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Abstract. Road traffic accidents (hereinafter referred to as accidents) are 
currently a significant problem in the field of road safety in the Russian 
Federation. In addition to significant material damage, they often entail 
human losses. In this regard, the issue of investigating an accident is acute, 
as well as conducting road transport examinations. Modern calculation 
models do not always allow to determine the mechanism of an accident 

comprehensively and fully, especially at the final stage of the mechanism, 
when the vehicle continued its movement after interacting with an obstacle. 
The task becomes more complicated in cases where the movement of the 
vehicle did not have adequate calculation models in the specialized literature 
for specific (particular) cases of movement. Therefore, the construction of a 
functional universal computational model of complex vehicle movement 
based on basic physical principles within the framework of road transport 
expertise is an urgent task. 

1 Introduction 

The problem of predicting the trajectories of vehicle movement after a complex eccentric 

impact with another object in modern automotive literature is given very little attention. The 

study of the parameters of the vehicles movement in these conditions is reduced to a refusal 
to solve the issue (due to insufficient initial data for calculation or lack of appropriate 

qualifications from an expert), or to an extremely simplified calculation based on well-known 

methodological recommendations with certain assumptions. The situation is aggravated by 

the lack of independence of experts of state institutions in choosing the initial data for 

calculation, which leads to the lack of an opportunity to approach the solution of this problem 

in a more flexible form [1].  

The solution of this problem can be a specialized software package, such as, for example, 

PC-Crash. However, the use of this complex does not make it possible to solve all the 

problems that arise to the expert. For example, traditional calculation methods do not have 

the ability to take into account a number of factors. For example, the different position of the 
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wheels of the vehicle after impact in relation to their position before it. Also it is necessary 

to include the case when one or more wheels on the vehicle are missing, blocked or have no 

internal pressure, and also, due to the deformation of the chassis, the wheels are located in 

different positions from the standard one. These factors cannot be taken into account by the 

standard methodology or algorithm of the program [2].  

Besides, neither the known methods nor the software systems allow to determine the 

parameters of vehicle rollover. Especially if we are talking about more than one revolution 

around horizontal longitudinal or transverse axes, as well as when the car rotates relative to 

the vertical axis. 

It should be noted that in our country, work on expanding the possibilities of calculating 

non-standard movement of vehicles in the study of road accidents, in addition to the authors 
of this article, was carried out by other authors. So it is possible to highlight the research of 

the employees of SPbGASU Evtyukov S.S. and Bryleva I.S. The first conducted a 

comprehensive study to clarify the speeds of vehicles when hitting low obstacles (for 

example, curbs), as well as when driving on non-standard surfaces, such as paving slabs, the 

material of road marking lines, tram tracks, setting the coefficients of adhesion of tires with 

these surfaces [3]. The second experimentally established the values of decelerations in a 

number of two-wheeled vehicles [4]. It is also worth noting the work on this topic by V.N. 

Nikonov [5], who paid great attention to the theoretical explanation of the principle of 

operation of the CRASH3 algorithm, as well as the work of V.A. Kovalev and co-authors on 

the problems of aquaplaning [6]. 

However, these studies are of a particular nature and the construction of an integral model 

of vehicle movement, taking into account all its design features, road conditions, interaction 
features within the culmination phase of the incident and the resulting inertial movements 

before the end of the event of a traffic accident, is currently an urgent problem.  

2 Theoretical research 

As a rule, a typical solution to the problem of calculating the parameters of a car with a skid 

(Fig. 1) is reduced to calculating the speed according to a typical formula [14]:  

𝑉а = 1,8 ⋅ 𝑗а ⋅ 𝑡3 +√26 ⋅ (𝑗а ⋅ (𝑆𝑢 − 𝐿) + 𝑗𝑏 ⋅ 𝑆𝐶𝑇 + 𝑗𝑏 ⋅ 𝐿 ⋅
𝛼⋅𝜋

360
)                      (1) 

 

Fig. 1. Stages of the study of functioning effectiveness of automatic fixation systems to ensure road 
safety. 

The study of vehicle rollover is reduced to determining the critical speeds at which 

skidding is possible [14]. 

