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NOMENCLATURE 

mean acceleration 
brake/acceleration coefficient 
spring damping constant 
total suspension travel 

suspension travel rate 
suspension travel due to vertical translation of the centre of gravity 
suspension travel due to rotation of the vehicle around the mid axes 
(longitudinal and lateral) 

tyre accelerating or braking force 
forces in longitudinal direction 
forces in lateral direction 
forces in normal direction 
longitudinal tyre force 

lateral tyre force 

normal tyre force 

static normal tyre force 
acceleration of gravity (9,81 m/s2

) 

moment of inertia 
spring stiffness 
length of the car 
moment of momentum 
mass 
moment 
distance in normal direction of centre of gravity of vehicle i to impulse 
point 

momentum in normal direction 
momentum in normal direction during compression phase 
total momentum 
compression momentum 
restitution momentum 
momentum in tangential direction 
momentum in tangential direction during compression phase 
time 
distance in tangential direction of centre of gravity of vehicle i to 
impulse point 
time step 
actual velocity 
velocity for the last time step 
normal component of velocity at impulse point 
normal component of velocity at centre of gravity 
tangential component of velocity at impulse point 
tangential component of velocity at centre of gravity 
normal component of post-crash velocity at impulse point 
normal component of post-crash velocity at centre of gravity 
tangential component of post-crash velocity at impulse point 
tangential component of post-crash velocity at centre of gravity 
wheelbase 
displacement in longitudinal direction 
displacement in lateral direction 
displacement in normal direction 
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x [m/s] velocity in longitudinal direction 

y [m/s] velocity in lateral direction 

z [m/s] velocity in normal direction 

x [m/s2
] acceleration in longitudinal direction 

y [m/s2
] acceleration in lateral direction 

z [m/s2
] acceleration in normal direction 

:leg [m] vertical position of centre of gravity 
:lego [m] static vertical position of centre of gravity 

CI. [0] lateral slip angle 
a ' max [0] user defmed maximal lateral slip angle 
£ [-] coefficient of restitution 

Il [-] coefficient of friction (0 ~ Il ~ 1) 

~ [-] inter-vehicle coefficient of friction (0 ~ Il ~ 1,5) 

<1> [rad] calculated vehicle angle 
ec [-] mass tensor 
(J) [rad/s] angular velocity 

(J) [rad/s2
] angular acceleration 
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SUMMARY 

PC Crash is a simulation program for traffic accidents and it is widely used as an accident reconstruction 
tool. The purpose of this report is to give more insight in the usefulness of this program for professional 
traffic accident reconstruction aims. The models used in the program are analysed and a simple sensitivity 
analysis is done with the use of a TNO crash test. 

The program is built according the following structure. The user defmes initial conditions. These values are 
the input of the trajectory model. The results after the Euler integration steps are the input for the collision 
model that is based on restitution. The output from the collision model is then used as input for the 
trajectory model that is used for calculating the post-impact trajectory of the vehicles involved. 
The trajectory model is based on the equations of motion and the tyre forces play an important role. The 
trajectory can be influenced by user defined sequences. 

For the collision model there are two possibilities: a model describing a full impact and a model describing 
a sliding impact. The collision model assumes an exchange of the impact forces within an infinitely small 
time step at a single point that is called the point of impact. The model is based on equations considering 
the momentum transfer. This makes it possible to use vehicle models like in PC Crash, being single body 
models with a separate suspension model complementary, because the collision model does not need details 
about the stiffness of the vehicle body. 

To describe all models, PC Crash uses many input parameters. Some of these parameters can be set to a 
discrete value without any uncertainty, but for other parameters there is a lot of uncertainty about its real 
value. For these parameters it could only be possible to determine an interval of all possible values. Any of 
the values in these intervals has to be taken into account during the calculations. Doing this for all 
parameter intervals, PC Crash generates many different values for the output, for example the pre-impact 
speeds. Concerning the previous mentioned problem, it is impossible to generate one single solution with 
one hundred percent certainty. 

It can be said that the base of the simulation program PC Crash is relatively simple (the equations of motion 
and a collision model that relies on restitution rather than vehicle stiffness), but therefore reliable and 
robust. The sub models that are used, like the tyre models and the suspension model for example, make the 
model more detailed and better suitable for reconstruction purposes. This is because of the fact that more 
influences can be taken into account in the calculations. When it is possible to take into account all 
uncertainties with respect to the input parameters, PC Crash could be the right tool for professional traffic 
accident reconstruction. 
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1. PREFACE 

This report is written in the scope of a traineeship of three months at TNO Road-Vehicles Research 
Institute, section Crash-Safety Research and Development. During this traineeship, the computer program 
PC Crash has been analysed to validate the usefulness of this software in traffic accident reconstruction. 
This project has been done in co-operation with the Dutch Forensic Science Laboratory and TNO Road
Vehicles Research Institute. 
The aim of this project is to investigate the usefulness of PC Crash, a simulation program for vehicle 
accidents, for police investigation purposes. Because of the fact that TNO uses the PC Crash software in 
traffic accident analysis and wants to use it in future making a database of real traffic accidents including 
the circumstances and consequences (e.g. injuries) in the Netherlands ("in-depth" study), TNO is interested 
in this project. 

As mentioned before PC Crash is a simulation program for vehicle accidents. Dr. Steffan Datentechnik 
(DSD), a company from Linz, Austria, developed the program. This company is closely related to the 
technical university in Graz. 
The version of PC Crash that is used for this study is PC Crash version 4.2m (February '97) and 5.02j 
(April '98) and operates in combination with Microsoft Windows NT or Microsoft Windows 95. 
PC Crash makes it possible to reconstruct a vehicle accident quickly. Reconstruction is only possible when 
all relevant parameters of the accident are known (simulation). Since PC Crash is a scene based program, it 
is very important that all important marks and data are collected and archived very well. Although PC Crash 
is developed for simulating vehicle accidents, this program is widely used to make a reconstruction of an 
accident. The procedure followed to do this, is to define the post-crash position, known from the report 
made on the accident site, define the path from the tyre tracks in PC Crash and approximate the parameters 
describing the initial behaviour of the vehicles. This method is a trial-and-error method: try to fit the end 
positions of the vehicles as accurate as possible by changing the initial conditions, vehicle parameters and 
crash parameters. It is up to the user to give a judgement about the accuracy of the calculated simulation, so 
the use of PC Crash requires some expertise of the user. 
PC Crash can display the results in several ways, graphical and numerical. 

One of the most important matters in this project is that the accuracy of the results given by the simulation, 
is not known to the user. But in many cases it is important to know how reliable the calculated output is (for 
example the values of the pre-impact speeds). 
To determine the accuracy of PC Crash, the following questions have to be considered: 
• On what theory is the program based and which simplifications are made? 
• What is the influence of these simplifications on the output? 
• What input parameters are used and what is the tolerance of these parameters? 
• What is the influence of small variations in the input on the output accuracy? 

To answer these questions, the formulas used in PC Crash are analysed and the findings are published in 
Chapter 2. After the analysis of the equations, the input parameters are known. In Chapter 3 of this report 
the input parameters are listed and it is investigated which parameters can be set to a discrete value and 
which have to be varied over an interval to cover uncertainties. In Chapter 4 a crashtest is selected to 
validate the results and to investigate the influence of uncertainties in the input parameters on the 
calculations of PC Crash. 
At least, in Chapter 5 and 6 the conclusions and recommendations are made. 

5 



2. Models used in PC Crash 

In this chapter some important mechanical formulas are introduced, on which the models of PC Crash are 
based. The aim of this chapter is to inform the reader about the formulas and principles used in PC Crash, to 
understand and recognise its working. 
First the trajectory and collision model will be discussed. In paragraph 2.3 these models will be compared 
to the situation in real life accidents. After that, it will be shown how PC Crash models a vehicle. 
PC Crash is built according the following structure: the user defines the values of the parameters describing 
the initial conditions. With the use of one of the trajectory models (kinematic or kinetic model) the pre
impact path is calculated. The last calculated values on the moment of collision is the input of the collision 
model that describes the collision phase. The results of this calculation are the input of the trajectory model 
that now describes the post-impact path to the end positions. For a graphical representation see figure 1. 

Def. 
input 
para
meters 

Trajectory 
model 

Figure J: structure in PC Crash 

2.1 Trajectory models 

Collision 
model 

Trajectory 
model 

Calculated 
output 

PC Crash contains two models for the simulation of vehicle movement: the so-called Kinematics and the 
Kinetics model. The Kinematics model can only be used in two-dimensional analysis, where the Kinetics 
model can also be used for an analysis in three-dimensional space. Both models are based on Newton's 
Second Law. The main difference between the models mentioned previously is the Kinematics model does 
not take dynamic vehicle forces into account. 
The Kinematics model assumes a mean acceleration: 

a=B·J.l·g (I) 

The explanation of the symbols used can be found in the Nomenclature. 
In Appendix A the mean acceleration will be derived. In order to calculate the vehicle velocity, the 
following formula is used: 

v=vo +a ·M (2) 

As mentioned before, the Kinematics model assumes a mean acceleration. This is a major simplification, 
because for example all tyre characteristics will be neglected, but they play an important role in defining the 
trajectory of the vehicles. More specific, important simplifications in this model are: 
• the dynamic vehicle forces are not taken into account to determine the path of the vehicle 
• the local friction only influences the longitudinal tyre forces 
• the influence of the lateral slip angle is not taken into account 
• the resultant of the lateral and longitudinal tyre forces can exceed the local friction (there is no check 

built in) 
• the geometric radius of curvature is used if the vehicle is driving along a curve (dimensions of the car 

are not taken into account). 
Because of the simplifications above, this model is too inaccurate to be used in modem collision analysis, 
especially when the analysis report is used in court. This model can be useful to determine the pre-impact 
path of the vehicles by backward integration because of its simplicity. In this case the user has to be very 
aware of the shortcomings of this model when taking conclusions. But as said before, PC Crash contains 
two models. Next the Kinetics model will be discussed. 
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The kinetic model is a more detailed model. The block diagram in figure 2 illustrates how the model is built. 

Local co-ordinate 
system 

Global co-ordinate 
system 

r---------- Lateral slip angle 
Acc.!brake forces 

Lateral and longitudinal 
tyre forces 

1+--------- Optional external forces 
(tyre forces excluded) 

Translational and rotational 
acceleration of c.o.g. 

Translational and rotational 
acceleration of c.o.g. 

.. 

Velocity change and new 
co-ordinates of c.o.g. 

New tyre loads for 
all wheels 

Time step 
Equations of motions 

Model of 
suspension 

, 

........................................................................................................................................................ .1 

Figure 2: Block diagram Kinetics model PC-Crash 

The external forces, which are important for the movement of a vehicle, are: 

• the tyre forces, which can be subdivided into the normal tyre force (in z" -direction: due to the mass of 

the vehicle), the lateral tyre force (in y" -direction: causes sliding sideways) and the longitudinal tyre 

force (in x" -direction: acceleratinglbraking forces). 

• air resistance 
• gravity 
• trailer coupling forces 

In figure 3 the co-ordinate systems used to describe this model are introduced. 
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z y ' z' 

y 

Figure 3: the co-ordinate systems in PC Crash [Source: PC Crash manual} 

In the Kinetics model of PC Crash, the tyre forces act a major role in the calculations. The air resistance can 
be taken into account, but in most cases this force is negligible at speeds most accidents happen in 
comparison to the tyre forces of a braked or accelerated vehicle. The gravity is taken into account for 
situations where the vehicles are driving on a road with a certain slope (positive or negative) and for 
calculating Fz. The trailer coupling forces are of course only of interest in accidents in which one or more 
vehicles with a trailer were involved. 

As mentioned before the tyre forces fulfil an important role in determining the translational and rotational 
acceleration of the centre of gravity. Therefore the models that are used in PC Crash to calculate these 
forces are analysed, beginning with the lateral tyre force . Next the longitudinal and normal forces will be 
analysed. In PC Crash the user can choose between two models: a linear model and the TM-Easy model. 
First the linear model will be analysed. 

2.1.1 Lateral tyre force 

To determine the lateral tyre force, first the lateral slip angle (a) has to be considered. PC Crash uses a tyre 
model that marks two important values of the lateral slip angle. The first value is the value of the lateral slip 
angle at which the lateral tyre force reaches its maximum under rolling conditions. This value of the lateral 
slip angle is called <Xmax and reaches values of about 10- \2 degrees. In real tyres <Xmax is mainly dependent of 
the friction coefficient of the tyre/road contact, the tyre normal force, the tyre longitudinal force (braking or 
accelerating forces), the pressure in the tyre and the camber. PC Crash uses the following formula to 
calculate the maximum lateral slip angle (<Xm.x): 

a max =a~ax ' Il' [1-[~l2 (8) 
!l' Fzo 

In this equation, a~ax is a user defined value for a standard condition where Il = I and Fx" == 0 . 

The second important value of the lateral slip angle (a), is the value of which PC Crash assumes the tyre 
can be compared with a locked wheel. This value of the lateral slip angle can be calculated by: 

a == arccos[ Facc.l brake 1 (9) 
!l ' Fz" 

Now the special values of the lateral slip angle are identified, the lateral tyre forces can be specified. As 
mentioned before, the value of the lateral tyre force depends on the lateral slip angle. It is possible to 
discern three regions: 
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Region 1. : 0 ~ a ~ Urnax 
For a= 0: 

For a = Urnax: 

F ·· =0 y 

F .. =J.!.F ... [1_ [ FaCC.lbrake ]2: 
Y Z J.!·F .. 

Z 

(10) 

In between this two values of a (for 0 ~ a ~ Urn"x), PC Crash assumes a linear relationship: 

F .. =J.! .F ... [l_[FaCC./brake ]2].~ 
Y Z J.! F.. a max 

Z 

(11) 

Region 2 : a max <a<a=arccos[FaCC/brake: 
J.! · F ·· 

Z 

In this region, the lateral tyre force stays constant. The value of the lateral force in this region is 
given by equation (10). 

Region 3: a~arccos[FaCC/brake 1 
J.!·F .. 

z 

In this region it is supposed the wheel is locked. The lateral tyre force is defined as: 
F ·· =J.!·F " .cos(a} (12) 

Y z 

It can be concluded that in the model PC Crash uses, the lateral tyre force depends on the friction 
coefficient between road surface and tyre, the normal tyre force, the longitudinal tyre force and the lateral 
slip angle. 

