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Abstract The kinematics of the process of defor-
mation of the motorcar body side in the culminating
phase of a front-to-side vehicle collision has been
examined as a possible basis for analyzing and
modeling the process of emergence of a hazard to
car occupants during a road accident. The course of
such accidents has a complex nature and their models
are necessarily based on the approximation of non-
linear elastoplastic characteristics of impact processes,
especially during the transition from the compression
phase to the restitution phase of the deformation
process. For such characteristics to be obtained, a lot
of experimental tests have to be carried out. This paper
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addresses the short-duration processes with a high
degree of complexity.

A front-to-side motorcar collision model has been
prepared, which made it possible to analyze the
process of deformation of the car body side and the
emergence of a hazard and injuries to car occupants.
The results of calculation of the deformation rate and
range in various car body zones, velocity of the test
dummy placed on driver’s seat and velocity of
possible dummy’s impact against the car body side
being deformed may be taken as a basis for designing
effective occupant protection systems. The kinematics
of the phase of vehicle contact and deformation
process was modeled with taking into account results
of experimental tests, including the curves character-
izing the largely non-linear processes that are decisive
for the deformation of the car body side. The
deformation processes analyzed on these grounds
showed at the same time the range of penetration of the
deformed body part into the car interior, which causes
a hazard to vehicle occupants. The calculation results
have shown e.g. that the car body side is deformed to a
depth of 0.2 m as quickly as within 0.02-0.03 s. At
such a car body side deformation range, the car body
part being deformed hits occupant’s body in his/her
hips and pelvis area with a velocity of about 6 m/s.

Keywords Kinematics of motorcar body
deformation - Modeling of front-to-side motorcar
collision - Motorcar occupant safety - Deformation
rate and range
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1 Introduction

The course of the front-to-side collisions, i.e. the
collisions where a motor vehicle hits the side of
another moving one, is more complicated than that of
the head-on collisions. The computational methods
and the models that make it possible to analyze the
head-on collisions have already become relatively
well known. For the front-to-side collisions to be
analyzed, instead, models of a higher degree of
complexity are required [1]. The current research
potentialities enable increasingly extensive use of
mathematics, physics and computer technologies for
the analysis of motor vehicle collisions. Simultane-
ously, more in-depth analysis of crash-test experi-
ments becomes possible thanks to employing the new
results of studies and research works in the field of
experimental mechanics and measurement techniques
[2—4]. In consequence, models are being developed
thanks to which the methods of minimizing the
dynamic loads on vehicle occupants in road accidents
may be perfected.

The hazards and injuries to vehicle occupants
emerge in result of the action of instantaneous
mechanical loads in the culminating phase of vehicle
collision. For the process of emergence of such
hazards to be analyzed, many other processes, such
as e.g. the kinematics of motorcars in the collision
phase, including the car body deformation rate in the
area of vehicle contact during the collision, must be
first known [5]. The information of this kind, obtained
by analyzing the course of crash tests, may constitute a
good basis for the modeling of the kinematics and
dynamics of the process of vehicle body deformation.
When such issues are explored, results of measure-
ments of deformations in the vehicle contact zone are
usually taken as the starting point. It should be added
here that the percentage of the front-to-side collisions
under consideration in the total number of vehicle
collisions in road traffic shows a rising trend (31.4% in
2018 as against 29% in 2015 [6]).

The hazard associated with the front-to-side colli-
sion is bigger than the one posed by the head-on
vehicle crash because of much lower energy-ab-
sorbing capability of the car body side compared with
the vehicle front. In consequence, deep penetration of
the deformed car body part into the passenger
compartment and high risk of injury caused by its
contact with the human body are observed at such
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accidents [7, 8]. On the other hand, it is well known
that the motorcar body construction seriously limits
further improvements in the vehicle safety related to
side impacts [9].

Although front-to-side vehicle collisions occur
quite often, their models still have been insufficiently
explored; therefore, the analysis of such accidents is
subject to many limitations. In front-to-side collisions,
the process of destruction of vehicle bodies includes
the interpenetration and 2D or 3D motions of the
bodies in relation to each other and this has an impact
on the complexity of the models.

Additionally, the uncertainty of data based on
different crash tests causes many doubts regarding the
validation of the models built in this situation. Hence,
a need arises to assess the quality of the data used for
the modeling, taken out of necessity from various
crash tests. Several stages of such an analysis have
been described in publications [10, 11]. Analyses of
this kind are carried out with using appropriate
analytical or simulation models derived from the
theory of mechanics [12].

The analysis of dynamic interactions and their
effects, especially the exploration of the dynamic
interactions that take place during a collision between
motor vehicles, is still an important area of improving
and perfecting the methods of modeling and analyzing
traffic incidents [13—15]. There are many publications,
e.g. [1, 14, 16], dealing with the problems encountered
at the modeling and simulation of the motion of solid
bodies during the collision phase, especially where not
only impact phenomena but also non-linear changes in
translational and angular velocities as well as both the
compression and restitution phase are taken into
account. At present, experimental tests [17] enable
more and more detailed exploration of the course of
the process of deformation of the motorcar body side
and, in consequence, the use of such tests to improve
the modeling methods and to minimize the dynamic
loads acting on car occupants.

