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Abstract: The primary objective of this research is to find the relationship between the velocity of a vehicle in the
beginning of the collision stage and the energy causing the deformation during a car crash. The velocity of a car in the
beginning of the crash stage is determined by comparison of kinetic energy and body deformation energy. Considering the
existing methods there is proposed a new method of calculation of the EES parameter describing the energy equivalent
speed. The presented approach enables improving the accuracy of EES parameter calculation.
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1. Introduction

Contemporary vehicles are the result of over 100 years of work
of engineers and studies of various scientific groups. As a result of
this elaboration there was obtained a desired product, which is a
present-day car. However, the increasing number of the vehicles in
the traffic in combination with uncertain skills, recklessness and
poor quality of the road infrastructure leads to the high number of
car accidents [3].

Only in Poland, since 1990 the number of vehicles increased by
62,3 percent. In years 1990 — 2009, there occurred over 1 million 61
thousands crashes, in which there died 126 thousand people and
more than 1 million 336 thousands were injured. The majority of
car accidents takes place in Germany, Italy and Great Britain,
however, it is related to the higher amount of vehicles in these
countries. Whereas, Poland, with the number of crashes - 44 196,
takes 6th place. Nevertheless, the highest rate of death during car
accidents was observed in Poland (10,3) and Lithuania (9,9). Such
results unambiguously indicate the magnitude of this problem,
which is the safety on roads in Poland. The traffic safety level,
defined by the number of accidents and mainly the extent of its
results, classifies Poland on one of the last places among the
European countries. There have occurred approximately 19
fatalities and about 200 people suffered serious injuries every day
for the last decade [7]. It is presented in the figure 1.
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Fig. 1. Number of accidents and injured in Poland [7]

The car crashes are the problem on the economic, legal and
social background, due to the fact that it is connected with costs of
hospitalisation, disablement benefits and necessity of
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indication of the offender. In vast majority of cases the cause of car
accidents is excessive speed of the vehicle in the time of the
impact.

2. The proposed method of pre-crash velocity
calculation

The body of a car during the impact on the obstacle undergoes
major deformations, whereas the performed work decreases the
velocity of the motion i.e. the Kinetic energy [5].

Basing on the change of this energy, it is possible to calculate a
recognizable parameter having the unit of velocity the EES. It is the
energy equivalent speed defined by the following formula [1], [3],

[6].[16]:

EES = |22t

1,

& i

where Wt — work of the deformation [J], m, — mass of the
vehicle [kg].

During the research there was done an analysis of over 30 000
collision tests from NHTSA database [14]. It was observed that
there exists a linear dependence of the impact velocity on the depth
of plastic deformation, therefore it is possible to determine the
collision velocity assuming that the measure of the body
deformation is known [13]. Thus, in proposed approach there is
executed a linear correlation of the force acting on the deformable
car element and the width unit of the front part of the vehicle body.
The dependence of the average force acting during the deformation
on the extent of plastic deformation C, takes form [10], [15],[6]:

0 F=A+B-C; [,
where A — force under action of which there occur no plastic
deformation [%], B — body stiffness coefficient, which defines the

force required to cause unitary vehicle abbreviation [%] Cs -
extent of plastic deformation [m].

In order to determine the profile of the body abbreviation there
is defined an average geometric depth of deformation. The
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measurement may be performed in 2,4 or 6 points as presented in
the figure 2 [11],[91,[6],[18],[19].

Fig.2. Measurement of the body deformation

It was assumed that all of the deformations take shape of
trapezium. Basing on these values there can be calculate Cg
parameter, which is an arithmetic mean of parameters defining the
deformation depth C;-Cg:

St (Co# CHCytC)+2

3) Cs = [m].

n—-1

Calculated value C; enables determination of body stiffness
constant by according to the formula:

Vi=b.
bk =—9
Cs

[

m

(4)

The value of the boundary velocity, at which there occurs
plastic deformation, was assumed to equal by=3,6 %zllkTm,
whereas V; [%] is an initial velocity of the test. The graphical

interpretation of the above mentioned coefficients is presented in
the Figure 3.
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Fig. 3. Graphical interpretation of the equation coefficients.

After determination of the C, and b, parameters it is possible to
calculate the value of the stiffness parameters A and B:

__ (mgbggrby) ﬂ

(5) A=—7T5— Gw
‘b2 N

(6) B =k [zl

where m, — mass of the examined vehicle [kg], L — width of the
deformation [m].

