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analysis of the energy necessary to cause permanent deformation. Since the early ‘70s used was the method based on the analysis of the 
permanent deformation depth, that are defined as proportional to the force causing deformation. 
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1. Introduction 
One of the main problems in appraiser work is to determine 

speed the car immediately before the accident, basing only on the 
collision of two vehicles or collision of a car with an obstacle. One 
of the research directions providing a solution to this problem are 
analysis of the energy necessary to cause permanent deformation. 
Since the early ‘70s used was the method based on the analysis of 
the permanent deformation depth, that are defined as proportional to 
the force causing deformation and approximated by the following 
relationship. 

𝑊𝑑𝑒𝑓 = 1
2
∙ 𝑏 ∙ ℎ ∙ 𝑘 ∙ 𝑓𝑡𝑟2       (1) 

where: 

b - width of deformation zone [m], 
h - height of deformation zone [m], 
ftr - depth of deformation zone [m], 
k - stiffness coefficient or energy-consumption [N/mm2]. 

 
      In literature [1] the following ranges of the stiffness coefficient 
can be found: 

 k=(9,0 – 11)∙ 105 N/m2m,when the vehicle strength 
structure was broken as a result of the deformations 

 k=(2,0 – 4,0)∙ 105 N/m2m, when the deformations are 
located only in the skin plate elements 

 when the vehicle strength structure was broken: 

• k=(13,5 – 22,6)∙ 105 N/m2m for small vehicles, 
• k=(9,1 – 13,5)∙ 105 N/m2m for medium cars, 
• k=(5,2 – 7,2)∙ 105 N/m2m  for big car. 

2. Crash test model by Campbell 
Essential part in ensuring vehicle safety are the crash tests. The 

basic type of investigation is vehicle frontal crash test with stiff 
roadblock. During this test, the crash velocity is measured. Crash 
test model proposed by Campbell [2] introduces the proportionality 
between deformations and speed collision. 

  𝑉 = 𝑏0 + 𝑏1 ∙ 𝐶    (2) 

where: 
V – collision velocity when the deformation C occurs [m/s], 
b0- limit velocity where the permanent deformation do not occur 
[m/s], 
b1 – characteristic inclination  [𝑚/𝑚𝑠], 
C – depth of the permanent deformation [m]. 

On beginning of 70’s R. McHenry [3] proposed linear 
dependence between a force acting on the car and permanent 

deformations appearing as its acting result. According to McHenry 
it can be illustrated by equation (3) and graphic (figure 1). 

  𝐹 = 𝐴 + 𝐵 ∙ 𝐶    (3) 
where: 
F - unit force of deformation, 
A - unit boundary force, after transformation of which it plastic 
deformation occurs, 
B - directional coefficient of linear body model deformation, 
defining its lengthwise unit stiffness, 
C - Permanent body deformation. 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Stiffness model of the vehicle during a collision by Mc.Henry. 
 

The value of the C coefficient is obtained from the measurements of 
deformation’s depth. In the crash test used was procedure of measuring its 
value in n  points, that are evenly disposed on length of the indentation, as 
shown on the figure 2. 

Fig. 2 Method of depth dimensioning of the permanent deformation. 
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3. Depth of deformation 
 

The effective depth of deformation is defined as mean value on 
the length of indent and can be presented by the following 
relationship: 

𝐶𝑠𝑟 =
𝐶1
2 +

𝐶𝑛
2 +∑ 𝐶1𝑛−1

2

𝑛−1
   (4) 

 The energy which causes permanent deformation on length L is 
expressed in the following way: 

∫ ∫ (𝐴 + 𝐵 ∙ 𝐶)𝑑𝑐𝑑𝑙𝑙 =  ∫ (𝐴 ∙ 𝐶 + 𝐵 ∙ 𝐶
2

2
𝐿
0

𝐶
0

𝐿
0 + 𝐺)𝑑𝑙 (5) 

where: 
G - integration constant equal, 

𝐺 = 𝐴2

2∙𝐵
     (6) 

L - width of the deformation area [cm]. 
 After integration we obtain: 

𝐸 = 𝐴∫ 𝐶𝑑𝑙 + 𝐵 ∫ 𝐶2

2
𝐿
0

𝐿
0 𝑑𝑙 + 𝐴2

2∙𝐵
∙ 𝐿   (7) 

Individual modules of the equation (7) can be defined in the 
following way: 

 ∫ 𝐶𝑑𝑙𝐿
0  as indent projection’s surface, 

 ∫ 𝐶2

2
𝐿
0 𝑑𝑙 as moment of the first degree of projection of the 

indent surface in relation to primary body profile (product 
of surface of projection and distance of its center of 
gravity from the first outline of the car body). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Method of the determination of the deformed surface gravity 
center location. 

