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SUMMARY

The overall motivation for this study is to improve the safety of
automobile travel through a better understanding of the predominant charac-
teristics which lead to an accident and influence injury severity. Quantifi~
cation of conditions of accidents and vehicle occupant behavior have currently
lead to many improvements in the design of vehicles and roadways, as well as
aiding our legal system in administrating justice., Simulation of vehicle
collisions has played an important role in this progress. Yet, substantial
potential for further improvement exists. The focus of this report pertains
to the approach being taken in the development of new dynamic computer simula-
tion techniques by a research team at The University of Texas at Austin.

The work presented herein represents only the beginning of a very
extensive program of research. The progress to date has been quite good and

represents a significant step in accomplishing our goals.
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CHAPTER I
INTRODUCTION

A great number of papers have appeared related
to the characteristics of automobile collisions. The
overall motivation for pursuing these studies is to im-
prove the safety of automobile travel through a better
understanding of the predominant characteristics which
lead to an accident and influence injury severity. Quan-
tification of conditions of accidents and vehicle and oc-
cupant behavior have currently led to many improvements
in the design of vehicles and roadways, as well as aiding
our legal system in administrating justice. Simulation
of vehicle collisions has played an important role in this
progress. Yet, substantial potential for further improve-
ment exists. The focus of this report pertains to the
approach being taken in the develcpment cf new dynamic
computer simulation techniques by a research team at The
University of Texas at Austin.

Before discussing the alternative simulation
approaches the goals of accident reconstruction require
further elaboration. A discussion of reconstruction
goals, as related to potential injury severity studies,

requires an understanding of the factors affecting occu~-



pant injury in automobile collisions. Marquardt [l]* has
organized these factors into groups of vehicle-related
factors, relating to the collision external to the occu-
pant compartment, and occupant-related factors, which re-
late to occupant compartment interactions. The analysis
presented shows the actual injury incurred is determined
by occupant-related factors for a given Peak Contact
Velocity (PCV). Peak Contact Velocity is defined as the
maximum relative velocity with which the occupant can con-
tact the vehicle interior. The PCV is essentially the
velocity change of the vehicle during the crushing phase,
when the vehicles are brought from their original veloci-
ties to a common velocity in the forward phase of impact.
Consequently, the determination of velocity changes in
vehicle accidents is an important step in quantifving
injury severity potential. The actual injury is a func-
tion of many occupant-related factors and Marquardt has
concluded that a statistically valid sample of the random
occupant variables is necessary to draw conclusions about
the correlation of injuries to accident conditions.
Although staged accidents with test dummies
present a method to generate statistical data, a large
number of accidents would be required to draw viable con-

clusions. However, a large number of field accidents

*
Brackets will be used to cite references in
the attached bibliography.



occur on our nation's highways every year which could
serve as the basis for a statistical study, given simula-
tion techniques applicable to field accident reconstruc-
tion. The National Highway and Traffic Safety Administra-
tion has sponsored a National Crash Severity Study to
obtain the first such statistical data using a computer
simulation program to reconstruct a large number of acci-
dents across the nation. The particular computer simula-
tion program used in this study will be discussed later

in this report. Although the National Crash Severity
Study includes accidents from rural as well as urban and
city settings, the settings are confined to areas where

an organization with sufficient technical expertise in
accident reconstruction is located. This may prove suffi-
cient for the initial statistical study; however, in the
future a broader accident base may be desirable.

In order to facilitate broader use, future
dynamic computer simulation technigues should be developed
with the non-technically educated user in mind and should
be as simple and compact as possible in order to utilize
smaller more inexpensive ccmputers.

The preceding general statement regarding simu-
lation techniques can also be justified by looking at the
other motivation for automobile collision studies per-
taining to understanding the characteristics leading to

an accident. Although there are many characteristics



which attribute to automobile collisions which do not in-
volve the dynamic state of the vehicles involved, this
report and the simulation techniques-discussed only per-
tain to the dynamic characteristics of automobile colli-
sions. Quantification of the characteristics leading to
an accident can be useful in designing safer roadways and
aiding our legal system in administrating justice. For
the most part, these activities are state and local
government functions and, therefore, the ability to re-
construct accidents on a local level with non-technical
people could also prove beneficial from these standpoints.

Another purpose of automobile collision analysis
is to provide a uniform method of investigating collisions.
This uniform method is necessary for two reasons.

The first reason is to provide an automobile
collision technology. This technology can serve as a
base of information from which investigators can draw
information to aid in the reconstruction of collisions or
to critically evaluate the analysis of other automobile
collision investigators. This ability to evaluate the
work of other investigators is especially important in
the courtroom where the qualifications of expert witnesses
must be established.

The second reason is to provide a method with
which technically educated people can be trained as col-

lision investigators or by which veteran collision inves-
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tigators can refresh their knowledge. At the present time,
there is a shortage of gualified collision investigators
and the resulting gap is too often made up by less quali-
fied investigators. 1In the courtroom, it is difficult for
judges and juries to determine the difference between
these two types of investigators.

In order for dynamic computer simulation tech-
niques to facilitate use by non-technical people as well
as simplifying the complexity of reconstruction by tech-
nical people, a simple, logical approach to reconstruction
needs to be implemented in the form of a computer simula-
tion. The computer simulation techniques must also be
adaptive to an educational role, whereby local non-
technical people can be trained to use the computer
simulation. -

Several constraints severely limit the implemen-
tation of automobile collision analysis. The main diffi-
culty lies in the fact that if the investigator begins
with incorrect or invalid data, the results will almost
always be invalid regardless of the type of analysis
used. Several factors contribute to incorrect data.

Lack of training for peéple assigned the
responsibility for taking measurements at the scene of an
accident is one contributing factor to incorrect data.

It is very often the case where information such as the

impact point of the vehicles, final resting position of
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the vehicles or the locations of skid marks are measured
incorrectly or are not measured at all.

Lack of proper equipment for making these
measurements also contributes to inaccuracies. For
example, the coefficient of friction at the scene of an
accident is usually measured by a'standard skid test. 1In
this skid test, the investigating officer brings his auto-
mobile from a known velocity to rest in a locked-wheel
skid. The length of the skid marks determines the
average coefficient of friction. This technique works
reasonably well as long as the skid marks are clearly
visible and the coefficient of friction is not a strong
function of velocity. Often however, this method yields
results that are inaccurate when used with a simple work-
energy formula. An alternative to this system might be
to provide an automated system which could measure the
coefficient of friction through tachometers and
accelerometers.

It is my belief that a modular algorithm
approach can best meet the overall goals of the computer
simulation. A modular approach may require more user
training before the user can make intermediate decisions
regarding the use of individual algorithms. However,
once the user is acquainted with the system and acquires
an understanding of vehicle accident processes, a logical

approach to accident reconstruction should be obtainable.



Once trained, a modular approach will allow the investi-
gator to interact more with the computer throughout the
reconstruction'process, enhancing the investigator's
ability to input insights and decisions with respect to
any particular accident. In addition, a modular package
of reconstruction algorithms will allow implementation
on smaller mini- and micro-computers. Use of smaller
and, consequently, less expensive computers would enable
local governments and other small organizations to ac-
guire the required facilities for computer aided accident
reconstruction.

This approach varies somewhat from the general
approach taken by Calspan Corporation, which to date has
been the predominant developer of dynamic accident recon-
struction computer programs. The computer reconstruction
programs in most widespread use in this country today
were created by Calspan and will be discussed in further
detail later in this report. 1In general, the Calspan
programs can be classified as general algorithms for
application to a wide spectrum of accidents. However,
the generality required in one large algorithm in order
to facilitate its broad use eliminates the capability of
the accident investigator to interact with the computer
algorithm in such a way as to simplify the accident re-
construction. Not only will a modularized package of

reconstruction algorithms allow interactive input,



allowing the investigator to check his insights regarding
the accident at various phases in the accident without
restarting the simulation at the beginning, but modules
appropriate to different classes of accidents can take
advantage of applicable simplifying assumptions valid for
 that particular accident. Through a process of trial and
error with small module algorithms, the trained investi-
gator should be able to piece the accident together in a
shorter period of time at a tremendously lower cost. 1In
essence, the modular algorithm approach should serve as a
much better learning device for accident reconstruction
in total, as well as for determining the events in any
particular automobile accident.

This report also consists of a presentation of
the dynamic principles applicable to automobile accident
reconstruction and a survey of the current literature
available with respect to simulation techniques. Once
the fundamentals have been discussed, a critique of the
application of computer simulation techniques to accident
reconstruction is presented. Through the following sur-
vey and discussion, a basic insight into the development
of modularized algorithms for accident reconstruction
should be gained.

Before discussing dynamic principles and simu-
lation techniques, the reader is referred to reference

[2] for insight into the reconstruction problem. For the



two-vehicle collision model, Wilson presents one possible
set of system parameters (40 in this particular case)
which could be used to define the impact and post-impact
trajectory phases of an accident. Depending upon the
particular accident, the a&ailable evidence (i.e.,
tracking data, post-collision inspections), and the
mechanical principles used to simulate or reconstruct the
accident, the set of system parameters may be altered.
However, Wilson's classification of the system parameters
into subsets classified as most certain, less certain,
least certain, and definite unknowns defines the logical
process utilized in this work for evaluating parameters
for any given accident.

The body of work required to accomplish the
above defined goals is, of course, enormous. The work
accomplished to date which‘forms the basis of this report
is a beginning only. While our progress has been substan-
tial, the task of assembling a low cost computer based
collision reconstruction system will progress for many,
many years to come.

Work on this sysfem has provided topics for six
completed theses (Master of Science in Mechanical and
Electrical Engineering) with three more in various stages
of completion. The work of Olson [3] and Self [4]
formed the foundation of the Modular Accident Simulation

System (MASS). Their work provided the basic analysis
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algorithms for analyzing vehicie dynamics during a
collision scenario.

The work of Kroeger [5] in designing and
building a microcomputer based, graphical input, hardware/
software system followed by Dobbins [6] in developing and
implementing a microcomputer operating system for MASS
provided the physical manifestation of the collision re-
construction system.

Current work by several students, combined with
current major computer upgrades, are already reshaping
the nature of the MASS system. Video graphic output of
analysis results is nearing completion as is the prospect
for substantially reduced analysis execution times on new
dedicated hardware.

As an outgrowth of numerous collision recon-
structions, an awareness of the sensitivity of the
analysis to road/tire friction characteristics was
developed. This awareness spawned a parallel effort to
develop portable field equipment for accurately measuring
and transmitting the actual coefficient of friction from
the accident site. The work of Reid [7] in developing a

portable transducer and Edmiston2 in developing and

building a portable microcomputer system integrated with

the transducer formed the basis for field measurements

2Thesis currently in preparation
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of the coefficient of friction. The work of Coke [3]
extended the transducer to provide a sophisticated com-
puter based field data acquisition device capable of
providing stored empirical data. He then designed and
implemented an extension to the MASS system to permit
integration of the empirical data into the analysis
algorithms.

The following chapters will attempt to discuss
all of this work in some degree of detail. It is impos-
sible, however, to even begin to expose the enormity of
work contained in references [3] to [8]. The reader is
encouraged therefore to pursue those references and the
additional work to be published in the near future for a
more detailed insight into the subject matter of this

report.






CHAPTER IIX
VEHICLE COLLISION RECONSTRUCTION

The reconstruction of vehicle collisions util-
izing the principles of rigid body dynamics is certainly
nothing new. With the introduction of the digital com-
puter, the capability to substantially increase the com-
plexity of the reconstruction exists, and has been the
focus of enormous effort during the past decade. However,
regardless of the complexity introduced, a basic under-
standing of the principles of impulse-momentum and con-
servation of mechanical energy with applicable assumptions
is needed by the investigator. Although there are differ-
| ent approaches for analyzing an accident, in general,
vehicle accident reconstruction is sevarated into the
distinct phases of 1) pre-impact trajectory, 2} impact,
and 3) post-impact trajectory. Consequently, the princi-
ples as applied to the individual phases will be discussed
separately. Note should be made that with the division of
the analysis into seperate phases (events) as presented
here, the impact phase is modeled assuming that tire
forces are negligible during that phase. Although this
assumption is reasonable for most collisions as noted in

references [9, 10], McHenry [10! indicates significant

13
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errors have resulted for moderate-speed intersection col-

lisions in which multiple contacts occur.

Impact Phase: Principle of Impulse and Momentum

Most introductory dynamics texts will present a
discussion of the application of the principle of impulse-
momentum {(conservation of momentum) to the basic input
problem. Beer and Johnson [l11l] present introductory dis-
cussions for both central and eccentric impact. A more
complete yet fundamental treatment of the principle of
impulse-momentum with specific reference to vehicle colli-
sion impact can be found in reference [12]. More detailed
presentations of the principle apﬁlied to the impact
problem can be found in references [13, 14],

Several assumptions are made in the application
of the principles of rigid bodies to vehicle collisions.
In traffic accidents, the bodies (vehicles) undergo elas-
tic and plastic deformatiohs. Although the centers of
gravity of the bodies are affected, their locations do
not change radically during the impact phase and, there-
fore, are assumed to be constant. The mass moments of
inertia of the vehicles are also assumed to be constant
during and following deformation. Due to the substantial
crushing involved in severe collisions, portions of the
body structure (i.e., occupant compartment) take an appre-
ciable, though still short time to reach a common veloc-

ity. Consequently, portions of the body structure or mass
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may undergo a change in velocity before the rest of the
vehicle. This effect is not modeled in detail and all of
the mass of the vehicle is assumed to have the same
velocity at all times. 1In current simulations, only two-
dimensional vehicle motion has been included. Although
pitching and rolling are present in essentially "planar”
accidents, their effects are typically small and are,
therefore, neglected. The influence of the preceding
assumptions are considered in reference [9].

