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Summary

In this paper a computer simulation of a frontal oblique collision between two motor vehicles
was carried out, using the PC-Crash 8.0 software. The simulation repeated several times for
specific values of the coefficient of restitution. Then the results were compared with analytical
calculations, which were based on the planar collision mechanics, including the theory of collision
between the bodies with smooth surfaces.

Analysis of the influence of the selected coefficient was made primarily in terms of change in
the after crash vehicle speed. The aim of the study was to determine whether the value of the
coefficient of restitution in a frontal impact play an important role in the analysis of the process of
such phenomenon.

Keywords: frontal crash, coefficient of restitution.

ANALIZA WYPADKU DROGOWEGO W ASPEKCIE MECHANIKI ZDERZENIA
CZOLOWEGO SAMOCHODOW

Streszczenie

W artykule przeprowadzono symulacj¢ komputerowa zderzenia czolowego skosnego
wybranych pojazdéow w programie PC-Crash 8.0. Symulacje przeprowadzono kilkakrotnie dla
okreslonych wartosci wspdtczynnika restytucji. Nastepnie jej wyniki poréwnano z obliczeniami
analitycznymi, ktoérych dokonano w oparciu o mechanike zderzenia zuwzglednieniem teorii
zderzenia ciat gladkich w ruchu ptaskim.

Analizy dotyczacej wptywu wybranego wspotczynnika dokonano przede wszystkim pod katem
zmian predkosci pozderzeniowych samochodow bioracych w nim udziat. Celem pracy byto
wykazanie czy warto$ci wspotczynnika restytucji w zderzeniu czotowym odgrywaja wazna role w
analizie procesu tego zjawiska.

Stowa kluczowe: zderzenie czotowe, wspotczynnik restytucji.

1. INTRODUCTION

Modeling of road vehicle collisions, as a tool to
assist the understanding and analysis of this
process, can be carried out in several different
directions [6, 7, 8, 10, 14], respectively simplifying
or complicating the existing collision models or
creating new ones. In this paper, a simulation of a
frontal collision, as one of the most common
occurring in Poland [9], was carried out. The aim of
this study was to demonstrate the influence of the
adopted values of the coefficient of restitution, as a
decisive parameter on the plasticity of a collision,
on the post crash vehicle speeds and the resulting
consequences. Restitution coefficient analysis was
previously dealt with, among others, in [1, 2, 4, 5],
but mainly in terms of reconstruction or analysis of
the process of collision and not its effect on the
received post crash values.

The simulation of a frontal oblique impact was
prepared, using the PC-Crash 8.0. The stuck vehicle
is a 2005 Audi A8, while the striking one — a
Mazda 6 from the production period between 2002
and 2005. The simulation of a frontal impact
collision reflects the accident on a single-lane road
section.

Such approach enabled verification whether the
adoption of the specific values of the coefficient of
restitution faciliates obtaining of the real parameters
of the modelled collision.

2. ASSUMPTIONS

Before carrying out the simulation of a frontal
impact, certain simplifying assumptions were made,
while enabling the use of a mathematical model of
a collision, based on considerations from the work
[3], for the analytical calculations:
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- bodies of both vehicles are treated as rectangles
(Fig. 1) with constant mass and stiffness;

e [

X

Fig. 1. Presentation of a vehicle body
as a cuboid in the PC-Crash software.
Source: PC-Crash

- vehicle models are linear, the mass-inertia
parameters were adopted according to the program
database;

- the vehicles realise a plane motion during the
impact, which takes place on a dry surface with a
coefficient of friction u = 0.8;

- before the impact the vehicles moved at speeds:
Audi — 60km/h, Mazda — 50km/h;

- the total mass of the unladen Audi was 2020kg,
and has been increased by adding the masses of a
vehicle driver and three passengers to 2300kg,
while the total mass of Mazda (originally 1500kg),
was also increased, as in Audi, to 1750kg. In both
cases the vehicle does not include any baggage;

- as in the work [13] the height of the center of
mass in a laden vehicle was adopted, for Audi equal
to 0,558m and for Mazda — 0,573m. It was done so
the crash would be simulated as a model of the 3D
objects realising a plane motion;

- the values of the coefficients of restitution were
assumed at R=0.1, R=0.05and R=0.01;

- the simulated collision of the vehicles is oblique
and frontal, so the occurrence of the crashing force
impulses in a tangential direction, relatively the
impact plane, was ommitted. The impact plane is
understood to be perpendicular to the road surface,
being at the same time tangent to both surfaces of
the colliding vehicles. It was assumed that the
model of a vehicle collision can be simplified to a
form of a smooth bodies collision in a plane motion

[3]
3. DESCRIPTION OF THE SIMULATION

In PC-Crash 8.0 a vehicle body is treated as a
single rigid body (Fig. 1) having a predetermined
mass, moments of inertia and stiffness [12]. It is
also treated as a quasi-stiff deformable body,
however lack of mass loss as a result of the
collision was assumed.