The analysis of the collision tests from the NHTSA database
[14] showed a difference in the values of stiffness coefficients for
particular vehicles in relation to the given vehicle class, to which
they were classified. Incorrectly evaluated parameters give false
values of energy equivalent speed.

In order to avoid this mistake, there was proposed a correction
factor, considering the range size ( mg-mg, ), in which the mass of
examined car is included:

U]
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where mg, — maximum boundary mass of the range [kg] basing
on the NHTSA database, mg, — minimum boundary mass of the
range [ka].

There was proposed a correction of A and B coefficients by o

coefficient in the form:

®) Ag=0-A L],
N
(9) Bs =0-B [F .

As far as G coefficient is concerned, it is unitary energy
absorbed for the elastic deformation and it is calculated basing on
the determined coefficients A; and B. It is described by the
following formula:

Ag?

(10) =25 [N]

The part of the energy absorbed during the collision is
distributed on the elastic deformations. This effect can be observed
in the correlation describing the method of calculation of the
deformation work W basing on the damages of deformation extent
L:

(11) Ul

L¢ (As-a

Bs'B .
(25 6) ke

Waer =

Deformation constants o [m] i g [m?] are dependent on the
method of deformation measurement, i.e. the number of points in
which the measurement of the deformation was performed C,,C,
...etc . These parameters are calculated using exemplary formulas
regarding to 6 measurement points:

(12) a=C+Ce+2-(C,+C5+C+
Cs) [m]
(13) L= CP+C2+2-(C3+C2+C2+C2
+(C Cy+Cy C3+C3+Co+CyCs+ Cs - Ce)
[m?]

The energy of deformation may also be corrected depending on
the deflection angle of the dent from the normal plane of the
deformation area on the vehicle body. The energy correction factor
k. is calculated using the following equation[2]:

(14) k., =14tg%0 -1
where © — deflection angle of the direction of the deformation
and normal plane to the front plane of the car [°].

Finally, the value of the velocity of the vehicle (EES), by which
its kinetic energy is equal to the energy absorbed by the plastic
deformations, is determined using formula (1).

3. Analysis of the determined parameters

In order to clearly present the new values of parameters
defining the deformation energy only one group of vehicles was
considered — vehicles marked in the NHTSA database as the Mini
class. These are the cars destined for the city traffic, they are
characterised by small size and low costs of exploitation. An
example of such vehicle is Suzuki Swift.

In case of other vehicle groups the approach is exactly the same
as the one presented.

Determining the values of parameters A, B, G, b, as a function
of production year there were obtained the following values Figure
4 and 5. On all of the plots it is clearly visible that the newer is the
vehicle the higher are the values of coefficients by and G. Whereas
the variation of parameters A and B is a linear function. The
determination of trend line equations for all type of propulsion
systems enabled obtaining mean values of parameters placed on the
trend line.
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Tab. 2. Parameters of particular production year ranges for mini

A, ]_3’ G, class for automatic transmission
D G A B
e’ 0,16x +32,34 y=-0,48x | y=6,18x | y=-3,06x
@ +33.27 +103,03 +49,28
1966 33,75 96,85 46,22
i ® ® ® 1967-1968 35,19 78,31 37,04
% 5 1968-1971 36,63 59,77 27,86
Q 1971-1974 38,07 41,23 18,68
/ﬁo > © 'y 040x +15,36 1974-1977 | £[39,51 22,69 9,5
1977-1980 | ‘%[ 40,95 4,15 0,32
y =0,12x + 3,04 1980-1983 | 'E[42,39 -14,39 -8,86
1983-1986 | £]43,:83 -32,93 -18,04
=10.02x + 0,08 1986-1989 | 545,27 51,47 -27,22
i 1989-1992 | 246,71 -70,01 -36,4
O O M © O N LD 0 A S I~ O M © 1992-1995 £1|48,15 -88,55 -45,58
S 5565633838838 8 8 1995-1998 | £ [49,59 -107,09 54,76
A A A A A A A A Ao 1998-2001 | < [51,03 -125,63 -63,94
Production year 2001-2004 52,47 -144,17 -73,12
OMF bl m/s/m EMF A'N/m *10™4 2004-2007 53,91 162,71 82,3
2007-2010 54,87 -175,07 -88,42
Fig. 4. Plot of A, B, G and by as a function of production year for Mean 44,52 -41,81 22,44

vehicles in the Mini class with manual gearbox
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Fig. 5. Parameters A, B, G and b, as a function of production year
in Mini class with automatic gearbox

Tab. 1. Parameters of particular production year ranges for mini
class for manual transmission.