In figure 4 the three regions described above are shown graphically. The red line in this figure indicates the 
lateral tyre force and the blue line displays the longitudinal tyre force, calculated in the next section of this 
paragraph. 

Normalised 
Friction 

Force 0.75 

0.50 

0.25 

o 

Reg 

I 
I 
II 

ion 2 

~ 
~ 

30 6q 90 

Lateral slip angle (degrees) 

Region 3 Region I 

Figure 4: lateral (red) and longitudinal (blue) tyreforce with the three regions [51 
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2.1.2 Longitudinal tyre force 

The magnitude of the longitudinal tyre force depends on the normal tyre force, the tyre longitudinal slip and 
the lateral slip angle and is also related to the regions described above (see figure 4). 

For region I and region 2, the longitudinal tyre force is: 

Fx" =Facc/brake (13) 

In these regions the wheels are still rolling. In region 3, the wheels are locked and from the lateral tyre force 
can be concluded that the longitudinal tyre force is: 

F" =Il' F" · sin (a) (14) 
x z 

2.1.3 Normal tyre force 

The normal tyre force, which acts in z" -direction (see figure 3), is due to the gravity and the mass of the 
car. PC Crash assumes one point of the tyre is making contact with the road and in this point of the tyre all 
tyre forces act. The normal tyre force can be calculated by the use of the suspension model. Therefore first 
this suspension model is introduced. 

The suspension model is defined in the global co-ordinate system and can be calculated from the position of 
the centre of gravity, the vehicle's rotation about the three rotation axes and the distance of each wheel to 

the centre of gravity. By definition, the z-co-ordinate of the tyre contact point (z") is zero in the global 
system, as long as the tyre is in contact with the road. For simplicity, PC Crash assumes the suspension 

stroke does not cause any displacement of the tyre contact point in the x'y' -plane. 

The total suspension travel can be calculated from: 
d j =d cg +d rot (15) 

In this formula, dcg is the stroke of the suspension that results from a vertical displacement of the centre of 
gravity of the vehicle: 

(cos (<1> y ) . cos (<1> y ' )) 

(16) 

In equation (15), drot is the stroke of the suspension due to a rotation of the vehicle in the <1> x and 

<1> y' direction. It can be calculated from the displacement of the tyre contact point in z' -direction with 

respect to the centre of gravity: 

(x; ,cos(<1>x )·sin (<1> y' )-y; ·sin (<1>J) 

drot = (cos (<1> x ). cos (<1> y' )) 
(17) 

Now the suspension model is known, the tyre normal force can be calculated. Because PC Crash assumes 

the wheels and suspension are free of mass, the tyre normal force in z' -direction can be calculated directly 
from the suspension travel and speed: 

(18) 

From this formula can be concluded that PC Crash assumes linear spring stiffness, This stiffness, and also 
the damping ratio, can be defined by the user for each wheel individually to take into account damaged 
dampers by example. Now the suspension model is introduced, the tyre normal force can be transformed to 

the z" -direction: 

(19) 
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It can be concluded that the suspension model in PC Crash is accurate enough for the purpose of accident 
reconstruction. In practice, the possibility to set the stiffness and / or the damping ratio for each wheel 
independently will not be used too often. This because of the fact that this kind of information is difficult to 
collect and the influence on the desired output (in many cases the pre-impact speeds) is low. 

The user can also select professor Rills TM-Easy tyre model in PC Crash. This model is a more detailed one 
that takes the tyre characteristics into account. This model has similarities with Pacejka's Magic Formula 
[9,10,15] . 

In general it can be said that the lateral slip angle of the tyre causes the lateral tyre force. The lateral tyre 
force increases with an increasing lateral slip angle, with a maximum depending on the tyre-road surface 
friction coefficient. Below the PC Crash window concerning the TM-Easy tyre model is shown. Five tyre 
parameters define the tyre characteristics: Fmax, F' lip, Fop, Smax, and S,lip' 

Tire model EJ I 
Generol TM·Eaay II-==========~=~ 

1.0 

0.75 

0.5 

0.25 

o o 

left front 

Longitudinal parameters 

. . 

Sma!(: 0.21 
1>1IIIIIIII-"1 

Ssfip: 0.5 
:""---..:.1 

- . ~ -----~ . - -------. -' --- - - . - _. - . -- . - -. -- -. -. --. -, . , , . . 

- ------ -~ --- - --- -- -. - --- ---_. .. ---- --- . -~ -. ---- .. --· . · . · . · . 

0.1 0.2 0.3 0.4 0.5 

OK Cancel 

Figure 5: TM - Easy tyre model in PC Crash 

The parameter Fm .. defines the top of the graph, the peak tyre force. In PC Crash the value is coupled with 
the friction coefficient, the maximum friction is this value multiplied with the specified scene friction 
coefficient. Smax is the value of the slip angle where this occurs . Fs1ip is the frictional force value for a sliding 
wheel, also coupled with the friction coefficient of course. S' lip is the value of the slip angle for which the 
tyre can be regarded as fully sliding. From this moment on, the tyre is sliding with a maximum frictional 
force value dependent on F' lip' The parameter Fop defines the slope of the graph in the origin. The slope 
becomes steeper when the normal tyre force decreases, the tyre width increases or the tyre pressure 
increases (15]. 
The parameters can be set for each wheel independently to take into account the tyre conditions of all 
wheels. In most cases however, it will not be necessary to define the tyre characteristics for every tyre 
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independently because of the fact that this characteristics will in most cases not differ too much. But in case 
that for example a flat tyre played an important role, this can be taken into account in the PC Crash 
simulation. 

After the tyre models available in PC Crash are introduced, it can be concluded that these models are 
accurate enough for traffic accident simulation. The default tyre model can be regarded as a simplification 
of the TM-Easy model. Therefore it is preferred to use the TM-Easy model, but in most cases the use of the 
simplified model will not introduce significant errors as long as the values of the parameters describing the 
model are detennined with an acceptable accuracy. In general it can be said that the TM-Easy tyre model 
better describes the real tyre characteristics, but that also more input parameters have to be known or 
estimated. 

2.1.4 Equations of motion 

If all external forces affecting the vehicle are known, the equations of motion can be used. These equations 
of motion are based on Newton's Second Law (equation (1». Newton's Second Law written in components 
gives: 

.. LF x= __ x 

m 

.. LFy 
y=-

m 

m 
The conservation of the moment of momentum results in: 

L=Be ·O)+O}xBe·O} LM 

(20) 

(21) 

(22) 

(23) 

In this equation Be defines the mass tensor for the vehicle about its centre of gravity. This tensor is 
calculated in the vehicle-related co-ordinate system. 

[ 

I . 

Be = -I:.y' 

-I " xz 

-I .. 
xy 

I . 
y 

-I " yz 

-I "1 xz 

-I " yz 
1 . 

z 

(24) 

Because the orientation is chosen so that the y' -axis is the so-called main-axis of the vehicle, 1 . . = 0 xy 

and I .. = 0 . PC Crash assumes also that 1 .. = 0, because the centre of gravity of most vehicles does not yz xz 

differ greatly from the centre of the vehicle and the mass distribution in the longitudinal direction is 
relatively symmetrical. The matrix (24) can thus be given by: 

[

I. 0 0 ] 
Be = 0 I· 0 y 

o 0 I. 
z 

(25) 

So, the equations have become uncoupled and thus can be solved independently. Equation (23) written in 
components gives: 

I 'O}x' =LM ,-1"0} "0}, +1 "O}"O}, (26) 
x x z y z y y z 

I ' 'O}y' = L M ' - I , . 0} , . 0} , + I , . 0} , . 0} , (27) 
y y z x Z x x z 

I ' ·O}z' = L M , - 1 , . 0} , . 0} , + 1 , . 0} , . 0} , (28) 
z z y x y x x y 
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For integration of the equations of motion, PC Crash uses an explicit Euler method. The user can choose the 
magnitude of the integration time step that is used in this method. 

The frrst step of the solution procedure is to calculate the acceleration of the centre of gravity from equation 
(20), (21) and (22). The new velocities of the centre of gravity can be calculated from the following 
relationships: 

i (t + At)= i (t)+ x· At 

Y (t+ At)=y{t)+ Y ·At 

~(t+ At)= ~(t)+ ~·At 

Integrating these three equations gives the new position of the centre of gravity: 

x (t + At)= x (t)+ ~ (t). At +t· x ·At 2 

y{t + At)=y{t)+ Y (t)- At .y. At2 

z(t + At}=z{t}+ ~{t).At 
, 2 

-z-At 
The solutions have to be transformed to the local co-ordinate system. 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

In the same manner the new angles of the vehicle can be calculated. The components of the angular 
acceleration vector in the vehicle-related co-ordinate system can be calculated from: 

. (LM,-I,'O>"O>'+I.'O>"O>') 
O>x' = L x z y z y y z 1 (35) 

I , 
x 

( LM ,-I, -0> ,'0>, +1 . -0> ,-0>, I 
_ y z x z x x z 1 

I , 
y 

(LM. -1 ,-0>,'0>. +1 "0> ,'0> ,') 
0>; L z y x y x x yl 

I , 
z 

(36) 

(37) 

From these equations, the angular velocities can be calculated by integrating the angular accelerations in the 
vehicle-related co-ordinate system: 

$x' (t+At)=o>x' (t+At)=o>x' {throx' (t).At 

$y' (t+At)=o> ' {t+At)=o> ,{t}+o>y' {t)-At 
y y 

$z' (t+ At)= O>z' (t+At)=o>z' {t)+roz' {t).At 

The new angles can be calculated by integrating equations (38), (39) and (40): 

III x' (t+At)=lIlx' (t)+o>x' (t)-At+t-wx' (t)-At2 

III ' {t+At)=1Il ' (t)+o> ' (t).At+-2
1 .roy' (t)-At 2 

y y y 

III z' (t+At)=1Il z' (t)+o>z' (t).At+t-o>z' (t)-At 2 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

The results of the equations above have to be transformed to the global co-ordinate system. 
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It can be concluded that the method PC Crash uses to calculate the trajectory, being integrating the 
equations of motion, is a straightforward but effective one. The external forces in these equations are 
calculated with the use of the tyre models mentioned previously. These models were also considered to be 
accurate enough for traffic accident simulation purposes. 
So, fmally it can be concluded that the trajectory model in PC Crash is suitable for an accurate enough 
calculation of the pre crash path and (after using the collision model (see paragraph 2.2) the post crash path. 

2.2 The collision model 

PC Crash uses a collision model that is first described by Kudlich and Slibar in 1964 [3]. The model is a 
two or three-dimensional impact model (both available in PC Crash), which relies on restitution rather than 
vehicle crush or stiffuess coefficients. In this model only the integral of the force-time curve (the momentum 
transfer) is considered. The model assumes an exchange of the impact forces within an infmitely small time 
step at a single point: the impulse point. 
The model contains two collision types: full impacts and sliding impacts. In this context, full impact means 
an impact in which a common velocity is reached in the contacting area of the two vehicles. Sliding impact 
means an impact where no common velocity is reached (the vehicles are sliding along each other). 

The collision model of PC Crash is defined in a local co-ordinate system which is originated in the impulse 
point (see figure 6). 

Figure 6: co-ordinate system in collision model [source: PC Crash manual] 

The co-ordinates are separated into components that are tangential and normal to the defmed contact plane 
between the vehicles. 

The tangential component and the normal component of the velocity of vehicle 1 at the impulse point are: 
Vn =VTcgl +wz) ·n) (44) 

VNI =VNcgl +wzi ·tl (45) 

The numbers in the subscript refer to the vehicles (here: vehicle 1). The same equations can be formulated 
for vehicle 2 (the collision partner). Then, the components of the relative velocity between the two vehicles 
at the impulse point can be formulated: 

~=~-~ ~~ 

The balance of momentum for both vehicles is given by: 

ml . (V~Cg) - VTcgl )=T 

ml . (V~Cgl - VNCg))= N 
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(47) 

(48) 

(49) 



m2 .(V~cg2 -VTCg2 )=-T 

m2 '(V~cg2 VNCg2 )=-N 

The balance of angular momentum is: 

(50) 

(51) 

IZI·(ro~!-rozJ::T.nl-N.tl (52) 

Iz2 . (ro~2 -roZ2 )= T· n2 - N . t2 (53) 

When combining these equations, the change of the relative velocity for the vehicles at the impulse point 
can be calculated from the following equations: 

VT-VT = -+-+-+- ·T- -+-·N , [1 I nl
2 

n/j [tl.n l t 2 .n2 ) 
m! m2 lzl IZ2 lzl Iz2 

(54) 

VN-VN = -+-+-+- ·N- -+-·T . [I 1 t/ t/l [tl ·nl t2 .n2 ) 

ml m2 IzI Iz2 IzI Iz2 
(55) 

From here the solution procedure is dependent on the situation: full impact or sliding impact. For these 
situations, other assumptions and definitions have to be made to be able to solve the equations mentioned 
above and to calculate the post-impact velocities and rotations. First the full impact will be considered. 