The impact phase of a collision can be further
broken down into periods or subphases. Immediately follow-
ing collision, the relative velocities of two masses will
tend to be egqualized as the masses continue along their
initial trajectories interacting by impulsive forces.
Once a common velocity is reached, the forward impact or
period of deformation of the collision terminates. At
this instant, reaction forces acting to separate the
masses are present if at least one of the masses is elas-
tic to some degree. This period of the impact is common-
- ly called the period of restitution or rebound. It ends
when the reaction force reduces to zero at vehicle
separation.

The ratio of the integrals of the forces acting
during the period of restitution to those during the
period of deformation is called the coefficient of resti-

tution. This ratio may also be viewed as the momentum
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transfer at rebound to the momentum transfer during crush.
The coefficient of restitution varies between zero for a
perfectly plastic collision to one for a perfectly elas-
tic collision. The principle of conservation of momentum
is valid regardless of the value of the coefficient of
restitution. In general, total mechanical energy is not
conserved in impact problems except where the impact is
perfectly elastic. Therefore, the coefficient of resti-
tution serves as a measure of energy loss as previously
noted.

In apvolication to vehicle collision, the coef-
ficient of restitution tends to be small depicting the
almost inelastic behavior of crushing automobiles. The
coefficient of restitution is typically on the order of
0.05 to 0.1 for symmetric head-on collisions of two
automobiles [9]. Consequently, it is common to assume
perfectly plastic collisions which result in a common
velocity after impact. Confirmation of the assumption of
small coefficients of restitution is found in reference
[1] where it has been determined that a change of the co-
efficient from 0 to 0.1 would only change the amount ‘of
energy absorbed by 1 percent.

Given ample evidence, the assumption of an a
priori coefficient of restitution is not regquired and it
is possible to calculate the coefficient. This also pro-

vides a subjective check on the accuracy of the inter-
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pretation of the available evidence. The validity of the
assumption of a perfectly plastic collision may be sub-
jectively evaluated by considering the final relative
positions of the vehicles involved [15]. Caution must be
taken in considering the final distance between two vehi-
cles as representative of the degree of elastic behavior
as many variables which enter into the post-trajectory
phase of a collision, affect final rest positions.

Another treatment of the impact phase of a ve-
hicle collision concentrating on an approach using the
equations of impulse and momentum is presented by Brach
[15]. Due to the inability of locating the exact point of
application of the resultant force impulses in vehicle
collisions, Brach contends the resultant of the total sur-
face contact forces should consist of both force and
moment impulses to accurately formulate the equations of
impact. For a physical interpretation, the moment can be
considered to be generated by the mechanical interlocking
of parts of the deforming vehicles. 1In including moment
impulse into the formulation, an impulse moment coeffi-
cient, similar to the coefficient of restitution, is in-
troduced corresponding to angular velocities. The moment
coefficient ranges between negative and positive one. At
negative one, the angular impact is elastic, at zero the
vehicles have zero relative angular velocity following im-
pact, and at positive one, no moment is transmitted at im-

pact relating to the direct central impact problem.
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Brach's paper is the only known reference to
consider surface moment impulse in the context of vehicle
collisions. As little work has been done with this con-
cept, it would be difficult to establish a priori values
for the moment coefficient in vehicle collision analysis.
When ample collision evidence is known, the moment coef-
ficient can be treated as an unknown and the analysis
accuracy can be improved. Brach presented one example
where the moment coefficient was treated as an unknown
and calculated to equal 0.70. The relatively high moment
coefficient value, approaching the direct central impact
value, as well as the accuraéy of collision analyses by
others while ignoring the moment impulse, would lead one
to question the need for this approach and the additional
complexity introduced. However, the theory offers im-
proved accuracy and additional work in this area appears

warranted.

Impact Phase: Conservation of Mechanical Energy

Another approach to the analysis of the impact
phase of vehicle collisions is to use the principle of
conservation of mechanical energy. The summation of the
initial kinetic energies before impact and the energy
absorbed (negative) by plastic deformation during the
period of deformation, for the vehicles involved, must
equal the summation of the kinetic energies of the vehi-

cles at the instant the period of restitution ends.



19

In order to use this balance of mechanical
energy to reconstruct vehicle collisions, a method for
determining deformation energy terms from post-collision
crush profiles is needed. 1In reference [2], vehicle-to-
vehicle crush data [16] showing that the mean vehicle
crush deformation is linearly correlated to vehicle im-
pact speed, is used to calculate the plastic work. An
identical linear correlation based on barrier test data
for frontal impact is presented by Campbell [17] to cal-
culate what he refers to as an "Equivalent Barrier Speed"
(EBS) for estimation of the energy absorbed by plastic
deformation. Equivalent Barrier Speed is commonly de-
fined as the speed at which equivalent vehicle damage
(based on equivalent energy absorption) is produced in a
fixed barrier test of the same vehicle. Campbell tabu-
lates the coefficients of a linear eguation and the stan-
dard weight at which these coefficients were determined
for four classifications of vehicles. A linear force-
deflection model is also developed which reproduces the
barrier test linear relationship using the same coeffi-
cients., The tabulated data is only applicable for frontal
impact due to the limited availability of additional test
data, however, the concept is applicable for all types of
collisions. Campbell proposes the factors involved in a
collision could be used to classify collisions into cate-

gories where EBS formulations applicable for the particu-
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lar categories could be used. To arrive at the addition-
al EBS formulations, test programs supplemented by acci-

dent simulations are needed.

Trajectory Phases: Conservation of Mechanical Energy.

The trajectory phases of an accident can be re-
constructed on the basis of conservation of mechanical
energy. Following vehicle separation at the end of the
period of restitution of the impact phase, the kinetic
energy levels possessed by the individual vehicles are
reduced to zero by frictional work between the vehicle and
roadway. Thus, the summation of translational and rota-
tional kinetic energy following impact and the frictional
work (always negative work) during the post-collision
trajectory must equal zero. Brief presentations of the
principle and a means of calculating the total frictional
work can be found in references [2, 18].

Another presentation of post-impact trajectory
analysis based on energy dissipation by frictional work
between vehicle separation and rest positions is found in
[24]. Although this presentation is not a unique solution
based on the theory, more detail of the development is
provided. Steering is not considered in a detailed sense
and in the initial development, a piecewise linear ideal-
ization of the linear and angular velocity time histories
is assumed with abrupt changes in deceleration rates be-

tween linear and angular motion. In other words, when the
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vehicle slides laterally, the angular velocity is assumed
constant while the linear velocity is decelerated and con-
versely when the direction of linear velocity is aligned
with the longitudinal axis of the vehicle. By approximate
integrations of the idealized velocity versus time plots
and rigid body mechanics, approximate linear and angular
deceleration times are found. Assuming the linear and
angular phases of motion end at approximately the same
time, equations relating the separation velocities to dis-
placements, the friction coefficient, and vehicle geometry
are derived. Although this initial development has been
found to have several shortcomings, it is a fairly uncom-
plicated approach and offers an alternative method for
trajectory analysis. This general approach, as well as a
method based on integration of equations of motions, will
be discussed further later in this report.

Note that although the discussion has been fo-
cused on post-impact trajectory analysis, the principles
can as easily be applied to pre-impact trajectories in
order to find initHal velocities prior to braking or skid-
ding. Typically, pre-impact trajectory analysis is sim=-

plified as angular velocities are negligible.

Simulation Technigques

In this section, a discussion of several simu-
lation techniques combining available evidence and the

mechanical principles are presented. As depicted in the



22

previous section, alternative methods for develcping simu-
lation techniques exist and the techniques presented in
the following discussion will re-emphasize this fact.
However, the simulation techniques discussed are not
limited to the general approaches previously presented.

Vehicle collisions have been reconstructed for
some time with hand calculations using the dynamic prin-
ciples of rigid bodies as previously discussed. Given
accident layvouts with tire tracks, impact point, and rest
positions, an investigator can estimate accident condi-
tions. The velocity of each vehicle at the termination of
the period of restitution can be approximated by using
conservation of mechanical energy and assuming friction
factors. With further assumptions and the principle of
impulse and momentum, the impact phase can be analyvzed to
approximate initial contact velocities. If tire tracks
indicate braking or skidding before impact, conservation
of mechanical energy can again be used to approximate ini-
tial velocities. By varying the assumed values in the
calculations (e.g., friction coefficients) a sensitivity
study can ke made and, for most accidents, a reasonably
accurate reconstruction is obtainable. 1In reference [12],
several vehicle collisions are reconstructed with hand
calculations.

In reference [2], Wilson outlines two individual
algorithms applicable to the estimation of initial speeds

and the post-impact trajectory lengths of an accident.
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The algorithms are not designed to be used together as
modules, as the input and outputs between them are not
consistent.

The first algorithm has outputs of initial velo-
cities, post-impact linear and angular velocities, and the
force impulse. The algorithm is based on the conservation
of mechanical energy in combination with the impulse-
momentum principle. The basis is different from those
discussed previously in that the force impulse is left as
an unknown and the coefficient of restitution is not in-
troduced. A numerical example of an obligue impact is
used to illustrate the algorithm. Another example of a
central impact is also presented, however, in this case
the algorithm as previously presented was not implemented.
Instead, Wilson uses the conservation of mechanical energy
in combination with the conservation of linear momentum
where the force impulse has been eliminated as a variable.
The assumption of a coefficient of restitution is not
noted, although its use is implicit in the assumption of a
common post-impact velocity which is equivalent to assum-
ing a coefficient of restituticn equal to zero.

The second algorithm for trajectory estimation
uses a vector equation describing the locations of the
vehicles in combination with equations common with the
first algorithm to arrive at admissible solutions. 1In

this case, the definite unknowns are the post-impact
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trajectory lengths. 1Initial velocities are classified as
least certain and are input with lower and upper bounds.
Numerical examples for the second algorithm are not
presented.

Calspan Corporation appears to have done more in
the area of accident reconstruction by computer simulation
than anyone else [10, 19, 20, 21, 22]. It is Calspan's
CRASH computer program which was used in a National Crash
Severity Study. The Calspan Reconstruction of Accident
Spveeds on the Highway (CRASH) program is actually a refine-
ment of a routine (START) used to generate initial approx-
imations for a much more detailed simulation orogram
called SMAC for Simulation Model for Automobile Collisions.

The SMAC program is an algorithm which predicts
a time history response and corresponding evidence (i.e.,
rest positions, damage, and tire marks and tracks) when
supplied with initial approximations of the collision
conditions. In the reconstruction of accidents, succes-
sive iterative runs are performed until an acceptable
match with real accident evidence is obtained.

In general, the uniqueness of SMAC is ir its
generality and the extent of analytical detail. Equations
based on the fundamental physical laws and empirical re-
lations are used to balance the applied and inertial
forces and moments acting on vehicles throughout an acci-
dent. Empirical laws are introduced in order to treat

collision and tire forces simultaneously. The analytical
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assumptions which are made for the collision force aspect
of the impact which differ substantially from those pre-
viously discussed are outlined by McHenry in [10].

1. The vehicles are treated as rigid bodies,
each surrounded by a layer of isotropic, ho-
mogeneous material exhibiting elastic-
plastic behavior.

2. The dynamic pressure in the peripheral layer
increases linearly with the depth of pene-
tration relative to the initial boundary of
the deflected surface.

3. The adjustable, nonlinear coefficient of
restitution varies as a function of maximum
deflection.

The "friction circle" concept for introducing tire forces,
which is a method for limiting tire forces to those ob-
tainable by Coulomb friction, is also introduced in this
reference.

The SMAC predicted time histories of vehicle re-
sponses during impact and spinout trajectories are gener-
ated by step-by-step integration of continuous equations of
motion over the time interval of the accident. A deriva-
tion of the equations implemented in SMAC is outlined in
reference [20]. A simpler presentation of eguations of
motion applicable to vehicle collisions is outlined in
Appendix 2 of the paper by Grime and Jones [9]. Although

SMAC is obviously more complex in its treatment of colli-
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sion and tire forces [20] than the presentation in [9],
the integration of equations of motion to generate time
responses should be readily apparent from either reference.

