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Abstract The effects of a road accident where one
vehicle hits its front on the side of another one are
explored. In such cases, the impacted vehicle’s side is
usually significantly deformed, which causes a risk of
serious injury to vehicle occupants. An analysis of the
front-to-side collision covers many nonlinear and
highly complex processes, especially when it is based
on the collision energy balance. For the analysis, a
model of a front-to-side motorcar collision and a
dummy representing the impacted vehicle’s driver
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was prepared. The model simulations carried out were
supplemented with important experimental test
results. The model validation and the drawing of
conclusions from research results were based on crash
test results. The shares of major components in the
front-to-side collision energy balance were deter-
mined. The impact energy has been proposed as an
alternative predicate of the road accident effects; as a
measure of the effects, the risk of injury to vehicle
occupant’s head and torso is considered. The model
simulations were found to be in good conformity with
experimental test results. The research results enabled
determining the relation between the side impact
energy and the risk of dummy’s head and torso injuries
according to the Abbreviated Injury Scale. The
relation obtained was approximated using the logit
model. This relation helps to reconstruct road acci-
dents and to improve the car side’s passive safety
systems. A discussion of the results obtained has
shown good consistence between the results of this
work and other comparable research results.

Keywords Front to side collision - Modelling of

motorcar collisions - Collision energy balance - Injury
risk - Abbreviated injury scale (AIS)
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1 Introduction

In 2020, every third road accident in Poland was a
front-to-side collision of moving vehicles [1], i.e. the
incident where one vehicle hits the front of its body on
the side of another one. In consequence of such a
collision, a part of the kinetic energy of the impacting
vehicle is transferred to the impacted one and changes
its kinetic energy, body deformation work, etc. This
part of the energy will be considered here as a measure
of the side impact energy. Meanwhile, the risk of
injury to vehicle occupants during the collision is a
result of the dynamic effects exerted on the occupants
taken together with the vehicle as well as of the forces
and processes that take place in the zone of deforma-
tion of bodies of both vehicles. In this article, the risk
of injury will be measured by the values of the
indicators describing the dynamic loads on the head
and torso of the occupants of the impacted vehicle.

In the case of a side impact, an important problem
comes up, related to the deformation of the impacted
vehicle’s body, which results in an increase in the risk
of injury, mainly to the near-side occupants [2, 3]. The
research reported in [4] has shown that the average
range of deformation of the impacted car’s body part
penetrating into the passenger compartment (car body
deformation depth) is 0.37 m at the impact speed of
50 km/h and does not considerably depend on the car
body size (or type). Such a deformation results in an
occupant injury caused by structural components of
the car body, such as the door or the B-pillar. A photo
taken during a front-to-side crash test carried out by
NHTSA [5] is presented in Fig. 1. It shows the car
driver being struck by the deforming car body
components.

There are many articles where the statistics of road
accidents have been analysed from the point of view of
the effects of motorcar collisions in various configu-
rations. The analyses show low effectiveness of the

passive safety systems installed in the side part of
vehicles. Additionally, it has been found in [6—8] that
in the case of a significant deformation of the car body
side, the actuation of the system of side airbags may
cause an increase in the risk of injury to car occupants.
This results in the fact that the injury risk in a car
struck on its side is 2—8 times as high as the risk of a
serious injury to an occupant of the frontally impacting
car [9-11].

An analysis of the road accidents in the USA [13]
within the scope of the vehicle occupant injuries that
happened during front-to-side car collisions has shown
that, in most cases, such injuries result from human
body’s contact with the vehicle door as well as with the
B-pillar and steering wheel; the contact with the
B-pillar causes the most serious injuries and the pillar
deformation range has a considerable influence on the
severity of the injuries. Therefore, when analysing the
risk of injury arising during a front-to-side vehicle
collision, it is important to take into account not only
the inertial forces connected with the change in the
vehicle’s kinetic energy but also the nonlinear vehicle
body deformation process. This indicates the partic-
ular need of analysing the processes of generating that
risk and the possibilities of minimising it. An analysis
of the design changes in the energy-absorbing zone in
the vehicle side, introduced in order to limit the
deformation caused by the collision, has been pre-
sented in [14]. Special attention has been paid,
regarding this point of view, to improvements in the
design of the driver’s door [15-17] and the B-pillar
[18-20]. In these publications, the possibility of
applying reinforcing beams with various characteris-
tics and special inserts aimed at partial absorption of
the side impact energy has been analysed. The actions
taken to improve the B-pillar included the selection of
structural materials, pillar geometry, and integration
of the pillar with the other components of the vehicle
body. The results of those studies and research works

Fig. 1 Occupant struck by the side structure of the car body deforming when hit by the front of another car during a crash test; frames

taken every 0.02 s from the beginning of the collision contact [12]
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show that the actions taken within this scope are
focused on increasing the energy absorption of these
components, which is expected to bring a reduction in
the penetration of the car body into the passenger
compartment and thus to reduce the risk of injury to
car occupants.

To estimate the injury risk, the AIS (Abbreviate
Injury Scale) is often used [21]. In this scale, there are
6 degrees of severity of the injury to a human body
(from 1-minor to 6-fatal). The risk of injury to the
occupant of a car struck on its side, front, and rear,
estimated according to the said scale, has been
presented in [22]. The risk estimation results, obtained
by computation, are shown in Fig. 2 as a function of
the popularly used injury predicate Delta-V (defined
as the difference between the pre-impact and post-
impact vehicle speeds). The results have been deter-
mined for the AIS 44 injuries, i.e. as a probability of
severe injury to a human body. They confirm that for
the same Delta-V value, the probability of suffering an
injury during a front-to-side collision is much higher
than that for other collision configurations. The use of
Delta-V as a predicate of collision effects is not
connected with the energy of such a collision, as the
energy has a more general nature. However, Delta-V is
now the most often used independent variable of such
characteristic curves, despite the fact that its value is
very difficult to be determined in the case of front-to-
side collisions.

The issue of minimising the hazard to vehicle
occupants constitutes now a large area for model tests,
the results of which are often referred to the results of
crash tests. The models used in such tests are of the
spring-mass type (computational and dynamic), MBS
(multi-body system) models, as well as FEM models
(based on the finite element method) [23, 24]. In the
mathematical descriptions of such models, the

50%
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20% Rear
10% /

0% >
<16 16-24 24-32 32-40 40-48 48-56 =56
Delta-V [km/h]

Fig. 2 The risk of an AIS 4+ injury to an occupant of a car
struck on its side, front, and rear as a function of the impact
speed (Delta-V) [22]

presence of nonlinear processes is taken into account,
the processes usually being of the impact type and
taking place during the vehicle collision, connected
with such phenomena as friction in the tyre-road
contact area, hysteresis and damping in the vehicle
body deformation process, as well as vehicle move-
ments in relation to each other [25]. The model tests
are often carried out to represent the course of
experimental tests, i.e. physical simulations of vehicle
impacts against an obstacle or one vehicle being struck
by another one or by a test carriage having the features
of a real motor vehicle [26, 27].