𝑉𝑧𝑎𝑛 = √127 ⋅ 𝜑𝑦 ⋅ 𝑅                                                        (2) 
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where φy – is a coefficient of transverse adhesion of tires to the road; R – is a turning radius. 

and this rollover 

𝑉𝑧𝑎𝑛 = 3,6 ⋅ √
0,5⋅𝐵±𝐻𝑐⋅𝑡𝑔𝜆

𝐻𝑐∓0,5⋅𝐵⋅𝑡𝑔𝜆
⋅ 𝑔 ⋅ 𝑅                                                (3) 

where Hc – is the height of the center of mass of the vehicle from the road surface; B – is 

vehicle track; λ – is the angle of the transverse slope of the road. 

As for the typical calculation of the vehicle skid parameters described above, its main 

disadvantage is limited application possibilities. So, using this formula, it is impossible to 

determine the movement speed of the vehicle before skidding in the event that during the 

skidding process it made more than one revolution around its center of mass. In addition, 

parameters such as the number of inertial revolutions, time and, most importantly, the 
predicted trajectory of the vehicle when using this method for calculation are not available. 

The initial solution to this problem was proposed by the authors earlier in the article, where 

the necessary characteristics of vehicle movement after contact with another object and the 

corresponding equations of motion were obtained [10]. 

The shock impulse was determined 

�̄� = −
1+𝜀

𝐺
⋅ (�̄�1 ⋅ �̄�1 + �̄�2 ⋅ �̄�2)                                          (4) 

where ε – is the recovery coefficient where ε – is the recovery coefficient; �̄�1 ⋅ �̄�1; �̄�2 ⋅ �̄�2 – 

are projections of vehicle speeds on the corresponding normals; G – is a mass point parameter 

having a calculation formula 

𝐺 =
𝑚1+𝑚2

𝑚1⋅𝑚2
+

ℎ1
2

𝐽1
+

ℎ2
2

𝐽2
                                                (5) 

where m1 and m2 – are the vehicles masses; h1 and h2 – are impact levers; J1 and J2 – are the 

moments of inertia of bodies relative to the central axes perpendicular to the plane of motion 

and passing through the centers of mass. 

Each of the above parameters is determined, based on the calculation scheme in Figure 2, 

by systems of equations 

{
ℎ1 = 𝑥1 ⋅ 𝑠𝑖𝑛 𝛼 − 𝑦1 ⋅ 𝑐𝑜𝑠 𝛼

ℎ2 = −𝑥2 ⋅ 𝑠𝑖𝑛( 𝛼 + 𝛽) − 𝑦2 ⋅ 𝑐𝑜𝑠( 𝛼 + 𝛽)
;  {
𝐽1 =

𝑚1

3
⋅ (𝑎1

2 + 𝑏1
2)

𝐽2 =
𝑚2

3
⋅ (𝑎2

2 + 𝑏2
2)

             (6) 

where x1, x2 and y1, y2 – are the coordinates of the impact point relative to the coordinate 

systems of the centers of vehicles mass; a1, b1 and a2, b2 – are the corresponding dimensions 

of the vehicles. 
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Fig. 2. Calculation scheme of collision of two vehicles. 

As a result of transformations, the parameter G is equal to 

𝐺 =
𝑚1+𝑚2

𝑚1⋅𝑚2
+

3⋅(𝑥1⋅𝑠𝑖𝑛 𝛼−𝑦1⋅𝑐𝑜𝑠 𝛼)
2

𝑚1⋅(𝑎1
2+𝑏1

2)
+

3⋅[−𝑥2⋅𝑠𝑖𝑛(𝛼+𝛽)−𝑦2⋅𝑐𝑜𝑠(𝛼+𝛽)]
2

𝑚2⋅(𝑎2
2+𝑏2

2)
             (7) 

A angular velocities of vehicles after impact 

1

1
1

J

hS
z


Ω ;  

2

2
2

J

hS
z


Ω                                              (8) 

A system of equations of motion 

{
 
 

 
 𝑚 ⋅

𝑑𝑥1𝑐

𝑑𝑡2
= ∑𝐹𝑘𝑥

𝑒

𝑚 ⋅
𝑑𝑦1𝑐

𝑑𝑡2
= ∑𝐹𝑘𝑦

𝑒

𝐽𝑐 ⋅
𝑑𝜙

𝑑𝑡2
= 2𝑀𝑐(�̄�𝑘

𝑒)

                                                   (9) 

These equations make it possible to describe the entire process of moving vehicles after 

contact with the determination of all the parameters of interest to the expert for forecasting 

and calculating the uncontrolled movement of the vehicle. More complex mechanisms of 

movement, such as moving with one or more wheels missing or blocked wheels or wheels 

without internal pressure, etc. are derived from these equations and will be presented in the 

following papers. 