The SMAC program has been found to yield + 5
percent accuracy in velocity estimation [19] in certain
test cases. However, a sufficiently detailed definition
of the accident is required to obtain this level of accur-
acy and to take advantage of the benefits provided by SMAC
predictions. Examples of application of SMAC appear in
[10, 20, 21, 23]. The development of the CRASH program
was prompted by a need to reconstruct accidents where
a detailed definition of the accident is lacking. Although
the range of accuracy with CRASH is decreased to about + 12
percent [19], a 75 percent cost savings per run is ob-
tained and the program inputs are less detailed. These
factors provide for a broader application potential. A
discussion of CRASH and comparative results from CRASH and
SMAC appears in [19].

The CRASH program contains two methods of anal-
yzing accident evidence. The first method is an extension
of the trajectory analysis, based on energy dissipation by
frictional work [19], introduced earlier in this paper.
Application of this trajectory analysis to SMAC generated
spinout trajectories revealed shortcomings existed due to
assumptions and idealizations in the original derivation.
Modifications were introduced in order to avoid the as-

sumption that linear and angular motion terminated simul-
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taneously, the errors introduced in the integration of the
velocity plots, and the assumptions that deceleration
rates between linear and angular motions changed abruptly.
Although the details of the modification are sketchy, it
is apparent that SMAC was implemented to generate empirical
relationships used in the resulting equations. By com-
bining this trajectory analysis with an impact phase anal-
ysis based on the impulse-momentum principle, the change
in velocity during impact and initial impact velocities
are obtained.

The second analysis method in CRASH is an exten-
sion of Campbell's damage analysis technique. The linear
damage analysis is based on a spring-mass-dissipator sys-
tem using potential energy relationships and conservation
of momentum to derive expressions for velocity changes
during the impact phase as a function of the absorbed
energy in crushing deformation. The absorbed energy cal-
culation is based on Campbell's work where gross approxi-
mations are made for the empirical coefficients for side
and rear collisions. The computation of the absorbed
energy is accomplished by integration of the energy equa-
tions by trapezoidal approximations where coefficients are
shown in tables,

The impact phase velocity changes calculated with
the two analysis methods contained in the CRASH program are

comparable, although the trajectory analysis must be used
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in both cases in order to calculate initial impact

velocities.

Computer Simulation of Vehicle Collisions: A Survey.

The first computer program to be used on a large
scale for accident reconstruction was Calspan's SMAC pro-
gram. As previously noted, the SMAC proagram was designed
to be very general, thus allowing its application to a
large spectrum of accidents assuming sufficient detailed
evidence exists. The generality, however, causes several.
problems. First, the program is of significant size re-
quiring a large computer for storage and computation. At
The University of Texas where the program has been used to
reconstruct field accidents, it is advantageous to store
SMAC and do computation on a CDC 6600 while input and out-
put was handled with a PDP 11/40. Calspan used a similar
approach to handle the program at one time as depicted in
reference [21]. Second, it is likely the complexity and
analytical detail incorporated into the program is not re-
quired to obtain comparable accuracy for certain accidents.
The second point is especially true when detailed evidence
is not available. For instance, in frontal impact acci-
dents at high speeds, a simplified reconstruction using
the assumption of a coefficient of restitution equal to
zero is likely to be of sufficient complexity to obtain

suitably accurate results.
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Some of the drawbacks noted above for the SMAC
program contributed to Calspan's reasoning to develop
CRASH as previously noted. The alternative methods for
approximating impact phase speed change provided with
CRASH make it possible for the user to select the results
based on the most reliable evidence available. At the
same time, comparison of results from the alternative
methods provides a check on the compatibility of the var-
ious evidence items. The drawback encountered with the
CRASH program is the loss in accuracy.

The accuracy loss in the CRASH trajectory analy-
sis routine is due to the use of approximations leading to
idealized velocity versus time plots for the derivation of
the energy balance equations representing the trajectory
phase, instead of direct integration of equations of motion
during this phase. 1In SMAC, the equations of motion are
integrated directly over the trajectory phase as well as
the impact phase. 1Integration of the equations of motion
over the impact phase introduce a number of disadvantages
due to the short impact time jinterval during which rapid
changes take place, as the integration time steps must be
very small to maintain accuracy. Additionally, SMAC re-
guires a great deal of computational effort at each time
step during the impact phase to balance the pressures act-
ing on the vehicles across the impact interface. Therefore,
the impact phase analysis used in the CRASH program, which

is based on the impulse-mcmentum principle, is a worth-
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while trade-off for simplification. However, for the
trajectory phase large time steps are appropriate and in-
terface pressures need not be calculated making the trade-
off to a less accurate solution such as the CRASH program
trajectory analysis questionable.

For the damage based approximations of the CRASH
program, based on Campbell's work [l17], the main drawback
as previously noted is the lack of experimental data for
other than frontal impacts. For this reason, it may be
desirable to rely more heavily on other methods of approx-
imation, such as impulse-momentum solutions. However,
there are classes of accidents where impulse-momentum
methods are not applicable (e.g., accidents at slower
speeds), and a method based on damage analysis is the only
attractive alternative. 1In this case, the CRASH program
damage analysis is as good as one may expect do to with a
simplified approach, and in most cases is suitable as de-
picted by the accuracy obtained [19].

The two algorithms developed by Wilson [2] are
similar in nature to the CRASH program. However, both of
these algorithms rely on calculating the total plastic
work using a linear correlation between vehicle impact
speed and mean vehicle crush [l6]. It is not evident in
the literature that the validity of the algorithms has
been substantiated, and it is extremely doubtful the re-

sults could be any more accurate than those of CRASH.
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In summary, it appears that a number of differ-
ent algorithms or modules appropriate to different classes
of accidents with different types of evidence would be an
attractive alternative to a general algorithm for applica-
tion to a wide spectrum of accidents. By using a modular
approach extended to apply to different stages of any par-
ticular accident, the complexity of the total package
could be reduced while taking advantage of the specific
evidence available and appropriate simplifying assumptions.
As a proposed scheme, an algorithm package including a
trajectory analysis based on the integration of equations
of motion and an impact analysis based on the principles
of impulse and momentum could be used to reconstruct acci-

dents with full impacts.

Modular Accident Simulation System.

The Modular Accident Simulation System, hereaf-
ter referred to as MASS, is basically composed of a system
of computer analysis modules connected with input and out-
put devices. Each of these analysis modules are concerned
with only one particular aspect of a vehicle collision.
The user of MASS has the ability to use each of these mod-
ules independent of the others. The input and output de-
vices are basically designed to improve the communication
between the user and the computer based analysis modules.

The two main goals were considered in the design of MASS.
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The first goal was to provide a computer simula-
tion system based on several independent analysis modules
as discussed in the previous section. The position held
during the course of the project was that modular approach-
es to automobile collision simulation hold significant ad-
vantages over unified approaches like SMAC.

One advantage of a modular approach is the in-
clusion of the human element in the computational process.
Automobile collision reconstruction using a computer
basically involves an iterative solution technique.
Because of the large number of input variables, the itera-
tion in these programs is left with the investigator.

With a modular system such as MASS, the user deals with
only one aspect of the collision at a time. Since the
collision processes modeled by individual modules are
usually straightforward, the user should quickly gain in-
sight into the use of these modules. When the investiga-
tor begins to recognize certain patterns of automobile
collisions, he will be able to draw on that intuition to
reduce the number of iterations needed to form a complete
reconstruction.

Another advantage of the modular approach is
that computer programs based on a modular analysis scheme
are individually much simpler and much shorter than a pro-
gram which is based on a continuous analysis approach.

This means that these modules can be implemented on lower
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cost equipment such as mini-computers and micro-computers.
The cost of operating these programs could potentially
then be brought within the means of nearly all collision
investigators.

One more advantage of the modular approach would
be in the versatility of a system based on modules. Such
a system could be augmented by simply adding additional
modules. TIf the inputs and outputs of each module follow
some general format, new modules could be designed as to
minimize any modifications that must be made to the over-
all system,

The second goal in the development of MASS is to
provide a simulation system with user oriented input and
output. It has been noted from experience using SMAC that
a great deal of time is lost when the user is forced to
deal with large amounts of input and output data in a
numerical format.

The first step in reaching this goal was to use
an interactive scheme for inputting of data. 1In the inter-
active scheme, the system will ask the user for information
and then wait for a response. After the user inputs the
information, the system either verifies the information or
tells the user that the information was in error. Such an
interactive scheme reduces the possibility of input errors
since the user has immediate confirmation of the informa-

tion just entered. An interactive program can also check
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for certain types of input errors that would cause the
analysis modules to fail. An interactive scheme also
facilitates changes in the data file necessary with the
iterative procedure employed by MASS. Finally, an inter-
active scheme reduces the time that a person must spend to
become accustomed to the operation of the system.

The second step in reaching the goal of a user
oriented system was to provide both alphanumeric and
graphic methods of displaying input and output. This allows
the user to study the accident in terms of gquantities,
positions, velocities and accelerations; and in terms of
graphic diagrams. The graphic capabilities of the system
enables a user to quickly evaluate the results of a simu-
lation and decide om the proper modifications to the input
data for the next iteration. The graphic display feature
also provides a meaningful method for communicating the
results of the simulation to parties not directly involved
with the analysis.

With the development of these modular algorithms
in mind, the basis theoretical considerations are now dis-

cussed in the following two chapters.



CHAPTER ITI

TRAJECTORY ANALYSIS ALGORITHM

The trajectory analysis algorithm developed in
this chapter utilizes the integration of general eguations
of motion. The discussion of the trajectory analysis algo-
rithm will be divided into two major sections. The first
section pertains to the development of vehicle equations
of motion, while the second discusses the tire road inter-
face.

This chapter serves as the basis for analyzing

both the pre-impact and post-impact phases of a collision.

Derivation of Vehicle Equations of Motion.

Referring to Fig 3-1, the velocity components of
the contact patch for each wheel of a four-wheeled vehicle

can be written as follows:

Wheel #1 X = x - r_fsin(e - )

(right front) le . f. £
Yyl = ¥ * rfecos(e - ¢f)

Wheel #2 . _ s

(left front) TWZ - f - rf?51n(6 + d)f)
Yy = Y + rgbcos(0 + )

Wheel #3 X = x + r.8sin(8 + $5)

(right rear) ,W3 . 3, 3
Y3 = Y - r38cos(6 + ¢3)
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Figqg.

3-1.

Three Degree of Freedom Vehicle Model
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Wheel #4 X, = X + r,f6sin(8 - ¢,)
(left rear) w4 . 4. 4
=y - r,fcos (0 ¢,) (3-1)

Yywa

where x = u and y = r in Figure 3-1l.
In the above equations, the orientation of the

front wheels (r ¢f) with respect to the vehicle center

f'
of gravity and the vehicle longitudinal axis are constants
dependent on vehicular geometry. Front wheel steering,

wi, is a result of wheel rotation about nodes located by
these parameters. If the rear axle of the vehicle were
fixed perpendicular to the longitudinal axis of the vehi-
cle, similar parameters (rr, ¢r) could also be used to lo-
cate the rear wheels. However, in order to allow an in-
put for rear axle rotation, wr’ to compensate for vehicle
damage, independent rear wheel radii and angles are re-

quired. Referring to Fig. 3-1 the radii, r4 and r, and

angles $5 and ¢4 can be expressed as follows:

(c/2)cosl,’)r

r. i=3, 4 (3-2)
sind:i
tan ¢, = _ (G/2)cosv, (3-3)
b - (c/2)sinwr
tan ¢, = (c/2)cosy,. (3-4)

b + (c/2}simpr
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The values for Ler Lo ¢f, and ¢r are easily calculated
given vehicle parameters a, b, and c.

Considering each wheel independently, a free
body diagram of the wheel with the resultant longitudinal

and lateral components of force created at the tire-

roadway interface can be drawn as shown in Fig. 3-2.

AY
Yw

\(, = WHEEL VELOCITY

Figure 3-2

Wheel Free Body Diagram

The details of the tire model used to calculate
the longitudinal or circumferential and lateral tire
forces, FC and FL'
next section of this chapter. Consequently, a detailed

respectively, will be presented in the

discussion of Fig. 3-2 will be left until later. Of pri-
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mary importance at this point in the derivation of equa-
tions of motion for the vehicle is the ability to calcu-

late tire forces in the wheel centered coordinate system

1
| ]
(xw, yw).