The computation results presented in [28] have
revealed the relation between the speed of a side
impact of a vehicle against a concrete barrier and the
risk of injury to vehicle occupant’s torso. The
computations were carried out using the flail-space
model (FSM), where the human or test dummy is
represented by a material point. The computation
results were obtained in the form of a curve repre-
senting the risk of AIS 3+ and AIS 4+ injury to
vehicle occupant’s torso as a function of speed of the
side impact of a vehicle against an obstacle. In this
case, the impact speed may be a good reference
measure because the problem was analysed for a
vehicle impact against an undeformable concrete
barrier instead of another deformable car.

An analysis of numerous articles with results of
model tests on the front-to-side vehicle collision has
shown that the use of models with up to 10 degrees of
freedom [29] makes it already possible to study this
issue with high conformity of the results obtained with
experimental test results. For such models, the factor
decisive for the obtaining of adequate conformity of
the model with a real system is the selection of the
nonlinear characteristics that describe the course of the
impact processes taking place in the system in
question. The use of the spacial model allows to
conduct model tests with greater accuracy, but its
result in significantly increase of amount of the data
needed for modelling. Often, such data is difficult or
impossible to measure in experimental research.

Interest is aroused by an analysis of the crash tests
where a test carriage with a moving deformable barrier
(MDB) [30] hits a side of the vehicle under consid-
eration. The moving impacting block is a physical
model of the vehicle front. The results of such tests
predominate now when determining the probability of
injury to vehicle occupants depending on Delta-V.
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The method where the effects of road accidents are
referred to Delta-V, predominating at present, derives
from the previous analyses of frontal collisions.
However, such a method of linking the causes with
effects of road accidents is not fully applicable to the
front-to-side collisions, especially when collisions
between vehicles with different masses are consid-
ered. This problem has been signalled in [31]. Here,
attention has been paid to the doubts about the using of
Delta-V as the independent variable for the charac-
teristic curves describing the collisions other than
frontal. The authors have proposed the use of an
indicator based on mechanical energy losses occurring
during the collision. Such an approach has facilitated
the interpretation of the results reported in [31],
regardless of the direction and type of the vehicle
collisions. The knowledge of the relations between the
energy of a side collision and the injury risk is
particularly useful in the road accident reconstruction
process.

The issues described above constitute basic reasons
for the research objective to be formulated as the
identification of the relation between the energy of a
side impact against a passenger car and the risk of
injury to the occupants of the impacted vehicle. The
exploration of this relation requires extending the
knowledge of the course of the nonlinear processes
that take place during the front-to-side collision and
finds particular application to the issues related to the
minimisation of injuries to vehicle occupants and the
reconstruction of road accidents. The analysis will also
cover determining the share of the energy of defor-
mation of the side energy-absorbing zone in the side
impact energy. The objective thus formulated will be
pursued on the grounds of testing the nonlinear model
of the dynamics of vehicle collision, integrated with
the model of the test dummy. The test dummy model is
used for determining the values of the biodynamic
indicators, including the risk of injury to dummy’s
head and torso. Within the scope of this work, the
front-to-side collision with an impact against the
central area of the vehicle side will be analysed,
because this is the configuration in which the biggest
range of vehicle body deformation occurs [32]. During
the tests, the observed risk of injury to vehicle
occupants will be treated as a function of the energy
of the side impact against the vehicle under
consideration.

@ Springer

This article is an extension of the paper presented at
the 16th International Conference “Dynamical Sys-
tems—Theory and Applications” DSTA 2021 [33].

2 Methods

The pursuance of the objective of this work will be
based on model tests supplemented with results of
experimental tests. The process of determining the
relation between the vehicle’s side impact energy and
the risk of injury to occupant’s head and torso is
illustrated in Fig. 3.

The energy balance of a front-to-side vehicle
collision has the form:

Exa + Exs = Ex s + Exg + Wpas + Wrag + Weas
+ ER7

(1)

where,

Exa, Exg—Xkinetic energy of the impacting vehicle
(A) and the vehicle struck on its side (B) at the instant
of the beginning of the contact phase of vehicle
collision (in case of front-to-side collision sum of
these energies is treated as impact energy);

Exa™, Exg*—Xkinetic energy as above, but at the end
of the vehicle collision process;

Wpag = Wpa + Wpg—work of deformation of
the bodies of vehicles A and B;

Wrap—work of the friction forces in the zone of
contact between the vehicle bodies;

Weag = Wga + Weg—work of the forces of resis-
tance to motion of vehicles A and B; in the front-to-
side vehicle collision, Wgg > WEga;

Er—the remaining energy part, related to other
processes that take place during the vehicle collision.

In result of the front-to-side vehicle collision, the
initial energy (Exa + Exg) is divided into the energy
received by vehicle A (Exa* + Wpa), energy received
by vehicle B (Exg* + Wpg), and dissipated energy
(WraB + Wgap + ER). The energy received by vehi-
cle B by the end of the compression phase of the
collision process, i.e. the phase, during which the
deformation is increasing and the risk of injury to
vehicle occupants is emerging, will be referred to as
the side impact energy Es;. Thus, we have:



Impact energy and the risk of injury to motorcar occupants in the front-to-side vehicle collision 3337
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Fig. 3 Schematic diagram of the information transformation process to pursue the work objective

Es; = Egg(t = texp) + Wog(f = tenp)
- EKB (t = 0)7 (2)

where: tpnp—time of the end of the compression
phase of the collision process.

An important good point of such an approach to the
energy balance of a vehicle collision is not only the
fact that it covers many components of the balance but
also sensitivity of the balance to results of the works
reported previously and concerning the raising of the
energy absorption of the vehicle body side. This is
provided for in the component Wpag. Some of the
components (terms) included in (1) can be precisely
estimated from the accident effects observed (vehicle
body deformation and vehicle position). However,
problems arise from the fact that the above factors
depend on the largely nonlinear processes that take
place during the collision. Such processes were
analysed by the authors in [34, 35]. Figure 4 shows
dependences of the vehicle impact forces on the

combined deformation of the vehicle bodies in the
front-to-side crash test. The dependences were deter-
mined from the available results of experimental tests
carried out by NHTSA (USA) [12]; those results were
also used for the computing of the deformation work
Wpas. Figure 5 shows the force of resistance course
during the lateral direction movement, when the
vehicle struck on its side is slid with increasing lateral
slip ratio s,. These characteristics result in nonlinear
nature of changes in energy Erp as a function of the
sideward vehicle displacement.

2.1 Model of the front-to-side vehicles’ collision

A model of the front-to-side vehicle collision was
prepared in the MATLAB programme. The model is
shown in Fig. 6. It has been preliminarily presented by
the authors in [39]. For the kth vehicle (k = [A, B]), the
following external interactions are taken into account:
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Fig. 5 Example of the force of resistance to lateral tyre sliding
vs the tyre slip ratio [25, 37, 38]

Fig. 6 Model of the vehicle collision

@ Springer

Combined deformation of vehicle bodies [mm]

e Tangent road reaction forces T (e.g. T'gy), acting
on the car body via the wheel suspension system
and applied in the area of contact of the ith tyre
with the road at points of support (denoted as /, 2,
3, 4); these reaction forces are determined by using
the TMeasy tyre-road interaction model [37, 40];

e Resultant force Fx(Fa, Fg) of contact between the
crashing vehicles, applied at point Ex(Ea, Eg) at
the boundary of the areas of deformation (drawn as
heavy line).

