including 

their total magnitude as a vector. The study predicts the 

possible components of the inertial forces that have 

caused a change in the occupant direction of motion in 

the way that they have acquired motion in a given 

direction and have reached a certain final position at 

rest. During displacement, known and found parameters 

are compared, such as the final position of the 

passenger's body, provided oral evidence and 

characteristic injuries to the body. The presence of 

discrepancies also determines the insolvency of legal 

defenses in effort to transfer responsibility to the 

passenger killed in the road accident. 

 

An example of a road accident with a Mercedes is given 

where the driver loses control, crosses the lane, leaves 

the road and hits a roadside tree. In the event of the 

traffic accident, one of the passengers is in a state of 

final rest position outside the car. 

 

Characteristics and main signs of road accidents of such 

types are tyre traces prior the impact in cases of loss of 

control, typical deformations and dents of the car's 

contact with the roadside tree, the established final rest 

positions of the vehicle, the scattered objects at the 

impact phase and the body of the deceased car occupant. 

At the first stage of motion, the car was moving with 

relatively transverse friction between the tyres and the 

road surface, and the motion trajectory was a circular 

arcuate path. The car crossed the entire lane obliquely 

and what followed was the impact with the roadside tree 

(Fig. 1 and Fig. 2) (Daily et al., 2006; Schmidt et al., 

1998; Sharma et al., 2007; Wach, 2003). 
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Figure 1. Scheme of the road accident 

 

 

 
Figure 2. Post-impact position of vehicle and 

passengers involved in the car accident 

 

Contact with the tree results in characteristic 

deformations in the area of the engine compartment, the 

shape of which resembles that of the tree trunk (Uzunov 

et al., 2022). 

 

In addition to the analysed deformation area in the front 

of the vehicle and the front door, a characteristic swell 

has been found on the surface, which was inside out 

related to the car's coordinate system, invariably fixed to 

its center of mass (Fig. 3). The direction of deformation 

of this element of the body does not correspond to the 

direction of deformation from the contact with the tree. 

This means that the nature and intensity of the 

deformation is a sign of force action caused by the 

vehicle motion in the phase of the accident. The analysis 

requires answers to significant questions which concern 

the forces that have caused the damage, the reasons and 

the derormer of that particular element of the car body. 

 

The answer to this question can be obtained by studying 

the macromotion of the car in three separate phases - the 

phase of loss of transverse stability prior the impact, the 

impact phase and the phase of post-impact vehicle 

motion (Uzunov, Matzinski. Dechkova, Dimov, 2021). 

Technical data for the Mercedes-Benz E-Class (W124): 

length      𝑚𝑚; width      𝑚𝑚; height      𝑚𝑚; 

wheelbase      𝑚𝑚; front trace      𝑚𝑚; rear trace 

     𝑚𝑚; gross vehicle weight        ; Moment of 

inertia about the vertical axis   =        .𝑚 . 

 

 

 
Figure 3. Deformations on the car 

 

The coordinates of the vehicle center of mass at the time 

of impact and the angle of rotation about the vertical 

axis of the vehicle, relative to the selected fixed 

coordinate system, are: 

 

                 =      𝑚    =     𝑚    =    .            (5) 

 

The velocity of the center of mass at the moment of 

impact relative to the mobile coordinate system, 

invariably fixed to the vehicle is: 

 

                =       𝑚  ⁄      =       𝑚  ⁄ .              (6) 

 

2. RESULTS OF THE DYNAMIC STUDY  
 

The impact itself is considered by the finite element 

method through the software product Abaqus/Explicit 

(Fig.4 and Fig.5). (Kolev & Kadirova, 2018; 2019). The 

Cauchy problem is solved, in which a solution is found 

regarding the depth of deformation in the right-lateral 

front part, as well as data on the initial conditions of the 

kinematic quantities satisfying the final vehicle position 

at rest in post-impact macromotion. 

 

The change in the center of mass velocity at the impact 

stage is shown in the graphical dependences (Fig. 6 - 7). 