The mathematical model of the motorcar collision
describes a few different areas, including reactions and
adhesion in the tire-road contact area, hysteresis and
damping in the car body deformation process, as well
as yaw and lateral displacement in the area of vehicle
contact during the collision, the mathematical descrip-
tion of which is quite complicated [18]. In the
publications dedicated to side impacts, the calcula-
tions are often based upon discrete models
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supplemented with empirically determined vehicle
deformation characteristics and car body deformations
as functions of impacting vehicle’s speed. Publica-
tions [1, 16] deal with the problems encountered at the
modeling and simulation of the motion of solid bodies
during the collision phase, especially where not only
impact phenomena but also non-linear changes in
translational and angular velocities as well as both the
compression and restitution phase are taken into
account [19].

In the analyses of motor vehicle collisions, the
calculations are usually based on discrete dynamic
models of the colliding objects. More and more often,
they are supplemented with empirically determined
vehicle deformation characteristics, parameters of the
vehicles involved and dependencies between the
empirically determined impacting vehicle’s speed
and the measured car body deformations [20, 21]. In
[10], the analysis of the course of the deformation
process in the experimental tests was used to build the
model of dynamics of the car collision, which was
taken as a basis for determining the forces, displace-
ment and velocities in the area of vehicle contact
during the collision. The development of the modeling
methods has revealed (see [1, 22]) many difficult
scientific problems, which are encountered even when
the collisions are described and simulated with using
relatively simple discrete systems, especially when not
only impact phenomena but also processes of elasto-
plastic deformation with damping are taken into
account.

The development of methods of determining non-
linear characteristics of collision processes and the use
of such characteristics to build simple models, which
are limited by the availability of data collected after a
road accident, determinate the objective of the scien-
tific research carried out at many research centers. The
complexity of this problem is exemplified by the
results of a review of the modeling methods, presented
in [18]. Based on this, good points of the simplification
of such methods, e.g. by using concentrated parame-
ters and taking into account the action of elastoplastic
systems with viscous damping, have been pointed out.
It should be added, however, that the modeling of car
body deformation characteristics with taking hystere-
sis into consideration [19] makes it possible to carry
out research important for the issues under analysis
with taking into account the relations between the
course of the characteristic curve and the energy

dissipation process at elastoplastic deformations. In
the problems of kinematics of motorcar body defor-
mation under analysis, the non-linear characteristics
are normally approximated with using the regression
methods [1, 16, 22].

The model validation procedure may be treated as
the resolving of an “inverse problem” in mechanics,
where the course of crash tests is reconstructed on the
grounds of the test results with using analytical or
simulation models. The validation is based on
advanced signal processing techniques, demonstrated
e.g.in [13, 14]. An intermediate stage in the validation
procedure is the parametric modeling of viscoelastic
systems’ properties [23, 24], based on the outcome of
an approximation of results of measurements carried
out during the crash test. The authors are aware of the
fact that the models thus built must not be used for the
simulation of various collision scenarios because the
characteristics that describe non-linear processes only
hold in conditions close to those prevailing in the
experiment that was taken as a basis for the validation.
On the other hand, this method makes it possible to
achieve good conformity of model test results with
results of experimental tests in the vehicle collision
processes, which are very complicated.

The above deliberations about the processes taking
place during a front-to-side vehicle collision shows
that any analyses of these problems are quite rare in
the literature available; therefore, further experimental
and model research is necessary.

The objective of this work is to broaden the
foundations for analyzing and modeling the process
of emergence of a hazard and injuries to motorcar
occupants during front-to-side car collisions. The
attention has been chiefly focused on enabling reliable
modeling of the kinematics of the process of defor-
mation of the car body side and determining the
velocity of impact of the car body side being deformed
against car occupant’s body. The hazard was evaluated
on the grounds of the range of deformation of the car
body side and the velocity of impact of the car body
side being deformed against the occupant’s body.

When the data necessary for the modeling were
collected, the kinematics of the process of deformation
of the car body side was analyzed. With this objective
in view, results of crash tests carried out according to
two different test procedures were assessed in terms of
the usability of such tests for the validation of
modeling results.
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The improvement of the models is based on results
of experimental determination of car body deforma-
tion in the culminating phase of the collision. The
deformations and forces in the area of contact between
the bodies of the car and the car occupant will be
modelled with taking into account the non-linear
characteristics of different car body areas. With this
goal in view, the results of approximating the charac-
teristics of the impact-type process of car body
deformation, including the transition from the com-
pression phase to the restitution phase, will be used.
An attempt was also made to determine the range of
deformation of the car body part penetrating into the
passenger compartment and to assess the emergence
of a hazard to car occupants. It is worth adding here to
substantiate the objective of the research in this field
that car’s seat belts and front airbags are of little effect
(except for preventing the occupant ejection) when the
car is struck on its side [25].