Given the tire forces, linear equations of
motion for the vehicle can readily be derived by summing
forces in the x and y directions and using the momentum
principle (Newton's Second Law). Likewise, an angular
equation of motion results from summing moments about the
vehicle center of gravity and using the angular momentum
principle. Referring to Fig. 3-3 the following equations

of motion can be written:

4
IF = iil[FCicos(e + wi) + FLi51n(6 + $i)] = m¥%
(3-5)
4
LFy = iil[FCi51n(H + wi) - FLicos(e + wi)] = my
(3-6)
" o
] 1 ! ! — -
EMc.g (FL151nlpl + F. cosy l)2 + FLlcosllJl +
. . 5 2 C
FC151nwl)a - (FLzslnw2 + Fczcos$2)§ +
(—Fchosw2 + Fczsinwz)a + (FL3sin1P3 +

lThe use of primed coordinate systems throughout
this report indicate body centered coordinate systems. In
their use for both wheels and the vehicle the y' axis will
always be along the longitudinal axis of the body (circum-
ferential axis for wheel) with the positive direction
toward the front of the vehicle. All coordinate systems
are right-handed coordinate systems.
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F cosw3)r3sin¢3 - (-F cosw3 +

L3 L3

Fc3sin¢3)r3cos¢3 - (FL4sim{J4 +
Fc4cosw4)r4sin¢4 -~ (- FL4cos¢4 +

Fc4sin\,b4)r4cos¢4 = IZG . (3-7)

Fea

Figure 3-3. Tire Forces Acting on Vehicle Model
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Expressing the preceding equations of motion in
a first order ordinary differential state vector form re-

sults in the following system of equations:

X u
v v
8 0
- l 4
al = | iEl[Fcicos(e + ¥,) + Fp;sin(e+ wiﬂ
v 1 4
= iilEFci51n(e + y;) - Fp,cos(8 + wiﬂ
Q L [(F!, - F! ) + (F', + F'.)a + F!.r sing
I, xl x2°2 yl y2 x373 3
- ! 3 - - 1
"FxqTqSin0y - Fy3r3costy = Fygrycos?, )
(3-8)

where the bracketed expressions in equation (3-7) have
been replaced with force components expressed in the ve-
hicle centered primed coordinate svstem as expressed by

the following equations.

F! F .sinlJJi + F

. cosy,
xi Li yl

Ci

1 - + 3
vi FLicoswi FCiSlnwi

(3-9)
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Tire Model

The forces and moments acting on the vehicle,
which were introduced in the derivation of equations of
motion in the previous section, result from cornering and
tractive forces present in the tire-roadway interface.
There are a great number of papers and books which discuss
the aspects of tire performance. Rather than attempt to
treat all the aspects in this report, the majority of
which do not concern us, only a general introduction to
the items of concern will be presented.

The tire model which is presented below is con-
structed to model the steady-state response of the vehicle
tires. Although the nonsteady-state response of pneumatic
tires can be drastically different from their steady-state
behavior, the effects on the path and heading curves of
the vehicle, which is what we are concerned with, due to
the delays in actual tire force build-up are judged to be
slight and unimportant [24]. Aside from tire construction,
the most important factors affecting steady-state tire
performance are: normal force, inflation pressure, fric-
tional coefficient, tractive effcrt, camber angle, and
speed [29].

The three degree of freedom vehicle model used
in this study (Fig. 3-1) does not consider pitch or roll
motion, Consequently, the normal force on each tire will

be considered constant, where:
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W, o= W, = bmg
2(a + Db (3-10)
W, =W, = amg (3-11)

1 FRE )

Tire inflation pressure and camber angle will
not be treated as variables in this study. However, the
tire cornering stiffness will be treated independently for
each of the four tires of a particular vehicle. At least
theoretically this will allow simulation of tire construc-
tion type, damaged tires, etc. The speed dependency and
tractive effort effects on tire performance will be intro-

duced in the following sections.

Speed Dependency.

The speed or velocity of each vehicle wheel can
be calculated using equations (3-1). The effect of the
magnitude of wheel velocity on tire forces is through an

adjustment to the frictional coefficient. The speed ad-

justed frictional coefficient,

Mgy is determined by the
following eguation:
Mgy = ui(l.O + Cu]Vwi|) (3-12)

where i is the static frictional coefficient for a partic-
ular tire-roadway interface, Cu is the velocity coefficient
of friction (always negative), and \Vwi|is the absolute

wheel velocity calculated using the following eguation:

- JET T -
|v = /xwi + Yoi - (3-13)

wi |
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Because of the sensitivity of the analysis al-
gorithm to errors in uSi' a substantial effort has been
devoted to this project to develop techniques to empiric-

ally arrive at u asa function of Vigs Chapter VI discusses

5
this work in detail.

The velocity direction of a given wheel with
respect to the wheel heading contributes to the direction
of tire circumferential and lateral or cornering forces.

This effect will be discussed in depth with an introduc-

tion to wheel slip angle in later sections.

Tire Forces.

The remaining factor of importance affecting
steady~state tire performance is tractive effort. Circum-
ferential tire force, FCi' is a function of tractive ef-
fort and is limited by the product of the tire-roadway
friction coefficient and normal wheel load. The calcula-
tion of circumferential tire forces is discussed in depth
later with the introduction of the friction circle concept.

The other tire force component, the lateral
(cornering) force, introduced in Fig. 3-2, is in one sense
or another a function of all the factors presented thus
far. However, the most significant aspects become appar-
ent on reviewing Fig. 3-4. Since the normal force is a
constant for any given vehicle wheel of our model, the
family of curves presented in Fig. 3-4 for any given tire

can be reduced to a single curve as shown in Fig. 3-5.
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Lateral Force As A Function of Tire Slip Angle
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Consequently, given a curve such as shown in Fig. 3-5 for
a particular vehicle tire, the lateral tire force could be

determined as a function of slip angle.

Wheel Slip Angle.

Once the wheel velocities for each vehicle
wheel have been calculated using Equations (3-1), the in-
dividual wheel slip angles, a,, can be calculated.* Refer-
ring to Fig. 3-2, the slip angle is the measure of the
orientation of the wheel circumferential direction with
respect to the vector sum of wheel velocity components.

In its simplest form, the slip angle can be expressed as:

a; =0+ -y, (3-14)

where y, = arctangent (&Wi/iwi). (3-15)

Gamma, y;, ranges from 0 to 27 radians and is positive in
the counter-clockwise direction.** The slip angle is
limited to an absolute value less than or equal to 7/2
radians. This limitation implies that the slip angle is

measured from the total wheel velocity vector to the cir-

cumferential wheel axis such that the slip angle is mini-

*

The reader mav find it beneficial to refer to
the fortran listing of the trajectory analysis algorithm in
the "TIRE" subroutine found in Appendix D of reference [3]
through the following discussion.

* %
All the angles used in this report are posi-
tive in the counter-~clockwise direction with the exception
of the slip angle, ayge which will be discussed later.
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mized. To accomplish the bounds on the slip angle, ﬁul-
tiples of nm radians are either added or subtracted from
the value calculated in Equation (3-14). The n/2 radian
bound is imposed on the slip angle in order to prevent

slip angle saturation of the lateral tire force calcula-

tion. This should be apparent from the following equation:

Li ivi (3-16)

which holds for the linear portion of the curve in Fig.

3-5, where the cornering stiffness, Ci, equals:

Ci = BFLi/Bai

%=0 . (3-17)

Tire Force Direction.

The slip angle sign must be determined such
that the lateral tire force always opposes the motion of
the wheel. For this reason, the sign of the slip angle is
not always positive when measured in the counter-clockwise
direction from the wheel velocity vector to the circumfer-
ential wheel axis.

As an additional check on the direction of the

lateral tire force, F and to determine the correct di-

Li’

rection for the circumferential tire force, F the

Cif
wheel velocity components in a right-handed wheel centered
coordinate system are calculated for each wheel. As noted

above, the lateral tire force will always oppose the

lateral motion of the tire. However, the direction of the
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circumferential tire force depends on the mode of trac-
tive effort. 1In the driving mode (positive traction), the
tire circumferential force will be in the forward or posi-
tive direction regardless of the tire motion direction.
With braking (negative tractive effort), the tire circum-
ferential force will again, always oppose the tire motion

direction.

Friction Circle Concept.

Having introduced the primary characteristics
of pneumatic tires which are applicable to our tire model,
we can now focus our attention on the actual tire "fric-
tion circle" model where tire circumferential and lateral
forces are calculated. The "friction circle" concept is
a method for limiting tire forces to those obtainable by
Coulomb friction, 1In order words, the maximum resultant

force is limited such that:

_ 2 2 -
Fri = "Fci * FrLi £ W% (3-18)

A larger resultant force, F cannot occur due to the oc-

Ri'
currence of slippage as the tire-roadway contact patch can
only support a maximum friction force equal to “iwi (sat-
uration limit)., If we let “iwi be the radius of a circle,
the so called "friction circle" may be drawn as shown in
Fig. 3~-6. 1In actuality, when cornering is superimposed

on the tractive effort, the resultant circumferential and

lateral components of force combine in such a way the
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resultant curve is approximately elliptical in shape. The
curve is elliptical since the application of tractive ef-
fort to the tire reduces the magnitude of the maximum
lateral cornering force as depicted in Fig. 3-7.

Referring to Fig. 3-6, the tire friction circle
model can be described as follows. If there is no trac-
tive effort and the wheel is free rolling, no circumferen-
tial tire force will exist. 1If the tractive effort is
positive (driving mode) but less than or equal to the
saturation limit, uiWi, the magnitude of the tire circum-

ferential force equals the tractive effort input. TIf the

LATERAL (CORNERING) FORCE

BRAKING (-)

TRACTION (+)

a

.2 .2
V'sJX"rYw

INCREASING BRAKING INCREASING POSITIVE
(NEGATIVE TRACTIVE EFFOH)\\——-/TRAGTIVE EFFORT

Figure 3-6

Friction Circle
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Figure 3-7
Lateral (Cornering) Force As A Function of

Circumferential (Tractive) Force For
Given Slip Angles (Reference [25])

tractive effort is greater than the saturation limit, the
limit is taken as the circumferential force. 1In the brak-
ing mode, the circumferential force saturation limit is
equal to the saturaticn limit, uiwi, times the cosine of
the tire slip angle as shown in Fig. 3-6. Otherwise, as
before, the circumferential force is equal in magnitude to
the tractive effort.

A difference in the way positive and negative
tractive effort is treated should be noted above. 1In the

driving mode (postive traction effort) the saturation limit
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equals the product “iwi’ while in the brake mode (negative
tractive effort) the saturation limit equals the product
uiWicos(ai). The reason for this difference stems from
the rotation of the wheel. 1In braking the wheel is

locked at the limit and, therefore, has no angular velo-
city. However, with a positive tractive effort large
enough to reach the saturation limit, when slippage occurs
at the tire-roadway contact patch, the wheel will spin
with an angular velocity, ®w. 1In this circumstance, the
velocity of the tire in contact with the roadway is the
vector sum of the wheel velocity and the velocity of the
tire contact patch with respect to the wheel (i.e., wheel
spindle). Consequently, it might be suggested that wheel
velocity should not be used solely to determine the direc-
tion of the applied forces on the tire but rather use

-> ->
should be made of the wvector sum of GW and w x r where

tl
;t is the tire radius vector locatinc the contact patch

relative to the wheel spindle. However, in the case
where positive traction produces slippage, resulting in
wheel spin, the tractive effort dominates and any steering

control associated with a lateral force which would result

>

from the direction of the wheel velocity vector, VW’ is

lost (FLi »> 0). In other words, the wheel velocity, GW’

becomes insignificant in comparison to the velocity of the

tire contact patch with respect to the wheel spindle,

>

-> . » - .
wxr. The result is a circumferential tire force equal

to the saturation limit, MW, Although the preceding
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phenomena does not actually occur instantaneous as slip-
page occurs, it is initiated rapidly and our steady-state
treatment is appropriate.

As noted above, given a positive traction effort
of sufficient value to reach the saturation limit the tire
lateral force will be set egual to zero. The tire lateral
force will also be zero if the slip angle is very small in
conjunction with a braking force large enough to lock up
the wheels, where the circumferential tire force approach-
es the limit, MW, (cosai + 1.0). Consequently, what re-
mains to be shown is a method of calculating lateral tire
forces when the saturation limit is not reached with a
positive tractive effort where cosa . # 1.0 with a braking

effort.

Tire Lateral Force Model.

Referring again to Fig. 3-5, the relationship
between the tire lateral force and slip angle is divided
into three general regions; linear no slip, nonlinear
partial slip, and constant full slip regions. The constant
full slip region will only be reached through a combina-
tion of circumferential and lateral tire forces whose vec-
tor sum exceeds the limiting saturation value of the fric-
tion circle, uiwi. Therefore, once the tire circumferen-
tial force has been determined as discussed above, the
constant full slip lateral tire force value can be deter-

mined using the following equation:
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The slope of the linear no slip regicn is equal
to the tire cornering stiffness at zero slip angle intro-
duced with Egquation (3-17). This cornering stiffness
value is a program input parameter. Since we know the
initial slope and the constant value at saturation, it re-
mains to be shown how to determine intermediate partial
slip lateral force values in the nonlinear region of Fig.
3-5.

In reference [27] it has been shown that a
third order polynomial model is the simplest adequate
model for determining cornering stiffness values. Conse-
quently, it would be desirable to use a cubic fit for the
nonlinear partial slip lateral tire force region between
the end conditions discussed above. However, to do so re-
quires knowledge of the slip angle at which the constant
lateral force is attained. The method used for determin-
ing the saturation slip angle in the trajectory analysis
algorithm has been taken from Calspan Corporation's tire
model described in reference [20] for their SMAC program.
The method uses a linear relationship between slip angle
and the saturation lateral force of Equation (3-19), de-
picted by the following equation:

F =

) _— o, (3-20)
Llsaturation
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For different tire cornering stiffness values
and different roadway and vehicle parameters affecting the
product W and the tractive effort, the intersection of
the line described by Equation (3-20) and a family of slip
angle versus lateral force curves similar to Fig. 3-5 is

shown in Fig. 3-8,

pd

e

LATERAL FORCE F,

SLIP ANGLE a

Figure 3-8

Lateral Tire Force Saturation
Points for Family of Lateral
Force Versus Slip Angle Curves
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By defining a nondimensional slip angle, Bi, as:

Cia.
B, = = . (3-21)

z 2
VW) Foi

the constant lateral tire force is attained for [B.| >3.0.
The partial slip region is then modeled with the following

equation:

8.3

_ 2 _ 2 1
Fri = 7uWy) Foy® [By - 38308 51 8y

il

B
for |Bi| < 3.0 . (3-22)

As previously noted, the lateral tire force will always
oppose the lateral velocity component of the tire. This

completes our discussion of the tire model.