G by A B
y=0,24x |y=-0,01x [y=-X y=-053x
+24,96 | +24,13 +28,89 | +13,46

1966 25,2 24,12 27,89 12,93
1967-1968 25,92 24,09 24,89 11,34
1968-1971 26,64 24,06 21,89 9,75
1971-1974 27,36 24,03 18,89 8,16
1974-1977 | _ | 28,08 24 15,89 6,57
1977-1980 |.2| 288 23,97 12,89 4,98
1980-1983 |.2 | 29,52 23,94 9,89 3,39
1983-1986 g 30,24 23,91 6,89 1,8
1986-1989 | © | 30,96 23,88 3,89 0,21
1989-1992 c—: 31,68 23,85 0,89 -1,38
1992-1995 | 2| 324 23,82 -2,11 -2,97
1995-1998 g 33,12 23,79 -5,11 -4,56
1998-2001 33,84 23,76 -8,11 -6,15
2001-2004 34,56 23,73 -11,11 -7,74
2004-2007 35,28 23,7 -14,11 -9,33
2007-2010 35,76 23,68 -16,11 -10,39
Mean 30,59 23,90 5,45 1,04
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Trend line equations enabled determination of A, B, G, by
coefficients for particular production years (Table 1). There was
performed an interpolation of gathered results in order to define
their mean value and the direction.

The obtained results were classified basing on the vehicle
production year. The placement of the measurement points allows
the observation of the regularity, which is the increase of the
parameters values with time.
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Fig. 6. Parameters A, B, G, b, for Mini class vehicles as a function
of production year ranges

Verification of the validity of the method

In order to verify the proposed EES calculation algorithm there
were gathered results of the real collision tests. Performing such test
in controlled conditions enabled registration of the results of the
crash.

The performed crash test related to the collision of vehicles
from the Mini class — SUZUKI SWIFT. It was performed in the
Automotive Industry Institute in Warsaw. The crash test of a
deformable car with a stiff obstacle enables evaluation of the
features of the car load bearing structure basing on the dynamic, as
well as, static values and measurements of the body deformation
depth. The depth of deformation was measured in six planes
distanced from each other by 250 mm. The measurement was
performed on the surface parallel to the road, perpendicularly to the
front of the vehicle. The calculation including test results were
regarded as a standard data.

Furthermore, in order to compare the gathered results there will
be performed the calculation of EES parameter according to
methods described in the literature. Comparison of these results
with ones obtained using the proposed method in relation to the
standard data will enable evaluation of the error of this algorithm.

For the following vehicle parameters:
- mass: 775 kg,
- wheelbase: 2413 cm,
- length: 3927 cm,
- testvelocity: 80km/h.

The following results were obtained :
- deformation profile: C;= 830 mm, C,=920 mm, C;=984
mm, C,=989 mm, C5=1028 mm, Cs=996 mm
- deformation width: L,=1250 mm
- boundary velocity: bs=11 km/h
- deflection angle: @=0°
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Calculation of the standard values of EES

Parameter Cs, which is an arithmetic mean of a parameter
determining the depth of deformation, was calculated according to
the following formula:

82ﬁ+ (920 + 984 + 989 + 1028) +¥
Cs = e =0967 m

Then, the stiffness constant b, was calculated:

m
b= 20" 1982 F/m
0,967

After determination of parameters Cs and by the values of the
stiffness parameters A and B were calculated:

11
(775 3%1982)

N
A= 1250 = 37557 ooy
1000
775 - 19,822 N
B= W = 243675 oz
1000

Basing on the values of the parameters A and B there was
calculated unitary energy absorbed by the elastic deformation:
375572

= 2243675 289N

Coefficients o and # and the energy correction factor k, are
equal respectively:

a =830+920+2- (920 + 984 + 989 + 1028) = 9,7 m
B = 8302 49962 + 2 - (9202 + 9842 + 9892 + 10282)
+(830-920 + 920 - 984 + 984 - 989 + 989 - 1028 + 1028
-996) = 14,1 m?
ke=1+tg20=1

Hence, the work of deformation equals:

1250 (3755797 243675- 14,1
Waer = —5 ( z 6

=191786 ]

+5-2894—)-1

Finally, it was possible to evaluate the EES:

gEs = |2 201786 _ hos ™ (80,09 X0
N 775 "7 s (80, h)

The obtained value of EES,, is a standard value for the
considered vehicle class.

Calculation of the parameter EES basing on the literature

Tab. 3. Literature data for each vehicle class[8].