This article is an extension of the paper presented at
the 15th International Conference “Dynamical Sys-
tems — Theory and Applications” DSTA 2019 [26].

2 Crash tests

The information about the deformation processes and
hazards arising during road accidents is chiefly
obtained from crash test results. The course of such
tests represents the most popular types of collisions
occurring in road traffic. However, the test results
(indispensable for model validation) are scattered and
not always adequately described.

During data collection, the available results of
conventional front-to-side crash tests and tests carried
out to the FMVSS 214 procedure were analyzed.
During the conventional front-to-side crash test, both
the cars involved are moving (Fig. 1). Such tests (TZ1,
TZ2) were carried out at the fukasiewicz Research
Network — Automotive Industry Institute (PIMOT) in
Warsaw [10]. The Federal Motor Vehicle Safety
Standard (FMVSS) 214 procedure significantly differs
from the course of the conventional right-angle crash
test [11].

In Fig. 1, the impacting and impacted cars have
been denoted by “A” and “B”, respectively. In the
FMVSS 214 method, the longitudinal axes of the
impacting and impacted vehicles (car A and car B,
respectively) are perpendicular to each other (tests
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Fig.1 Conventional right-angle collision (left) and the FMVSS
214 crash test (right), representing such a collision

5146,5151,5156,5161). However, the velocity vector
of car A is deflected from the longitudinal axis of this
vehicle by an angle of 27° (Figs. land 2). In the pre-
impact phase, car A is “crabbing” for the relative
motions of both vehicles at the collision instant to be
simulated. The FMVSS 214 test results are available
from e.g. [17]. Their use for the validation of the
computational model of the collision has been
considered.

Photographs of the car collision in the TZl
(conventional) and 5151 (FMVSS 214) tests have
been presented in Fig. 2 (see also Tables 1 and 2).
They cover the period of up to 150 ms,. The end of the
car contact phase of the collision is usually observed to
occur at the instant of about 120 ms. In the tests of
both types, the pre-impact velocity of car A was about
50 km/h. In each of the tests, a Honda Accord car was
the impacted vehicle and the course of deformation of
its body has been analyzed here.

The substantial differences in the initial conditions
of the front-to-side crash tests carried out according to
two different procedures raise doubts as to the
correctness of any combining or reciprocal supple-
menting of results of such tests. Therefore, prior to
making use of the experimental tests, the complemen-
tarity of results of different crash tests was assessed.
The following measurement results were considered:

e Time histories of the quantities that describe the
kinematics of cars A and B (as an example, time
histories of individual components of the COG
velocity vectors of the cars involved, expressed in
the global coordinate systems shown in Fig. 1,
have been juxtaposed in Fig. 3);
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Fig. 2 Successive car
positions in the conventional
tests (TZ1, top) and FMVSS
214 tests (5151, bottom)

Table 1 Parameters of cars A

t=000s

Test symbol TZ1A TZ2A TZ3A 5146A 5151A 5156A  5161A
Vehicle mass 1532 1569 1569 1954 2 266 2 347 2 516
Vehicle length 4.60 4.60 4.60 4.69 4.80 4.88 5.81
COG (center of gravity) height 0.53 0.53 0.53 0.67 0.68 0.70 0.76
Moment of inertia relative to the vertical axis 2 636 2722 2 661 3 587 4 351 4 648 7 065
Table 2 Parameters of cars B (Honda Accord), struck on the side of their bodies
Test symbol TZ1B; TZ2B; TZ3B 5146B...5161B
Vehicle mass m [kg] 1 568-1 594 1 638-1 642
Vehicle length L [m] 4.60 4.80
COG height h [m] 0.53-0.56 0.56
Moment of inertia relative to the vertical axis 1z [kgmz] 2 710-2 827 3 024-3 031
Conventional Conventional FMVSS 214
collision collision crash test
18 5 —— N N
s, | eee=- 5146 B
15 — TI2A o= N — 5151 A
@ ===0°T.2B @ B bt 5151 B
g 12 S S e 5156 A
< Y
::QQ 2 o= ::é _@
- P -
§ ° oo’ S
7
3| &
0 __é@ Time [s] > N Time [s]
0 0,06 0,12 0,12 0 0,06 012 0 0,06 0,12

Fig. 3 Example comparison of results of experimental tests carried out to the FMVSS 214 and conventional crash test procedures
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e Deformation of the side of bodies of cars B;

e Ttime of duration of the compression phase and the
characteristic deformation values at the end of this
phase;

e Average car body side deformation vs vehicle
velocity curves.

The correlation between the curves obtained from
different tests was analyzed and the Pearson’s coef-
ficient values were calculated. The results of these
calculations carried out for the time histories of
individual components of the COG velocity vector
of car B (cf. Figures land 3) and of the angle and
angular velocity of car B body rotation in the OXY
plane (yaw, see Fig. 1) have been summarized in
Table 3. They show limited similarity between the
kinematics of motion of the vehicles in the contact
phase of the collision and, in consequence, in the
process of deformation of bodies of cars B, i.e.
between the behaviors of the impacted vehicles. This
has confirmed the doubts as to the correctness of any
combining or reciprocal supplementing of the results
of tests carried out with using different test methods.
Therefore, the validation of the computer model of the
collision was based on the making use of results of
conventional car crash-test experiments.