 

The dynamic study of the impact phase and the resulting 

final conditions determine the initial conditions of the 

car's macromovement after the impact. The distance 

from the center of mass after impact and the angle of 

rotation relative to the vertical axis are taken into 

account. 
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a) Initial location of collision point 

 
b) Post-impact location 

Figure 4. Post-impact vehicle location 

 

 

 
Figure 5. Impact deformation between car and tree 

through software product Abaqus/Explicit 

 

 

 
Figure 6. Change of the projections of the velocity of 

the center of mass and the angular velocity about the 

vertical axis at impact stage 

 

 
Figure 7. Change of the coordinates of the center of 

mass and angle of rotation about the vertical axis at 

impact phase 

 

 

The distance traveled in the impact phase, the angle of 

rotation and the change in velocities of the center of 

mass is: 

 

   =      𝑚  ⁄      = −    𝑚  ⁄   

 𝜔 =          
  =      𝑚    =      𝑚    =      . 

(7) 

 

Macro simulation of vehicle motion in case of loss of 

lateral stability is observed in an arbitrarily accepted 

absolute coordinate system      (Niehoff & Gabler, 

2006; Owsiański, 2007; Stronge, 2000; Dechkova, 

2018). To study the car motion, it has been assumed that 

its own coordinate system         is movable and 

permenantly connected to the vehicle center of mass   

(Fig. 8). In addition, a permanently connected      

coordinate system is attached to it, parallel to the 

absolute and translationally movable one. 

 

Coordinates of the vehicle center of mass            in 

the fixed coordinate system are selected for generalized 

coordinates of the car motion. Rotational motion of the 

car is expressed by the Euler transformations and 

corresponding angles, namely          . The 

precession angle      , taking into account the rotation 

around the axis   ; respectively, the angular velocity of 

 ̇ is obtained; the angle   of nutation, taking into 
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account the rotation with respect to the axis  𝜌, the 

intersection of the planes     and     . 

 

Therefore, the force of gravity  ⃗ will lie on the axis   . 

The spatial arrangement model of the car is a plane 

located on four elastic supports, which are marked by 

  ( =    ) (Fig. 9). 

 

 
Figure 8. Spatial dynamic model of an automobile with 

elastic suspension 

 

�⃗� ( =    ) is elastic force generated by the elasticity 

of tires and springs;  ⃗⃗⃗ ( =    ) is normal reaction at 

the contact point of automobile tires, corresponding to 

elastic force;  ⃗⃗ ( =    ) is velocity of the contact 

point    in the plane of the road    ;  ⃗⃗ ( =    ) is 

friction force at the contact points that lies in the plane 

of the road    ;  ⃗⃗ ( =    ) is resistance force 

generated by damping elements in suspension;    
 

 
( =

   ) elasticity of suspension, taking into account both 

coefficient of elasticity of tires and suspension; 

   
   

 
( =    ) coefficient of linear resistance. 

 

The car motion according to the studies of kinetic 

energy and generalized forces is defined by six 

differential equations with six generalized coordinates. 

These equations are valid if the friction force is in 

accordance with Coulomb's law and the wheels slide on 

the ground without rolling. According to (12), the 

wheels keep a continuous contact with the road . 

 

Generalized forces and moments in the right-hand sides 

of the differential equations (9) are determined by 

assuming that the absolute coordinate system has a 

vertical axis of    

  
Figure 9. Model of the forces acting on a car in its 

spatial motion, taking into account the elasticity of tires 

(suspension) 

 

𝑚   ̈ = [∑𝐹  

 

   

]   𝑚   ̈ = [∑𝐹  

 

   

]   𝑚   ̈ = [− + ∑  

 

   

− ∑  

 

   

]   
(8) 

 

𝑎    ̈ + 𝑎    ̈ + 𝑎    ̈ = 

 

{
∑      

 

   

+ ∑.𝐹      
+ 𝐹      

/

 

   

− ∑      

 

   

−     ̇ −      ̇ −      ̇ −      ̇   ̇ −      ̇   ̇ −      ̇   ̇

}   

 

𝑎    ̈ + 𝑎    ̈ + 𝑎    ̈ = 

= {
∑.𝐹      

+ 𝐹      
/ −

 

   

     ̇ −      ̇ −      ̇ −

−     ̇   ̇ −      ̇   ̇ −      ̇   ̇

}   

 

𝑎    ̈ + 𝑎    ̈ + 𝑎    ̈ = 

= {
∑      

 

   

+ ∑.𝐹      
+ 𝐹      

/ − ∑      

 

   

 

   

−

−     ̇ −      ̇ −      ̇ −      ̇   ̇ −      ̇   ̇ −      ̇   ̇

}   

 

(9) 
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   = [
− *    (

           +            +

+     −            
)+       +

+(          +           )       

]       =    

 

   = *
[(     +      )       +              +      ]      +

+  (          +           )      
+   

   = [(−     +      )       +              ]     =   

 

We substitute the equations before     and     using the notation 

 

   = ,(         )     
 + (−         )     

 -  

   = ,(         )     
 + +(         )     

 + (−    )     
 -. 