The geometry of the vehicle solids, positions of the
points of support in the centres of the tire-road contact
areas 1, 2, 3, 4, as well as positions of the centre of
gravity Cx(Ca, Cg) and of the vehicle contact force
E(Ea, Ep) have been defined in the local coordinate
system Oy uvy attached to the car body solid (Fig. 6).
The coordinates of points E4 and Ep are identical to
each other in the global coordinate system OXY.

The kth vehicle positions are defined by matrix of
generalised coordinates in the form:

qk = [XOkayOIm l//k]Tv (3)

where xor, Yor—coordinates of the origin of the local
coordinate system of kth vehicle in the global system;
W,—angular vehicle position; k = [A, B].

The kinematics of the centres of mass Cx, Cg has
been described as follows:
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The vehicle motion has been described by the
following equations in the global system OXY:

4
mikcy =Y Tiix + Fla
i=1
4
myce = Y Ty + Fiy (6)
P

4
Jay, = ZMCTki + Mcr,
i=1
where my, Jo—mass and mass moment of inertia of
the kth vehicle;

Mcri, Mcp—moments of forces Tii(Thix, Thiy)
and Fy(Fy, Fiy) relative to the centre of mass of
vehicle Cy.

In consideration of the typical construction of cars
with sedan-type bodies and of the experimental test
results [12] related to the identification of their
properties concerning the energy dissipation during a
collision, the car body solid in the deformation area
was hypothetically divided into zones with different
elastoplastic properties. The idea of the division is

F d Rear door,
;%Te ggr’ zone B5 Rear post,
Front post, Middle post, zone B6
zone B2 zone B4

Side-rear end,

Side-front end, zone B7

zone B1\
‘©
byl b3 |bs

-

bs

Fig. 7 Division of the body of vehicle B into zones with
different elastoplastic characteristics

presented in Figs. 7 and 8. In the side of vehicle B,
seven zones with different properties were distin-
guished. Similarly, the front part of vehicle A was
divided into five zones, which constitute a system of
zones with symmetric characteristics on the left and
right vehicle side.

An important stage of developing the vehicle
collision model is the preparation of a procedure to
determine the contact force Fj between the vehicle
bodies. Many various methods and models used to
calculate the contact forces can be found in the
literature [41, 42]. In the case of a motorcar collision,
the nonlinear characteristics of the cars involved that
are important for the car body deformation process
must be taken into account. The problem of nonlin-
earity of the phenomena that take place during the
collision of solids has been analysed in [43]. That
publication provides a review of the computational
and empirical models intended for the calculation of
contact forces, where one of the independent variables
in the function describing the forces is the area of
interpenetration of the solids being in contact. Based
on an analysis of the area of interpenetration of the
solids, a procedure was developed to calculate Fy.

At every calculation step of the vehicles’ motion
simulation, based on the kinematics results, among
others, the relative position and orientation of the
motorcars on the road, and the linear and angular
velocities of the vehicles are determined. The collision
between vehicle A and vehicle B is identified on the
basis of the penetration area of the bodyworks
outlines. In the area of this penetration, we have the
above-mentioned zones. The zones interpenetration is
shown in Fig. 8.

An example of the vehicles positions during their
collision is shown in Fig. 8a. The area of interpene-
tration of the bodyworks has been hatched, in which
the zones from the vehicles A and B are marked.

The resultant force Fj of contact between the
crashing vehicles and the point E; of application of
this force (Fig. 6) results from force vectors Ry
summing. The elementary contact forces Ry
(Fig. 8b) are generated by the pairs of contacting
zones (where r and s are indices of individual zones in
cars A and B, respectively, i.e. Ar is a zone in the body
of car A and Bs is a zone in the body of car B). Each of
these forces reflects the size of deformation in the
specific zone. The following was assumed for

@ Springer
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Fig. 8 Schematic diagram
for determining the forces of
contact between the
crashing vehicles: a zones in
the bodies of cars A and B; b
force Ry, exerted on the
body of car B in result of the
contact of the zones Ar and
Bs; point Pyss in Fig. 8a
corresponds to Pg, in

Fig. 8b

calculating the elementary contact forces Rys between
two zones (Fig. 8b):

1. The zones are convex figures.

The tangent direction #—t of the interaction
between the zones is parallel to the straight line
going through the points of intersection of the
edges of zones Ar and Bs. The normal direction n—
n is perpendicular to 7.

3. The position of points Py, (Fig. 8a, b) is defined
by the size of the area p,, of contact between the
zones. Its situated on the boundary of the areas of
deformation (drawn as heavy line in Fig. 6)
between the vehicle body deformation areas p,,
and pg, (where p,, + pg, = P,s)- The shares of
areas p,, and pg, are determined on the grounds of
the elastoplastic and damping characteristics of
zones Ar and Bs. At every instant, we have points
Pars (attached to the body of car A) and Ppg
attached to the body of car B and having the same
coordinates in the global coordinate system OXY.
At these points, the contact force Ry, is applied,
whose value is determined by the deformation
range and the course of the nonlinear curve
characterising the deformation in the zone.

4. The normal component Ry, of the contact force
Ry, is always a force repulsing the vehicles from
each other (Fig. 8b); depends on the area p, of
contact between the zones and on the deformation
velocity v p:

ersn = ersn( rs) + ersn (VA/B)a (7)

@ Springer
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where the deformation velocity v g in the zone,
i.e. the velocity of point Pa, in relation to point
Pg.s, is calculated as follows:

VA/B = VPArs — VPBrs- (8)

5. The tangent component of the contact force Ry, is

calculated from the equation:
Riest = ,urstrsm (9>

and is always so directed that it impedes the
motion of the car body zones in relation to each
other. As i, the coefficient of kinetic friction in
the contact area between the zones has been
marked. Based on the analysis of the front-to-side
vehicles’ collision in experimental tests, a value of
U, was adopted as constant 0.2.

In Fig. 8a, as an example, there are five zone pairs,
the number and combination of which depend on
instantaneous car body positions relative to each other.
When the collision model is calculated, the common
interpenetration area value p, is determined at every
time step for each pair of the zones and the value of the
contact force between the zones is determined based
on this. The characteristic curves Ran(p,) and
Rpsn(pps) have been determined and presented by
the authors in [39]. The curves plotted for zones B3—
B6 on a sedan-type car body side have been shown as
an example in Fig. 9. Based on Ram(p,,) and
Rpsn(pp) characteristics, the curve of Ry(p,) is
prepared and use in Eq. (7). Moreover, in the
calculation example considered in this study an
assumption was adopted that Ryn (va/s) = 0.
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According to the number of pairs of interacting
zones, we have the same number of elementary
contact forces Ry,s. They form a system of forces
and on their basis the resultant force Fy, is determined,
and its components appear in the equations of motion
(6) as Fx, Fiy, Mcrx. The point of its application Ey is
always on the boundary of the areas of deformation
(heavy line in Fig. 6) and replaces the points Py
(Fig. 8) which define this boundary of deformation
areas.