3 Model of the front-to-side vehicle collision

The model having been built represents the collision of
two vehicles. In the calculational description, both
crash test versions under consideration have been
taken into account. The vehicle body solids move in a
horizontal plane. In the car bodies, the areas that may
undergo deformation have been defined. The material
points whose motion and dynamic loads correspond
to, inter alia, the test dummy placed on driver’s seat

Table 3 Summary of Pearson’s coefficient values; the kine-
matics of cars B

Quantities observed TZ1B, TZ2B against F214

Velocity vopy 0.25-0.83
Velocity vopx 0.97-0.99
Car B body yaw angle — 0.87 — (+ 0.98)
Car B body yaw velocity 0.16-0.93
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and that are only connected with the car body by non-
linear elastoplastic and damping elements have been
taken into account as separate objects.

The following external forces act in the plane of
motion on the car body-dummy system of the Kth
vehicle (where K = A for car A and K = B for car B):

e tangent road reaction forces Tx; (i =1,2,3,4),
applied at points of support the tire-road contact
areas and acting on the car body via the wheel
suspension system, determined experimentally;

e resultant force F of contact between the crashing
vehicles, applied at point E (Fig. 4);

The geometry of the car body contour, positions of
the points of support /, 2, 3 and 4 in the centers of the
tire-road contact areas, position of the center of gravity
Ck and the initial dummy’s position u,,x, Vo.x have
been defined in the local coordinate system Oguv
attached to the car body solid (Fig. 4).

The test dummy is moving; at any given instant , it
Umk

and its velocity relative to
Umk

takes the position [

M m
. . Umk
the vehicle is | "™ |. It exerts a force f)y = pKu
Umk JpKv

onto the vehicle and the force exerted by the vehicle
onto the dummy has an opposite sense, i.e. it is equal to
Wk = —fyk and is composed of the forces exerted by
the seat belt and the seat (Fig. 5).

The forces acting on the dummy are applied to the
center of its mass. The forces acting by the dummy on
the vehicle exert a moment My relative to vehicle’s
center of mass Ck (uc,, U, ) (commonly referred to as
COQG, i.e. center of gravity), where

Mf/Ck :fpn;(v(umK - MCK) _f;rll(u(UWZK - UCK) (1>

The following forces are taken into account in the
model under consideration, which represents the
interaction between the vehicle and the test dummy:

(1) reaction forces exerted by the seat belt and the
seat onto dummy’s body (spring-damping sus-
pension system acting in the longitudinal direc-
tion u with the coefficient of elasticity k, and
viscous damping coefficient b, and acting in the
lateral direction v with the corresponding coef-
ficients k,; and b,);

(2) force of dummy’s impact against the car body
(after the dummy is displaced by a distance of
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Fig.4 General physical model of the vehicle with a test dummy: Oxy — global stationary reference frame; Oguv —local reference frame,
attached to the Kth vehicle

7

Fig. 5 Model of the interaction between the vehicle and the test dummy

Av, spring k,, with an adequately high stiffness The position of the vehicle-dummy system is
is engaged, see Fig. 5). defined by the generalized coordinates expressed in
the form

@ Springer
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gk = [xo, | Yoo | Wk | wmx | v,

where: xo,, yo,—coordinates of the origin of the local
coordinate system in the global system; 1/, — angular
position of the vehicle; u,,,, v, ,—position of dum-
my’s center of mass in the local coordinate system.

The motion of the vehicle body with the test
dummy in the global coordinate system has been
described by the following equations:

The motion of the vehicle body with the test
dummy has been described by the following equations
in the global coordinate system:

4
Mgxc, = Z Tkix + Fx + fx,
i1

4
My, = Y Tkiy + Fy +fik,
o (3)
.. 4
Jeex =Y Mry/Ck + Mryc, + My /Ck

i=1

. ‘m
MgXcmk = —fokx

.. _ m
MgyYcmg = _f}yKy
where:

Mg—vehicle mass, J¢c,—vehicle’s central moment
of inertia, mg—dummy’s mass, Xc¢, Y¢,—compo-
nents of the acceleration of vehicle’s COG, l,b K—
angular acceleration of the vehicle, Tk;y, Tk;,—com-
ponents of the tangent road reaction acting on the ith
wheel, Fy, Fy—components of the reaction force
exerted by car B on car A, fk,, f)x,—components
of the reaction force exerted by the dummy on the car,
Mr,./ Cxk—moment of the ith tangent reaction relative
to vehicle’s COG, Mg /Cc—moment of force F relative

to vehicle’s COG, Mj, /Cx—moment of force f)y
relative to the COG of car K (for car B, i.e. where
(K = B), the sign of quantities F, and F, should be
reversed).