(10) 

 

To facilitate notation, substitution has been done, which looks like as follows: 

 

    
=

[
 
 
 
 (

−         −
−              

)      
 +

+(
         −

−              
)      

 +

+(−         )      
 ]

 
 
 
 

      
= *

(              )      
 +

+(              )      
 +

+(−         )      
 

+ 

    
= [

(
−         +

+              
)      

 +

+(
−         −

−              
)      

 
]       

=

[
 
 
 
 (

         −
−              

)      
 +

+(
−         −

−              
)      

 +

+(         )      
 ]

 
 
 
 

 

    
= *

(−              )      
 +

+(−              )      
 +

+(−         )      
 

+ 

(11) 

 

The relative motion of the wheels, the differential(s) and the engine are characterized by a system of four differential 

equations derived by the Lagrangian method, which has the form of 

 

[  ]  , ̈- = [   ]         = *𝐹     +      ( ̇ )  ,   −      −    -+ (12) 

 

�⃗�   is tangential component of the tire-road friction 

force, the positive direction of which is taken 

backwards, in the more frequent cases of braking or loss 

of stiffness. 

 

Where   is friction coefficient depending on slipping 

speed on the contact spot;  ⃗  – radius of the wheel;    – 

coefficient of rolling friction;  ⃗⃗⃗  – normal reaction of 

the road on wheels; [  ] - a square matrix of coefficients 

in front the actual angular acceleration of the drive 

wheels, depending on the moment of inertia of the 

wheels and the engine;  ̇    =      - wheel angular 

velocity; , ̈- - a matrix-column of the actual angular 

acceleration of the wheels, two or four of which are 

propulsive;         - corresponding engine and brake 

torque applied to each wheel. 

Figure 10 shows the dynamic model of an active 

suspension system. Figure 11 shows the dynamic 

diagram of a driving or sliding wheel. 

 

 
Figure 10. Dynamic model of an active suspension 

system 

 
Figure 11. Drive wheel diagram 

 

The solutions of the system of differential equations of 

motion (8) are shown graphically (Fig.12-15).  
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Figure 12. Change in the projections of the velocity of 

the center of mass and the angular velocity about a 

vertical axis after impact 

 

 
Figure 13. Trajectory of the vehicle center of mass after 

the impact 

 
Figure 14. Post-impact change in the angle of rotation 

about a vertical axis 

 

 
Figure 15. Post-impact change in the wheels angular 

velocity 

 

During impact, the fictitious translation forces are 

dominant for each of the bodies. This is due to the 

incredibly higher translation acceleration during impact. 

After the impact and the subsequent motion of the cars, 

inertial forces are commensurate with each other in size, 

changing their direction in relation to the vehicle body 

(Fig. 16). 

 

 
Figure 16. Discrete positions of vehicle’s motion 

 

The first emerging main component of the fictitious 

translation force is the impact force, which is due to the 

acceleration of the center of mass at the stage of impact 

deformation. The car motion is mainly translational, 

without sensitive rotation (Fig. 17). The fictitious 

translation force has the form 

 

                           �⃗�  = −𝑚. �⃗�   = −
 

 
.   ⃗⃗                  (13) 

 

where  is the time of impact; �⃗�   - acceleration of the 

center of mass during impact; d ⃗⃗ - change of the speed 

of the car center of mass. This force component arises 

first at impact and decreases sharply after it when the 

maximum deformation is reached. 
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Figure 17. Vector plan of change of the velocity of the 

center of mass at impact 

 

                           𝑚.  ⃗⃗ − 𝑚.  ⃗⃗ =  ⃗.                                    (14) 

 

Here  ⃗⃗ is the velocity of the vehicle center of mass after 

the impact;  ⃗⃗ - the vehicle velocity of the center of mass 

immediately before the impact;  ⃗ – vehicle crash pulse. 