2.2.1 Full impact 

As mentioned before the collision model PC Crash uses, relies on restitution rather than vehicle stiffhess. In 
this context the coefficient of restitution has to be introduced. Due to elasticity of the vehicle structures, the 
vehicles will separate after the collision. The coefficient of restitution is defined as ratio between restitution 
momentum and compression momentum. In formula form: 

PR E=- (56) 
Pc 

This coefficient of restitution is user dermed and has a value between 0 and 1. When the coefficient of 
restitution is one, the collision is totally elastic. In practice, this will never happen. In the theoretic case that 
the coefficient of restitution is zero, the collision is totally plastic. This will also never occur in real life 
accidents. In practice the coefficient of restitution has a value between 0.1 and 0.3 in car accident analysis. 
In general it can be said that the more the vehicles are damaged the lower the coefficient of restitution is, 
thus the more the collision acts like a totally plastic collision. For cases in which the vehicles are hardly 
damaged, the coefficient of restitution can reach values up to 0.8, but in such cases there is generally no 
need for a collision analysis. 
The total momentum can be calculated from: 

P=Pc +PR =Pc .(l+E) (57) 

A full impact was dermed as one in which there is no relative movement between the vehicles at the impulse 
point at the end of the compression phase. PC Crash uses for the exchanged momentum in the tangential 
and normal directions, respectively 

V 
[

tl'nl t2.n2) 1 1 tl2 t/ 
N' --+-- +VT · -+-+-+-

Izl Iz2 ml m2 Izl Iz2 
~ ~~ 

( tl ·nl + t2 .n2 )2 _[_1_+_1_+ n/ + n/ 1·[-1-+-1-+~+ t/ 1 
\ Izl Iz2 m l m2 IzI Iz2 m l m2 Izl Iz2 
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2 

V 
[

tl'nl t2,n2) 1 1 n,2 
T' --+-~ +VN · ~+-+-

IzI Iz2 m 1 m1 I z' Iz2 
Nc=-------~~------~--~------------~--~(59) 

_[_1_+_1_+ nl
2 + n/ ).[_1_+_1_+.!.L+ t/) 

Izl Iz2 m, m2 Izl Iz2 m, m2 Izl Iz2 

From equation (57) the components of the total exchanged momentum can be calculated from: 
T=Tc ·(l+c) (60) 

N=Nc .(l+c) (61) 

2.2.2 Sliding impact 

In opposite to full impact, in a sliding impact the two vehicles will never reach a common velocity at the 
impulse point during the impact. For this case, PC Crash assumes that there occurs no relative movement 
between the vehicles at the impulse point at the end of the compression phase in the direction normal to the 
contact plane. Equation (59) and (61) can thus be used in order to calculate the total exchanged momentum 
in the normal direction, 
Furthermore, PC Crash assumes in sliding impacts an inter-vehicle friction coefficient (Ilv), such that 

T=Jlv'N (62) 
In case of a sliding impact, the user has to defme a contact plane, along which the two vehicles slide. The 
impulse point has to lie in this plane. 

From this and the previous paragraph, it can be concluded that by introducing the coefficient of restitution a 
very difficult part in the collision model is prevented, being the determination of the stiffuess of the 
collision partners. Introducing the coefficient of restitution makes it no longer necessary to know the exact 
stiffuess of the bodies of the cars. Determining the stiffuess of that part of the vehicle that was crushed in 
the accident is a very difficult and a nearly impossible job to do for all car models. Using a rather simple 
model like this one based on restitution makes it possible to model the collision phase without the need of a 
very big database with coefficients of stiffness of different locations on the body of all vehicles. All 
different values of the stiffuess of the vehicle body are replaced by one single value for the coefficient of 
restitution for a certain collision. It can be said that this simplification does not cause higher order errors in 
comparison to a stiffuess based calculation procedure [5]. 
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2.3 Calculations versus reality 

The formulas used in the reconstruction process of car accidents introduce several assumptions. This 
implies that there will be a difference between the real life accident and the calculated reconstruction. In 
general this error is permitted, because of the fact that there are simply no better methods available for 
reconstruction purposes of traffic accidents. The real life case has to be transformed into theories describing 
the mechanics and kinetics with regard to collisions. But it is important that the reconstructor of the accident 
is aware of the assumptions he made by using the calculation tools and takes them into account while 
regarding the results. In the picture below, the typical phases during a collision between two vehicles are 
shown schematically. On the right the typical graphs are shown that are measured in crashtests and that are 
calculated by the collision model based on momentum. The numbers in the graphs refer to the collision 
phases. 

Figure 7: Real collision versus momentum based collision model [3J 

From this figure it is clear that the assumption of a point of impact in which all forces act and energy is 
transferred is not quite right. During the whole penetration phase the energy is transferred (the force is 
acting), but because of the fact that duration of the physical collision is very short, the assumption of a point 
of impact will produce acceptably small errors. 
The simulation model of PC Crash is built from many varying models, more or less describing reality, with 
interaction. The trajectory model, which contains a tyre model and a suspension model for example, 
interacts with the collision model and so on. In each of these models assumptions are made to approximate 
reality. Now, it can be easily understood that the output that is a result of the input and the models used, will 
also only be an approximation of the real case. With other assumptions or slight different input values each 
output can differ from the previous calculated output (also see chapter 3 and 4). 
It is very difficult to quantity the errors made by using a certain model, but it would be very interesting to 
do. The difficulty is among other things that the error can depend on the situation that is investigated. An 
assumption or a slight different estimation of an input parameter might not influence the output in one case, 
but can have a quite big influence in another simulation of a traffic accident. In chapter 4 some input 
parameters of the test case are slightly changed to check the influence on the pre-impact velocity and the 
error in the rest position calculated by PC Crash. In other words a sensitivity analysis for one particular 
situation is made. 

In this stadium it can be concluded that the models used in PC Crash are satistying, but the user has to be 
aware of the reliability of the models in the investigated particular case. 
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2.4 Vehicle model 

To simulate a vehicle collision in PC Crash, the program uses information about the vehicles involved. This 
information is used to give dimensions to the single body model of which the vehicles in PC Crash consist. 
PC Crash contains several databases in which this information is stored. These databases contain 
information about passenger cars as well as trucks, trailers, caravans, coaches, etceteras. In Appendix C an 
example is shown of the kind of information that is saved in the database . If a vehicle is involved that is not 
available in the database, the user can define a vehicle himself. The information that at least has to be 
known for a good calculation of the trajectory and collision, are the dimensions including the position of the 
centre of gravity, the mass and the moments of inertia. Below the input window of PC Crash to define a 
vehicle is shown. PC Crash is also suitable for multibody model calculations, but this will increase the 
calculation time considerably. And there are no multibody systems available for all cars in the database, but 
just for one or two. And in most cases the single body model gives satisfying results. 

x 

. lilii'iiiYfiU 
WOAD .Scorpio 2.9 \ Ghi& 
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I.woaII< ~ m 

r:n-m 

-
OK 

Figure 8: Input window "vehicle data" {Source: PC Crash] 

The moments of inertia are calculated by the program itself, but can also be defined by the user. If the 
height of the centre of gravity is zero, the program uses the two dimensional model for the simulation. Only 
the yaw angular moment of inertia is calculated in that case (see figure 8). The formula that PC Crash uses 
to calculate this moment of inertia is : 

I zz = 0.1269 . m . WB ·1 

Ixx =0.3 · Izz 
I yy =l zz 

(yaw) 

(roll) 

(pitch) 

(63) 

(64) 

(65) 

This simplified formula to calculate the moment of inertia is derived by Burg (1982) and is (among other 
estimation methods) widely used in collision analysis for calculating the moments of inertia for passenger 
cars approximately [17]. For the approximation of the moments of inertia for trucks the formula for 
homogeneous solid beams is used. Because PC Crash assumes that the overall width of a truck is similar to 
its height, the roll, pitch and yaw moments of inertia for trucks are respectively: 

2 2 
(roll) (66) I =-·m·W 

xx 12 

1 ( 2 2 ) I =-·m· L +W yy 12 (pitch) (67) 

I zz =I yy (yaw) (68) 
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From a study of Macinnes Engineering associates it is known that the roll moment of inertia that is 
predicted with use of the Burg estimation formula has an error less than about 10 % with 68 % confidence. 
For the other moments of inertia this error can be larger, but in accident reconstruction with PC Crash these 
moments of inertia playa minor role. From the same study it is known that if the estimated value for the 
yaw moment of inertia includes an error of about 10 % in comparison to the real moment of inertia, the pre
impact speeds will vary less than about 1 %. Variations in the roll and pitch moments of inertia have even 
less influence on the calculated pre-impact speeds. An error of about 30 % in the yaw moment of inertia will 
cause an error of about 3 % in the calculated pre-impact velocities. So, from this it can be concluded that 
estimating the moments of inertia with the previous mentioned formulas will not cause any significant error 
and thus can be done safely. 

In Chapter 3, the input parameters describing the vehicles are listed. 
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3. INPUT PARAMETERS PC CRASH 

The input parameters are very important for a good reconstruction/simulation of the traffic collision. If the 
input is not correct, the output can not be correct either although it may seem rather good. 
Because the input is that important, in this chapter the input parameters are listed. Because there are several 
kinds of input parameters in PC Crash, the input parameters are divided into different categories: input 
parameters for modelling the vehicles and input parameters for the trajectory and collision simulation. After 
the input parameters are known, the possible values of these parameters will be discussed: which values can 
be determined exactly, which can only be estimated within a certain range and which parameters are of 
major importance for reconstructing a traffic accident? 

3.1 Input parameters listed 

In this paragraph the input parameters will be mentioned in categorised order. First the input parameters 
which are important for modelling the vehicles and afterwards the parameters considering the trajectory and 
collision simulation in PC Crash. 

3.1.1 Input parameters for modelling vehicles 

For modelling the vehicles PC Crash uses several kinds of information. First PC-Crash uses the parameters 
that describe the geometry of the vehicle mentioned. This input can be determined relatively precise, 
because the geometry can be measured for an available identical model. Otherwise, the geometry can be 
found in technical reports of the model considered. 
PC Crash has two databases with vehicles. Although these databases contain many different vehicles, the 
opportunity to create a vehicle by the user is left. It is worthy to check the data of a certain vehicle in the 
database on liability. Not all data are present in the file of the database for each vehicle. In most cases the 
centre of gravity of the vehicle is not (exactly) known, although this is of major importance while PC Crash 
uses this point for the calculations. In this case PC Crash assumes a 50%-50% length ratio and a height on 
street level (z = 0). The user can also define another location of the centre of gravity. 
Other data the program uses to model the vehicles, are the suspension properties. For every wheel the 
suspension properties can be set independently by the user. This information is very difficult to collect, and 
is because of wear and uncertainty about the components that are used only known after good 
measurements. PC Crash contains a window where the user can select several default settings for the 
suspension parameters: stiff, normal and soft. PC Crash uses these data to calculate the positions of the 
wheels in the global co-ordinate system with the formulas presented in chapter 2. 
In the collision model the simulations of PC Crash are based on, the mass of the vehicles involved are of 
major importance (see also chapter 2 for the formulas used). The mass has to be defined as good as 
possible. The parameters of the program to influence the vehicle mass are listed in the table below under the 
title "Occupants & Cargo". In the window "Vehicle geometry" the user can also change the vehicle mass it 
self. 
Other information that is used to model the trajectory of the vehicles, is the information about the engine 
and drivetrain and the rear brake distribution. In table 1, these variables are listed. 
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Track axle 2 [m] 
Track axle 3 [m] 
Type Automobile 1 Truck 1 Wall 1 Tree 1 Motorcycle 1 

Unsteered trailer 1 Steered trailer 1 Semi-trailer 1 
Passenger 1 Tramway 

Weight [kg] 
Distance of c.o.g. from [m] 
front axle 
Centre of gravity height [m] 
Moment of inertia (Yaw) [kg.m2

] 

Roll moment [kg.m2
] 

Pitch moment [kg.m2
] 

ABS On/off 
ABS delay-time [s] 

Suspension properties: .. .-

Stiffness I) [N/m] 
Dam..Qin~l) [Ns/m] 
Suspension properties Stiff 1 Normal 1 Soft 

Tyremodel: 
Model selection2

) Linear 1 TM-Easy 
Max. lateral slip angle3

) j 0 ] 
Points on curve4

) 

Tyre diameter jmm] 
Lateral spacing [mm] On 1 off 
Tyre dimensions \3"-\451 \3"-\551 \3"-\55170/13"-\65/13"-

165170/13"-\75170/13"-185170 
14"-\751701 14"-185/601 14"-185/651 14"-185170 
1 14"-195/60 
15" -\95/50 1 15"-195/65 1 15"-205/60 

Occup~ts & cargo: 
" 

Front occupants [kg] 
Rear occupants [kg] 
Roof cargo [kg] 
Trunk cargo [kg] 
Rear brake distribution: 

Rear brake force Points on curve 
Engine & drivetrain: ""'-

Max. engine power [hpj 
Engine speed [rpm] 

Max. vehicle speed [km/uJ 
Max. engine speed [rpml 
Efficiency 1%] 
Drive mode Front wheel drive 1 Rear wheel drive 1 Four wheel 

drive 50% - 50% 1 Four wheel drive 30% - 70% 
Number of gears \/2/3/4 /5/ 6 
Transmission ratio ' s [-] 
Axle ratio [-] 
Torque diagram type Normal 1 Sport 1 Diesel 1 Turbodiesel 
Engine torque diagram Points on curve 

I) These parameters can be set for every wheel independently 
2) The tyre models will be discussed in Chapter 2 
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3) Input when the linear tyre model is selected 
4) Input when TM-Easy is selected (see paragraph 2.1.3) 

Table J: input parameters describing the vehicles 

In Appendix B, an arbitrary data file of PC Crash's car database is presented. The user can modify all data 
in this file. The vehicles are modelled as one body in the calculations. Modelling the vehicle by a multibody 
model is also possible (see paragraph 2.4). 
It can be concluded that the vehicles can be modelled very detailed, if all information is known or can be 
measured. Furthermore the errors in the output caused by modelling the vehicles as single bodies are higher
order errors. This means that the vehicle models will not cause significant errors in the output of PC Crash, 
if the data used to model the vehicles are right. 
In practice, it is very difficult to collect the precise values of the parameters needed to run a reliable 
simulation. As mentioned before, some of the parameters listed in table 1 can be determined relatively 
precisely (the first ten parameters listed in table I). The others (the parameters with multiple choice 
excluded) can only be determined or estimated within an interval. For example, the mass of a car involved 
in an accident is between 1337 kilograms (empty weight of the vehicle) and 1500 kilograms (taken into 
account the weight of accessories and fluids, etceteras). From this it can be concluded that there are many 
possible values for the weight of the vehicle, namely every value in the interval mentioned, and so are for 
many other parameters in PC Crash. It is easy to understand that the results of the simulation will vary with 
different values of these parameters. For some parameters a change in the magnitude has more influence 
than for others. It is very important that the user takes this into account when evaluating the results of the 
simulation. Therefore a simple sensitivity analysis has to be done. 
In the last column of the tables in this chapter, there is a symbolic sign ([ .. , .. ] represents an interval) if the 
parameter can lie within a certain range, or with other words, if it is impossible for the user to set this 
parameter to a concrete value with enough accuracy. In paragraph 3.2 this will be discussed further. In 
chapter 4 a sensitivity analysis is done for the test case. 

3.1.2 Input parameters collision model 

Next, the input parameters of the collision model are summed up. In the table below the input parameters 
and other variables, which do not directly refer to the vehicles that are involved in the collision, are listed. 