Actually, a solution is sought for a system of
10 differential equations (for two motorcars described
with Egs. (3)), where the initial conditions are defined
by components of the positions and linear velocities of
vehicles’ COG, yaw angles and velocities of the cars
and components of the positions and linear velocities
of the masses that represent the dummies. The
numerical computation was carried out in the Matlab
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environment with using the ode23 procedure with
variable integration step. The simulation time was
0.25 s.

The motorcar body is a structure specially formed
with particular attention being paid to passive safety. It
includes parts (areas) with diverse stiffness, determin-
ing the local elastoplastic and damping characteristics
that are intended to reduce the effects of a road
accident. Experimental test results are available, e.g.
in [27], which show the diversity of loads on the car
when hitting its front on a rigid barrier. In [28] we can
read about the Schaper model, where the car body was
divided into zones with different percentage shares in
the dissipation of impact energy. Such a division has
been logically connected with the deployment of parts
with different stiffness in the car body. However, a
distinct lack of experiment results that would help in
recognizing and describing the properties of a motor-
car body side is evident.

Based on the knowledge of design features of
energy-absorbing and load-bearing structures and on
the available experimental test results, the vehicle
body solid in the deformation area (i.e. the body
inclusive of all its contents according to the vehicle
construction) was hypothetically divided into zones
with different elastoplastic and damping properties
(Fig. 6). Three zone types were defined for the car
front: corner of the car (A1), area of location of
longitudinal bars characterized by high stiffness (A2)
and area close to the engine block. In the car side,
individual zones were distinguished according to their
location, i.e. the areas close to front and rear wheels
with their suspension systems (Bl and B7, respec-
tively), A-pillar (B2), front door (B3), B-pillar (B4),
rear door (B5) and transition area between rear door
and C-pillar (B6). The basic dimensions of the
individual zones have been specified in Table 4. The
resultant force F of contact between the crashing
vehicles and the point E of application of this force
depend on the elastoplastic and damping properties
that have been assumed as assigned to the interpen-
etrating deformation zones (Fig. 7). The elementary
contact forces R (Fig. 7c), generated by the pairs of
contacting zones and applied at points C;/; within the
area of contact between the zones, determine the range
of deformation in the specific zone; having been
reduced to the center of mass of the vehicle body, they
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Zone B2 |1 W)

_'l‘ N
: N Zone A2 \\.ﬂ Zone B3 w3

o'l i J
o — |t
§| Zone B4 ||y, | 'i
v
‘ l!l / Zone BS :;
. Zone y Zone B6 ||| ws |
| -
Zone B7 W
[
I
S i_ B
Fig. 6 Location of zones A; and B; symbolically marked on the bodies of cars A and B
Table 4 A variant of Vehicle A b/ by (%) TZ1A Vehicle B w; / Ly (%) TZ1B (m)
dimensions of zones A; and
B; in cars A and B used in ba 100 1.750 m Iy 100 2.675
tests TZ1 b, 15 0.263 m w; 33 0.892
b, 15 0.263 m wo 7 0.198
bs; 40 0.700 m w3 28 0.743
by 15 0.263 m wy 9 0.237
bs 15 0.263 m ws 15 0.397
- - - We 6 0.148
- - - wy 33 0.892
are present in the equations of motion (3) of the body 2. The tangent direction #-¢ of the interaction between
as F,, Fyyand Mp/c,. the zones is parallel to the straight line going
To calculate the elementary contact forces R be- through points D; and D, on the edge of the zones.
tween two deformation zones interacting with each The normal direction n—n of the interaction is
other, the following assumptions were adopted perpendicular to it.
(Fig. 7): 3. The position of points C; and C; is defined by the

size of the area p of interpenetration of the zones.

1. The zones are convex figures. The contact force R is defined by the deformation

@ Springer
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(a)

range and the values of stiffness and damping in
the zones and the said values depend on the
relation between the non-linear force and the
deformation area (Fig. 8). The velocity of point C;
in relation to point C;, important for the calcula-
tion of reaction force Ry, is

v}
Uijj = [07/11 = Uci — Ug (4)
ili

@ Springer

4.

(b)

Fig. 7 Area and situation of forces in the area of contact between the interacting car body zones

The normal component Ry of the contact force is
always a force repulsing the vehicles from each
other (Fig. 7¢); it depends on the size of the area p
of interpenetration of the pair of contacting zones
and on the relative normal velocity v;’/j of the

zones
B () = Ro(0) + R () ®)

The tangent component of the contact force
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Rr = Ry (6)

is always so directed that it counteracts the sliding
of the zones in relation to each other and the
coefficient of kinetic friction y; may be a function of
the relative velocity vlf /j of points in the tangent
direction (Fig. 7c¢).

The force R(Ry, Ry) in Fig. 7c represents the
interaction within individual pairs of deformation
zones of the bodies of cars A and B. The forces denoted
by F in the equations of the collision model are
resultants of the forces R that simultaneously act
within a number of pairs of the deformation zones
being in contact during the collision (shown in Fig. 6).