The procedure for determining the resultant contact
force Fx at every step of the front-to-side vehicles’
collision calculation is as follows:

1. Determining the relative position of vehicles A
and B (based on the results of calculations of their
kinematics in the previous step of calculations).

2. Identification of pairs of Ar-Bs zones with
common p,, areas.

3. Calculation of p,, values for all pairs of Ar—Bs
zones.

4. Calculation of elementary contact force compo-
nents Ryn and Ry in pairs of Ar-Bs zones,
according to (7) and (9).

5. Determination of the values of p,, and pg,, based
on the value of Ry, and the data for modelling
(Fig. 9).

6. Determination of the position of the points Py, in
the Oxuxvy coordinate systems (based on the
values of p,, and pg,) and the orientation of the
Pirsnt coordinate systems (Fig. 8b).

7. Calculation of the resultant contact force F from
the system of Ry, forces.

8. Determination of the position of the point Ey in the
coordinate system Oyuyvi on the basis of the set of
Py.s points.

9. Solution of the system of equations of the vehicle
motion (6) (based on results of the calculations
from points 7 and 8 of the procedure) and the

kinematics of the vehicles determination for the
next step of front-to-side collision calculation.

The curve characterising the deformation in the
compression phase were approximated by polynomial
as follows:

RBsn(sz) = klp]335 + k2szs + k3sz (10)

where ki, ky, ks—coefficients of the approximating
polynomial, obtained by the least squares method.
Values of these coefficients for different characteris-
tics of vehicle’s body zones has been collected in
Table 1.

The results of the front-to-side vehicles’ collision
model calculations are used to investigate the vehi-
cle’s interaction with the test dummy (Fig. 3).

2.2 Test dummy and vehicle interaction model

The modelling process at this stage is aimed at
representing the interaction between the test dummy
and the car body side, observed during experimental
(crash) tests (Fig. 1). During the crash tests, the test
dummies play the role of measuring instruments.
Those used in the front-to-side vehicle crash tests
often include the ES-2re dummies (e.g. in the tests
carried out to the FMVSS 214 or NHTSA procedures
[5]) and the SID-IISFRG dummies (e.g. in the tests
carried out to the procedures adopted by NCAP and
EURO-NCAP [44]). In the front-to-side collision
model, the ES-2re dummy was used to represent the
vehicle driver/occupant seated in vehicle B. Such a
dummy makes it possible to determine the kinematic
and dynamic processes in order to calculate the
biodynamic indicators of head and torso injuries.

In the analysis, an assumption was made that the
presence of a dummy in the car has a negligible impact
on the vehicles’ motion during the collision and on the
process of deformation of vehicle bodies. On the other
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Table 1 Polynomial ki ks ks

coefficients values
Zone B3 3.2538E + 06 — 2.3020E + 06 + 6.1130E + 05
Zone B4 5.0128E + 07 — 1.1312E + 07 + 9.5822E + 05
Zone B5 2.7995E + 07 — 1.0583E + 07 + 1.5016E + 06
Zone B6 6.1754E + 08 — 8.7026E + 07 + 4.6033E + 06

hand, the vehicle motion causes the dummy to move.
The dummy’s position in vehicle B at the instant t = 0
has been presented in Fig. 10. The following notation
has been adopted:

Mp—mass of the dummy;

up, vp—coordinates of dummy’s position in the
Ogupvp system;

Av—clearance between the dummy solid and the
vehicle body side at the instant ¢ = 0,

wp—dimension of dummy’s head or torso;

vpe(t)—coordinate describing the penetration of
the car body side into the passenger compartment and
the deformation of the car body side in the area of
contact with the dummy solid at the instant #; at r = 0,
we have vp.(r = 0) = vgp(t = 0) + wp + Av;

kg1, ks1, dup1, dygi—characteristics describing
the spring-damping interaction between the dummy
and the car seat;

k2, d,pr—characteristics describing the spring-
damping interaction between the dummy and the car
body side being deformed.

The issue under analysis is the dummy’s motion in
the local coordinate system Ogugvg attached to the
vehicle. In the analysis, the authors take into consid-
eration the interactions between the dummy and its
seat (moving together with the coordinate system

kal' del

D
@ k'?Bz' deZ

Vp Y

Fig. 10 Position of dummy D fort =0
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Ogugvg) and between the dummy and the car body
side at the values of the Av clearance (distance
between the dummy side and the vehicle body)
varying in result of deformation wg. The modelling
covers the interaction between dummy’s head and
torso (D in Fig. 10) and the vehicle structure. The said
interactions cause deformations in the spring-damping
components linking the D solid with the seat and car
body side. A similar pattern of the interaction between
the dummy and its surroundings has been adopted in
[45, 46].

In result of a front-to-side vehicle collision, a side
of the impacted car is deformed. The deformation
depth in the area where the dummy solid may be
present within time 7 is described by coordinate vg,(%).
The coordinate is determined from the positions of
points Pp(¢) (Fig. 8b) taken during the collision
process. After the clearance Av has been used up, the
dummy solid begins to interact with the car body side
being deformed. An example of the system configu-
ration for the time instant # # 0 is presented in Fig. 11.

The interaction between the dummy and its seat and
car body side translate into forces f, and their
components f,g, fyg2, and f,g; marked in Fig. 11.
Their values at the instant ¢ are calculated as follows:

Fig. 11 Position of dummy D at the time instant # # 0
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fus1(t) = kugi1[up(t) — upp(r = 0)] + dyp1tip(7)
(11)

—fiB1(t) = kg1 [vep(t) — vep(f = 0)] + dys1VeD(?)
(12)

Oifvg, (t) — Wp — VBD(I) >0
kyg2[vee(f) — vep () + wp] + dyp2 [VBe (1)
71/.BD(Z‘)ifVBc(I) — Wp — VBD(t) <O}

(13)

vaZ(t) =

The differential equations of dummy’s dynamics
have the form:

).C.D FDx
Mp| .. | = . 14
o[- 1) 19
The vector of force f, acting on the dummy has the
following form in the local system Ogugvpg:

_ fuBl
Io= |:val “!‘va2:|. (15)

In the global coordinate system, it takes the form:

Fp = [?EJ — Dufy. (16)

The kinematics of the dummy solid in the global
coordinate system OXY is determined as follows:

[xp ] [ xoB | u
p| _ [%oB +(DB[ BD:|
LYD ] LYOB | VBD
[¥p] [XoB] . = [usD
RN (17)
LYD | LYoB VBD
[ 4D ] [ %o | . . UBD
L[] (s - dhon) |,
LYD | LYoB VBD

In (16) and (17), ®g and (I~)B are calculated
according to (5).