Stiffness of the vehicle models in PC-Crash is
different for different parts of a vehicle, because the

wheels were adopted to be half less stiff than the
body, whereas the roof and the side pillars are 75%
less stiff than the lower part of the body.

In the analytical calculations the aspect of
stiffness was not taken into account, since the main
problem was to determine the parameters of the
collision.

The main objective was to conduct a computer
simulation of motor vehicles collision with certain
parameters, and to verify the simulation results
through analytical calculations, taking advantage of
already established values of the coefficient of
restitution.

The simulation of a frontal collision for all three
adopted values of the coefficient of restitution was
prepared. These values were adopted in accordance
with the considerations e.g. in [15]. For each
simulation the run time was 2 seconds, while the
time of the collision was about 0.25s. In Fig. 2 the
location of both vehicles before the collision is
presented.

Fig. 2. Location of the vehicle before
the collision. 1 — Audi, 2 — Mazda.
Source: PC-Crash

In Tab. 1 the results of simulations for each of
the accepted values of the coefficient of restitution
is presented, containing the translational and
angular velocities before and after the collision,
whereas the sought values were the post-crash ones.
Also the mass and moments of inertia of both
vehicles is presented, as the parameters necessary in
the analysis of traffic collisions in a plane motion.
On the basis of these results a validation based on
analytical calculations was prepared in p. 4.

It should be noticed that the speed values from
before the collision appearing in the protocol of the
collision are less than the value adopted in the
assumptions (p. 2), due to the characteristics of the
PC-Crash-called "collision detection". By this it is
meant that the collision models of vehicles perform
braking or partially precipitate speed, which
increases the realism of the simulation, because it
reflects a slight deceleration caused by removing a
leg from the accelerator pedal, which is typical.
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Tab. 1. Results of a frontal oblique collision
simulations for three different values of the
coefficient of restitution

Source: own research

zderzenie czolowe

vehicle Audi Mazda

mass ma=2300kg | my=1750kg

moment of inertia
relative to the
vertical axis
passing through
the center of mass
of a vehicle

[,=4277kgm’ | [y=2730kgm’

coefficient of

restitution R=0,1
translational
speed before the | Va= 54 km/h | V=43 km/h
crash

angular velocity

before the crash | ©A~ 0.38 1/s | on=1,29 1/s

translational
speed after the
crash

Va'=32,8 Vv'=10,2
km/h km/h

angular velocity | ®A’=-1,76

after the crash 1/s ov’=0,771/s

impulse of the

. 18225 Ns
impact force

coefficient of

restitution R=0,05

translational
speed before the | Vo= 54 km/h | V=43 km/h
crash

angular velocity

before the crash | ©A~ 0.38 1/s | = 1,29 1/s

translational
speed after the
crash

V=342 | V=118
km/h km/h

angular velocity | ®,’=-1,51

after the crash /s oyM'=0,57 1/s

impulse of the

. 17607 Ns
impact force

coefficient of

restitution R=0,01

translational
speed before the | Vo= 54 km/h | V=43 km/h
crash

angular velocity

before the crash | @A~ 0,38 1/s | op= 1,29 1/s

translational . .
speed after the VAkr_n/3h4,8 VMk m/ilzﬁ
crash
angular velocity | ®,’=-1,43 .
after the crash 1/s on'=0,61/s
impulse of the 16937 N

impact force

4. VERIFICATION OF SIMULATION
RESULTS BASED ON ANALYTICAL
CALCULATIONS

For comparison of the simulation results from p.
3 calculations were performed using the method for
analysis of a collision between the bodies having a
smooth surface [3, 8, 9]. Input data were obtained
by transforming from the rectangular coordinate
system Oxy (Fig. 3), treated as global, to the local
system of natural coordinates (normal n and tangent
t), as shown in Fig. 4.