4 Non-linear characteristics of the deformation
process

The curves characterizing the non-linear deformation
were determined from results of crash tests with a
frontal car impact against a rigid barrier (NHTSA, car
A [17]) and with a front-to-side car collision (k-
PIMOT, car B [10]), carried out with various speeds
within a range of 40-55 km/h. Then, the curves
characterizing the deformation, plotted for various
impact speeds, were approximated by polynomial
functions and the curves thus obtained were used in
simulation tests of front-to-side car collision with car
A speeds ranging from 40 to 65 km/h. Figure 8 shows
examples of the deformation characteristics of a few
body zones of cars A subjected to tests TZ1 and TZ2
(for the zone symbols used see Figs. 6 and 7a). The
shapes of these curves show great diversity depending
on the position of individual zones in the car body.

[ Zonedz 1)

\.v

While example results of testing the deformation of
the motorcar body front are available [17], there is a
lack of data describing the characteristics of the car
body side. Therefore, to assess the hazard to car
occupants, the lacking curves characterizing the
deformation of similar zones in the car B body side
were roughly determined from crash test results [10].

Based on the curves characterizing the deformation
in the compression phase, the course of the dynamic
deformation during the crash test and the static
deformation after the crash test completion, models
representing these characteristics were prepared.
Examples of the model curves have been shown in
Fig. 9 and the calculational description with the
compression and restitution phase being represented
separately has been given below.

Py (pk; Ry¢) point representing the end of the
compression phase;

P,(p,;0) point representing the end of the restitu-
tion phase on the dynamic deformation curve;

Py(p,,;0) value of the permanent (static) car body
deformation in the zone under analysis.

The curves characterizing the deformation in the
compression phase were approximated by polynomial
as follows:

Ry(p) = kip® + kop® + ksp;p € (0 — py) (7)

where: kj, kp, ks—coefficients of the approximating
polynomial, obtained by the least squares method.
The restitution phase was represented by a parabola

Ry(p) = rnp*+rip € (o — p,) (8)

2
Rui _ —Rni (Pe — Psp)

r = 2 =
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Fig. 8 Non-linear characteristics of the zones of deformation of the car body front during the compression and restitution phase
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Fig. 9 The example of the car body deformation characteristic
and its approximation: a actual curve based on experimental
research; b approximation of the curve, showing the

which goes through points Px(py, 0), P.(p,,0) and
—P,(—p,,0) (Fig. 9). In the modeling, the point of
transition from the compression to restitution phase
was assumed as the instant in the collision time when
the distance between the centers of mass of car A and
B bodies reached its minimum.

Apart from summand Ry(p), Eq. (5) includes a
term RN(vj?/j). Its physical sense is connected with the

energy dissipation during the deformation of car
bodies. However, the separation of the compression
and restitution phase from each other in the motorcar
collision process, followed by diversification of the
functional dependence Ry(p) in these phases
(Egs. (7), (8) and (9)), makes it possible to represent
the elastoplastic process of the collision. Therefore, in
the calculation example considered in this study an
assumption was adopted that Ry(v},;) = 0. In such an

approach, the value of the normal force Ry actually
depends on the deformation area only, but this
dependence is different for the compression and
restitution phase.

For the approximation of the experimental test
results, the available descriptions of the elastoplastic
properties of car bodies [29-31] were used. The
experimental test results [32, 33] clearly show the non-
linear properties of car bodies in terms of deformations
caused by impact loads (cf. Figure 8). The use of a
third-degree polynomial ensured high accuracy of
such an approximation (for correlation coefficient
values being used as an indicator).
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(b)

>
p

deformation in the restitution phase for various positions of
the point representing the end of the compression phase

Parameter p,, defines the share of elastic deforma-
tions in the dynamic deformation of the car body. Its
value depends on the value of py, i.e. py, = f(p;); the
type of this dependence was determined from the
values of p, and p,, (cf. Figure 9).

The graphical characteristics of the zones of
deformation, exemplified in Fig. 8, were used for
determining the Ry(p, v;‘/j) and Ry(Ry) curves
(Egs. (5) and (6)). The necessary static deformation
values were determined by measurements of the crash-
tested car bodies. The experimental test results (cf.
Figure 3) were taken as a basis for determining the car
body deformation rate. In consequence, the determi-
nation of the time history of this rate made it possible
to relate this rate to the test dummy impact velocity in
the deformation zone.

The  graphical deformation characteristics
Ry(p, vlf’/j) shown in Figs. 8 and 9 describe the prop-
erties of individual deformation zones in the bodies of
cars A and B. During a collision, interaction between
these zones takes place. Therefore, an equivalent
characteristic curve Ry;(p;;, v);) must be determined,
from the deformation characteristics Ryi(p;, vi;) for
the ith zone of car A and Ry; (p;, viy;) for the jth zone of
car B, to determine the values of the contact forces
between the pairs of zones having common areas p of
interpenetration.
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5 Validation of the model