~~:4:~~~~r ~ ~~~ i.illlli~ 1 "l1llii~~~:'l'~-~-~'ft~~t '* ~,~ y 

)" .. ~!;,&~"''''''' <~j "'" I~. _"' __ ".~,. ~""'~"~"W~~'t:='IXoO...ii""":::,c "''" .... ,._, ~ ':~:Ull:r~~ill:.:. 
Sim~llltion parameters: 

Clip point of impact On / off 
Crash detection On / off 
Depth of penetration [ms] o / 15 / 30 / 45 / 60 
Save interval [ms] 15/60/300 
Auto calculation On / off 
Max. simulation time [s] 1 / 2 / 3 /4 / 5 / 10 / 15 /20 !Infinity 
Integration step rms] 5/10/15 
Automatic calculation of On / off 
secondary impacts 
Parameters for secondary On / off 
impacts same as for 
primary collision 
Coefficient of restitution [-] 
of secondary impacts 
Separating velocity of [km/h] 
secondary impacts 

.Cmh.simulation: 
, 

" -
Pre-impact velocities [km/h] [ .. , .. ] 
Equivalent Energy Speed [km/h] On / off [ .. , .. ] 
(EES) 
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Separating velocity [km/h] On / off 
Coefficient of restitution [-] On/off J., .. ] 
Inter vehicle friction 

[ -] [ .. , .. ] 
coefficient 
X-co-ordinate point of [m] [ .. , .. ] 
impact 
Y -co-ordinate point of [m] [ .. , .. ] 
impact 
Z-co-ordinate point of [m] [ .. , .. ] 
impact 
Angle co-ordinate system [0] [ .. , .. ] 
in point of impact 
Auto calculation of On / off 
secondary impacts 

Positions 
" 

(for each vehicle): 
Intermediate position 
Rest position 

Initial conditions 
' ' 

(for each v~hicle): 
X-eo-ordinate centre of [m] [ .. , .. ] 
gravity 
Y -co-ordinate centre of [m] [ .. , .. ] 
gravity 
Height of centre of [m] [ .. , .. ] 
gravity 
Velocity [km/h] [ .. , .. ] 
Velocity direction [0] [ .. , .. ] 
Velocity in z-direction [km/h] 1-, .. ] 
Yaw angle [0] [ .. , .. ] 
Roll angle n [ .. , .. ] 
Pitch angle [0] [ .. , .. ] 
Yaw velocity [rad Is] 1 .. , .. ] 
Roll velocity [rad Is] 1 .. , .. ] 
Pitch velocity [rad/s] 1-, .J 

Path anchor: 
Vehicle anchor point COG / LF / RF / LR / RR 

Simulation: 
Simulation model Kinematics / Kinetics 
Integration time step [ms] 0.1/0.5/1/5 
Stop at low energy On / off 
Max. simulation time [s] On / off 
Manual simulation stop On / off 

Table 2: simulation input parameters of PC Crash 

To simulate a vehicle accident with PC Crash, the user has to defme the motion sequences of the vehicles 
involved. This means that the user has to define if the vehicle was for example accelerating or braking or 
the vehicle was taking a tum. This kind of information is collected in the window "Sequences" in PC Crash. 
In the table below the input of this window will be presented. Although this input is of major importance for 
a good simulation if the user is also interested in the pre-crash path (for example in case of an avoidance 
study), this kind of information is very difficult to collect and only experience with accident analysis can 
help the user collecting the right input. In practice, the user has to deal with statements of the driver or 
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eyewitnesses like "the car was breaking heavily just before the cars crashed" or "the red car was making a 
sharp turn when the accident happened". It is left to the user to translate these vague statements to concrete 
values in PC Crash. It can be easily understood that this is a very difficult matter, but as said before it is 
very important for a good and reliable analysis to do this correctly. In most cases, the user can only 
determine (or often estimate) the minimum and maximum values in between the realistic value will be. So, 
the user has to deal with an interval in stead of a concrete value for a certain input parameter of PC Crash. 

The user can chose between the input given in distance or in time 
2) PC Crash uses data from the "Engine / Drive train" window when "on" is selected 
3) This data can be defined for every wheel independently 

Table 3: Parameters describing the vehicle behaviour during crash simulation 

3.2 Input intervals 

In paragraph 3.1 it was mentioned that it was not possible to determine the exact value for all input 
parameters. In the last column of each table a selection is made of parameters for which it is important that 
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the user takes into account the uncertainties in determining its value. In this paragraph this selection is 
further motivated and discussed, in the order of the parameters in the tables in the previous paragraph. 
The first parameter that includes uncertainties about its value is the wheelbase of the vehicles involved. The 
wheelbase can become shorter due to the damage from the collision. For example the user can notice from 
pictures of the damaged car that the wheelbase is shortened, but the exact value of this shortening is 
unknown. In this case it is only possible to determine the value of the wheelbase within a certain range with 
the original wheelbase of the car as maximum. The true value lies in this interval, but is not exactly known. 
Important is that the interval is selected so that it is as small as possible, but large enough to be certain that 
it is impossible that the real value is out of the intervaL This is a general rule that holds for all of the 
following parameters. 
The next parameter that can only be known within an interval is the mass of the cars involved. In the 
previous paragraph this was mentioned before. The mass of the car can differ from the mass on the 
registration papers, for example due to later built in accessories, contents of the fuel and oil tanks, etc. 
The location of the centre of gravity plays an important role in the calculations and is dependent of the mass 
distribution and the shape of the car. The location of this centre of gravity can only be estimated since it can 
not be measured easily. Because of the fact that it is only an estimation, the user has to take into account the 
uncertainties about this value, for example by defining a space wherein the centre of gravity must lie. PC 
Crash however assumes that the centre of gravity is on the central longitudinal axis. 
The moment of inertia is calculated with use of formula 63 - 68 and depends on the mass, the wheelbase and 
the length of the car. Besides the fact that the mass and the wheelbase are not exactly known (see above), 
the moment of inertia is calculated with a formula that only approximates the real value. It is a 
simplification that introduces an error in comparison with the exact calculation. As mentioned in paragraph 
2.3, this error is about 10 % for the most important yaw moment of inertia. This error can be taken into by 
introducing an interval with a minimum value that is about 10 % less than the calculated moment of inertia 
and a maximum value that is 10 % increased. For the roll and pitch moments of inertia the same procedure 
is valid, but with a somewhat larger interval (±30 % accuracy). But in most cases these movements in the 
tird dimension are of minor importance in comparison to the movements in the xy-plane, so its influence on 
the calculated pre-impact velocities is little. 
The next parameters that are of interest in this context are the masses added to the empty mass of the cars, 
such as the mass of the occupants and the mass of the trunk cargo. These masses are also not exactly known 
in most cases, but can influence the location of the centre of gravity as well as the moments of inertia and 
thus important to take into account. 
Now the input parameters describing the vehicles that are important to vary are discussed. The reader might 
have the idea that, looking to the table in the previous paragraph, there are more input parameters in the 
table that will not be known exactly. That must be confirmed, but for the purpose of reconstructing a traffic 
accident on a manner the Forensic Laboratory and TNO Roadwvehicles Research Institute prefer, namely 
starting at the collision (see also chapter 4), the other input parameters are of minor interest. So, it is not 
necessary to take the uncertainties in these values into account. 

Now, the simulation parameters in table 2 will be discussed, starting with the pre-impact velocities. Of 
course this parameter is not exactly known in most cases. This is in general the reason for simulating the 
accident. In fact, the user is interested in these pre-impact speeds. But because of the fact that PC Crash is 
from origin a simulation program, the pre-impact speeds are one of the most important input parameters for 
the calculation. The solution for this contradiction is to vary these pre-impact speeds and register for which 
values of the pre-impact speeds the program gives satisfactory results. So, the user has to determine an 
interval of (possible) pre-impact speeds for each vehicle involved, of what the real pre-impact velocities 
take part. 
The coefficient of restitution is correlated to the damage of the cars involved. It describes what part of the 
collision is plastic and what part is elastic (also see paragraph 2.2.1). In practice it is impossible to 
determine the exact value of this coefficient. It is only possible to estimate the coefficient of restitution: is it 
relatively high (more elastic thus lower plastic deformation (read: damage)) or relatively low (major 
damaged vehicle(s». So, once again it is only possible to determine a range within the correct value has to 
lie. 
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The inter vehicle friction coefficient is an important value in case of a sliding impact. This parameter can 
also only be estimated and that implies uncertainties that can be taken into account by defming an interval in 
stead of one single value for this parameter. 
In order to calculate the collision, the user has to defme a co-ordinate system with its origin in the point of 
impact. As mentioned before, this point of impact is the (imaginary) point in which the vehicles reach 
common velocity; PC Crash assumes all collision forces will act in this point. This point is by 
approximation the point at the end of the compression phase, just before the vehicles will separate. In this 
moment the physical damage consists of plastic deformation, but also elastic deformation. From the pictures 
of the damaged cars (or the damaged cars itself), only the plastic deformation can be measured. The elastic 
part has to be estimated. The location of the point of impact can thus also only be estimated. In many cases, 
the location of the point of impact has to be determined by a trail-and-error method: do the vehicles intend 
to move in the direction of the rest positions when laying the point of impact on a certain position? 

The reason to analyse most traffic accidents is to learn more about the initial conditions of the cars: what 
happened exactly at the accident scene? For this reason it is trivial that the initial conditions, such as the 
vehicles velocities in all directions and their exact positions and directions at the moment of the impact, of 
the cars involved are not exactly known. For this reason the user has to create intervals with all possible 
values for these input parameters. Most important are the input parameters that deal with the movements in 
the xy-plane (2D). 

The input parameters describing the sequences are listed in table 3 of the previous paragraph. The 
sequences describe the behaviour of the cars. Were the vehicles accelerating, steering or braking for 
example? The most of these sequences refer to the pre-impact phase. In general the simulation in PC Crash 
starts at the impact, so most of the parameters describing the sequences are only of interest when running a 
backward simulation. The only parameters that are of interest are the steering angle of the axes, the braking 
factors and the friction coefficient. The braking factors can be determined for all wheels independently. 
With these braking factors, the user can for example take into account the damage that (partly) prevents a 
wheel from turning. The braking factor of such a wheel can only be estimated, so these parameters can also 
only be determined in an interval. The steering angle of the front axle can be the result of a steering action 
of the driver, but can also be the result of the damage caused by the collision. This steering angle is also a 
parameter that can only be estimated and therefore it can also better be given in an interval with all possible 
values. 
In table 2 of the previous paragraph the Equivalent Energy Speed (EES) is also noted as an input parameter 
which is only known within a certain range. This needs some extra explanation, because the Equivalent 
Energy Speed is not an input parameter like the above-described parameters. The Equivalent Energy Speed 
is a kind of check value for the calculation. The program calculates the total deformation energy and 
distributes this energy to the vehicles involved. The Equivalent Energy Speed is defmed by the formula: 

m'EEs2 

~= 2 ~ 

PC Crash calculates deformation distances and following these deformation distances and according to the 
mass distribution it distributes the deformation energy: 

With the total deformation energy written as: 

ml . EESt m2 . EES~ 
WD= 2 +--2--=-
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Since PC Crash uses a rather simple model to calculate the deformation distance of the vehicles, the user 
might prefer to distribute the total deformation energy to the vehicles by setting one of the Equivalent 
Energy Speeds to a certain value. This value can be determined for example by comparing the damage of 
the vehicle with photos in the PC Crash EES database. PC Crash will calculate the other value from 
dependence: 

_ 2'WD-m\'EES? 
EES2- (73) 

m2 
It is clear that it is not possible to determine the exact value of one of the Equivalent Energy Speeds, 
because the method to determine its value is much too inaccurate, regardless of the method used. In this 
sense the EES value can be seen as an input parameter which can only be determined within a certain range. 
But when the user chooses to set the Equivalent Energy Speed of a vehicle to a certain value, he has to keep 
in mind that he does not influence the total deformation energy (this value is calculated by PC Crash) but 
only the distribution of this energy. So in fact by setting one Equivalent Energy Speed, the user defmes the 
Equivalent Energy Speed of the other vehicle too (by dependence: see formula 73). 

From the previous it is clear that many parameters are not exactly known, but can only be given within a 
range. Each value in this interval is a possible value for the input parameter. So if the user wants to 
investigate the traffic accident and give reliable results, he has to run the simulation in PC Crash for all of 
the values in the interval and for all possible combinations. The result of these calculations can give more 
insight in the real accident and the possible pre-impact velocities. 
The method described above is very time consuming and the advantage of programs like PC Crash is that it 
costs little time to investigate an accident. But selecting just one arbitrary value for each parameter can give 
misleading results and is easy to reject when a case is judged in court. This means that it is easy to present 
different results, depending on the selection of the values of the input parameters. And it can not be said that 
one of these solutions is more correct than another, as long as the values of the input parameters selected lie 
within the interval for each parameter. 
It can be concluded that if a good reconstruction of a real traffic accident is needed, all the possible 
uncertainties have to be taken into account in the calculations. And this will not result in one single answer 
for all questions concerning the accident, but it will result in a range of possible solutions with regard to the 
traffic accident given. Repeated PC Crash runs with changing values for the input parameters, randomly 
selected from the intervals, create this range. This process could relative easily be computerised. Then the 
user can only concentrate on determining the right interval for each parameter. This can for example be 
done with the use of the Monte Carlo simulation, a numerical tool that is widely used in statistics. The 
working principle is like described above: for each parameter a value is randomly drawn from its interval 
and a calculation is made with this particular set of parameters. Doing this for many (for example one 
million) times, a frequency distribution can be made using for example the pre-impact velocity that is 
calculated. This frequency distribution can be regarded as a probability distribution for the pre-impact 
velocity. 
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4. VALIDATION OF PC CRASH 

Now the equations and the input parameters used for the models in PC Crash are known, it is necessary to 
validate the program itself. This is done in two steps. 
In the first step a TNO crashtest has been used. The reason for this is the fact that in case of a crashtest more 
information is available than in case of a real traffic accident. Most important in this context are the pre
impact speeds of the vehicles, which are measured exactly in case of a crashtest whereas these are generally 
unknown in traffic accidents. PC Crash is used to analyse the crash and in particular to determine the pre
impact speeds, which can be compared to the pre-impact velocities measured. Hereby, lots of attention is 
paid to the trajectory of the target vehicle. 
The second step is to check the influence of changes in the magnitudes of input parameters on the output 
calculated by PC Crash. This is done because of the uncertainties in the exact magnitude of a lot of 
parameters, as described in the previous chapter. 