CHAPTER IV

IMPACT PHASE ANALYSIS

The discussion of collision impact analysis
techniques which is presented in this chapter is divided
into four major sections. The first section is comprised
of the derivation of a system of general equations, based
on linear and angular momentum principles, which are ap-
plicable to the vehicle impact phase of an accident. Once
the derivation of general equations is complete, the equa-
tion variables will be discussed and classified with re-
spect to their certainty in the second section of this
chapter. Assumptions applicable to vehicle accidents
which are needed in order to reduce the general egquations
derived in the first section into a system of n equations
and n unknowns which can be solved explicitly are also
discussed in the second section. The second section is
concluded with the brief discussion of an example of a
variable classification for a particular accident. Using
the variable classification example of the second section,
the third section presents the derivation of an explicit
solution for the equation system which has been implement-

ed in an impact analysis algorithm.
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General Impact Eguations.

In the derivation of vehicle impact equations
which follows, the vehicles are taken to be rigid bodies

with mass, m, and moment of inertia, I about a vertical

7
axis through their center of gravity, analagous to the
values used in the trajectory analysis presented in
Chapter III. Figure 4-1 depicts the general impact
problem, where 4-1(a) illustrates the actual impact and

4-1(b) and (c¢) are individual free body diagrams for the

vehicles.

Linear Momentum Impact Equations.

Integrating the mathematical formulation of the

principle of linear momentum:

2
F=mSE-nd (4-1)
dt
once yields:
- T VT
F = ( Fdt = m J av = m(VT - V) , {4-2)
o v, ©

where ; is the force impulse acting on a body and VO and
v_ are the vehicle initial and final impact linear veloci-
ties, respectively.

Applying Equation {(4-2) to each vehicle with
respect to the x and y directions yields the following

four equations:



(b) Free Body Diagram fcor Vehicle #1

(c) Free Body Diagram for Vehicle #2

Figure 4-1
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~

- Fcosz = m, (u - u )
Vehicle #1 R 171, 1,0

- Fsing = ml(vl,T - vy O)

Fcosz = m, (u - u, )
Vehicle #2 22,1 2,0

Fsing = my(v, = - v, 0) , (4-3)

where u and v are linear velocities in the x and y direc-
tions, respectively.

Recognizing the following vector relationships:

u. = v, _cosf.
J.,0 J.0 J.0
v, = v, _sin@. 4-4
J.© J.0 J.0 ( )
between the initial velocity components, u, and v, ,

JIO J’O

and the initial total vehicle velocity, Vj o’ and the ve-

14

hicle orientation, ej o’ allows Equation (4-3) to be

14

written in another form. Before expressing Equation (4-3)

~

in a new form, relationships between the force impulse, F,

the angle of application of the force impulse, 7, and

~

force impulse components in the x and y directions, F and

~

Fy’ respectively, will be introduced as follows:
Fx = Fcosg
F._ = Fsing . (4-5
v g )

Substituting Equations (4-4) and (4-5) into

Equation (4-3) results in the following egquations:
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Vehicle #1 f ) fx ) ml(ul’T ) Vl’ocosel'o)

- FY = ml(vl’ - Vl, Slnel’o)
Vehicle #2 ix ) mz(ule ) VZ’OCOSSZ’O)

FY = m2(v2' - VZ,OSlnSZ,O) . (4-6)

The advantages of the form of Equations (4-6) over that of
Equations (4-3) in the application of the principle of
linear momentum to vehicle accidents will become evidence

later.

Angular Momentum Impact Equations.

Integrating the mathematical formulation of the

principle of angular momentum,

_ ds _ daQ

n=1, w2 I, 3@ (4=7)
yields

~ T QT

M = fo Mdt = Iz JQ do = IZ(QT - Qo) ’ (4-8)

0

where ﬁ is a moment impulse around the vehicle center of
gravity and Qo and Qr are vehicle initial and final impact
angular velocities, respectively. The moment impulse, ﬁ,
is attributable to the force impulse, g, acting about the
vehicle center of gravity. This results in the following

equation:

M = Fh = IZ(QT - QO) ' (4-9)
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A

where h is the moment arm of the force impulse, F, shown in
Fig. 4-1. |

The application of Equation (4-9) to each vehi-
cle yields one equation for each vehicle, as follows:

Vehicle #1 |F|h, = Iz000y, -9, )

’

Vehicle #2 [Flhy = I,,(, -2, ) . (4-10)

The presence of an absolute value of the force impulse in
Equations (4-10) requires elaboration. The sign conven-
tion for the force impulse, %, introduced in Equations
(4-3) is arbitrary, with only a requirement of opposing
signs of the force impulse for the two different vehicles.
The solution, discussed later in this chapter, yields the
appropriate sign for the forée impulse, which is nonconse-
quential as far as the objectives of an impact analysis
algorithm is concerned. However, in order to guarantee
the proper sign convention. for the moment about the wvehi-
cle center of gravity caused by the force impulse,* the
absolute value of the force impulse is used in Equations
(4-10). Thus, the sign of the moment arm, h, dictates

the sign of the resulting force impulse moment ana the
user or investigator need only determine the sign of the
moment arm in order to determine or specify the resulting

moment.

*
Moments are taken positive in the counter-

clockwise direction.
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Impact Analysis Equation Systems.

The six equations of Equations (4-6) and (4-10)
constitute a general system of algebraic equations describ-
ing the impact phase of a vehicle accident involving two
vehicles in a collision. Consequently, to solve this
system of equations not more than six variables can remain
unknown. To evaluate the possible systems of equations
and unknowns, the variables will be classified according
to their certainty as suggested by Wilson [2]. With some
thought, the twenty variables in Equations (4-6) and
(4-10) can be classified as presented in Table 4-1 for the

most general case.

TABLE 4-1
GENERAL CLASSIFICATION OF VARIABLES

IN EQUATIONS (4-6) AND (4-10)

Most Certain: mj; Izj; j =1, 2 (vehicle no.) 4 variables
Less Certain: uj,T : vj’T; Qj,T 6 variables
in: . «+ B8, <8, : h. i
Least Certain: VJ,O' 3,00 5,00 hJ 8 variables
Definite unknowns: F ; F 2 variables

The classification of vehicle mass and moment of
inertia values as most certain should be apparent. The

classification of vehicle linear and angular velocities at
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the end of the impéct phase in the less certain category,
assumes accurate velocity estimations are obtainable from
post impact trajectory analysis or at least are assumed
for a preliminary impact analysis. Contrary to the first
two categories, the classification of the variables in the
least certain and definite unknown categories, between the
later two categories, is rather arbitrary. Excluding the
force impulse components, Ex and ﬁy’ it is conceivable
that any of the rest of the variables in the last two
categories, could be in either category for any particular
accident. In fact, in some, if not the majority of cases
the variables classified as least certain in Table 4-1
would all be definite unknowns unless simplifying assump-
tions are made.

If it is not apparent already, the number of
definite unknowns is typically greater than six and,
therefore, the system of Equations (4-6) and (4-10) is
normally unsolvable without simplifying assumptions. 1In
othef words, assumptions are required in order to classify
enough variables as least certain so the number of defin-
ite unknowns is equal to six and a solvable system of six
equations and six unknowns is obtained.* Therefore, a
discussion of possible simplifying assumptions and result-

ing systems of equations and unknowns is in order. The

*If angular momentum is neglected completely, a
system of four equations (4-6) and four unknowns would be
sought. In general, a system of n equations and n unknowns
is required.
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eight variables under question with respect to their
classifications between least certain and definite un-
knowns in Table 4-1 are listed below. The variables are
divided into two groups associated with the linear and
angular momentum equations. The classification of the two
groups of variables will be discussed separately in the

following two sections.

Q. ; h. (5 = 1,2)

Classification of Linear Momentum Egquation Variables.

Of the variables under question with respect to
their classification between least certain and definite
unknowns, the initial vehicle linear velocities, V. o! and

4

angular orientations, ej'o, are associated with the linear
momentum equations.

At least one of the two initial linear veloci-
ties, Vj,o' will be a definite unknown or else we really
do not have an accident reconstruction problem of conse-
guence. Typically, both initial linear velocities will be
definite unknowns.

If the system of linear momentum Equations (4-6)
had been left in the original form derived, Equations

(4-3), four initial linear velocity components would have

required classification instead of two total velocities.
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By using the variable transformation Equations (4-4), the
four linear velocity components were replaced with two
total initial velocities, Vj o and initial vehicle angles

’

of orientation, 6,

j,0° The initial angular orientation of
’

vehicles involved in accidents is often known with fair
certainty and can, therefore, be classified as least cer-
tain, At a minimum, bounds can be placed on the initial
vehicle angular orientations. By performing a transforma-
tion of variables on the linear momentum equations using
Equations (4-4) it has been possible to simplify the appli-
cation of the linear momentum principle to vehicle acci-
dents by expressing the equations in terms of variables

for which a greater certainty is known,

Based on the thought process for classification
of initial linear total velocities and vehicle angular
orientations just discussed, it is possible to arrive at a
system of four equations (4-6) and four unknowns where
only linear momentum is considered. A typical variable
classification for this simple system of equations, ne-
glecting angular momentum is shown in Table 4-2, Note,
the classification presented in Table 4-2 is not the only
possible classification.

Before continuing with a discussion of the
classification of the variables under question with res-

pect to angular momentum; & hj; additional comments

j,of
with respect to the linear momentum system of equations
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TABLE 4-2
FOUR EQUATIONS (4-6) - FOUR UNKNOWN VARIABLES

CLASSIFICATION CONSIDERING
ONLY LINEAR MOMENTUM

Most Certain mj (3 =1, 2)
Less Certain u, 1; V. T
JI JI
Least Certain 6.
J.0
Definite Unknowns F ; F ; V.

and unknowns are in order. Referring back to our previous
discussion, Equations (4-5) were used to transform linear
momentum equation variable ; and 7 into ;x and ;y' This
particular variable transformation was performed primarily
to obtain a linear set of equations (4—6).* If £ was an
unknown in Equations (4-3), the equations are nonlinear
and a numerical solution would be required. Using the
variable transformations, Equations (4-5), a linear set

of equations which can be solved explicitlyas will be
shown later result. However, there mav exist cases where
the angular orientation of the force impulse, %, can be
estimated with good certainty (e.g., head-on collisions).

In such cases, the use of Equations (4-5) to transform

variables would be undesirable. By retaining 7 as a known

*
Equations (4-6) are linear only if the initial

vehicle angular orientations, €., , are classified as
knowns as shown in Table 4-2. ’
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variable another variable of less certainty could be class-
ified as an unknown. When ¢ is known, Equations(4-3) are
linear with respect to sinZ and cosg.

Similarly, if a particular vehicle's initial

angular orientation, ej o’ cannot be classified as least
r

certain, it would be desirable to leave that particular

vehicle's velocity in components (u. ) and not in-

Y4
j,of

3,0
troduce the initial angular orientation variable using

Equations (4-4). Otherwise, the resulting equations are
nonlinear with respect to sinej o and cosej o’ requiring

14 14

numerical solution.

Classification of Angular Momentum Equation Variables.

As previously noted, the initial vehicle angular

velocities \
r QJIOI

and the force impulse moment arms, hj’
associated with the angular momentum eguations require
classification between least certain and definite unknown
categories.

Independent of vehicle heading or the trajectory
direction, it is often possible to assume zero initial

angular velocities, Q In fact, the classification of

j.,o’
initial angular velocities as least certain (e.g., Qj o
’
= 0) should be possible in the majority of cases.
Under certain conditions of central impact the

force impulse moment arm, hj’ of one or both vehicles may

be zero with good certainty. However, in a majority of
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accidents the force impulse moment arms will both be
classified as definite unknowns.

This completes our discussion of possible assump-
tions which can be used to reduce the general equations of
impact into a solvable system of equations. Although the
possible assumptions discussed cannot conceivably be used
with success in obtaining anadequate system of equations
for all possible vehicle accidents, they certainly meet
the requirement for the vast majority of accidents. 1In
addition, the preceding discussions have hopefully revealed
the thorough process required to arrive at such assumptions.

To close this section,’another example of a pos-
sible equation-variable classification will be presented
combining both linear and angular momentum equations and
'variables. The following example will rely on earlier
discussions and Table 4-2 as well as the preceding discus-
sion in this section.