The model parameters were categorized as those
measurable (e.g. mass and inertia data, geometrical
dimensions), computable (e.g. elastoplastic character-
istics of the front car body part, forces of the resistance
to motion) and having to be estimated (i.e. the data that
describe the elastoplastic and damping characteristics
of individual zones in the car body side). In the model
validation process, attention was focused on the
parametrization of the data of the third category. A
validation procedure was developed, which was taken
in part from works [30, 34, 35]. The parameter values
sought were estimated, as a basis, from experimental
test results and then simulation calculations were
carried out on these grounds. The calculation results
were compared with results of experimental tests.
Some physical quantities describing the kinematics of
the car struck on its side were assessed. This consti-
tuted the first stage of the model validation process.
Afterwards, numerical tests were planned and carried
out, where the model sensitivity to the values of the
parameters estimated was checked. The model was
found to be considerably sensitive to the parameters
describing the elastoplastic properties of individual
zones in the car body side. In this connection, attention
was focused on the adequate selection of these data in
the further validation process. The conformity of the
modeling results with the results of experimental tests
was assessed. Comparisons were made between the
quantities that are decisive for the kinematics of the
deformation process, i.e. time histories of the car body
yaw angles (/4 and 5), components of linear COG
velocity vectors and angular (yaw) velocities

(Xca,Yea, WasXcp: Yeg, Wp). as well as components of
COG acceleration vectors (Xca,Yca,XcB, Ycp) of cars
A and B during the contact phase of the collision. As a
conformity assessment criterion, the value of the
coefficient of linear correlation was adopted.

Figure 10 shows the result of identification of the
elastoplastic characteristics of individual zones in the
car B body side, which are described by functions
Ryi(p;, v;’/j) (Fig. 10a) and the dependence of force Ry

on linear deformation ¢ of the car B body, with
¢; = p;/wi, where w; is the width of the ith zone in the
car body side (cf. Figure 6 and Table 4). The defor-
mation curves presented in Fig. 10b show a great
diversity in the properties of individual zones in the car

B body side. This means that the car body side features
protecting the passenger compartment from penetra-
tion of car body parts vary a lot.

Figure 11 shows the outcome of comparing the
results of experimental and model tests. The results of
model simulation of cars’ motion during the contact
phase of the collision were found to be consistent with
results of experimental tests, which provided grounds
for the starting of model research related to the subject
matter of this work.

6 Model test results and discussion

At the first stage of this research, a collision of the cars
in conditions identical to those of test TZ1 (Va.
=46 km/h, Vg =23 km/h) and test TZ2 (Va.
=55 km/h, Vg =27 km/h) was simulated. Time
histories of the following quantities, considered
important for the analysis of hazards to vehicle
occupants but difficult to be obtained experimentally,
were determined:

e FElementary contact forces Ry generated in the
interpenetrating deformation zones during the
collision (Fig. 12—test TZ1); these forces were
decisive for the shape and range of deformation in
a specific zone;

e Areas p and deformation ranges ¢ in individual
deformation zones (Fig. 13—test TZ1), i.e. the
effect of action of forces Ry (presented in Fig. 12);

e Deformation growth rates in individual deforma-
tion zones of the car body side (Fig. 14—
test TZ1), calculated with using the process of
growth of the deformation area, shown before
(Fig. 13);

e Lateral component of the velocity of the test
dummy placed on driver’s seat, juxtaposed with
the deformation growth rate of the car body side,
translating into the velocity of displacement of the
car body panel (Fig. 15—test TZ1, example for
zone 3); in the car, the zone was chosen that
corresponds to the location of driver’s door and
seat.

The analysis of the simulation test results has been
focused on the kinematics of the process of deforma-
tion of the car body side. The depth of the deformation
(i.e. of the car body penetration into the passenger
compartment) and the velocity of impact against the
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Fig. 10 Deformation characteristics of individual deformable zones in the car B body side

side of car occupant’s body are of critical importance
for the emerging hazard and injuries and for the
designing of a passenger protection system. The
motorcar collision model having been built makes it
possible to define the hazard factors mentioned above
and their dependence on vehicle properties and pre-
impact speed.

Figures. 12and 13 show time histories of the
deforming force and the deformation range in zones
3.4, 5 and 6, where the car body side was significantly
deformed. The calculation results presented in
Figs. 13 and 14 show the kinematics of the car body
side deformation process in individual deformation
zones and make it possible to determine deformation
characteristics of the deformed zones of the side of car
B. Time histories of the velocity of deformation
calculated for individual zones in the car B body side
(Fig. 14) analyzed together with time histories of the
velocity of dummy’s motion towards the car body side
being deformed enable precise determination of the
impact energy and the place of impact on the contour
of car occupant’s body. Results of such calculations
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have been shown as an example in Fig. 15. The
calculations were carried out for zone 3, which
corresponds to the location of driver’s door and seat
and driver’s hips.

At the next stage, the influence of the pre-impact
speed of car A on the kinematics of the process of
deformation of car B body side (Figs. 16, 17 and 18)
and on the process of generation of a hazard that the
driver would be struck on his/her side was examined.
At present, the research on the influence of the side
impact speed on the generation of injuries is often
analyzed [36-38], e.g. from the point of view of the
assessment of risk in road accidents. In the tests under
consideration, the speed of the impacting car (A) was
40, 45, 50, 55, 60 and 65 km/h; car B moved with a
speed of about 24 km/h.