Fig. 3. The coordinate system Oxy for
oblique frontal collision. Vehicles during
collision along with the deformation of their
bodies shown, where 1 - Audi, 2 - Mazda
Source: PC-Crash

Fig. 4. Location of the vehicles in the local
coordinate system for the frontal oblique
impact Source: own research

In the protocol of collision generated by the PC-
Crash there is a position called the “angle of the
vehicle” and the “angle of speed”. The angle of the
vehicle determines the vehicle gradient towards the
x-axis of the global coordinate system Oxy, while
the speed angle is the angle between the direction
of the velocity vector and the x-axis of the global
system. In PC-Crash the occurrence of lateral drift
is assumed, and therefore the angles discussed
above usually do not have the same values.

To determine the velocity components along the
normal and the tangent to the impact plane of the
collision, the velocity angle was used, i.e. an angle
of the wvelocity vector with respect to its
longitudinal axis. This angle was used then to the
distribution of the velocity vector on the normal and
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tangential direction to the impact plane. In the
collision protocol, for each of the simulation the
velocity angle was:

- for Audi a1=-5°;

- for Mazda 02=190°.

If taken into consideration that the angles are
measured, as shown in Fig. 5, then the angles
needed for distribution to the tangential and normal
component of the velocity for each vehicle can be
easily determined. After simple trigonometric
transformations the angle required for distribution
of the translational velocity into components for
Audi is pA=23°, while for Mazda pM=8°. In Fig. 5
the normal impulses of the impact force are also
applied at the origin of the Ont coordinate system.

Fig. 5. The positive direction of the angle
measurement relative to the x-axis of the global
coordinate system and the angle of inclination of

the translational velocity relative to the x axis
Source: own research

In Fig. 6 the angles used in the distribution of
velocity into components along with the tangential
and the normal velocity vectors are shown, as well
as the angular velocities respectively for Audi and
Mazda. These components were used in analytical
calculations, both to determine the relative velocity
of the two vehicles at the moment of impact, and
the kinematic state after the collision.

e

e : -;\;"Mg‘._;_.-'-w—"

.z_-_\t\"r

Fig. 6. Velocity components and angular velocities
at the moment of collision. Also the distances from
the center of the mass of each vehicle to the origin
of the local coordinate system Ont are indicated
Source: own research.

Based on the work [3] and Fig. 6 and 8, the
problem of collision between the bodies having

smooth surface was considered. It was assumed that
the tangential velocities during a frontal impact
collision change so little that their values before the
collision may be equal to the values after it. Thus,
in the calculations a model of smooth bodies
collision in plane motion was used [3, 8].

In case of an eccentric collision, its normal axis
does not pass through the center of mass of any
vehicle, so the geometric center of the collision is
not on the line joining both centers of mass of the
colliding vehicles. For this reason, it is assumed
that besides the normal velocity change, eccentric
collisions also cause the change in angular velocity.
As it is known from the considerations conducted in
[3], when considering such type of collision, the
impulse of the impact force can be omitted in
tangential direction to the collision plane (the plane
tangent to the surface of the two vehicles at the time
of an instant contact, perpendicular to the road
surface at the same time).

The markings, which were adopted in the next
part of this chapter, refer to the symbols used in the
equations of the analysed collision, where the index
"A" indicates the parameters of Audi, and the "M"
indicates the parameters of Mazda. Indexes "n" and
"t" denote respectively the normal and tangential
direction.

Using the markings in Fig. 6 the collision model
is represented by the following equations:

a) in the direction normal to the impact plane:

mA(v;ln - vAn) =-S5,
\ (D
my, (VMn - an) ==,

b) in the direction tangential to the impact plane:
m, (VAz - VAz) =0,

. )
m,, (VMz - th) =0,

¢) in the direction of rotation on a plane of the road,
in accordance with the selected angular velocities:

IA(a);l -—w,) =-S5,

, 3
Iy(oy —0,)=5t,,

A set of six equations was obtained with seven
unknowns, where the seventh unknown is the
impulse of the impact force. Leaving the unknowns
in equations (1) — (3) on the left enabled obtaining
the kinematic state of the vehicles after collision. It
is important to note that the length of a collision is
considered to be a very short time, at most a tenth
of a second (about 0.1 - 0.2s).

The kinematic state of both vehicles after
collision (post impact parameters) was described
formulas:
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vAn VAn s vAt - VAI b
A
, s B
an VMn i th - VMZ ’
! @
, St
Wy =0, = 7
A
, St
_ M
W, = W, + —.
M

To determine the kinematic state in this case it
is necessary to know the impulse of impact force in
the normal direction of the collision. Using
considerations from [3] on the collision of smooth
bodies, the impulse can be determined using the
formula (5).