As for the calculation of vehicle rollover, the standard methodology, as mentioned above, 

is also limited to a narrow range of calculated parameters. 

From the standpoint of the postulates of theoretical mechanics, it is possible to create a 

universal theoretical model for calculating this process, focusing on which it is possible to 

obtain the necessary parameters for moving a vehicle in the absence of vertical stability. To 

do this, we will draw up a calculation scheme (Fig. 3). 
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а.      b. 

Fig. 3. A calculation scheme for overturning the vehicle. 

At the moment of overturning N2 = 0 (Fig. 3a). 

To overturn, it is necessary that the body has not yet begun to slide on the surface. 

𝐹 ≤ 𝑓 ⋅ 𝑚 ⋅ 𝑔                                                      (10) 

where f – is the coefficient of friction; 
m – is the mass of the vehicle. 

It follows from the equilibrium equation (in accordance with the D'Alembert principle) 

∑𝑚𝑎 = 𝛷 ⋅ ℎ − 𝐺 ⋅
𝑏

2
= 0;   𝛷 =

𝑚⋅𝑔⋅𝑏

2⋅ℎ
;   𝛷 = 𝑚 ⋅ 𝑎                         (11) 

where a – is acceleration; 

h – is the height of the center of mass. 

The rollover condition 

𝛷 ≥
𝑚⋅𝑔⋅𝑏

2⋅ℎ
                                                            (12) 

Since there is a slip, it can be assumed that the car begins to rotate around point A (Fig. 

3b) as a result of which a number of transformations can be carried out 

𝛷 = 𝑚 ⋅ 𝑎𝑛 = 𝑚 ⋅
𝑉𝜏
2

𝑅
;    𝑅 = √ℎ

2 +
𝑏2

4
;  𝑚 ⋅

𝑉𝜏
2

𝑅
≥

𝑚⋅𝑔⋅𝑏

2⋅ℎ
; 

𝑉𝜏 ≥ √
𝑔⋅𝑏⋅𝑅

2⋅ℎ
;  𝑉𝜏 = 𝑉 ⋅ 𝑠𝑖𝑛 𝛼; 𝑉 ≥

1

𝑠𝑖𝑛 𝛼
⋅ √

𝑔⋅𝑏⋅𝑅

2⋅ℎ
                               (13) 

where𝑉𝜏 – is the velocity along the axis τ; 

R – is the radius of the tipping force. 
As a result of the final transformation 

𝑉1 ≥ √
𝑔⋅𝑏⋅𝑅3

2⋅ℎ3
                                                         (14) 
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With the further movement of the car (Fig. 4a and 4b), let's consider a simple case of 

motion - the plane movement of the body, i.e. the body moves in the plane of Oxy and rotates 

relative to the axis Oz 

           
а.      b.  

Fig. 4. Calculation scheme of vehicle rollover. 

Write down the differential equations of motion of the body 

{
 
 

 
 𝑚 ⋅

𝑑2𝑥

𝑑𝑡2
= ∑𝐹𝑘𝑥

𝑚 ⋅
𝑑2𝑦

𝑑𝑡2
= ∑𝐹𝑘𝑦

𝑚 ⋅
𝑑2𝜑

𝑑𝑡2
= ∑𝑚𝑧(�̄�𝑘)

                                                (15) 

Physically, the plane (surface) does not prevent the body from jumping, i.e. it implements 

an unstoppable connection. When constructing a mathematical model, an important step is to 

describe the contact interaction between a body and a plane, since some dynamic effects can 
only be explained by the presence of friction, while various friction laws can be used: viscous 

friction, Coulomb friction, etc. At the first stage of solving the problem, let's consider the 

case in which point A is stationary at the moment of separation. In this case, it is convenient 

to use differential equations of motion in natural form and make a number of transformations 

{
 
 

 
 𝑚 ⋅

𝑑𝑉

𝑑𝑡
= ∑𝐹𝑘𝜏

𝑚 ⋅
𝑉2

𝜌
= ∑𝐹𝑘𝑛

𝐽𝑧 ⋅
𝑑2𝜑

𝑑𝑡2
= ∑𝑀𝑧(�̄�𝑘)

                                              (16) 

where ρ – is the radius of curvature of the trajectory. 