Category

Parameters

Mini Subcompact | Compact | Intermediate Van
wheelbase 205-240 240-258 258-280 280-298 276-330
track [cm] 129 138 149 157 171
length [cm] 405 444 498 540 466
width [cm] 154 170 184 195 200
mass [kg] 1000 1386 1610 1928 1952
- |A
3 529 454 555 623 671
2 | [N/m]
E
= |B
S 32 30 39 23 87
= | [N/m?]
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Assumption:
Cs =097 [m]
In compliance with the assumed vehicle mass the following values

for the Mini class were read from the Table 2:
N

]

B=32 [

o]

A=529

Basing on the parameters A and B there was calculated the value of
the unitary energy absorbed by the elastic deformations:

_ (53-10%)?

=23z 10 T

[N]

Coefficients o and 4 and correction factor k, equal:

@ =830 4920+ 2+ (920 + 984 + 989 + 1028) = 8 [m]
B = 8302+ 9962 + 2 - (9202 + 9842 + 9892 + 10282)
+(830-920 + 920-984 + 984 -989 + 989 - 1028 + 1028 -996)
=14 [m?]

ke=1+tg20=1

As a result, the work of deformation was calculated:

1250
Waer = ——

2 * 6
Ul

53-103-10 32-10*-14
+5-43:10%)-1

=26-10*

Finally, it was possible to evaluate the EES:

2-26-10%

EES = 775

m km
=26 [?] 93—

Calculation of the EES parameter according to the proposed
method

For the calculation there were assumed the following measurement
readings:

Cs = 0,967 m

Compatibly with the vehicle mass there were read the following
parameters from Mini class:

Tab. 4. Mean values of examined parameters for particular vehicle

Mini
mass kg till 900
wheelbase mm 2073
length mm 3609
width mm 1518
by m/s/m 24
N/cm 460
B N/cm? 37
G N 29
A= 460 —
B=37——

32

G=29 N
The determined correction coefficient equals:
_ 775 — 086
°“900-0_ "

It enables calculation of the parameters A and Bs:
As =0,86-46000 = 39611%
B, =0,86-370000 = 318611 %

The coefficients « and £ and the energy correction factor k. are
equal:

o =2830+920+2-(920+ 984+ 989 + 1028) = 9,7m
B = 830% +996% + 2 (9202 + 9842 + 9892 + 10282)
+(830-920 + 920984 + 984 - 989 + 989 - 1028 + 1028 - 996)
= 14,1 m?
ke =1+1tg20=1

The work of deformation:

1250 /39611-9,7 318611 14,1
Waer =—5 ( 2 + 6
= 238184 |

+5-2900)-1

Finally, it was possible to evaluate the EES:

2-238184

EES = 77g

—2479m 8925km
=2479 — (89.25—-)

5. Summary

There was proposed a EES calculation algorithm that utilizes
the parameters evaluated basing on the car crash NHTSA database.
There were only chosen front crash tests, basing on which there
were performed calculation of the stiffness parameters.

Comparison of the results gathered using the proposed method
with the results obtained according to the analytical methods
described in the literature showed higher accuracy of the designed
algorithm of EES evaluation. The crash test of Suzuki Swift with
the impact velocity equal to 80 km/h indicated the EES model value
equal to 80,9 km/h.

For the same crash test the results obtained according to the
proposed algorithm basing on the correction coefficient ¢ indicated
the value of the parameter EES equal to 89,25 km/h, which
comprises 1,11 of model value (11% error).

Performing calculations of the EES using methods described in
the literature forecasted the parameter value equal to 93 km/h,
which makes up 1,16 of the model value (16% error).

The analysis of the gathered values of the EES shows that
introduction of the correction factor o used in the gives the
possibility of obtaining significantly better, more accurate and
realistic results than by using other analytical methods. The
coefficient o corrects parameters of the unitary boundary force and
the directional linear model of the mass-dependent deformation.
Introduction of this parameter is related to the fact that the total
mass of the examined vehicles does not determine the class of a
particular car. The presented algorithm increased the accuracy and
caused the harmonization of the analysis leading to the evaluation
of the parameter EES. The proposed method enabled obtaining
effects more similar to those obtained during the crash tests.

The performed analysis does not include all of the vehicle
classes, the presented results concern only the chosen vehicle class.
However, the proposed method allows the results obtainment for
other vehicle classes as well. The created tool may in future be
complemented with another elements, what will increase its value.
With the increase of the availability of the crash tests (databases)
there will increase the possibility of wider analysis, what will allow
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further correction of the coefficients proposed in the presented
method. Using higher number of the crash tests will enable
obtaining lower errors when evaluating the EES.
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