4.1 Crashtest selection procedure 

In order to verifY the results given by PC Crash, a particular case is useful in which all important data are 
known. From the archives of the TNO Crashsafety Laboratory a crashtest is selected. The crashtest selected 
had to meet several demands to be useful for the validation of PC Crash. 

Most accidents that have to be reconstructed by the police are accidents that happen because of a priority 
fault. This means that there are mostly two vehicles involved. One of them hits the other in the side flank. 
Typical velocities at which such accidents happen are between 40 and 80 kilometres per hour (relative 
velocity between the two vehicles involved). For the use of validation, there is searched for a crashtest that 
can be compared with the accident described above. So, the crashtest has to be a car-to-car side-impact test 
with vehicle velocities that can be compared with the velocities in real accidents. Because of the fact that 
there will appear a rotational speed component after the collision, such a test is more interesting regarding 
the trajectories of the vehicles then a car-to-car frontal crash test with full or nearly full overlap. 

For the use of validation, all parameters describing the trajectory of the vehicles have to be known. In case 
of the crashtests, this kind of information can be collected from the reports and the high-speed films. In 
most cases the exact end positions and locations of (tyre) marks are not explicitly archived, because of the 
fact that that kind of information is not relevant for the crash tests. The client wants to know whether or not 
the vehicle meets the regulations specified for a certain condition. The movements of the cars are in that 
case not relevant. In addition, the free movement of the cars is in many cases restricted, due to safety 
regulations for the laboratory personnel. 
For the validation of PC Crash however, the exact position of the collision as well as the exact rest positions 
of the vehicles is very important. The vehicle directions just before the collision and the overlap of the 
vehicles during the collision are also important parameters to describe a vehicle collision. All this kind of 
information has to be collected from the pictures and high speed film recordings. The trajectory between the 
impact and the rest positions can also be analysed with the use of the high-speed films and/or (tyre) marks. 
From the crashtest selected, a good film has to be available from which this kind of information can be 
collected. 
Another important issue is the kind of vehicles that were involved in the collision. In most real life 
accidents, passenger cars are involved. As mentioned before in this thesis, PC Crash contains several 
databases with passenger cars and other vehicles. From the cars involved, some technical information and 
dimensions have to be known (see paragraph 2.3). 
To make a good reconstruction in PC Crash, also the exact status of the two vehicles has to be known. This 
means by example that the user has to know if the vehicles were braking and if yes, what was the 
deceleration, were the tyres locked or steered, and so on. In case of the crashtest, this information can be 
collected from the description of the test and the check-sheets of the crew that made the preparations on the 
vehicles. 
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In the figure below, the selection procedure of the crashtest for the validation of PC Crash is presented 
graphically. 

>------------------------No----------------------~ 

/Qult.,'~k yes----< 
- ,.-,; / 

~------------------N~------------------~ 
Figure 9: graphical representation of crashtest selection 

With this procedure a crashtest is selected from the archives of the TNO Crashsafety Laboratory. The test is 
a car-to-car side impact test, conducted on vehicle Y (the target vehicle) with vehicle X (the bullet vehicle). 
The centre line of the bullet vehicle lines up with the centre line of the filler cap of the target vehicle, at the 
moment of impact. The test took place in order to check compliance with the regulations concerning the 
fuel storage system in case of an accident. In figure 9 the position is shown at the moment of impact. The 
yellow car is vehicle Y (the target vehicle) and the blue car in this picture is vehicle X (the bullet vehicle). 
The crashtest that is selected meets almost every criterion of the selection procedure. But it was not possible 
to find a test in which the trajectories of both vehicles were not restricted. Because of safety arguments, a 
cord that is connected with the bottom of the car restricts the trajectory of the bullet vehicle after the crash. 
The bullet vehicle could otherwise be dangerous because of the fact that this vehicle contains many kinetic 
energy, even after the crash due to the relative high impact speed. 
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The bullet vehicle hits the target vehicle with 80.88 kilometre per hour. The target vehicle is in rest at the 
moment of impact. Both vehicles are equipped with several tri-axe accelerometers, which measure the 
deceleration during the test. 

Figure 10: the impact position (PC Crash 3D view) 

I 

Figure II: the rest position of the target 
vehicle schematically 

4.2 PC Crash simulation 

In this paragraph the crashtest described above will be analysed with the use of PC Crash. In order to do 
this, first the information about the vehicles involved have to be collected and implemented in PC Crash. In 
the table below, the most important values are listed. In appendix C the vehicle data window in PC Crash is 
shown with the characteristics of the vehicles implemented. 

Vehicle: Vehicle X Vehicle Y 
Vehicle mass empty: 1111 kg. 1103 kg. 
HeiJdlt c.o.g.: 0,45 m. 0,50m. 
Mass front occupants: 150 kg. 150 kg. 
Mass in trunk: 23 kg. 35 kg. 

Table 4: tnformation vehicles crashtest 

The mass of the front passengers mentioned in table 4, refers to the two 50 lh percentile Hybrid-II dummies 
of 75 kilograms each, installed at the front seats in both cars. The mass in the trunk is the mass of the 
equipment in the back of the cars used in the crashtest and the content of the petrol tank. 
The cars are loaded from the DSD98 database in PC Crash. The differing values are changed in the vehicle 
data window (see appendix C) . 

The next step is to determine the position of the first collision and to position the vehicles in the impact 
positions. As a rule the simulation starts at the impact position, because in real accidents this is the best 
reference there is. If needed, the user can simulate the pre-impact path by backward integration in PC Crash 
(only possible in cases with relatively simple movements during the pre-impact path) . So the cars are 
positioned in the crash positions and a rough estimation of the pre-impact speeds is needed (see appendix 
D). The distances in the lower window in appendix D are given in one decimal accuracy. Only the rest 
position of the target vehicle (vehicle Y) is drawn in the figure in appendix D, because of the fact that the 
cord on the bottom of the car restricted the rest position of the bullet vehicle (vehicle X). After defining the 
start positions and velocities and marking the end position of the target vehicle, it's time to define the 
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sequences of both cars. By defining the sequences, the behaviour of the vehicles involved (or drivers) is 
determined. For example, it can be defined that a car was braking or steering, etceteras. In appendix E the 
sequences of both cars are listed. 
The sequences defmed for the bullet vehicle are "Start", "Friction", "Crash" and "Decelerate". The "Start"
sequence defines the start point of the simulation (t = Os). For vehicle X the friction is set to two for each 
wheel. This is done to make the simulation of the cord at the bottom of the vehicle possible. By increasing 
the friction between the tyres and the road surface, the maximum possible deceleration will also increase. 
This is necessary to reach the high deceleration of the bullet vehicle during the stretch period of the cord. 
The friction coefficient of the tyre-road surface contact is 0.7. This value is taken into account for all 
vehicles, unless the sequence "Friction" changes the value for a particular vehicle on a certain time in the 
simulation. The next sequence defined is "Crash". This sequence only defines an abrupt change in velocity. 
The value of this change in velocity is user defined. In this case, the sequence "Crash" simulates the 
influence of the rope connected to the bottom of the car, which decelerates the vehicle strongly almost at 
ones. The value has been changed until the secondary impact took place at the right spot on the side of the 
car compared to the photos of the damaged car. The last sequence defines that the vehicle was braking in 
the end of the simulation. This is implemented to shorten the calculation time (calculation stops at low 
energy), and can be done because of the fact that the end position of the bullet vehicle will not be taken into 
account. The pre-impact speed is estimated on 70 kilometres per hour, because of the large deformations on 
both cars. Experience will help a good estimation, but even a poor estimation can finally result in a good 
simulation with satisfactory results after using the collision optimiser in PC Crash. 
The sequences defined for the target vehicle are "Start" (defining the start point of the sequence) and 
"Decelerate" . The pre-impact speed of this vehicle is 0 kilometres per hour (the target was not driving at the 
moment of impact) . The sequence "Decelerate" is used not to simulate the vehicle braking, but to take the 
damage of the vehicle into account. The vehicle was damaged badly at the location of the right rear wheel. 
The wheel rotation was partly restricted due to this damage and this is taken into account by defining a 
brake factor for the right rear wheel only (the other wheels can rotate without restrictions). So the target 
vehicle was not braking, but the damage caused that the rotation of one wheel was partly restricted which 
can also be simulated in the sequence "Decelerate". 
Now the vehicles involved, the start positions of the vehicles and the sequences are determined, it is time to 
set the simulation parameters. But first the user has to choose the simulation model. Since the problem in 
this case is a three-dimensional one, the kinetic model has to be selected (see chapter 2). The integration 
step is 0.5 ms. In most cases this is the best choice. But when the user is interested in the path of the 
vehicles before the collision and wants to determine this path by backwards integration, the kinematics 
model has to be chosen to run this backward integration process. The simulation stop criterion selected is 
"Stop at low energy", because the calculated end position of the target vehicle is of interest in this particular 
case. 
To run the simulation, PC Crash needs the exact location of the point of impact. In appendix E the crash 
simulation window is shown. In this window the user can determine the location of the point of impact. This 
can also been done visually by sliding the co-ordinate system of the point of impact through the overlap of 
the cars in the drawing until the right position is selected (see also figure 6). In most cases the location is 
determined by regarding the damage of both cars, but it is important to take the elastic part of the collision 
also into account when defming the point of impact. This is because of the fact that in PC Crash the point of 
impact is defined as the point where the vehicles reach the same velocity in case of a full impact (see 
paragraph 2.2). In this point the momentum is transferred. This is at the end of the compression phase, just 
before the vehicles start to separate. In that situation the deformation consists of a plastic and an elastic part. 
In the case of this test, the location of the point of impact is quite well defined in the documentation of the 
crashtest. Only the depth of the elastic deformation during the collision has to be estimated with help of the 
high-speed films. The next step is to define the value EES for one car, after PC Crash can distribute the 
deformation energy over the two cars in the right way. The EES value for the bullet vehicle is determined to 
be 18 kilometres per hour. This is done by comparing the photos of the damaged car with photos of another 
damaged car of the same type in the EES database implemented in PC Crash. The value of the restitution 
coefficient is in consideration of the damages estimated on 0.15 . 
Now all relevant parameters have been set, the simulation can be started. After regarding the first 
calculation and evaluate this calculation on plausibility, the collision optimiser in PC Crash is used. The 
optimisation parameters used in this case are the impact velocity of the bullet car, the coefficient of 
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restitution and the friction coefficient between the cars. The last mentioned parameter is mainly important in 
the secondary collision, because the first collision can be regarded as a full impact. The secondary impact is 
the collision that damaged the right side of the bullet vehicle and the right front of the target vehicle. 
In appendix F the "Crash simulation" window and a graphical presentation of the situation after running the 
optimiser are shown. In appendix G, the report from PC Crash is printed. 

From this PC Crash report (appendix G) it is known that the pre-impact speed of the bullet vehicle is 
calculated to be 79.0 kilometre per hour. From the measurements during the test it is known that its velocity 
was 80.88 kilometre per hour in the real lest. So the difference in the pre-impact speed is 1.88 kilometre per 
hour, that gives an error of2.32 % and that is acceptable. 
In appendix F the situation after optimisation has been shown. The end position of the target vehicle is not 
perfectly matched after the use of the optimiser. There is an error of 13.2 %, mainly caused by the 
difference in heading. This error can be seen as a result of several factors, together generating the difference 
in end position of the target vehicle. The first factor involved is the tyre-road friction coefficient. The 
friction coefficient of the floor surface is not exactly known, and estimated on 0.7. Later in this chapter a 
sensitivity analysis on this parameter has been done. 
Another factor that plays a role, is the fact that the target vehicle looses almost every contact with the floor 
surface just after the first collision. Only the right rear wheel keeps in contact to the floor surface. From the 
high-speed films it is known that this situation persists until the second collision. The vehicle angle in 
tangential vehicle direction with respect to the floor reaches a maximum of about 25 degrees (from the 
film) . In the 3D PC Crash simulation the three dimensional movement of the target vehicle can be followed 
using the " 3D visualisation" tool. From this animation it can be concluded that the target vehicle does not 
make the same movements as during the real test. In stead of the left side of the vehicle comes up, the right 
side of the vehicle rises. The left rear wheel stays in contact with the road surface, and the tangential angle 
does not reach 25 degrees but less at its maximum. In the figures below the position of the target vehicle 
after the first collision is shown. 

Figure 12: 3D view of situation just after the first collision and just before the second collision 

From this pictures it is clear that the vehicle turns over to the left in stead of to the right like in the real case. 
The left rear wheel stays in contact with the road surface but the wheels at the right side loose the contact to 
the road surface. The diagram of the normal tyre forces of the target vehicle that can be generated in PC 
Crash shows the same situation (see figure 13). 
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From this diagram it is clear that the wheels on the right side loose contact with the road surface (the normal 
tyre force becomes zero). This could also be concluded from the 3D view. The reason why the vehicle 
movement does not match the real movement in the high-speed film is not easy to give. This is a 
combination of several "errors" in the simulation. 
In the first place the movement of the cars in the third dimension due to the impact is determined by the 
location of the point of impact with respect to the location of the centres of gravity of the cars. Starting from 
the situation in figure 10. Generally spoken, the target vehicle tends to turn clockwise if the point of impact 
lies above the centre of gravity of the target vehicle. If the point of impact lies under this centre of gravity, 
the vehicle tends to turn over counter clockwise. In the test case, the point of impact lies above the height of 
the centre of gravity. The height of the point of impact is exactly measured and archived in the 
documentation. The uncertainty is in the location of the centre of gravity. It is possible that its location is 
not quite right in the PC Crash model : the centre of gravity has to lie higher. It is also possible that the 
actual impact height is lower than measured. In the test case the filler cap of the fuel tank has to be the point 
where the impact has to be because this item was tested, as stated before. Because of the fact that this filler 
cap lies in the direct neighbourhood of the right rear wheel, it is possible that the impact forces act lower on 
the vehicle. The rear axle is a very stiff part in comparison to the body of the car. The bullet vehicle hits this 
body first on the measured height, but after a short penetration the wheel with the rear axle might play an 
important role in the transfer of the forces. So it is possible that the actual height of the point of impact will 
lie lower than measured. 
The next factor that plays a role, is the friction between the tyres and the road. The tyre model is possible 
not right and as written before, the friction coefficient is only an estimation. This combination can cause 
that the vehicle tyres slide aside due to a leak of traction, which prevents the vehicle from turning over to a 
side. 
Another reason for differences might be the suspension model. It is obvious that the characteristics of the 
springs and dampers influence the movements of the wheels: will the wheels easily loose contact to the floor 
in case of a slight roll movement or not. In the first case the suspension can be described as stiff, in the latter 
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case as soft. It is plausible to suppose that the suspension of the rear wheels are stiffer in real life than in the 
model, because of the fact that it deals with a passenger car that is rebuilt as a small truck. It is imaginary 
that the manufacturers used a heavier rear axle and suspension, to make the vehicle carry heavier loads 
easier. In the vehicle model of PC Crash, this is not taken into account. It was not possible to get 
information to implement this in the model. 
From experimental runs in PC Crash it is known that the suspension characteristics have a smaller influence 
on the three dimensional movements of the car than the height of the point of impact relative to the height of 
the centre of gravity. 
It can be concluded that although the results of the simulation are good, being only 2.32 % difference in 
pre-impact velocity and 13.2 % error in the calculated end position of the target vehicle, the simulated three 
dimensional movement of the target vehicle is different from the actual movements. The main difference is 
in the heading of the target vehicle (mainly the reason for the 13.2 % error in the end position) and that is 
probably caused by the fact that in both cases two wheels stay in contact with the road surface, but these 
wheels are in the simulation others than in the actual case. This means that the external (tyre) forces act on 
different locations with respect to the centre of gravity, resulting in a different angle in its end position. 