The above equations define the kinematic and
dynamic interactions between vehicle B and the
dummy. Based on results of these calculations, the
injury risk arising during a road accident is forecasted
(Fig. 3). The injury risk is expressed by means of
biomechanical injury criteria. For the ES-2re dummy
intended for the front-to-side crash tests, the following
injury criteria are distinguished among other ones
[47]:

e Head Injury Criterion (HIC) calculated from the
equation:

HIC36 = max
Iy =ty

2.5
fa(t)dt] (—1n), (18)

where a(t) is the resultant head acceleration in a
time interval from #; to £, t, — #t; <0.036 s, and
this time interval is the one when the highest
acceleration values occur;

e Thoracic Injury Criteria, estimated from the results
of calculation of deflection of ribs or torso.
The following functions were used for the fore-
casting of the injury risk:

a(t) = /3 + b (19)

mrib — max rib deflection
= max[vBD(t) — VBC(I) + WD]. (20)

The values of the biomechanical injury criteria
provide a basis for the calculations of the risk of
injury to the human body according to the Abbre-
viated Injury Scale (AIS) [21]. Based on [47], the
probability of injury to the ES-2re dummy was
calculated:

P(AIS 3+) = N<1n(HIC36) - 7.45231> )

0.73998

1
1 + (2:0975-0.0482-mrib) *

P(AIS 3+) = (22)
where the formula (21) is used to calculate the
probability of head injury based on the normal
distribution function N, the argument of which is
the HIC36 value, and the formula (22) is used to
calculate the injury probability based on the value
of the maximum deflection of dummy’s ribs or
torso.

2.3 Validation and parametrisation of the model

The procedure of validation of the front-to-side
vehicle collision model has been presented by the
authors in [39]. The parametrisation and validation of
the model was based on results of front-to-side vehicle
crash tests (Fig. 3). For this purpose, results of
experimental tests carried out at the Lukasiewicz
Research Network—Automotive Industry Institute
(L-PIMOT) were used. These test results have been
presented, inter alia, in [34]. For the tests, Honda
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Accord cars manufactured in 2000-2002 were used.
The experiment results used for the analysis were
obtained from front-to-side vehicle crash tests, where
the impacted car moved with a constant speed or was
standing still, depending on the model validation
needs. The model parameters were categorised as
those measurable (e.g. mass and inertia data, geomet-
rical dimensions), computable (e.g. elastoplastic char-
acteristics 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 parametrisation of the data of the third
category. Initial values of the parameters sought were
assumed based on the analysis of the results of
experimental tests. The simulation calculations of the
front-to-side vehicles’ collision for the initial values of
the parameters were prepared and performed. The
obtained results were compared with the results of
experimental tests as a part of event validity. The
compliance of some physical quantities describing the
kinematics of a vehicle’s lateral impact was assessed
using the operational graphics method. The linear
correlation coefficient was chosen as the criterion for
assessing compliance.

The following experimental test and simulation
results have been summarised in graphical form in
Figs. 12 and 13, as a results of an experimental
verification of the model:

e Time histories of car B acceleration;

e Course of the car body side deformation during the
vehicle collision;

e Energy balance components for the compression
phase.

In Fig. 12, the dashed lines represent the results of
experimental tests and the solid lines represent the
results of simulation computations. Good conformity
can be seen between the curves representing changes
in the components of the acceleration vector of the
vehicle B centre of mass, obtained experimentally and
by simulations (Fig. 12a). The red colour indicates the
curves plotted for the acceleration component in the
impact direction, i.e. in the direction of generating the
dynamic deformation of the vehicle body. Figure 12b
presents the time history of changes in the values of
several individual components of the collision energy
balance during the compression phase. The graph
shows changes in the kinetic energy of car A (Exa,
red), kinetic energy of car B (Exg, blue), and sums of
the work of deformation of the bodies of cars A and B
(Wpap, green). The results obtained show good
conformity between the energy-related processes in
model simulations and experimental tests.

The deformation growth process is presented in
Fig. 13. Figure 13a shows the course of growth in the
dynamic deformation, identified as the change in the
distance between the centres of mass of the vehicles
during the contact phase of their collision. This means
that the curve represents the summed-up deformation
of both the vehicles involved. Figure 13b, in turn,
shows changes in the contour of deformation of the
vehicle body side during the contact phase of the
collision; ¢t = 0.06 s corresponds to the end of the
phase of compression of the vehicle bodies (fgnp).
This identifies the deformation development process
at several points on the vehicle side. The dashed line
shows the contour of the permanent deformation,
measurable after the crash test. The maximum range of
the dynamic deformation, determined by the

Fig. 12 Summary of (a) (b) 200 —— Esi
; 300 A k4 SIM
changes in the components A =180 —— Eg sim
of the centre of mass = 250 = _— M;'B sim
. & - £ 160 DAB
acceleration vector (a) and S e N g ———E. ex
: £ 200 . S § 140 i
changes in the values of the = , \ 2 === E.5exp
. . b P N £ N kB
collision energy balance £ 150 B S g 120 S8 === Wpap exp
. © ~
components during the £ 100 gt g sim N £ 100
compression phase (b) 8 ) em— e sim . 3 80
S 50 e ¥cp exp 3 ?E
© oF | === Vs exp 5 60
b 0 » =]
< T~ ==l 4 e 40
o S~ -
g 50 == g 20
3
-100 S 0 0
0 0,02 0,04 0,06 0 0,02 0,04 0,06
Time [s] Time [s]
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Fig. 13 Vehlc.le Aand B (a) 0.6 (b) 05
body deformation growth F 045
process (a) and E 05 E ‘04
characteristic values of the = i o 3’5
deformation of the vehicle T 04 g
: g 2 03
body side (b) =S P
E o3 g 025
2 2 02
L =
g 02 C4p SIM S 015
g """ Cap €X -S 01
T 01 a3 3P Z 0,05
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S 0 >
0 > 3 0 1 2 3
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numerical calculations for the instant t = 0.06 s, is
connected with the fact that the deformation also
includes the elastic deformations, which cannot be
measured after the end of the collision process.

The dummy-vehicle interaction model was vali-
dated separately. Within this scope, results of the
NHTSA experimental tests [12] were used for the
parametrisation and validation of the car collision
model. The experiments taken as a reference were the
front-to-side motorcar crash tests Nos. 5146, 5151,
5156, 5161 [12], where the side impact energy
amounted to 110-150 kJ and the Honda Accord car
was the impacted vehicle, like in [34]. In the impacted
vehicle, an ES-2re test dummy was placed on driver’s
seat and the values of the parameters enabling the
forecasting of the probability of injury were recorded
by means of sensors installed in the dummy.

During the parametrisation and validation of the
model of the dummy placed on driver’s seat, calcu-
lations were carried out for the simulation of a front-
to-side collision, where the side impact energy and the
initial conditions identical to those of the experimental
tests were represented. The model parameter values
have been gathered in Table 2. The characteristics of
the spring-damping interactions between the dummy
and the car seat and between the dummy and the car
body side are progressive; they also depend on the
range and speed of such interactions. The data
specified in Table 2 are averaged parameter values
corresponding to the initial, approximately linear,
fragment of the characteristic curves.