Assume the particular accident impact phase in
question is illustrated in Fig. 4-1. Furthermore, assume
it is apparent from pre-impact trajectory paths and tire
marks that it is reasonable to believe that vehicles had
Zzero initial angular velocities and initial angular orien-
tations can be estimated with fair certainty. WwWith the
assumptions proposed above, a solvable system of equations
has been obtained since four of the eight guestionable

least variables (Vj,o; ej,o; Qj,o; hj) have been classi-
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fiable as least certain having six equations and six defi-
nite unknowns. The final variable classification discussed
is shown in Table 4-3. The equations which would be imple-
mented, with the variable classification made, are Equa-

tions (4-6) and (4-10).

TABLE 4-3

PROPOSED CLASSIFICATION OF VARIABLES FOR IMPACT
ILLUSTRATED IN FIGURE 4-1 USING
EQUATIONS (4-6) AND (4-10)

Most Certain mj, IZj j =1, 2
Less Certain uy 1 vy, Qj,
Least Certain 8. Q.
j.o" 73,0
Definite Unknowns F., F., V. , h.
X Yy J.0 J

The variable-classification made, are Equations (4-6) and
(4-10) .

The variable classification presented in Table
4-3 will be used in the next section, where explicit ex-
pressions for the definite unknowns are derived in terms
of the known (most certain, less certain, least certain)

variables.

Solution of Impact Analysis Equation Systems.

For impact analysis equations expressed in the
form of Equations (4-6) and (4-10) and the variable class-

ification shown in Table 4-3, a system of six linear equa-
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tions and six unknowns is obtained. Given this sytem of
equations or any other svstem of linear equations result-
ing from different variable classifications, explicit solu-
tions for the unknowns can be derived.

In this section, the solution of the system of
equations resulting ‘rom the combination of Equations
(4-6) and (4-10) with the variable of classification in
Table 4-3 is discussed. This system of equations is be-
lieved to be the most suitable system applicable to the
reconstruction of the impact phase of the majority of ve-
hicle accidents. The system of six equations and six un-
knowns in guestion can be divided into subsystems. Equa-

~

tions (4-6) with the unknowns, F , F , and V. (3 =1, 2)
X Y j,o

is a subsystem for four equations and four unknowns which

can be solved simultaneously to obtain the following ex-

pressions for the unknowns:

) mz(uerSlnezro - V2,Tc°582,o) + ml(ul,T51n62,O - v Tcose2 o)

] [ 4

1,0 mlsln(GZ'O - el,o)

_ M 1 + ml(ul,T —'Vi,ocosel,o)

V2,o m20058

2,0

~

Fx = m2(u2,T - V2,000562,0)

Fy = m2(v2,T - V2'051n62,o) . (4-11)
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Adding the force impulse components in the x and
y directions vectorially, the resultant force impulse act-

ing on the vehicles can be expressed by:

X

Using Equation (4-5), the angle of application of the
force impulse can also be calculated.

Once the resultant force impulse is obtained
using Equation (4-12), the angular momentum impact Egua-
tions (4-10) can be solved independently for the force im-
pulse moment arms; hj) j =1, 2; for each vehicle result-

ing in the following eguations:

hl - 211,t
|F|
oo 22721
2 | F| (4-13)

The explicit expressions for the unknowns of the
impact analysis equation system, Equations (4-11) through
(4-13) are easily coded into an impact analysis algorithm
which reads the impact phase known variables, calculates
the unknowns using the explicit expressions, and creates
an output file. Due to the simplicity of the algorithm,
further discussion of the algorithm is unwarranted. A
listing of an algorithm corresponding to the particular
impact analysis equation system just discussed is present-

ed in Appendix E of reference [3].
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Due to the simplicity with which a system of
linear impact analysis eguations can be solved and coded
into an impact analysis algorithm for any particular clas-
sification of variables, further solutions of other possi-
ble impact analysis eguation systems will not be presented
in this report. ‘This is not meant to imply other algo-
rithms for different systems of impact analysis equations
and variable classifications may not be regquired in a com-

plete package of impact analysis algorithms.






CHAPTER V

A COMPUTER HARDWARE/SOFTWARE SYSTEM

The design of a computer system and associated
system software which permits an optimum operating envi-
ronment for the reconstructionist is a problem with many
options. As such, the computer hardware/software system
has evolved through many stages. Throughout the evolution
of this system, a set of criteria have been developed and
include the following primary considerations.

1. The system must be capable of solving the
equations modeling the trajectory and impact
phases of an accident with accuracy and as
much speed as possible.

2. The input should be straightforward (prefer-
rably graphic in nature) allowing ease of
checking and easy editing.

3. The output format should be dynamic graphics
with the option of alphanumerics and permit
real-time operator interaction.

4, The hardware system should be low cost, if
possible, to permit duplication in govern-
mental agencies.

5. The overall system should be interactive in

75
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nature permitting an iterative solution
methodology by the operator.

An early prototype svstem (MASS) was developed
utilizing a CDC 6600 computer linked to a PDP 11/40 with
an attached IMLAC PDS-1 graphic mini-computer. The analy-
sis algorithms included SMAC and CRASH executing on the
CDC 6600 with an extensive graphic post-processor executing
on the PDP 11/40. The post-processor permitted a dynamic
display of a vehicle collision reconstruction in several
modes including graphic and alphanumeric. While the sys-
tem was accurate, it lacked the speed necessary to make
the overall system interactive in nature. This was due,
in part, to the timesharing nature of the link between the
CDC 6600 and PDP 11/40 computers. 1In addition, the large
input file required by the analysis programs often re-
quired in excess of an hour to create and edit with errors
being difficult to detect. Because of the lack of modular-
ity in the analysis programs, a single simulation was quite
expensive. A single simulation might require three hours
to complete during a period of high demand on the CDC 6600
at a cost of approximately $10. Considering the fact that
thirty simulations might be required to iterate to a suc-
cessful reconstruction, the prototype system was far from
optimum.

From the initial prototype system, a modular
hardware/software architecture has evolved into what is

now called MASS. The MASS software is composed not only
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of the basic modular analysis algorithms discussed pre-
viously, but of an extensive set of operating system soft-
ware supoorting input, output, and function control by the
investigator. The MASS analysis algorithms have been
written for execution on a PDP 11/40 (currently being up-
graded to a PDP 11/44) or on a Z80 based micro-computer
system. The operating system with attached graphic input/
output hardware has been implemented on a Z80 based micro-
computer system.

The operating system software comprising this
system will be discussed in the following sections of this
chapter. In addition, the hardware will be presented as
well as a detailed example illustrating the nature of the
man machine interaction required to perform a collision

reconstruction with the MASS system.

MASS Operating System

The Modular Accident Simulation System Operating
System (MASS 0.S.) has been developed to link the various
modules of MASS. The main responsibilities of the MASS
0.S. include the management of inout data files, control
and execution of the analysis modules and the management

and display of output files.

Graphic Input Device

Most all data used by the MASS 0.S. is input to

the system through a digitizing tablet (see Fig. 5-1).
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The user can select a certain point on the surface of the
digitizing tablet with a stylus. The digitizer then de-
termines the coordinates of that position and transmits
those coordinates to a micro-processor based controller
connected to the S~-100 bus of the Z80 micro-computer.

The controller or personality module decides
whether the coordinates on the selected point represent a
data control command or actual data. A data control com-
mand is used to identify the type and quantity of data to
follow. The data is collected by the controller, placed
in a specific format and transmitted to the central proc-
essing unit of MASS (i.e. the Z80 CPU).

The advantage of this tvpe of system lies in the
ease of inputting graphic information. A scale drawing of
the scene of the accident showing the initial and final
positions of the vehicles and the locations of all road
surface boundaries is first placed directly on the sur-
face of the digitizing tablet. Graphic information can
then be input by selecting strategic points on the drawing
using the stylus.

The disadvantage of this system of inputting
data is that numeric information is slightly harder to
enter. One part of the tablet surface is reserved for an
area containing the digits zero through nine. Numbers are
entered by selecting each of these digits, one at a time
corresponding to the digits of the numberas read from left

to right. Since the numbers are selected with a stylus
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instead of a standard keypad, the user has to take more
care to insure that the numbers are entered oroperly.
Once the user becomes accustomed to this method of input-
ting numbers, this disadvantage is less noticeable.

For a detailed description of the micro-processor
based tablet interface, controlled software and tablet

hardware, the reader is referred to the work by Kroeger

Cs1.

Data File Management.

Data file management commands will generally be
input from the graphic input device. These include com-
mands for creating, editting, saving, displaying and de-
leting the data files to be used as input to the analysis
modules. Table 5-1 gives a list of the graphic input de-
vice commands while Table 5-2 discusses specific input
data commands.

The create file command signals MASS 0.S. to
begin with creation of a new data file to be identified
with a particular number which is specified by the user.
The data files in the MASS contain a post-crash and a pre-
crash data area corresponding to vre-impact and post-
impact phases of the accident. A data in mode command
allows the user to select either post-crash or vre-crash
data areas in the data file.

The old file command allows the user to select

a previously saved file by its unique number and read it
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TABLE 5-1

GRAPHIC INPUT DEVICE CONTROL COMMANDS

Command Byte No. of Range of Description of
Data Bytes Parameter Command

44H 1 0 - 255 0old file
43H 1 0 - 255 New file
42H 1 0 - 255 Delete file
41H 1 0 - 255 Save file
40H 1 0 - 255 Display file library
3EH 0 - Pre-crash mode
3DH 0 - Post-crash mode
3BH 0 - Execute pre-crash
3AH 0 - Execute crash
39H 0 - Execute post-crash

into memory from mass storage. The user can then edit any
or all portions of the file including pre-crash and post-
crash areas through the various commands as given at the
graphic input device. The editted version of the file be-
comes permanent upon the input of the save file command.

The save file command saves the current version
of the data file under the specified file number onto the
mass storage system. The save file command can also be
used to rename an existing data file and save it on mass
storage under a new file number. No change to a file be-
comes permanent until the save command 1s given.

When an old file i1s being editted or a new file
is being created, the menu commands on the gravhic input
device can be used to input data to the system. This data

will be displayed through the graphic output device as it



TABLE 5-1

GRAPHIC INPUT DEVICE COMMANDS

(3)

Cormand Type gf| Ho. of Units on Range of Comments

Nyte Inputt Paramcters Parameter” Parsmeter
3sn 1 c 1 in 0:22 Define image area = A
KEN] 1 N 1 ft/in 0:265 Define scale
3 2 n 1 - 1:2 No. of Vehicles
31H 2 ! 1 sec*1000 -32.768:32.767 Initial time
acH 2 " 1 sec*1400 ~32.763:32.767 Final time
2FH 2 N 1 5cc*1000 -132.758:32.767 Integration time step
204 x 4 3 n 11%292, 3:%922 0:2000 Define background graphies
281 ) N 1 " in x 10 -3276.8:2276.7 | C.G. to front axle
271 3 " 1 in x lo ~3276.8:3276.7 C.G, to rear axle
2¢H 3 N 1 in x 10 ~3275.8:3276.7 Tread width
251 3 N 1 1b-sec?/in x 100 ~327,68:327.67 | Vehicle mass
241 3 N 1 in x 10 ~3276.8:3276.7 C.G. to front bumper
23n 3 N 1 in » 10 ~3276,8:3276.7 C.G. to rear bumper
221 k] b 1 in ¥ 10 ~3276.8:3276.7 Vehicle width-
23 4 G 1 ft x loo (x',¥Y") ~327.68:327.67 Impact point
171 5 G 1 ft x 160 (x,y) ~327.68:327.67 Initial position
1EH 3 G 1 deg ~-32768:32767 Initial direction
1DH 3 G 1 deg -32768:32767 Initial velocity direction
1CH 3 N 1 mph = 10 ~3276.8:13276.7 Initial veloccity
11 3 N 1 deg*l0/sec -3276.8:3276.7 Initial anqular velocity
194 S G 1 £e*10 (x,y) -327.68:327.67 Final position
18H 3 G 1 deg -32768:32767 Final direction

[4:]



TABLE 5-1, Cont.

Command Wumhc: of 4 Type Yf N?. of Cnits cun-2 Range of Comurents
Zyte Cata Rytes Ingut Paramoters Paramrmetor Paramcter
144 2 B 1 - 1 : 2 Ho. steering zones
120 Ic G 1 ft*100 (x,y) ~327.68 : 327.67 Zone boundary
[S3831 10 G 1 fer100 (x,y) -327.68 1 327.67 2Zone boundary
OA! 10 G 1 fe*lo0 (x,y) -327.68 : 327.67 Zone boundary
121 4 N 1 deg -22768 : 32767 Pead steering angle
11y 10 N ) deq -32768 : 32767 Front steering angle/tire
or:! 2 N 1 - 1 : 2 No. tractive effort zones
om 10 N q 1 x 10 ~3276.8: 3276.7 Full wheel lockup {-braking, + traction)
oba 2 N 1 - 1: 2 Mo, friction zones
[s1:1} 10 N [ *100 -327.68 : 327.67 Coefficient of fricticn/tire
o’y q N 1 sec/in * 10° -.32768 : .32767 Velocity correction factor (negative)
o7 10 N 4 1h/deqg * 100 -327.68 : 327.67 Cornering stiffness/tire
HOTES:
1. "C" indicates graphic-type input: °"N" indicates numeric-type input.
2. Coordinate systems are given as indicated in FIGURE 3.1-1,
3. Ranges shown may not be valid for analysis modules.
4. All numbers are given in either one or two bytes. For two byte numbers, the least significant byte is transmitted First

followed by the most significant byte.