From a publication of Cliff and Montgomery [51, in which nineteen different car-to-car crashes are 
reconstructed with PC Crash and the results are compared with the actual values, it can be concluded that 
the average error in the calculated pre-impact velocities was 10.6 %. In 31.4 % of the test cases, the 
difference in pre-impact velocity was less than 5 % and in 14.3 % there was an error of more than 20 % (in 
the latter case all calculated velocities were too low). 
In 60 % of the cases, the calculated pre-impact velocities were too low, with an average error of 13 %. In 
the remaining 40 % of the tested cases, the calculated pre-impact velocities were an average of 5.5 % too 
high. 
So, it seems that PC Crash tends to find lower velocities than in the actual case, but it has to be realised that 
the sample is too small to take straight conclusions. From the error in the simulated end position it is only 
known that the actual end position was matched acceptably close. 
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4.3 Sensitivity analysis 

In this paragraph the influence of small changes in magnitude of the input parameters is investigated. This is 
done with the use of the testcase described before. It is obvious that this kind of sensitivity analysis is not 
enough for strict conclusions, but it will help to get insight in the influence that these uncertainties have on 
the output generated by PC Crash. In the future, it is necessary to do further investigation on this subject. 

The basis of this study is the testcase described in the beginning of this chapter. To shorten the calculation 
time, a step size of 5 ms (the largest step size in PC Crash, larger step sizes could cause instability in an 
Euler integration process) is used. For the end position, the end position calculated by PC Crash is chosen 
and not the measured end position. Doing this the errors refer to how close the target vehicle matched its 
original end position after changing an input parameter. The errors are given in a percentage. In the v
columns the calculated pre-impact velocity of the bullet vehicle is given in kilometres per hour. The input 
parameters in the most right column are varied. All other parameters keep their original values. The original 
value of the parameters mentioned is decreased by ten percent and five percent and increased by the same 
percentages too. It is obvious that if the weight of the bullet vehicle is increased by ten percent and the 
weight of the target vehicle is decreased by ten percent the calculated error is bigger than in the situation 
that only one weight is changed. This kind of parameter changes that amplify their influences is in this 
simple test not taken into account. 
In table 5 the parameters concerning the vehicle settings are changed. 

Vehicle X (bullet vehicle): Vehicle Y (target vehicle): 

- 10 % -5 % +5% + 10% -10% -5% +5% + 10% 

error 

1.7 

2.1 

2.7 

2.1 

5.3 

1.7 

2.4 

7.3 

2.0 

V error V error V error V error V error V error V error V 

Yaw 
79 1.2 79 2.5 79 2.5 80 4.0 82 2.8 81 2.4 80 3.7 79 moment of 

inertia 

79 2.3 79 2.5 80 2.7 80 2.2 80 3.7 79 1.8 80 1.9 79 
Roll moment 
of inertia 

I Pitch 
80 2.7 80 2.3 80 2.9 80 2.0 80 1.8 80 2.3 80 2.9 80 moment of 

inertia 

79 1.9 79 l.l 80 1.4 80 14.4 84 5.4 79 10.9 83 13.2 84 
Wheelbase 
1-2 

83 1.6 80 1.6 79 1.6 79 2.5 78 2.4 79 2.8 80 3.2 81 Weight 

Distance 
80 2.6 80 2.7 80 2.7 80 3.1 79 2.2 80 2.8 80 11.7 79 c.o.g. from 

front axle 

79 2.3 79 1.0 80 5.9 82 4.1 79 2.2 80 2.9 79 3.4 79 Height c.o.g. 

74 2.0 80 1.6 79 3.0 79 4.2 78 2.4 79 2.2 80 2.2 80 
Mass front 
occupants 

80 2.0 80 2.0 80 2.0 80 3.4 80 1.9 80 2.6 80 2.1 80 Trunk cargo 

Table 5: error analysis with respect to the vehicle settings 

From the diagrams in figure 14 it seams that the influence of changes in the yaw moment of inertia do not 
have significant influence on the output, but the influence is bigger than can be expected from this figure. 
The reason for this is that the end position of the bullet vehicle is not taken into account, but there is a 
significant change in end position when increasing the yaw moment of inertia with ten percent. The vehicle 
tends to rotate in stead of following an almost straight line. The same applies to the yaw moment of inertia 
of the target vehicle, but in this case the yaw velocity is decreased during the secondary collision, so its 
influence on the end position is small in the end. 
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sensitivity yaw moment of inertia bullet vehicle 

~ 10 
(; 7.5 

~ 5 

- 121: 1 

2~ -+-------~----I--"---~-".-'---.,__.......,----__'_1 
-10 -5 5 10 

change yaw moment of InertJa ('!oj 

I. end position larget >eIlicle 0 wlocity bullet whicle 1 
Figure 14: sensitivity yaw moment of inertia 

sensitivity yaw moment of inertia target vehicle 

~ 10 - 121~ 1 
(; 7.5 

~ 5 

2~ .-=J 
-10 • -5 5 10 

change yaw mmoment of InertJa ('!oj 

• end position target whicle 0 wlocity bullet whicle 

The sensitivity on changes in the roll and pitch moment of inertia is small, as could be expected (see figure 
15 and figure 16). 

sensitivity roll moment of Inertia bullet vehicle sensitivity roll moment of inertia target vehicle 

·10 -5 5 10 

change roll moment of Inertia ('!oj change roll moment of Inertia ('I.I 

. end position target whicle Owlocity bullet whicle • end position larget whicle 0 wlocity bullet whicle 

Figure 15: sensitivity roll moment of inertia 

sensitivity pitch moment of inertia bullet vehicle sensitivity pitch moment of inertia target vehicle 

·10 ·5 5 10 

change pitch moment of Inertia ('!o) change pitch moment of Inertia ('!oj 

• end position target whicle 0 wlocity bullet whicle • end position target whicle 0 wlocity bullet >eIlicle 

Figure 16: sensitivity pitch moment of inertia 

The influence of changes in the magnitude of the wheelbase is in the testcase pure theoretical: the damage 
did not cause any wheelbase shortening. But from figure l7 it can be concluded that it is important to take 
the wheelbase shortening into account when it occurs, because it can have significant influence on the 
calculated output when a vehicle tends to rotate (like the target vehicle in this testcase). 
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sensitivity wheelbase 1·2 bu lIet veh icle sensitivity wheelbase 1·2 target vehicle 

·10 -5 5 10 

change wheelbase 1·2 (%1 cha nge whee Iba so 1·2 (%1 

• end position target whicle 0 wlocity bullet whicle • end position target whicle owlocity bullet whicle 

Figure 17: sensitivity wheelbase 

It could be expected that when the mass of the bullet vehicle increases, the calculated pre-impact velocity 
decreases and vice versa (see table 5). This is related to the formula for momentum P = m . v . Because of 

this, it is strange to see that when the mass of the front occupants decrease by ten percent (thus the total 
mass decreases), the pre-impact speed also decreases to 74 kilometres per hour. Obviously there is a 
calculation problem. It is possible that the optimiser found a local minimum, looking to the end position 
error of7.3 % (relative large in comparison to the other rest position errors). 

sensitivity weight bullet veh icle sensitivity weight target vehicle 

15 

12.5 

~ 10 

~ 7.5 
t: 5 ., 

2.5 

0 

·10 -5 5 10 ·10 -5 5 

weight change ('/oj weight change (o/oj 

10 

• end position target whicle 0 wlocity bullet whicle I. end poSition target whicle 0 wlocity bullet whicle I 
Figure J 8: sensitivity vehicle weight 

sensitivity mass front occupants bullet vehicle sensitivity mass front occupants target vehicle 

mass change (o/oj mass cha nge (%1 

. end position target whicle owlocity bullet whicle . end position target whicle owlocity bullet whicle 

Figure 17: sensitivity mass front passengers 

In figure 18 the sensitivity on changes in the mass in the trunk of the vehicles is shown graphically. From 
these diagrams, the influence is low. But when the mass increases, its influence will also increase, because it 
affects the total mass of the car and the moments of inertia (the mass distribution of the vehicles). 
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sensitivity trunk mass bullet vehicle sensitivity trunk mass target vehicle 

-10 -5 5 10 

mass change (%j mass change (%j 

I. end position target >ehicle 0 >elocity bullet >ehicle 1 
• end position target >ehicle 0 \elocity bullet >ehicle 

Figure 18: sensitivity trunk mass 

As mentioned before, the height of the centre of gravity in relation with the height of the impact point is an 
important value. In this case, the location of the centre of gravity stays under the impact point, so the effect 
is relatively small. A 10 % increase of the height of the centre of gravity for the bullet vehicle makes it 
approach the height of the point of impact. In this situation the biggest error is caused. If the height of the 
centre of gravity surpassed the height of the point of impact, the situation becomes critical and a bigger 
error is caused. 

sensitivity height c.o.g. bullet vehicle sensitivity height c.o.g. target vehicle 

_ 12.5 
';f!. 10 C 10 
o 7.5 

15 ) 

~ 5 ~ 2.5 _ _ 
o +-.. -'----I�----'-----t�--"~-L--'-_+_I --'--~ 

- 121~ 1 
o 7.5 

~ 5 

2.~ +---.----,---1......,-----'---,--.-.--- ...---.------1 
-10 -5 5 10 -10 5 10 

height change c.o.g. (%j height change (OI~ 

• end position target >ehicle 0 >elocity bullet \ehicle • end position target >ehicle 0 \elocity bullet \ehicle 

Figure 19: sensitivity height centre of gravity 

The location of the centre of gravity is important in two ways. First, as mentioned before, the location of the 
centre of gravity in relation to the point of impact is important. Second, the centre of gravity is PC Crash's 
anchor point for the calculations. Because of this it is difficult to predict on what base the error was created: 
the point that is matched to the rest position is another point of the vehicle. 

sensitivity distance c.o.g. from front axle bullet 
vehicle 

sensitivity distance c.o.g. from front axle target 
vehicle 

~ 10 
o 7.5 
~ 5 

_ 121~ j 
2~ +-"~--L-t-I -'---.,_ "---'---+I----I-----.,-L--'---+I ------.,--L--J 

-10 -5 5 10 

distance change (%j 

• end position target ><lhicle 0 ><llocity bullet ><lhicle 

-10 -5 5 10 

distance change (%j 

• end position target ><lhicle 0 >elocity bullet >ehicle 

Figure 20: sensitivity distance centre of gravity fromfrant axle 
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The next category is the category of collision parameters (see table 6). In this particular case the inter 
vehicle coefficient is of minor importance. The primary collision is a full impact and in that case the inter 
vehicle friction coefficient is not used. Small changes in the value of the coefficient of restitution do not 
cause big changes in the calculated output of the testcase either. 

sensitivity inter vehicle coefficient 

Inter vehicle coefficient 

I_ end position target wIlicle D ~ocity bullet wIlicle 1 

Figure 21 : sensitivity inter vehicle friction coefficient 

sensitivity coefficient of restitution 

_ 121: I I c 10 
(; 7.5 

~ 5 

2~ +----.,_L-...I..--r, -~------''---r' ------~,----------l 
0.14 0 .15 0.17 0 .18 

coefficient of restltuUon 

I- end position target wIlicle D -.elocity bullet whicle 1 

Figure 22: sensitivity coefficient of restitution 

It is clear that the location of the point of impact influences the post impact trajectory of the vehicles. For 
the z-co-ordinate the relative position to the centres of gravity is important, as mentioned before. In practise 
it is very difficult to determine the location of the point of impact exactly, because this point is introduced 
specifically for the collision model. In real life there is not a clear point of impact: the forces start to act 
from the first touch, and will increase till the moment of maximum intrusion. This makes the definition of 
the point of impact a critical one, and it is recommended to vary this point of impact to get known with the 
influence of the choice in that particular case. 

sensitivity X-<:o-ordinate point of impact 

change x-<:o-ordlnate ('!o) 

_ end position target whicle D wlocity bullet whicle 

sensitivity z-<:o-ordinate point of impact 

;!. 10 
_ 121~ j 
(; 7.5 

t 5 
2~ _ IJ 

-10 -5 10 

change z-<:o-ordlnate ('!o) 

_ end position target whicle D -.elocity bullet whicle 

Figure 23: sensitivity location point of impact 

sensitivity y-<:o-ordinate point of impact 

-10 -5 5 10 

change y-<:o-ordlnate ('!oj 

_ end position target whicle D wlocity bullet whicle 

sensitivity angle of co-ordinate system point of 
Impact 

change angle ('!oj 

_ end position target whicle Dwlocity bullet whicle 

Looking to the velocities in the table below, it can be concluded that a wrong choice of the location of the 
point of impact can easily cause a wrong conclusion about the pre-impact speed. The lowest velocity found 
is 69 kilometre per hour and the highest one is 85 kilometres per hour, a range of 16 kilometres an hour. 
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Considering the end position error of28.9 % for 85 kilometres per hour, it might be concluded that this is 
not a relevant solution. But even then a maximum velocity of 84 kilometres per hour is found . And as 
mentioned before, combinations of inaccuracies in the input are not taken into account but it is possible that 
this will result in larger differences in the output. 