Example results of the validation of the ES-2Re
dummy model are presented in Fig. 14. Figure 14a
shows the time function of rib deflection resulting
from the contact of torso with components of the

[m]

Table 2 Basic model parameter values

Head Torso
Mp kg 15 45
kit * kN/m 0.3 0.3
da* kNs/m 0.2 0.2
k1 * kN/m 5.0 5.0
d, * kNs/m 1.7 10.0
ko * kN/m 175.0 700.0
dyn* kNs/m 0.0 0.0
wp m 0.1 0.25
Av m 0.25 0.1

*Value averaged for the initial fragment of the characteristic
curve

vehicle body structure and Fig. 14b shows the time
history of the resultant acceleration of dummy’s head.
The dashed and solid lines in the graphs represent
results of experimental tests and model simulations,
respectively. For the motorcar collision, the effects of
which have been presented as an example in Figs. 12
and 13, the injury arising process, that is simultane-
ously the dynamic deformation development process,
is analysed till the instant ¢ = 0.06 s from the begin-
ning of the collision contact. Such interactions result
in dynamic loads on the dummy, which can be
observed with some delay due to the inertia of solid D
and clearance Av (Fig. 10). For this reason, the loads
on the dummy were analysed till the instant 7 = 0.1 s.

For the calculation of the forecasted risk of impact-
caused injuries, the factors of decisive importance are
the extreme values of the loads observed [rib deflec-
tion, head acceleration, cf. (18) and (20)]. Within this
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Fig. 14 Rib deflection (a) and resultant acceleration of dummy’s head (b) in experimental tests (dashed line) and model calculations

(solid line) for the side impact energy of 110 kJ

scope, the results of experimental tests and model
simulations are consistent with each other. Table 3
shows a summary of the determined values of
biodynamic indicators of head and torso injuries and
the AIS 34 injury probability values calculated on
these grounds [Eqgs. (21) and (22)].

2.4 Plan and scope of model tests

For model calculations, the model of a front-to-side
motorcar collision and a dummy placed on driver’s
seat was used, which was prepared in accordance with
the schematic diagram shown in Fig. 3 and with the
description provided in Sects. 2.1-2.3. In the calcu-
lations, the impact energy values of the range
30-350 kJ, vehicle speed values of 30-60 km/h, and
impacted vehicle’s mass of 1000-3500 kg were taken
into account. The impact energy range as specified
above covers the cases ranging from an impact of a
medium-class passenger car moving with a speed of
30 km/h (the impact energy of 30 kJ) to an impact of a
passenger car or delivery vehicle with a gross vehicle
mass of 3500 kg moving with a speed of 60 km/h (the
impact energy of 350 kJ). The calculations were
carried out for accidents taking place on a road with a
dry asphalt-concrete surface. An assumption was also

made that the impacted vehicle was not moving
immediately before the collision.

The calculations showing the connection between
the probability of injury and the side impact energy
were based on the values of biodynamic indicators of
injuries to the head and torso of a dummy placed on
driver’s seat. For the research scope as specified
above, the share of the energy of deformation of the
vehicle body side zones in the process of energy
dissipation during the collision was also determined.

3 Computation results and analysis thereof

To calculate individual components of the energy
balance, the methods described in Sect. 2 were taken
as a basis. The work of deformation of the sth zone of
vehicle B body (Fig. 6) at the instant #; was calculated
from the equation:

W (tj) = Wos (t;-1) + 0.5
-~ [Resn (1) + Risn (11-1) ]
ens () — ens(1-1) ],

where cg;—depth of deformation of the sth zone of
vehicle B body. Its determined from the equation:

(23)

Table 3 Summary of example values of the injury indicator and risk after the validation

Side impact energy = 110 kJ  HIC36  Head Injury Risk AIS 3+ Max rib deflection [mm]  Torso Injury Risk AIS 3+
Model calculations 268 0.005 41.7 0.594
Experimental tests 281 0.006 42.0 0.599
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CBs (tj) = PBs (t/) /b87 (24)

where: b,—width of the zone Bs (Fig. 7); sz(tj)—
deformation area of zone Bs limited by the edges of
the zone and boundary deformation line (Fig. 6).

The change in the kinetic energy of vehicle B is
determined from the equation:

Exg (1) = 0~5E' Mg v (1) +0.5 - Jep - Vi (1) 25)
— LKB»

where vg = /X35 + y3z—resultant linear velocity of
vehicle B body, determined on the grounds of the first

derivative of generalised coordinates [cf. (3)].

Figure 15 shows time histories of the growth in
deformation depth cgs and force Rpg, for several zones
of the vehicle side. This result has been shown using as
an example a front-to-side collision where the side
impact energy is Es; = 72 kJ. In this example, vehicle
A with a mass of M = 1532 kg struck vehicle B with
a speed of v = 48 km/h and the compression phase is
considered whose end (time fgnp) has been assumed as
the instant of the maximum dynamic deformation of
vehicle bodies. For this collision phase, the risk of
injury to vehicle occupants has been calculated.

Based on the curves in Fig. 15, the deformation
work was calculated for individual zones of vehicle B
body, according to Eq. (23) . The calculation results
have been shown in Fig. 16. They represent time
histories of changes in the deformation work values
(Wpgs) for individual zones and in the percentage
shares of Wpg; in the total work of deformation of the
vehicle body side. The total deformation work was
calculated for the end of the compression phase
Wog(f = texp):

7
Wpg(t = tenp) = Z Wogs(f = tEnD)- (26)
s=1

The results obtained show that a significant part of
the side impact energy is consumed by the deforma-
tion of the area of driver’s door (zone B3). This
exceeds the work of deformation of pillar B (zone B4)
by 15%. The model under consideration also shows
the differences between the energy absorption of the
rear and front door of the vehicle under test. This
model used to analyse a front-to-side collision with an
impact energy of 72 kJ shows that merely 18 kJ and
9.5 kJ of that energy is consumed by the deformation
of the front and rear door, respectively, where both of
these structural components are within the collision
contact area in question (Fig. 7).

Tests were carried out with various values of the
impact energy of vehicle A. The nonlinear elastoplas-
tic and damping characteristics of individual vehicle
body zones have exposed the variations in the
proportions between the energy absorbed within the
said zones and the side impact energy. The computa-
tion results have been presented in Fig. 17b in the form
of relations between the values of these components
and the side impact energy. In Fig. 17a, the values of
the energy balance components have been shown as
their percentage ratios to the side impact energy,
which was calculated according to (2).