€8
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is entered bv the user., This provides the user with in-
stantaneous feedback as to what information was entered
and whether or not it was entered correctly.

The delete file command allows the user to de-
lete files from mass storage if the user wishes to get rid
of old files or make room for new ones. Tiais command de-
letes not only the data file from mass storage but also
all output files associated with that data file.

An index of all of the files on mass storage is
kept in a separate file. This file can be read by the
user through the display file library command. This gives
a listing of the file numbers, the status of the data file
and the status of any output files associated with the
data file.

Redundancies are included in those data file
management commands which result in the loss of informa-
tion. When a new version of a data file is written over an
0ld version with the save command or a file is deleted
with a delete command, those commands have to be given

twice, consecutively, in order to take effect.

Control and Execution of Analysis Modules.

The various analysis modules can be executed
with a specified set of data through the appropriate
graphic input device commands.

To execute the MASS trajectory algorithm,

TRAJECT, the data file is first selected with the old file
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Figure 5-2., Graphic Input Device Coordinate System

command. Execution of TRAJECT is initiated by the execute
pre-crash or the execute post-crash command to generate
output for the pre-impact or post-impact sliding phases of
the accident, respectively. The output file is created by
TRAJECT having the same file number as the data file. The
execution of the mass impact algorithm, CRASH follows the
execution of TRAJECT except that execution is initiated
with the execute crash command and CRASH always reads the

post-crash area of the data file for input data.

Graphic Output Device

The graphic output device or Graphics Display

Unit (GDU) consists of a Radio Shack TPS-80 Color Computer
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(TM) modified with different firmware and special hardware
to assist in the task of vehicle accident reconstruction.

The basic TRS-80 Color Computer (TM) consists of
a MC 6809E micro-processor unit, up to 64K dynamic RAM,
Basic interpreter in firmware, video display unit and RF
modular, and other assorted hardware assembled in a com-
pact, self-contained unit including power supply and key-
board. The video display unit referred to can operate in
either alphanumeric or several graphics modes c¢f various
colors or resolutions. The video display itself can be
any color or black and white television set that corres-
ponds to the NTSC standards (U. S. standard). The GDU
consists of a basic unit up-graded with the necessary pro-
gramming in EPROM.

The software in EPROM enables the GDU to operate
in either of two modes; as system console or CRT terminal
mode or as a graphics display mode. As the system console
or terminal, the user can use the GDU to input data as re-
guired to "bring the system up" and also for the physical
parameters input to the various analysis programs and to
supplement the graphics input tablet. With the GDU used
to input alphanumeric data, the user can perform actions
that cause the graphics mode to be modified. Commands can
be issued while graphical data is being displayed to
freeze the moving screen, go to a magnification mode of
1X, 2X or 4X or return to an abort condition in the basic

command monitor mode.
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The graphical data will consist of a single
color mode of 256 pixels wide by 192 pixels high. The
data will consist of a non-moving background super-imposed
on to a foreground of the moving cars for a complete real-
istic display of an accident reconstruction. The GDU
serves to scale "raw data" from the host computer suitable

for the graphical display.

Qutput File Management

Display of the output files generated by TRAJECT
or CRASH is initiated through the various display device
commands. A list of these commands is given in Table 5-3
and Table 5-4,

Display of TRAJECT output is begun by selecting
the appropriate file with either the old file command or
the select file command from the graphic display device.
The output can be displayed through either the display
post-crash output, the display pre-crash output or the
display enter output command. Error messages will be dis-
played if any of the necessary output files does not
exist. The user can also choose to display the output
file in either alphanumeric or graphic format by giving
the set alphanumeric or set graphic mode commands.

In alphanumeric mode, the display device shows

various vehicle trajectory data at each integration time
step. This data includes the linear and angular velocity,

and linear and angular acceleration for each vehicle.
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TABLE 5-3

GRAPHIC DISPLAY DEVICE COMMANDS

Command ASCII Comment
Bytes Character
13H DC3 Freeze display of output
11H DC1l Resume display of output
03H ETX Terminate display of output
4FH "o" Set impact point fixed mode
57H,31H BATALNLN Set vehicle display fixed mode
57H, 32H nyr,m2n Same for vehicle no. 2
41H "A" Set alphanumeric display mode
47H "G" Set graphic display mode
58H, 31H "xr,"1" Set graphic magnification
58H’32H "Xll’llzll
58H,34H uxu’u4u
02H STX Begin special command
TABLE 5-4
SPECIAL COMMAND SEQUENCES
Command ASCII Interrupt Comment
Bytes Character Status
50H, 4FH "p","oO" yes Display post-crash
output
50H,52H "p","R" yes Display pre-crash
output
45H "E" yes Display combined
output
4CH "L" yes Display file library
46H "F","nnn" no Select output file
43H "c no Display crash output
44H "D" yes Display data file
ODH CR no Execute sprecial
command
18H CAN no Cancel current
special command
line
Note - Interrupt status indicates whether or not special

command execution can be interrupted by display cammands.
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Graphic Display Device Coordinate System

In graphic mode, the display device shows the
location of the vehicles, the impact point and the back-
ground graphics representing curb lines and other boundar-
ies. Several different modes of graphic display include
impact point fixed display mode, vehicle fixed display
mode and display magnification mode.

In impact point display mode, the user has a
bird's eye view of the accident scene. This mode shows
the vehicles coming together at the impact point, collid-
ing and separating from each other after the impact. This
mode is useful for viewing the results of the collision
during the iterative orocess of forming a reconstruction

of the accident.
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In vehicle fixed display mode, one of the vehi-
cles is held fixed in the center of the screen and the
other vehicle is shown as it comes in to collide with the
fixed vehicle. This mode is useful for demonstrating the
reconstructed accident from the driver's point of view.

Display magnifications of one, two and four
times are available for both impact point fixed and vehi-
cle fixed display modes. Magnification modes are included
in the display to improve the resolution in those accident
geometries where the scale tends to obscure the fine de-
tails such as the orientation of the vehicles.

Display of TRAJECT output can also be controlled
by certain graphic display commands. Since the output is
displayed sequentially at discrete times, it is necessary
to freeze the display at certain times or to change dis-
play modes during the output. The display can be frozen
with the freeze display command and it can be resumed
again with the resume display command. Display modes can
also be changed at any time during the display by the ap-
propriate command. Display can be terminated at any time
by the terminate display command.

Display of CRASH output is available in alpha-
numeric format only. Since no numerical integration is
involved with CRASH, all output data is displayed on the
display screen at once. This output includes pre-impact

velocities and directions, impulse moment arms, the force
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impulse, speed changes and the coefficient of restituticn.
Display of this output is accomplished upon the display
CRASH output command. Appropriate error messages are
printed if the CRASH output file is missing or has not yet
been generated.

As an example of how the computer system is used
to pérform a reconstruction, the following detailed exam-

ple is presented.

Reconstruction Example

This section describes the steps involved in
reconstructing a particular Travis County fatal collision
using the various facilities of MASS. The example acci-
dent used is the same one presented by Olson [3] and

later by Kroeger [5].

Description of Accident.

The accident described in this section involved
a fatal broadside collision between two vehicles. Vehicle
number one, a 1965 four-door Chevrolet Bel Air, was east-
bound when it struck vehicle number two, a 1977 two-door
Ford Granada, which was heading north. The scene of the
accident is shown in Fig. (5-4).

The Chevrolet struck the Ford broadside and slid
to a halt as shown in Fig. (5-4). The Chevrolet suffered
severe front end damage with the right front wheels

locked and fixed at steering angles of -20 degrees and 5
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Figure 5-4. Broadside Collision [3]

degrees, respectively. The rear wheels suffered no appar-
ent damage. The Chevrolet slid entirely on the asphalt
road surface after colliding with the Ford.

The Ford, which was struck by the Chevrolet, suf-
fered no damage to the alignment of either the front or the
rear wheels. The front wheels were assumed to have a
steering angle of zero and all wheels were initially as-
sumed to be free to roll. After striking the Ford, the
Chevrolet slid partly on the asphalt road surface and part-

ly on the grass median beside the road.
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Collection of the Data.

The first step in reconstructing an accident
using MASS is the collection of the data. 1In general,
this data came from an on-site investigation, scale draw-
ings, police reports and various handbooks and tables.
The final form of this data should be a scale drawing of
the accident scene, and a list of various accident para-

meters.

Scale Drawing.

The scale drawing of the accident should fit en-
tirely on the 20" by 17" graphic surface area of the digi-
tizing tablet. The differencein the width to height ratio
of the tablet with that of the graphic display device pre-
sents a problem with the display of the data. Since the
proposed graphic display is only half as high as it is
wide, it has been decided to truncate the upper portion of
the tablet graphic surface area when displaying on the
graphic output device. 1If the user wishes to display the
accident scene entirely, the drawing should fit entirely
in the lower half of the selected image area of the
graphic input device.

The scale drawing of the accident should include
the following items:

1. The impact point of the accident should be

clearly marked on the drawing. All vehicle

positions will be calculated relative to this
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point.

The initial position of the center of gravi-
ty of each vehicle should be marked on the
drawing. This point will almost always fall
in the middle of the automobile. It will
not be necessary to draw the outlines of the
vehicle as this information is not graphic-
ally input.

The initial orientations and the initial ve-
locity directions of each of the vehicles
should be drawn as a short 1-1/2" line seg-
ment extending from the vehicle ¢.g. in the
proper direction. The initial orientation
corresponds to the direction the vehicle is
facing. The initial velocity direction is
the direction the vehicle is moving immedi-
ately after the collision. This direction
will almost always be on a line connecting
the initial position of the vehicle at im-
pact and the final position of the vehicle
after coming to rest.

The final position of the center of gravity
of each vehicle should be marked in the same
manner as the initial position. This infor-
mation is only used for display purposes and
is not used in the analysis routines so is

therefore optional for running the routines.
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5. The final direction of each vehicle is indi-
cated in the same way as the initial direc-
tion.

6. The zone boundary for each vehicle is indi-
cated by a line segment. This line divides
the boundary between two zones of different
steering input, tractive effort (braking) or
road friction. At present, only one zone
boundary of any type is allowed for each ve-
hicle. Future versions of TRAJECT may allow
the user to specify more than one zone
boundary for each vehicle and also to speci-
fy different boundaries for the steering,
tractive and friction zones.

7. Any background graphics that the user wants
to display along with the output should also
be indicated on the drawing as a series of
curved lines. These lines could indicate
road boundaries, curb lines, drives, road
center lines or anything that is fixed with
respect to the accident scene.

The completed drawing for the broadside colli-

sion is shown in Fig. (5-5).

Vehicle and Zone Properties.

Vehicle and zone properties are usually obtained

from various handbooks and tables. The properties are in-
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put to MASS as numeric data rather than graphic data and
therefore should be compiled in tables rather than in
diagrams. In the example for the broadside collision,
this procedure is followed.

Values for vehicle geometry data can be obtained
from sources like reference {28]. Several geometry para-
meters are given relative to the vehicle's center of grav-
ity. This location is not usually given in the tables
but can usually be assumed to lie roughly in the middle of
the vehicle. A conversion factor of 386.4(in-1bm)/
(lbf-sec**2) can be used to convert the automobile weight
in 1lbf to MASS consistent units of lbf-sec**2/in. The
parameters for vehicle geometry for the broadside collision

are shown in Table 5-5,

TABLE 5-5

BROADSIDE ACCIDENT VEHICLE PARAMETERS

Parameter Vehicle 1 Vehicle 2
Chevrolet Ford
CG to front axle (in) 58.1 53.8
CG to rear axle 60.7 56.1
Tread width (in) 60.0 60.0
Vehicle mass (lb*sec**2/in) 9,96 9.64
CG to front bumper (in) 97.3 91.2
CG to rear bumper (in) 115.9 106.5
Vehicle width (in) 79.6 74.0
Right front steering angle (deg) -20 5
Left front steering angle (deg) 0 0
Rear axle steering angle (deg) 0 0

Note: Steering angles are measured as positive counter-
clockwise
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Cornering stiffness parameters are slightly more

difficult to determine. These values are dependent on

tire construction, inflation pressure and the weight sup-

ported by the tire. The following procedure was used by

Olson in reference [3] to determine the tire cornering

stiffness parameters for the broadside collision:

l.