As show in figure 3, it is assumed that all deformation areas 
have shape of trapeze. The surface of deformation unit is equal: 

   𝑃 = 𝐿
𝑛−1

∙ 𝐶𝑛−2+𝐶𝑛−1
2

   (8) 

while the distance of centre of gravity from primary profile of body 
is obtained from: 

𝑋 = 𝐶𝑛−22 +𝐶𝑛−2+∙𝐶𝑛−1+𝐶𝑛−12

3∙(𝐶𝑛−2+𝐶𝑛−1)
    (9) 

The energy necessary to cause the indentation of the surface L and 
of average depth Csr can be expressed by:  

𝐸 = 𝐿
𝑛−1

∙ (𝐴∙𝛼1
2

+ 𝐵∙𝛽
2

+ (𝑛 − 1) ∙ 𝐺)    (10) 

where: 

𝛼 = 𝐶1 + 𝐶𝑛 + 2 ∙ �𝐶𝑖

𝑛−1

𝑖=2

 

𝛽 = 𝐶𝑖2 + 𝐶𝑛2 + 2 ∙ � 𝐶𝑖2 + �𝐶𝑖 ∙ 𝐶𝑖+1

𝑛−1

𝑖=1

𝑛−1

𝑖=2

 

In case of symmetrical deformation,  the equation (10) takes the 
form: 

𝐸 = �𝐴 ∙ 𝐶 + �𝐵
2
� ∙ 𝐶2 + 𝐴2

2∙𝐵
� ∙ 𝐿    (11) 

If then, the energy absorbed by the vehicle for the deformation work 
is equivalent to the car kinetic energy , that is lost during the crash, 
then we can to assume, that : 

𝑚∙(ΔV)2

2
= 𝐸    (12) 

(∆𝑉)2 = �2∙𝐴∙𝐿
𝑚
� ∙ 𝐶 + �𝐵∙𝐿

𝑚
� ∙ 𝐶2 + 𝐴2∙𝐿

𝑚∙𝐵
  (13) 

∆𝑉 = �𝐵∙𝐿
𝑚
∙ (𝐶 + 𝐴

𝐵
)   (14) 

Therefore, the conclusion is that the border speed of the crash 
that do not result in permanent deformation and for which the C = 0, 
has the form 

∆𝑉𝑔𝑟 =  𝑏0 = 𝐴 ∙ � 𝐿
𝐵∙𝑚

    (15) 

Conducted by NHTSA investigations show, that border speed b0 
contains in range b0 = 2÷4 m/s = 7,2÷14,4 km/h. 

Figure 4 presents graph which is speed characteristic in function 
of depth of body deformation (coefficients b0 and b1 correspond to 
coefficients defined by Campbell). 

 

 

 

 

 

 

 

 

 

Fig. 4. Campbell dependence of the velocity of the body at the moment of the 
crash form the depth of the deformation. 

Coefficients A, B and G are defined during cars crashes test in 
such way, that the surface of barrier in which the vehicle hits is 
perpendicular to longitudinal or transverse vehicle axis.  In the case 
of diagonal crashes, tangent component of friction force contained 
among barrier and the vehicle increases the stiffness efficiency in 
direction of main impulse of force. 

Coefficients A and B can be found in literature [4,5,6]. For 
specific models of vehicles, it is possible to find in the NHTSA 
reports the speed of crash during tests, the mass of cars as well as 
depth of deformation in six evenly disposed points of the 
deformation area obtained. These reports are accessible in [7]. It is 
the database including information about crash tests and contains 
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the vehicles ranked according to manufacturer, type, model and 
year of production. In enclosed tables of included are values of the 
speed answering the zero permanent deformation and knowing both 
mass of the vehicle and length of the deformation area, it is possible 
to calculate:  

 b0=V0    (16) 

𝑏1 = 𝑉𝑧𝑑−𝑉0
𝐶𝑠𝑟    (17) 

The next step is calculate the coefficients:  
𝐴 = 𝑚𝑏0𝑏1

𝐿
    (18) 

𝐵 = 𝑚𝑏12

𝐿
    (19) 

In the database included are also the photos of the tested 
vehicles that can be useful for estimation of speed of crash. 

4. Conclusions 

Basing on the presented dependences and methods it is possible 
for the expert to accurately estimate the energy absorbed during 
permanent deformation of the vehicle. 
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