The calculation results shown in Fig. 17a confirm
the nonlinear nature of dissipation of the front-to-side
collision energy. In the front-to-side collision, the
deformation of the front part of the impacting
vehicle’s body is smaller than the deformation of the
impacted vehicle’s body side. The properties of the
vehicle body front are approximately linear within the

Fig. 15 Deformation depth (@) o5 (b) g
(a) and force (b) for several 0.45 Yy —nm 4—n
zones of the vehicle B side ) B3 70 B3
during the compression 0.4 B‘; 60 gg
phase 0.35 B
_ —B6 Z50 | —B6
= 03 Z
S: 0.25 340
& o2 < 30
0.15
20
0.1
0.05 10
0 > 0 >
0 0.02 0.04 0.06 0 0.02 0.04 0.06

t[s]
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deformation range in question. This manifests itself
(the Wpa curve in Fig. 17a) in almost constant share of
the vehicle A body deformation work in the side
impact energy. However, the bigger side impact
energy, the lower percentage share of the kinetic
energy received during the collision by vehicle B (the
Exy curve in Fig. 17a). This takes place simultane-
ously with a growth in the share of vehicle B body
deformation work in the side impact energy (the Wpg
curve in Fig. 17a). For Eg<90kJ, we have
Exg > Wpg, which shows that the growth in the
kinetic energy of vehicle B makes a predominating
part of the side impact energy. For this range of the
impact energy, therefore, the risk of injury to the
vehicle driver will be related to a greater extent to the
inertial loads (lateral acceleration of the impacted
vehicle’s body) than to the process of deformation of
the vehicle body side. In spite of the fact that for high
values of the side impact energy, the change in the
kinetic energy of the impacted vehicle makes only
30—40% of the impact energy, this change constitutes
a source of a significant injury risk. The computation
results presented in Fig. 17a indicate as well that the
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model developed will be useful for improving the
design of the vehicle body side structure.

The pointing out of the share of the vehicle body
side deformation work Wpg as a function of the side
impact energy highlights the process of an increase in
the hazard to vehicle occupants. Simultaneously, the
research conducted this way has made it possible to
determine the relationship between the hazard to
vehicle occupants and the values of biomechanical
indicators (Fig. 14). This was used for the forecasting
of the risk of injury to the head and torso of the driver
of the impacted vehicle B. The injury risk was defined
according to the AIS (Abbreviate Injury Scale) code.
The example injury risk defined as AIS 3+ was
estimated on the grounds of Eqgs. (21) and (22). The
injury risk was computed for vehicle occupant’s torso
at the AIS 3+ and AIS 44 levels and for occupant’s
head at the AIS 2+ , AIS 3+, and AIS 4+ levels.
The computation results have been shown as functions
of the side impact energy in Figs. 18 and 19, where the
injury risk was indicated by red marks. At the same
time, the results of the front-to-side impact crash tests
carried out by NHTSA [12] were analysed. For the



Impact energy and the risk of injury to motorcar occupants in the front-to-side vehicle collision 3349
Fig. 18 Risk of the AIS (@ (b) 4
3+ (a) and AIS A A
4+ (b) torso injury vs the 09 0,9
side impact energy (for 08 08
details see the text + I
) g 07 & 07
= =
% 06 2 06
% 05 & 05
£ 2
g 04 g 04
o . . 2
203 ) Simulation results £ 03
S . e $
& 02 e Experimental data 0,2
01 Aproximation 0,1
) r
v
0 » 0 >
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Side impact energy [K]] Side impact energy [k]]
@ ®) © |
A A A
= Simulation results
0,8 0,8 ®  Experimental data 08
+
a 5 Aproximation g
= = =
% 06 % 06 2 06
3 2 3
= 04 £ 04 =04
3 3
T = =
0,2 0,2 0,2
[ d
0= 0 0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Side impact energy [K]]

Side impact energy [k]]

Side impact energy [K]]

Fig. 19 Risk of the AIS 2+ (a), AIS 3+ (b), and AIS 4+ (c) head injury vs the side impact energy (for details see the text)

analysis, the experimental test results were selected
that were obtained for cars with sedan-type bodies, of
the class and year of manufacture being close to those
assumed in the model tests. The group of experimental
tests chosen for the analysis was the same as that
whose results were used in the model validation
process.

Based on results of those tests, the head and torso
injury risks depending on the side impact energy were
calculated and considered as experimental test results;
these results are given in Figs. 18 and 19 and indicated
by dark marks. Thus, two sets of test results have been
presented in these graphs: model test results marked in
red and experimental test results marked in a dark
colour. The test results were approximated using the
logit model [48-50], which is very often employed to

analyse the road traffic safety issues. The model was
adopted in the form:

) ) ea+b~E5|
Injury Risk = PR (27)
where a and b are model coefficients calculated by the
regression method and Eg; is the side impact energy
expressed in [kJ].

For the computations, the environment of the
Statistica programme [51] was used. The model
coefficients were approximated for the Eg; values in
the interval from 30 to 350 kJ. The a and b coefficient
values for the head and torso injury risk functions have
been gathered in Table 4; the curves representing these
functions, plotted for several AIS injury severity
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Table 4 Coefficients a and b of the regression function of the
torso and head injury risks

Injury scale a b
Torso AIS 3+ — 3.369 0.017
AIS 4+ — 4.731 0.018
Head AIS 2+ — 5.008 0.011
AIS 3+ — 6.458 0.013
AIS 4+ — 8215 0.013

levels, have been shown in Figs. 18 and 19 as black
lines.

The research results presented in Figs. 18 and 19
show the relation between the energy of a side impact
of a passenger car with a sedan-type body and the risk
of injury to driver’s head and torso. The side impact
energy defined herein constitutes a predicate of the
risk of injury to the vehicle driver. The research results
indicate that the injury risk is much higher for the torso
than that for the head at the same energy of the side
vehicle impact. This is confirmed when the results of
experimental tests [12] are compared with the results
of model computations. The regression functions
having been prepared make it possible to calculate
the injury risk based on the side impact energy. In turn,
an inverse procedure, i.e. determining the side impact
energy based on a description of the injury to the
vehicle driver, may be an important stage in the
actions taken within the road accident reconstruction
process, where the goal is to determine the state of pre-
collision motion of the vehicles involved.

4 Discussion

The research being carried out offers the possibility of
getting to know the relation: road accident—impact
energy—risk of injury to vehicle occupants. In this
study, the following relation predominates within this
scope: road accident—forces acting during the colli-
sion—biomechanical injury indicators—injury risk
[49, 52]. At present, additional relations are sought in
terms of the relation: road accident—crash tests—
impact energy. The results obtained from such explo-
rations provide knowledge about the course of the
nonlinear energy-related processes that take place
during the compression phase of a front-to-side
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collision of motor vehicles. The energy balance for
the collision of this type has been determined in [34]. It
has been determined that the energy dissipated for the
deformation of the sedan car bodies makes 30—-36% of
the initial energy (collision energy). A comparison of
results of such calculations with results of computer
simulations carried out within this work has been
presented as an example in Fig. 12b. The nature of the
course of changes in the values of individual compo-
nents of the energy balance is consistent for both
publications, if the same values of the side impact
energy are considered.

The values of the characteristic components of the
energy balance in the experimental and model tests
have been compared in Table 5. Good conformity was
obtained for the work of deformation of the bodies of
vehicles A and B, i.e. Wpag(# = fgnp). The change in
the kinetic energy of vehicle B in result of the side
impact, i.e. Exg(f = tenp), calculated for the model,
was somewhat smaller than that determined
experimentally.