Change in collision parameters : 

-10% - 5 % +5% + 10% 

error 

2.4 

2.0 

10.9 

2.7 

4.6 

2.0 

V error V error V error V 

80 2.1 80 1.3 79 1.8 79 
Coefficient of 
restitution I) 

80 2.0 80 2.0 80 2.0 80 
Inter vehicle friction 
coefficient 2) 

69 4.8 80 28.9 85 8.8 74 
X-co-ordinate point 
of impact 

80 5.6 79 11.9 84 4.9 79 
Y -co-ordinate point 
of impact 

79 4.4 79 6.9 74 7.7 77 
Z-co-ordinate point 
of impact 
Angle of co-ordinate 

80 2.0 80 1.5 80 2.0 80 system in point of 
impact 

I ) -The coeffiCient of restitutIOn IS set to 0.14 - 0.15 0.17 - 0.18 respectively 
2) The inter vehicle friction coefficient is set to 0.6 - 0.7 - 0.9 - 1.0 respectively 

Table 6: error analysis with respect to the collision parameters 

In table 7 the errors and calculated pre-impact velocities generated by a slight change in the initial positions 
at the moment of the crash are shown. It is clear that other positions of the cars cause other post-impact 
trajectories. In practice however, it is quite difficult to define the exact pre-impact positions. This implies 
that it is very important that the user takes into account that a wrong choice can influence the results 
dramatically. In this situation the pre-impact speed is calculated to be 65 kilometre per hour as well as 83 
kilometre per hour. It is easy to understand that this difference can play an important role in court. A 
combination of an error in the x-co-ordinate and y-co-ordinate as well as in the heading of the car can 
produce a much bigger difference in calculated pre-impact velocities. 

Vehicle X (bullet vehicle): Vehicle Y (target vehicle): 

-10% -5 % +5% +10% -10% -5% +5% + 10% 

error V Error V error V error V error V Error V Error V error V 

X-co-
2.7 79 2.4 80 2.0 80 4.6 79 7.9 79 5.4 78 4.5 79 13.4 65 ordinate 

C.O.g. 
Y -co-

6.7 83 5.3 79 3.4 78 7.2 77 18.2 79 5.6 77 8.3 79 9.9 83 ordinate 
c.o.g. 

13.6 78 7.4 80 8.5 79 12.2 79 1.9 79 2.6 79 1.5 80 6.5 79 Heading 

Table 7: error caused by changes in pre-impact positions 
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sensitivity x-co-<>rdinate c.o.g. bullet vehicle 

f!. 10 - 121~ 1 
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2.5 . _ II 
O~-------+I--~----~+I--~--L-~+I ---------~ 

·10 ·5 10 

change x· co-ordlnate c.o.g. (%j 

. end position target whicle Dwlocity bullet whicle 

sensitivity y-co-<>rdinate c.o.g. bullet vehicle 

I ~ I ~ I 
-10 -5 10 

change y~oo()rdlnate c.o.g. ('!oj 

• end position target whicle 0 wlocity bullet whicle 

sensitivity heading bullet vehicle 

-10 -5 5 10 

change heading (%j 

• end position target whicle 0 wlocity bullet whicle 

sensitivity x-co-<>rdinate c.o.g. target vehicle 

-10 -5 5 10 

change x-co-ordlnate c.o.g. (%J 

• end position target whicle 0 wlocity bullet \6hicle 

sensitivity y-co-<>rdinate c.o.g. target vehicle 

-10 -5 5 10 

change y~oo()rdlnate c.o.g . ('!o) 

. end position target whicle Dwlocity bullet whicle 

sensitivity heading target vehicle 

change heading (%1 

• end position target whicle 0 wlocity bullet whicle 

Figure 24: sensitivity initial positions of the collision partners 

In table 8 the influence of changes in the road surface friction coefficient is shown .. 

Friction tyre / road: 

0.5 0.6 0.8 0.9 

error 

2.4 

V error V error V error V 

71 1.2 7S 4.3 84 8.8 89 Friction coefficient I 
Table 8: influence of changing the friction coefficient 

When the coefficient of friction is lower, the road surface is more slippery, the vehicles loose minor energy 
when sliding. The pre-impact speed can thus be lower to reach the same rest position, or better: to slide the 
same distance. In practise it is very difficult to measure the friction coefficient of the road surface at the 
accident scene. It can only be derived, for example with the use of slide tests. Another difficulty is that the 
friction coefficient is changing with the weather. A wet surface has a lower friction coefficient than a dry 
one. And last, there are other factors that can influence this friction, like leaves or mud on the road for 
example. 
From the errors displayed in figure 25 it can be concluded that the testcase is sensitive for changes in the 
tyre / road friction coefficient. In general can be said that this sensitivity occurs when in the post-impact 
trajectory much sliding occurs . This can be caused by braking or like in this testcase by yawing. 
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II 

sensitivity friction coefficient 

0.5 0.6 0.8 0.9 

friction coefficient 

• end posilion largel whicle owlocily bullel whicle 

Figure 25: sensitivity tyre / road friction coefficient 

Table 9 considers the sequence parameters. In the case of this test, the deceleration sequence refers to the 
deceleration of the target vehicle due to the deformation at the location of the right rear wheel and the 
change in velocity represents the cord on the bottom of the bullet vehicle. 

Vehicle X (bullet vehicle): Vehicle Y (target vehicle): 

-10% - 5 % +5 % + 10 % -10% - 5 % +5 % +10% 

error 

4.9 

V error V error V error V error V error V error V error V 

- 1.4 80 1.7 80 2.4 80 2.8 80 Deceleration 

79 6.9 78 2.0 80 5.4 82 - - - - Change in velocity 

Table 9: errors caused by changes in sequence parameters 

In the figure below the sensitivity on changes in the parameters in table 9 is graphically shown. 

sensitivity decelleration target vehicle sensitivity change in velocity bullet vehicle 

~ , R---, 
-5 5 10 

change decelleratlon ('!.I change change In velocity ('!.) 

• end position largel whicle 0 wlocily bullel whicle • end posilion largel whicle 0 wlocily bullel whicle 

Figure 26: sensitivity "sequence" parameters 

From this short and simple sensitivity analysis it can be concluded that relatively slight changes in the 
magnitude of important input parameters can cause relatively large differences in the calculated values for 
the pre-impact speeds and the end positions of the cars. So, it is very important to do good research in order 
to determine this input parameters and to get an idea of the sensitivity on input parameter changes. From the 
previous chapter however, it is known that it is not possible in practice to determine the value of all input 
parameters exactly. It was concluded that for some parameters an interval in which its value has to lie was 
"the best you get" . Combining this with the results of this chapter, it is obvious that the intervals have to be 
as small as possible. This guarantees the smallest solution band possible. In other words, this results in less 
possible solutions , what makes it easier to take conclusions. 

The influence of changes in the input parameters is strongly related to the case that has been under 
investigation. For a better insight it is needed that more different cases are investigated on the sensitivity of 
parameter changes. It might be possible to come to conclusions about which parameters have the most 
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influence and has therefore to be detennined as precisely as possible, where the preciseness of the value of 
other parameters are of minor importance. 
Furthennore it could be interesting to know what influence uncertainties in the exact value of parameters 
have on each other. As said before it can be expected that several parameters amplifY the influence of a 
wrong estimated other parameter. 
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5. CONCLUSION 

Although the Kinematic model in PC Crash can be good enough for simple two dimensional situations and 
backward integration processes, the use of the Kinetic model is highly recommended. This model is a very 
detailed one, based on the equations of motion for the three dimensional situation. 

The tyre forces play an important role in the trajectory calculation. The TM-Easy tyre model is the best 
selection in PC Crash to fulfil this role. 

The collision model in PC Crash considers the momentum transfer during the collision. It relies on 
restitution rather than vehicle stiffuess coefficients. It is assumed that the impact forces are exchanged in an 
infinitely small time step at one single point, the point of impact. The assumptions made in this model 
introduce acceptably small errors, and can thus be qualified as good enough for modem traffic accident 
reconstruction. A better method is not available for general use. 

Because of the fact that the models in PC Crash are very detailed, many input parameters are necessary for 
the calculations. This introduces new errors, namely calculation errors due to input value uncertainties. Not 
every input parameter can be measured exactly, and others have to be estimated anyway. In many cases the 
input parameters can only be set within an interval. 

From the sensitivity analysis it can be concluded that relatively small changes in the magnitude of important 
input parameters can cause significant differences in the calculated end positions and pre-impact velocities. 
This underlines the need of keeping the input parameter intervals as small as possible in order to keep the 
solution band as small as possible. For the testcase these input parameters are the co-ordinates that 
described the initial positions of the collision partners, the co-ordinates that describe the point of impact and 
the tyre / road friction coefficient. In case of a wheelbase shortening it is important to model this when there 
is a rotational movement after the collision. 

Finally, it can be concluded that the program PC Crash is a useful tool for the police to get more insight in 
what could have happened on the accident scene with a relative short time investment. It relies on relatively 
simple models that have proved their reliability in the past. 
However, PC Crash is not suitable for the reconstruction of traffic accidents that has to be judged in court. 
The reason for this is the fact that the results PC Crash generates are highly dependent on the user's 
knowledge and choices. It is easy to understand that in court that is not good enough to use as evidence, 
because conclusions from PC Crash can be rejected easily after a simulation run with slightly different but 
also plausible input. 
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6. RECOMMENDATIONS 

As mentioned in the previous chapter, the program PC Crash generates results that are not suitable to use as 
evidence in court. However, after making some adjustments to the program PC Crash it might be suitable 
for this purpose. Before doing this, first some further research is needed. In this chapter recommendations 
for further research are given. 

The magnitude of deviations caused by using a simplified model, for example to estimate the moments of 
inertia, has to be quantified by further research. For example the exact calculated values can be compared to 
the values calculated with the use of the simplified formula. Doing this for enough different vehicles, it 
could be possible to determine two compensation factors: one for the lower border and one for the upper 
border of the noticed deviation. Now an interval is created in stead of a discrete value for the moments of 
inertia. The real value will be within this interval. 

The errors made by using a collision model that relies on restitution rather than vehicle stiffness were said 
to be relatively small. To get more insight in the magnitude of these error it is recommended to compare this 
momentum based model with a model that relies on stiffuess coefficients. Well validated detailed vehicle 
models in MADYMO could be suitable for this comparison. 

The models in PC Crash contain a lot of input parameters. Not all of these parameters could be set to one 
certain value without making errors. It was concluded that for several important parameters it was only 
possible to determine an interval in which the real value has to lie. More research is needed to introduce 
methods for determining these intervals. For every parameter of interest there have to be a reliable method 
for determining the input values or intervals. 

The influence of changes in magnitude of input parameters has to be investigated further. Now, only one 
testcase is used, but to get better insight in the influence of small variations in the input on the output 
accuracy, more testcases are needed that comply to the selection criteria in figure 9. Also the possibility that 
certain input parameter changes amplifY the influence of deviations in the magnitude of other parameters 
has to be investigated. This study has to be done in a statistical right way, with enough experiments to take 
conclusions. Design of Experiments methods might be useful in this context. 

The program PC Crash can be made suitable for the purposes mentioned in the preface, for example in the 
following way. A shell has to be designed, for example in Matlab 5.3.1 or in Visual Basic. This shell has to 
be interactive with PC Crash. In this shell the input variables have to be specified as discrete values if 
possible, or if not as an interval, but as accurate as possible. The shell has to select one of each possible 
value from the interval in a random order. These selected values are the input of one PC Crash run. The 
output of the PC Crash run is compared to the selection criteria implemented in the Matlab / Visual Basic 
shell. If the output passed the selection criteria, it is saved, if not the output is deleted. This has to be done 
for example for a million times. The Monte Carlo Simulation can be suitable for this. A selection criterion 
could be a maximum deviation from the end position of the vehicles, calculated with a least squares method 
for example. 
Doing this, PC Crash does not generate one single output / answer, but a distribution of possible solutions. 
On base of the appearance of this distribution it is possible to draw conclusions that can be used in court. 
The result is no longer a solution that can easily be rejected, but a probability distribution of solutions that 
could all be the right one, because they are all based on possible values for the input. 
Before this can be realised, a lot of research is needed: to know what kind of statistical method is most 
suitable, what statistic right conclusions can be made from the output, what is the best method to draw from 
the input intervals to minimise calculation time, and so on. Also many attention has to be paid to the 
selection criteria and the ways the output is presented and has to be interpret. 
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APPENDIX A Mean acceleration 

The system applies Newton's Second Law: 

From vertical equilibrium: 

F rna 

I, Fzo = m -g ¢:::> 

I,Fzo 
m=--

g 
Substitution of equation (2) into equation (1) gives: 

I,Fzo 
FaccJbrake = ---a 

g 
The maximum braking acceleration is given by: 

(1) 

(2) 

(3) 

MAX(FaccJbrake) = m -p- g ~ (4) 

= B-m- p-g (5) 

Substitution of equation (5) into equation (3), with the use of equation (2) results in: 

I,Fzo I,Fzo 
B· -p·g=--·a¢:::> 

a 

g g 

B- p- g. I,Fzo 

I,Fzo 
B-p-g (6) 

So, the mean acceleration (a) depends only on the coefficient of friction (I!) and the braking coefficient (B). 
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APPENDIXB Data file car database PC Crash 

DBA 1: 
DBA 29: 
DBA 3: 
Manufacturer: 
Name: 
Type: 
Origin: 
built from: 
built from: 
Displacement [ccm]: 
Engine power [kW]: 
Engine type: 
Vehicle shape: 

Weight [kg]: 
Length [m]: 
Width [m]: 

[m] : 
Track width [m]: 
C.O.G. height [m]: 