According to the theorem, the vehicle velocity of the 

center of mass varies in position, magnitude and 

direction, and its change is determined by the 

expression 

 

                                  ⃗⃗⃗ −  ⃗⃗⃗ =   ⃗⃗ ⃗⃗ ⃗⃗ .                                     (15) 

 

The magnitude of this force for the driver and the bodies 

of the passengers is indicative: 

 

       |�⃗�  | = |−
  

 
.   | =

  

     
.     =       .      (16) 

 

Under the action of this very great force, the bodies tend 

to move forward and slightly to the right at an angle of 

about 15
 
to the vehicle longitudinal axis. The movement 

itself depends on whether the passenger in question is 

wearing a seat belt. The reported direction of motion of 

the bodies is in the direction of the velocity of the center 

of mass. 

The other main component of the fictitious translation 

force acting on the bodies in the car is the fictitious 

translation force due to the rotational component of the 

motion, respectively the post-impact vehicle angular 

velocity/ centrifugal inertial force/. Its size is 

determined by the formula 

 

                                  𝐹 𝜔 = 𝑚 . 𝜌.𝜔 
                             (17) 

 

where  is the distance from the body center of mass to 

the vehicle center of mass at the moment of impact/this 

distance consequently changes with the movement of 

the bodies in the car/. Its size at the initial moment of 

rotation is as follows: 

 

                      𝐹  =   . .     =       .                     (18) 

 

The change in centrifugal inertial force has the form 

shown by graphical dependence (Fig. 18). 

 

 
Figure 18. Graphic dependence of the centrifugal 

inertial force 

 

Coriolis inertial forces are also important during the car 

rotation as well as the body displacement inside the 

cabin. The relative velocity of the body displacement 

inside the compartment can be determined according to 

the work-energy theorem when the resistance is 

neglected. It has the form of: 

 

𝑚 .   
 

 
= ∫ 𝑚 . 𝜔 

 .  .   

  

  

  

 

  = √  
 −   

 . 𝜔  

(19) 

 

where    and    are the respective distances from the 

body center of mass to the vehicle center of gravity at 

the time of impact and for a given moment while the 

vehicle is moving. 

 

The Coriolis force has the magnitude of 

 

              𝐹 =  .𝑚 . 𝜔.   =  .𝑚 . √  
 −   

 . 𝜔 .      (20) 

 

The Coriolis force with passenger displacement at 

    𝑚 has the approximate magnitude of 

 

 𝐹 =  .𝑚 . 𝜔.   = 

                =  .  . √  −     .     =       .    
(21) 

 

Тotal forces generated by the angular velocity 

(centrifugal forces) and the Coriolis acceleration 

(Coriolis forces) have the form of 

 

                                  �⃗�   = �⃗�  + �⃗� .                               (22) 
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The dynamic analysis shows that the passenger in the 

car has moved strongly forward and slightly to the right 

in the compartment, massively deforming the front right 

door. The motion of the passenger's body is determined 

initially by the incredibly higher fictitious translation 

force at impact stage, and then in the motion with 

rotation around a vertical axis the centrifugal inertial 

force is of primary importance (Fig. 19 - 20). 

 
Figure 19. Direction of action of the fictitious 

translation force at impact stage 

 

 
Figure 20. Post-impact direction of action of the 

centrifugal and Coriolis inertial forces 

 

According to the performed dynamic study, it is clear 

that there are two main directions of motion of the front 

passenger in the right seat. The first is when moving 

forward and to the right in the passenger compartment, 

and the second is when going out of the passenger 

compartment through the front right door glass as a 

result of the action of the total vector of centrifugal 

inertial force and Coriolis inertial force. If the passenger 

in the car had been wearing a seat belt, he would not 

have gone out of the car body, but would have 

maintained a relatively balanced position on the front 

right seat. 

 

3. CONCLUSION  
 

1. Dynamic analysis of the impact phase of a vehicle-

fixed barrier collision has been performed by the finite 

element method using the software product 

Abaqus/Explicit. 

 

2. Solution to Cauchy problem on the study of the 

impact process dynamics when hitting a fixed barrier 

has been found, as the initial kinematic values at the 

time of impact meet the final positions at rest in the 

post-impact vehicle macromotion. 

 

3. Dynamic analysis of the action of the main inertial 

forces during and after impact has been performed. 

 

4. The effect of inertial forces on the bodies of 

passengers at the impact phase of a vehicle-fixed barrier 

collision has been determined. 

 

5. The influence of seat belts use on the action of 

inertial forces when hitting a fixed barrier has been 

determined. 
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