𝑚 ⋅
𝑑𝑉

𝑑𝑡
= −𝐺 ⋅ 𝑐𝑜𝑠(𝛼 + 𝜑);    𝑡𝑔𝛼 =

2⋅ℎ

𝑏
; 𝐽𝑧 ⋅

𝑑𝜔

𝑑𝑡
= −𝐺 ⋅ 𝑐𝑜𝑠(𝛼 + 𝜑);    𝐽𝑧 ⋅

𝜔𝑑𝜔

𝑑𝑡
= −𝐺 ⋅

𝑐𝑜𝑠( 𝛼 + 𝜑); 

∫ 𝜔𝑑𝜔 = ∫ −
𝐺

𝐽𝑧
⋅ 𝑐𝑜𝑠( 𝛼 + 𝜑)𝑑𝜑

𝜋

0

𝜔𝑇

𝜔0
;      

𝜔2

2
|
𝜔𝑇
𝜔0

= −
𝐺

𝐽𝑧
⋅ 𝑠𝑖𝑛( 𝛼 + 𝜑)|

𝜋/2
0

; 

 

   

E3S Web of Conferences 371, 04008 (2023) https://doi.org/10.1051/e3sconf/202337104008
AFE-2022

6



  

𝜔𝑇
2

2
−

𝜔0
2

2
= −

𝐺

𝐽𝑧
⋅ 𝑠𝑖𝑛( 𝛼 +

𝜋

2
) +

𝐺

𝐽𝑧
⋅ 𝑠𝑖𝑛 𝛼; 𝑠𝑖𝑛 𝛼 =

ℎ

√ℎ2+
𝑏2

4

=
2⋅ℎ

√4⋅ℎ2+𝑏2
;          (17) 

𝜔𝑇 = √2 ⋅
𝐺

𝐽𝑧
⋅ (

2 ⋅ ℎ

√4 ⋅ ℎ
2 + 𝑏2

−
𝑏

√4 ⋅ ℎ
2 + 𝑏2

)+ 𝜔0
2 

As a result, we get that with one flip of the object 

𝜔𝑇 = √2 ⋅
𝐺

𝐽𝑧
⋅

1

√4⋅ℎ2+𝑏2
⋅ (2 ⋅ ℎ − 𝑏) + 𝜔0

2                               (18) 

where ω – is the angular velocity; J – is the moment of inertia. 

When the object is turned over more than one time (once) 

𝑉0𝜏 = 𝑉 ⋅ 𝜀; 𝑉 = 𝜔 ⋅ 𝑅                                            (19) 

where ε – is the recovery coefficient. 

Thus, the proposed model allows to calculate all the parameters of interest to the expert to 

determine the mechanism of overturning the vehicle. 

3 Conclusions 

As a result of the research, a method has been developed for calculating the parameters of 
vehicle movement in case of loss of directional stability as a result of uncontrolled movement 

after collisions. The use of the proposed method allows a differentiated approach to the 

calculations of various situations associated with complex movement of vehicles as a result 

of their collision, as well as further expand the array of calculated parameters of movement 

of vehicles with participation in the event of a traffic accident through the introduction of 

additional initial data for calculation, for example, such as the position of wheels relative to 

the sliding plane during uncontrolled movement, their rotation or blocking with consideration 

of different force balance and its influence on the prediction of the movement under study. 

 It is also proposed a method for calculating the parameters of vehicle movement in case 

of loss of vertical stability as a result of one or more revolutions around horizontal axes. The 

proposed method makes it possible to calculate the parameters of moving vehicles before 

they lose vertical stability, taking into account the displayed array of trace information, which 
had not previously been proposed for use in the automotive literature.  

These methods make it possible to more accurately investigate the mechanism of road 

accidents at the stage of discarding, which in turn can lead to a more complete understanding 

of the mechanism of the incident as a whole. 
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