S=(1+R)e,

_ (v, +@0,) = (Vy, @0 )]m m,
A+ )ym, +(1+8)m,,

)

s

where:
g L _ L
4= sl = )
Iy m,
9 1 ey
B = olp
B mpg

Distances n ,,n,,,t,,t,, between the center of

mass of each vehicle and the geometric center of
the collision were measured in PC-Crash when
setting the vehicles at the position of a one-point
contact, i.e. the initial moment of impact, which is
presented in Fig. 6. The PC-Crash 8.0, as a software
for accident reconstruction, enables the distance
measurement.

In Tab. 2 the results of analytical calculations
are presented, for oblique frontal collision and the
three selected values of the coefficient of
restitution.

Tab. 2. Results of calculations based on the model
discussed e.g. in [3]
Source: own research

frontal oblique crash
vehicle Audi | Mazda
coefﬁmept of R=0.1
restitution
translational speed va'=50 vm' = 38
after the crash km/h km/h
angular velocity 0x’=0,18 | oy’=1,36
after the crash 1/s 1/s
1mpulse of the 2013 Ns
impact force
coefﬁcwpt of R=0,05
restitution
translational speed va'=51 v =39
after the crash km/h km/h
angular velocity m,’=0,19 | on’=1,36
after the crash 1/s 1/s
1mpulse of the 2007 Nis
impact force
coefﬁmept of R=0,01
restitution
translational speed vpa'=51 vm'= 39
after the crash km/h km/h
angular velocity wp’=0,2 o= 1,36
after the crash 1/s 1/s
11ppulse of the 1931 Ns
impact force

5. CONCLUSIONS

From the calculations it can be observed, that
after the adoption of the collision model for the
bodies with smooth surfaces, the coefficient of
restitution influence mainly the impulse of the
impact force and indirectly the post-crash
parameters. In practice, such a collision model
could be considered as a tool for the preliminary
impact assessment and testimony, as to the pre-
crash speed in the process of accident
reconstruction. This is obviously a very simplified
model.

Despite the differences in the results obtained,
some regularity can be noticed, both in the
simulation results and analytical calculations.
Firstly, the impact force impulse decreases along
with the coefficient of restitution, second, the
translational speed of the vehicles after the collision
increase with decreasing of this coefficient. As for
the angular velocity, a similar regularity can not be
ascertained, because as long as it is substantially
equal as a result of calculations, so much as a result
of the simulation it takes different values.

The differences in the obtained results can be
explained by a number of insights. The impact
force impulse in the simulation was even nine times
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greater than in analytical calculations, which in
itself is a reason to consider the correctness of the
collision model used in PC-Crash. The difference
between the speeds before and after the impact in
the collision protocol is so extensive, that it
indicates rather a crash into a concrete, non-
deformable, rigid barrier, rather than contact with
another vehicle, where two vehicles can penetrate
each other, as well as such significant speed
decrease can dispense only on a longer part of the
road and during a longer period of time.

Further research provide analysis of the
influence of the coefficient of restitution in the
aspect of tangential velocity (assuming the
roughness of the surfaces of the colliding vehicles),
enabling more realism of the collision model.
Another step in the research is to analyse the
influence of the restitution coefficients in a
complex motion, as has already been indicated in
[7] and [8].
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ZALEWSKI.  Obszary
zainteresowan nauko-
wych:  bezpieczenstwo
ruchu drogowego,
szczegolnie wybrane

aspekty rekonstrukcji
wypadkéw  drogowych,
analiza danych
statystycznych dotyczacych wypadkow drogowych,
nowatorskie rozwigzania poprawy bezpieczenstwa
ruchu drogowego; dynamika pojazdow
samochodowych, a w szczegdle modelowanie
zderzenn samochodow, badanie dynamiki srodkow
transportu w ujeciu modelowym; mechanika z
wyrdznieniem mechaniki zderzen, elementow
zwigzanych z wytrzymatoscia, wspolpracy kota z
nawierzchnig drogi, a takze geometrii mas w
nadwoziu samochodowym; elementy informatyki,
szczegolnie symulacje komputerowe oraz programy
wspomagajace  analiz¢ mechaniczng  zjawisk
wystepujacych w  konstrukcjach. Interesuje¢ si¢
rowniez  amatorsko  grafika = komputerowa
(szczegdlnie komputerowe wspomaganie
projektowania, tzw. CAD).