The conformity between the values calculated in
model tests and determined experimentally, obtained
in a few comparisons (shown above), enables the use
of model test results for the analysis of some processes
taking place during a road accident. Another compar-
ison concerns [22], where results of computations of
the injury risk expressed as a function of the Delta-V
predicate have been presented. For a front-to-side
collision where Delta-V is 32-40 km/h, the total risk
of an AIS 4+ injury was estimated at 5-13%. To
compare the results of that research with the results
obtained within this work, come additional calcula-
tions were carried out:

— For the vehicle B mass of 1500 kg, the kinetic
energy Eyp(f = tgnp) corresponding to a change
in the vehicle speed by 32 km/h and by 40 km/h
was calculated.

— Using the data shown in Fig. 17, the value of
Wpp(t = tgyp) corresponding to the said energy
was determined.

— The Eg value was calculated, based on Eq. (2),
and then the risk of head and torso injury forecast
(Table 4 and Figs. 18 and 19).

The total injury risk Pjeine in [22] was calculated
from indicators:
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Table 5 Energy balance component values determined in the experimental and model tests

Results of experimental tests [23]

Numerical simulations carried out within this work

Esi[kJ] 72
Wpas(f = tenp)[KJ] 73
EKB*(I = IEND)[kJ] 55

72
46

PJoim - [1 - (l - Pl-lead) . (1 - PTorso)] : IOO%a
(28)

where: Pyead, Prorso—head and torso injury risk,
respectively.

As aresult, the total injury risk value at a level of 1—-
10% was obtained, which is close to the results given
in [22]. The results of these actions have been gathered
in Table 6.

The relation between the AIS 3+ and AIS
4+ injury and the speed of a side impact against a
concrete barrier was determined in [28]. The special
course of a collision of this type (impact against a rigid
undeformable barrier) makes it possible to assume that
the side impact energy is approximately equal to the
vehicle’s kinetic energy at the instant of the impact.
For a side impact speed of 36 km/h, the risk of AIS
3+ and AIS 4+ torso injury was determined as about
91% and 80%, respectively [28]. Assuming the vehicle
mass as 1 500 kg, the side impact energy for such a
speed is 75 kJ. According to the results obtained now
(during the analysis of the front-to-side vehicles’
collision), the torso injury risk for Eg; = 75 kJ would
be 33% (AIS 3+4) and 13% (AIS 4+).

The calculations like these show the influence of
the energy absorption by the vehicle side being
deformed and of the energy dissipation on the sliding
of vehicle B during the impact. Due to disregarding the
energy absorption and dissipation factors mentioned
above, the injury risk was estimated in [28] at 80-91%.
However, if these factors are taken into account

(during vehicles’ collision) then the value of this risk
drops to 13-33%, according to the present
calculations.

The calculation results obtained, supplemented
with experimental test results, indicate the usefulness
of the method of analysing the relation: road acci-
dent—crash tests—vehicle impact energy—risk of
injury to vehicle occupants, as used herein. The
approach to the analysis of the injury risk based on the
course of energy-related processes, as adopted in this
work, has proved to be a reasonable method suit-
able for the analysis of front-to-side collisions. Such
collisions are more complicated than the well-ex-
plored frontal collisions. The problems with using the
Delta-V predicates for analysing the road accident
effects in frontal and side collisions have been
highlighted e.g. in [31]. The energy balance analysis
of the process where an injury risk arises during a road
accident is an approach more universal than the use of
a predicate related to the change in vehicle speed in
result of a collision. In this work, a predicate in the
form of the side impact energy has been proposed.
Since good conformity was obtained between the
results of experimental and model tests as regards the
relations between the values of this predicate and the
injury risk (Figs. 18 and 19), a conclusion may be
drawn that the nature of the relation thus determined
between the course and effects of a road accident is
correct.

Table 6 Injury risk

g Impact sped [km/h] 32 40
calculation results
Injury risk calculated in [21] 5% 13%
Exp*(t = tgnp) [KJ] 60 90
Wps(t = tenp) [KJ] 67 156
Eg [KI] 127 246
AIS 4+ injury risk calculated now according to (27) 1% 10%
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5 Summary and conclusions

When the relations were sought in this work between
the energy of a side impact against a motor vehicle and
the risk of injury to the vehicle occupants, the
experimental test results available and the models
specially built for this purpose in the MATLAB
programme were used. The experimental test results
were taken as a basis to validate the model of a
collision-caused deformation of a vehicle body side, to
evaluate the impact of the vehicle body side being
deformed on the dummy driver, and to determine the
kinematics of the impacted vehicle in its post-collision
motion. Similarly, the final calculation results, i.e. the
injury risk characteristics, were referred to crash test
results and were found to be quite close to each other.
The comparisons of this kind between the results of
model calculations and crash test results have been
presented in Fig. 12b from the energy balance point of
view and in Figs. 18 and 19 in terms of injury risk.

The research carried out has confirmed the reason-
ability of using the injury risk characteristics consid-
ered as functions of the side impact energy. In result of
that, a computational relation (the logit model)
between the side impact energy and the risk of injury
according to the Abbreviated Injury Scale has been
determined. Thanks to the energy-related approach
adopted for the processes that take place during the
front-to-side vehicle collision, the following findings
could be formulated:

e The process of dissipation of the front-to-side
collision energy is nonlinear and the work of
deformation of the front part of the impacting
vehicle’s body is much smaller than the work of
deformation of the impacted vehicle’s body side,
regardless of the impact energy value (Fig. 17a).

e The risk of injury to the driver/occupant of the
vehicle struck on its side arises from a change in
the kinetic energy of the impacted vehicle (usually
this is a momentary growth in its energy) and from
an excessive penetration of the vehicle body side
into the passenger compartment of the car.

e The diversified shares of the energy of deformation
of individual zones on a car body side (Fig. 7) in
the energy dissipation process during the side
impact (Fig. 17b) provide a reasonable basis for
improving the design of the vehicle body side
structure.
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e The use of a new predicate for analysing the front-
to-side vehicle collision has been substantiated. In
particular, the characteristics formulated by using
this predicate have an important feature: the side
impact energy can be easily determined from the
vehicle side deformation and from the lateral slide
of the vehicle during the collision. Additionally,
the research carried out has provided grounds for
the following conclusions:

e During a side impact, the injury risk is much higher
for the torso than that for the head regardless of the
impact energy value (Figs. 18 and 19).

e At the side impact energy value lower than 90 kJ,
its predominating part causes a change in the
kinetic energy of the impacted vehicle; hence, the
risk of injury to vehicle occupants will mainly arise
from the inertial forces’ action on the occupants.

e Atimpacts with the energy value exceeding 90 kJ,
a predominating share of the work of deformation
of the vehicle body side in the impact energy can be
seen; therefore, the penetration of the vehicle body
side into the passenger compartment of the car
considerably increases the risk of injury to vehicle
occupants (Fig. 17a).

The research carried out has provided grounds for
confirming the fact that the course of a front-to-side
vehicle collision in model simulations and in exper-
imental tests is mutually consistent, in terms of energy
balance (Fig. 7b). The calculation results obtained in
the research reported herein are coherent with the
results of front-to-side crash tests and the side impact
energy has proven to be a good predicate of the effects
of the road accidents under consideration. This
provides grounds for further development of the
research tool having been prepared, e.g. in the area
of improving the passive safety of the motorcar body
side.
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