M B 
C 36 AMG 

D 
1996 

3606 
206 
Otto 
Lim 4tlir 

1560 
4.490000 
1.72 / 1.96 
1. 420000 
1.50 / 1.48 

Dist. COG front axle [m] :1.07 
Max. velocity [km/h]: 250 
Turning circle [m]: 10.8 
Drive mode: Heck 
No. of axles: 2 
Vehicle type: PKW 
No. of gears: A / 5 
Axle ratio: 2.87 
Transmission ratios: 3.59 2.19 1.41 1.0 0.83 
Moment diagram: 
rpm @ max power: 
max. rpm: 
max. torque 
rpm @ max torque: 
Wheelbase [m]: 

5750 
6800 

[Nm] : 385 
4500 
2.69 

Tire dimensions 1: 225/45ZR17 - 245/40ZR17 / 7.5 J x 17 H2 -

Accel. 0-100 km/h: 
Rear overhang [m]: 
Front overhang [m]: 
Dxf drawing front: 
Dxf drawing rear: 
Dxf drawing: 
Dxf drawing side: 
Dxf drawing 3D: 
Photographs: 

8.5 J x 17 H2 
6.700000 
1.010000 
0.790000 
mercedes\c-95.dxf 
mercedes\c-95.dxf 
mercedes\c-95.dxf 
mercedes\c-95.dxf 

ADAC97-98 / 
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APPENDIX C Vehicle data testcase PC Crash 

Vehicle data EI Vehicle data EI 

., TjIpe: 

Weijt 

Ho. of axles: 2 Di$lance 01 e.G. from front axle: 2 Distance 01 e.G. from flont_ 

Ler9h: 4.14 m rus m 4.23 m 1.01 m 

Width: 1.7 m C.G. height 0.45 m Width: 1.69 m e.G. hoVIt 0.5 m 

Heigtt rw-m Momerb of lnellie: Heidi: 1.805 m M 0III8Iia oIlnertiI: 

Wheelbase 1·2: 2.52 m Yaw. 1470.9 kgm"2 \Y'heeI)ase 1·2: 2.48 m Yf/N. 1468.3 kgm"'2 

Roll: 441.3 kgm"2 RoD: 440.5 kgm"2 

Front overhang: 0.828 m Pitch: 1470.9 kgm"2 Front overhang: Pitch: 1468.3 kgm"2 

Track·Alde1: 1.44 m ASS J sec Track ·Me1: m ASS 0 aec 

Track· Axle 2: 1.44 m Track· Axle 2: m 

OK OK 

Vehicle data EI Vehicle data EI 

Front ocC\4*lls: kg Fronloc~: 

Rear occupns: kg Rear occupanlt: 

Roof cargo: kg Roof cargo; 

Trunk cargo: kg Trunk cargo: 

OK 
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APPENDIX D Pre-impact situation 
Vehicle X: Vehicle Y: 

, Pos'n & Vel. EJ , Pos'n & Vel. EJ ! 

II 

0.00 

INIT 

Ictmled tu TNO Auenl Vtth,,:le1 R~1~dlch Inshtute . meuwS4 lop. pto . R'r:J 

. Q------ [> 0 

3.0 m 

50 

N 
3 

Sc40 1:1~ g:D.ro 



APPENDIX E Sequences and Crash simulation windows 

Sequence Edit OptioN 

Vehicle X \ehick Y 

+ Start +~ 
• Friction • Decel. 

• Crash 
• Decel. 

kmlh 

Vehicles EJ 
Simulation modet 

male. Simulation Time 

Switch onIoIf: 

~ 1 

~ 2 

OK 

Integration ;lep: 

0.5 ms 

51 

• Brak.e (2 Vehicle Y El 

Pent-impact 
Vel (kmlh~ 
Oir··n 
Omega 

II: 2.43 

y: ·1.45 

I z: 0.65 

19.42 
-6.27 
-6.70 



APPENDIXF Situation after optimisation 

sCiuch Inatllute nlcuwS4 llnlovcfslolD pro 

I 
I 
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Colhsion optimizer [3 

O~~========~ 

~ I mpact velocities Id 
D Point of Impact 
D POI ,-coordinate 
D Contact plane 
D Pre-impact directions 
D Vehicle positions 

Genetic Alqollthm 

Trajectory error: 112~, 5 

Optinize Quit 

, I 

I ~, \ , 



APPENDIXG Report PC Crash 

Vehicle : 
Driver : 

START VALUES 

Velocity magnitude (v) [km/h] : 
Heading angle [deg] : 
Velocity direction (g) [deg] 
Yaw velocity [rad/s] : 
Centre of gravity x Em] : 
Centre of gravity y Em) : 
Centre of gravity z [m] : 
Velocity vertical [km/h] 
Roll angle [deg] : 
Pitch angle [deg] : 
Roll velocity [rad/s] 
Pitch velocity [rad/s) : 

END VALUES 

Velocity magnitude (v) [km/h] : 
Heading angle [deg] : 
Velocity direction (g) [deg] 
Yaw velocity [rad/s] : 
Centre of gravity x Em] : 
Centre of gravity y Em] : 
Centre of gravity z [m] : 
Velocity vertical [km/h) 
Roll angle [deg] : 
pitch angle [deg] : 
Roll velocity [rad/s] 
pitch velocity [rad/s] : 

1.COLLISION 

Vehicle : 
Driver 

t [s]: 
Pre Impact vel. [km/h]: 
Post Impact vel. [km/h]: 
Velocity change (dV) [km/h] 

EES [km/h] : 
Coefficient of restitution (e) 
Separation speed [km/h]: 
Friction coefficient (mu) 
Point of Impact x Em) : 
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1 Bullet 
Vehicle X 

79.00 
0.00 
0.00 
0.00 
0.38 
-1.39 
0.45 
-0.00 
-0.00 
0.00 
0.00 
0.00 

0.48 
4.23 
4.23 
-0.00 
9.22 
-0.54 
0.43 

0.02 
0.06 

2.14 
0.01 
0.01 

1 Bullet 
Vehicle X 

0.00 
79.00 
57.02 
22.17 

18.00 
0.16 
12.6 
0.82 
2.43 

2 Target 
Vehicle Y 

0.00 
-90.12 
-90.00 
0.00 
2.83 
-3.12 
0.50 
-0.00 
-0.00 
0.00 
0.00 
0.00 

0.37 
32.67 
-147.32 
0.00 
7.72 
-6.32 
0.47 
-0.01 
0.06 
-0.26 
-0.17 
0.00 

2 Target 
Vehicle Y 

0.00 
0.00 
22.11 
22.11 

33.69 



Point of Impact y [m] : 
Point of Impact z [m] : 
Angle of contact plane (phi) [deg] 
Angle of contact plane (psi) [deg] 
Total Deformation Energy [J] 
Impulse [Ns] : 
Direction of impulse [deg] : 
Moment arm about C.G. [m] : 
Principal Direction of Force [degJ 
dV/EES 

VALUES BEFORE COLLISION 

Velocity magnitude (v) [km/h] : 
Heading angle [deg] : 
Velocity direction (8) [deg] 
Yaw velocity [rad/sJ : 
Centre of gravity x [m] : 
Centre of gravity y [m] : 
Centre of gravity z [m] : 
Velocity vertical [km/h] 
Roll angle [deg] : 
Pitch angle [deg] : 
Roll velocity [rad/s] 
Pitch velocity [rad/s] : 

VALUES AFTER COLLISION 

Velocity magnitude (v) [km/h] : 
Heading angle [deg] ; 
Velocity direction (8) [deg] 
Yaw [rad/s] : 
Centre of gravity x [m] : 
Centre of gravity y [m] : 
Centre of gravity z [m] : 
Velocity vertical [km/h] 
Roll angle [deg] : 
Pitch angle [deg] ; 
Roll velocity [rad/s] 
Pitch velocity [rad/s] : 

2.COLLISION 

Vehicle : 
Driver 

t [s]: 
Pre Impact vel. [km/h]: 
Post Impact vel. [km/h]: 
Velocity change (dV) [km/h] 
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-1.45 
0.65 
72.46 
0.00 
72448.63 
7908.77 
173.75 
0.17 
173.75 
1.23 

79.00 
0.00 
0.00 
0.00 
0.38 
-1.39 
0.45 
-0.00 
-0.00 
0.00 
0.00 
0.00 

57.01 
0.00 
2.43 
0.79 
0.38 
-1.39 
0.45 
-0.41 
-0.00 
0.00 
-0.33 
-0.76 

1 Bullit 
Vehicle X 

0.27 
31. 37 
35.01 
8.23 

1. 62 
83.87 
0.66 

0.00 
-90.12 
-90.00 
0.00 
2.83 
-3.12 
0.50 
-0.00 
-0.00 
0.00 
0.00 
0.00 

22.10 
-90.12 
-6.25 
-7.63 
2.83 
-3.12 
0.50 
0.41 
-0.00 
0.00 
-2.46 
0.22 

2 Target 
Vehicle Y 

0.27 
20.34 
20.07 
8.21 



EES [kIn/h] : 
Coefficient of restitution (e) 
Separation speed [kIn/h]: 
Friction coefficient (mu) 
Point of Impact x [m] : 
Point of Impact y [m] : 
Point of Impact z [m] : 
Angle of contact plane (phi) [deg] 
Angle of contact plane (psi) [deg] 
Total Deformation Energy [J] 
Impulse [Ns] : 
Direction of impulse [deg] : 
Moment arm about C.G. [m] : 
Principal Direction of Force [deg] 
dV/EES 

VALUES BEFORE COLLISION 

Velocity magnitude (v) [km/h] : 
Heading angle [deg] : 
Velocity direction (£) [deg] 
Yaw velocity [rad/s] : 
Centre of gravity x [m] : 
Centre of gravity y [m] : 
Centre of gravity z [m] : 
Velocity vertical [km/h] 
Roll angle [deg] : 
Pitch angle [deg] : 
Roll velocity [rad/s] 
pitch velocity [rad/s] : 

VALUES AFTER COLLISION 

Velocity magnitude (v) [km/h] : 
Heading angle [deg] : 
Velocity direction (£) [deg] 
Yaw velocity [rad/s] : 
Centre of gravity x Em] : 
Centre of gravity y [m] : 
Centre of gravity z [m] : 
Velocity vertical [km/h] 
Roll angle [deg] : 
Pitch angle [deg] : 
Roll velocity [rad/s] 
Pitch velocity [rad/s] ; 

SEQUENCES 

1 Bullet : Vehicle X 

START VALUES 
Velocity [km/h] 
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14.65 
0.16 
4.4 
0.82 
3.03 
-1. 98 
0.65 
-175.35 
0.00 
10630.95 
2935.81 
74.88 
0.22 
70.23 
0.56 

31.37 
4.65 
4.50 
0.05 
3.01 
-1. 21 
0.43 
-0.18 
0.30 
-0.53 
0.02 
0.44 

35.01 
4.65 
17 .30 
0.43 
3.01 
-1.21 
0.43 
-0.32 
0.30 
-0.53 
-1.15 
0.57 

79.00 

1. 66 
90.94 
42888406.87 

20.34 
163.94 
-1.54 
-6.04 
4.42 
-3.23 
0.54 
0.11 
-8.71 
-3.87 
0.17 
1.32 

20.07 
163.94 
-24.95 
-3.19 
4.42 
-3.23 
0.54 
0.24 
-8.71 
-3.87 
-1.19 
0.83 



Friction coefficient 

DRY 
Friction coefficient (mu) 

Axle 1, left : 
Axle 1, right : 
Axle 2, left : 
Axle 2, right : 

CRASH 
Loss of velocity dv [km/h] : 

BRAKE 
maximum stopping distance em] 
Brake force [%] 

Axle 1, left : 
Axle 1, right : 
Axle 2, left : 
Axle 2, right : 

mean brake acceleration [m/s2] 

2 Target: Vehicle Y 

START VALUES 
Velocity [km/h] 
Friction coefficient 

BRAKE 
maximum stopping distance em] 
Brake force [%] 

Axle 1, left : 
Axle 1, right : 
Axle 2, left : 
Axle 2, right : 

mean brake acceleration [m/s2] 

INPUT VALUES 

Vehicle: 
Driver: 
Length [m]; 
Width [m]: 
Height [m]; 
Number of axles: 
Wheelbase [m]: 
Front overhang [m]: 
Front track width [m]: 
Rear track width [m]: 
Mass (empty) [kg]: 
Mass of front occupants [kg]: 
Mass of rear occupants [kg]: 
Mass of cargo in trunk [kg]: 
Mass of roof cargo [kg]: 
Distance C.G. - front axle [m]: 

56 

0.70 

2.00 
2.00 
2.00 
2.00 

21.00 

100.00 

139.94 
139.94 
58.76 
58.76 
-9.80 

0.00 
0.70 

100.00 

0.00 
0.00 
0.00 
35.00 
-0.72 

1 Bullet 
Vehicle X 
4.14 
1. 70 
1.42 
2.00 
2.52 
0.83 
1.44 
1.44 
1111. 00 
150.00 
0.00 
23.00 
0.00 
1.26 

2 Target 
Vehicle Y 
4.23 
1. 69 
1. 80 
2.00 
2.48 
0.85 
1.39 
1.39 
1103.00 
150.00 
0.00 
35.00 
0.00 
1.01 



C.G. height above ground [m] : 
Roll moment of inertia [kgmA2] 
Pitch moment of inertia [kgmA2] 
Yaw moment of inertia [kgmA2] : 
Stiffness, axle 1, left [N/m] : 
Stiffness, axle 1, right [N/m] : 
Stiffness, axle 2, left [N/m] : 
Stiffness, axle 2, right [N/m] : 
Damping, axle 1, left [Ns/m] : 
Damping, axle 1, right [Ns/m] : 
Damping, axle 2, left [Ns/m] : 
Damping, axle 2, right [Ns/m] : 
Max. slip angle,axle 1, left [deg]: 
Max. slip angle,axle 1, right [deg]: 
Max. slip angle, axle 2, left [deg]: 
Max. slip angle, axle 2, right [deg]: 
ABS : 
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0.45 
441.30 
1470.90 
1470.90 
19211. 25 
19211. 25 
19211.25 
19211. 25 
2161. 27 
2161.27 
2161.27 
2161. 27 
10.00 
10.00 
10.00 
10.00 
No 

0.50 
440.50 
1468.30 
1468.30 
20254.88 
20254.88 
13916.62 
13916.62 
2278.67 
2278.67 
1565.62 
1565.62 
10.00 
10.00 
10.00 
10.00 
No 
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