The contour of the deformation of car B body side at
the end of the compression phase has been outlined in
Fig. 16 for a few values of the impact speed of car
A. To define the contour of deformation of the car
B body side, points P1...P7 were used, which were
situated in the middle of the width of each of the
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Fig. 12 Time histories of forces Ry in the car B body side zones
that were deformed during the collision

deformation zones adopted. The lateral displacements
of these points show the deformation in individual
zones. Time histories of the deformation and defor-
mation rates in individual zones (showing, in conse-
quence, changes in the positions of points P; in relation
to the coordinate system attached to car B) for

different values of the impact speed of car A have
been brought together in Fig. 17. The curves plotted
with heavy lines apply to point P3 as the one
representing the car body area that may hit the car
occupant. The kinematics of deformation (displace-
ment) of individual points on the car body side as a
function of the velocity of impact of car A against the
side of car B has been presented in Fig. 18.

The velocity of impact of human occupant’s body
against the car B body side being deformed at a front-
to-side collision with an impacting car’s speed of
about 50 km/h is as high as 6 m/s. The time histories
of the deformation rate of the car body side and the
lateral dummy’s velocity obtained from the simulation
were in conformity with the course of the (Figs. 19
and 20) experimental tests where the impact of car
body side against occupant’s body was observed. The
passive safety systems provided in the car protect, first
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of all, occupant’s head and chest area; actually,
however, the hips and pelvis of the occupant are
usually struck due to excessive deformation of the car
body side.

The front-to-side car collision model having been
developed has made it possible to determine
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characteristics of car body side deformation, defor-
mation range and deformation rate for various areas in
the car body side as well as characteristics of the
velocities of the test dummy placed in driver’s seat and
of the possible dummy’s impact against the car body
side being deformed during the accident. The dynamic
car body deformation and non-linear characteristics of
the transition from the compression to restitution
phase of the deformation, regardless of the deforma-
tion range, have been taken into account in the model.
The test results presented as an example confirm the
possibility of carrying out extensive model tests with
taking into account various properties of the car
bodies, various pre-impact speeds of car A and various
positions of car B driver and passengers relative to the
car body side. The results of such tests will be used to
forecast the bodily injuries to the car occupants in road
accidents of this type and will constitute a basis for
designing new systems of passenger protection in
front-to-side vehicle collisions.

7 Summary and conclusions

The validation test results have confirmed the model
properties to be in conformity with crash test results.
This makes it possible to carry out reliable simulations
of the process of motorcar collisions and deformation
of the impacted car’s body side.

Before being used in the model validation process,
the collected results of experimental research includ-
ing crash tests carried out according to two different
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Fig. 16 Contour of the dynamic deformation of car B body side (at the end of the compression phase) for different values of the impact

speed of car A

methods were subjected to conformity assessment
based on Pearson’s coefficient values. The calculation
results have revealed the necessity of exercising great
caution when combining data obtained from different
crash tests. For the model validation, only results of
crash tests carried out to the conventional method were
used. The motorcar collision model having been built
makes it possible to examine the hazard creation
processes and the dependence of the hazard on vehicle
properties and pre-impact speed. In particular, the
following has been ascertained:

The model developed to represent the car body side
(within the area between the front and rear wheel)
and the proposed division of the car body side into
6 zones with diverse stiffness (Fig. 6, Table 4)
offers high conformity of the kinematics of the
motorcar body deformation process with that
observed in crash tests carried out on medium-size
cars with the sedan-type body.

The approximation of the non-linear characteristic
curve representing the elastoplastic properties of
the car body side (Fig.9) by a third-degree
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Fig. 17 continued

polynomial and an inverted parabola (Fig. 10 and
(Egs. (7), (8), (9)) makes it possible to obtain a
reliable contour of the body side deformation in the
compression and restitution phase during the front-
to-side motorcar collision.

e The car body side deformation capable to cause an
impact against car occupant’s hips occurs as
quickly as after 0.02-0.025 s from the beginning
of the collision (Figs. 17, 18), i.e. within a time
shorter than that observed at the frontal impact
against an obstacle; this also defines the time
available for a defensive reaction of a passive
safety system provided at the car body side.

e In the zone of maximum deformation (Fig. 6), the
car body side hits occupant’s hips with a velocity
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of 7 m/s after 0.01 s from the beginning of the
collision (Fig. 15).

The diversity in the non-linear characteristics of car
body side deformation, shown in Fig. 13 and the
deformation rate curves (Fig. 14) indicates strong
interrelation between the collision effects, i.e. the
dynamic loads acting on car occupants, the kinematics
of the car body deformation processes observed and
the car body properties. The determination of this
diversity enables the authors to explore the possibil-
ities of minimizing the risk of injuries depending on
the properties of the energy-absorbing zones in the car
body side. The model having been built provides a
computing potential that makes a basis for designing
car body structures with new properties and new car
occupant protection systems.
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