The cornering stiffness at normal inflation
pressure and 1200 1bf normal load for each
tire was obtained from Table A-1 in reference
[31.
Chevrolet:

Taking average cornering stiffness for

G 78-14 bias and G 78-14 belted bias tires:

Cs = (138 + 117)/2

127.5 1bf/deg

Ford:

For F 78-15 tires:

Cs = 114 lbf/deg

The correction for a normal load other than
1200 1bf is found bydetermining the percen-
tage change in a graph of cornering stiff-
ness vs. normal force for the particular
tire construction. The normal load on the
tire can be estimated at one fourth the to-

tal weight of the vehicle,
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Chevrolet:
Normal load = 9.96 * 386.4 / 4 = 962 1bf
From figure A-5 in [3] for G 78-15 tires:

@ 1200 1bf CS = 167 1lbf/deg

@ 962 1bf Cs 155 1bf/deg

Ford:

Normal load = 9.64 * 386.4 / 4 = 931 1bf
From Figure A-10 in [3] for F 78 bias belted
tires:

@ 1200 1bf CsS = 165 1bf/deg

@ 931 1bf Cs 154 1lbf/deg

3. The actual cornering stiffness is then de-
termined by applying the correction found in

step 2 to the values for CS found in step 1.

Chevrolet:

CS = ,928 * 127.5 1bf/deg = 118.33 1lbf/deg

Ford:

Cs = .931 * 144 1bf/deg = 134.0 lbf/deg

Tractive effort inputs should be determined next.
These values will be given as a percentage of full wheel
lock-up with negative values corresponding to braking and
positive values indicating positive traction or spinning.
These values are given in Table 5-6. From the scene evi-

dence, it was determined that the front wheels of the
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Chevrolet were locked into place. All other wheels are

initially assumed free to roll.

TABLE 5-6

VEHICLE TRACTIVE EFFORT INPUTS

Tire Chevrolet Ford
Right Front -100.0 0.0
Left Front -100.0 0.0
Right Rear 0.0 0.0
Left Rear 0.0 0.0

Since simulation results are highly sensitive to
the road friction parameters, these values should always
be determined from on-site measurements. For this exam-
ple, the road friction will be determined from table B-1
in reference [3]. The velocity correction factor is a way
of incorporating the change in road friction due to velo-
city. These factors range from -.0003 sec/in to -0.0005
sec/in [3] with somewhat lower values for wet roads. The
friction parameters for the broadside collision are given
in Table 5-7.

The final property to be determined is the sep-
eration vehicle velocity immediately after the impact.

This value can be estimated from the following equation:

Z

v, = Y2ugh + V5 | (5-1)

I
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TABLE 5-7

ROAD FRICTION PARAMETERS

Asphalt Road Grass Median

Coefficient of friction 0.75 0.45
Velocity correction -.0002 -.0002
Chevrolet:
u=20.75
d = 86.4 ft
V= v2Zugd= y/2{(0.75(86.4 ft) (32.3ft/sec**2)
V = 64,6 ft/sec = 44.0 mph

Ford:

u is weighted between the road coefficient of
friction (0.75), and the median c.o.f. (0.45)
by the distance of sliding on each surface

(2/3 on road and 1/3 on median)

u=2(0,75)/3 + 0.45/3 = 0.65

d = 92 ft

V=/2ugd-= /2(0.65) (92 ft) (32.2 ft sec **2)
V = 62 ft/sec = 42.3 mph

Input of Data to Mass.

The next step involved in reconstructing an ac-
cident using MASS involves the input of data. These steps

are listed below:
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The power for the digitizer, micro-computer
and graphic display device should be turned
on.

The scale drawing discussed previously should
be taped onto the surface of the tablet.

The system should be initialized with the
proper command. If MASS is properly init-
ialized, a banner message will be printed at
the graphic display device which describes
the name and version of the various modules
of MASS.

The new file command should be given at the
graphic input device. The first step in
doing this is to select the new file option
with the stylus. A short "beep” will sound
if this selection is made correctly. The
next step is to input the new file number.
This is done by selecting the digits of the
file number from left to right with the
stylus in the numeric entry area of the tab-
let. After the number is completely entered,
the enter number command should be selected
with the stylus to complete the command. 1If
a mistake is made during the entry of the
number, the clear number command can be used
to start over. If a long "beep" sounds

during the process, a mistake has been made
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and the procedure should be started over.
The data mode select command is given next.
This is done in the same way by selecting
the post-crash mode option with the stylus.
This completes the input for this command.
At this point, the display device will show
a portion of the data file. All data enter-
ed at this point will be immediately con-
firmed through the display device.

The define image area command is given next
by first selecting the define image area op-
tion and then by selecting the upper right
hand corner of a square on the tablet sur-
face that would completely contain the scale
drawing.

The scale of the drawing is input next by
first selecting the scale option and then

by entering the scale through the numeric
input in the same manner as previously dis-
cussed.

The number of vehicles in the reconstruction
is entered in a similar manner. Two vehicles
were involved in the broadside collision.

In a similar manner, the initial time, final
time and integration time step should be en-
tered. These numbers will be entered as in-

tegers scaled by a factor of 1000. This
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10.

avoids the need for the use of a decimal
point in the numeric entry area. The inte-
gration step size can be chosen to be about
0.01 sec. If this step is too large for the
particular accident, the resulting simula-
tion will be inaccurate.

The background graphics are entered next by
first selecting the proper option and then
selecting a series of points along a curve
which defines the particular graphic bound-
ary. This sequence is terminated by the
terminate background graphics input command.
A long "buzz" will normally sound when this
command is terminated. The user should
avoid selecting an excessive number of

points defining the background graphics.

The next major step in the input of data in-

volves the input of vehicle parameters for each vehicle.

These steps are listed below:

l.

The impact point is first selected by select-
ing the appropriate option and then the
actual impact point as it is shown on the
drawing.

The next step is to select the vehicle num-
ber for subsequent data input. Vehicle no.

1 will be selected in this example.
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3. Vehicle geometry parameters will be input as
shown in Table 5-5. Each of these numbers
are entered numerically with a scale factor
of 10 except for vehicle mass which has a
scale factor of 100.

4. The tire cornering stiffnesses are input
next. The option is selected and the corner-
ing stiffnesses are entered for the RF, LF,
RR and LR tires respectively with a scale
factor of 100. Note that this command has
four numeric parameters while previous com-
mands had only one.

5. The rear axle steering angle is entered by
selecting the proper option and entering the
angle numerically.

The zone data for vehicle no. 1 is entered as

follows:

l. First, the zone number is selected with the
zone number command. Zone no. 1 will always
correspond to the zone containing the impact
point.

2. Second, the number of steering zones is
selected. Since there is only one steering
input for vehicle no. 1, the number entered
here will be one.

3. Next, the front wheel steering inputs are

entered. This is done by selecting the
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front steering option and then numerically
entering the front steering angles for the
RF and LF tires. The graphic input device
actually expects four parameters for this
command so two additional numerical entries
must be made to complete the command. Since
the information for these entries is not
used by MASS, these entries are arbitrary.
The numbers entered for the example are -20,
0, 0 and O.

The number of tractive zones is input to
MASS. For the example, there is only one
different tractive effort for vehicle no. 1.
The tractive effort inputs are entered with
the tractive effort command. These inputs
are expressed as percent of full wheel lock-
up with a scale factor of 10 for the RF, LF,
RR and LR tires, respectively. Since the
front wheels of vehicle no. 1 were locked,
the inputs entered are -1000, -1000, 0 and
0. Note that to enter a negative number,
the "-" option replaces the "enter" option.
Next, the number of friction zones is input.
There is only one friction zone associated
with vehicle no. 1.

The road friction coefficients are entered

with a scale factor of 100 for the RF, LF,
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RR and LR tires. For vehicle no. 1, these
entries are 75, 75, 75 and 75.
The velocity correction factor is entered
with a scale factor of 100000. The number

entered in this case is -20.

This completes the input of vehicle no. 1 parameters.

Vehicle no. 2 parameters are input in a similar

manner with the following exceptions:

1.

There are two friction zones associated with
vehicle no. 2. Zone no. 1 friction input is

made in the same manner as described for ve-

‘hicle no. 1 except that the number of fric-

tion zones is set to 2 for vehicle no. 2.

A zone boundary is defined by first selecting
the define zone boundary option and then by
selecting two points along a line dividing
the two zones of friction.

Next, zone 2 is selected with the appropri-
ate command.

The road friction coefficients are entered
for vehicle no. 2, zone no. 2. These values
are 45, 45, 45 and 45.

The velocity correction factor is entered
next in the same manner as decribed for ve-

hicle no. 1.

Initial conditions for both vehicles are entered

next. These are the conditions of the vehicle at the
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start of the

the impact.

1.

post-crash sliding phase immediately after
The steps invclved are listed below:

Vehicle no. 1 input is started by selecting
vehicle no. 1 mode.

The initial position of vehicle no. 1 is in-
put by first selecting the initial position
and then selecting the c.g. of vehicle no.

l as it is shown on the scale drawing.

The initial directions and the initial velo-
city directions are input next. Recall that
on the scale drawing, these directions are
indicated by short line segments extending
from the vehicle c.g. to the proper direc-
tion. These directions are input by first
selecting the appropriate option and then by
selecting two points on this line segment.
The first point is selected on the c.g. and
the second is selected on the line about 1"
away from the c.g.

The initial linear velocity is input by
selecting the proper option and then by en-
tering the velocity in miles per hour with

a scale factor of 10. The number entered in
this case for vehicle no. 1 is 440.

The initial angular velocity is entered in

a similar nature. Since there is no simple

method of estimating the initial angular
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velocity, this value will have to be select-
ed by intuition. The input in this case

was set to -100.

Finally, the final position and direction
for vehicle no. 1 is input. These are in-

put in the same manner as the initial posi-

tion and orientation as described in steps

2 and 3.

Steps 1 through 6 are repeated for vehicle no. 2 to com-

plete the initial condition input.

At this point, the data has been completely en-

tered into the file. The steps involved in executing

TRAJECT with this data are listed below:

lo

The data file should be saved with the save
file command. This is done by selecting the
save file option and then by entering the
file number under which the file is to be
saved. This step is extremely important.

If the file is not saved before the analysis
module is executed, the information in the
file will be lost.

The next step is to execute TRAJECT. This
is done by selecting the execute post-crash
option. The system will now load the analy-
sis module into memory, execute it and re-
load the device controller module into mem-

ory. At this point, the user simply waits
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for the display to show the banner screen
which signals the completion of the execu-

tion module.

Display of Post-Crash Output,

Since the graphic output device has not been
totally implemented at the time of the writing of this re-
port, it was necessary to design a simulator for this de-
vice., The simulator involved a software interpretor which
drove a TEKTRONX 4006-1 graphic terminal. This simulator
interpreted a limited set of the graphic commands and per-
formed the necessary manipulations to display this infor-
mation on the 4006 terminal. The graphic device input
commands were input directly from the terminal by the de-
vice controller. The key sequences corresponding to the
commands are given in Table 5-8,.

To display the post-crash output file that was
generated previously, the follcwing steps are performed:

1. The data file should be selected with either

the graphic input device "old file" command
or the graphic display device select file
command. The old file command is given by
selecting the old file option and then by
entering the file number. The select file
command is given at the keyboard by entering
control-B, "F", the file number and return.

2. Post-crash output can be displayed by enter-
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TABLE 5-8

SIMULATOR COMMAND KEY SEQUENCES

Command Key Sequence Command
Byte
13H control-S Freeze display
11H control-Q Resume display
03H control-C Terminate display
41H "A" Alphanumeric mode
47H "G" Graphic mode
02H control-B Begin special command
Notes: 1. The sequence, control-x, is accomplished by

holding down the "control" key while striking the
IIXII key.

2.

Special commands are given according to their

corresponding ASCII codes.

ing the display post-crash output command at
the keyboard. For the simulated system, this
corresponds to pressing the keys control-B,
"p", "O" and return. At this point, the
display of the post-crash output file begins.
Several keys can be pressed to control the
display of the output file. The display can
be frozen with the control-S key and can be
restarted with the control-Q key. The dis-
play mode can be switched between alphanu-
meric and graphic mode by pressing the "A"
key to set alphanumeric mode and by press-
ing the "G" key to set graphic mode. The

control-C key will terminate the display.
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Any of these keys can be pressed in any se-
quence.

The user will see the trajectory of the two ve-
hicles as they slide from the impact position to their
final resting positions. The user will also observe that
this resting position does not correspond with the actual
final resting position of the vehicle. The user will now
have to modify the data file, execute TRAJECT and recheck
the new solution. This procedure will be repeated until
the calculated final positions of the vehicles are approx-
imately equal to the actual final positions of the vehi-
cles. These iterations should be accomplished in the
following manner:

1. A single parameter for each vehicle should
be changed with the proper graphic input
device command. In general, only one para-
meter should be changed for each iteration.
According to Olson [3], the initial veloci-
ties should be iterated upon first.

2. The next step is to save the modified file
with the save file command.

3. The final step is to execute the analysis
module and examine the resulting output.

For the example, it was apparent that iteration
on the velocities alone would not achieve an adequate
reconstruction. By changing the tractive efforts on the

rear wheels of vehicle no. 2 to -100%, a reconstruction
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found that approximately matched the actual accident con-

ditions. The results of the reconstruction are shown in

Table 5-9,

TABLE 5-9

BROADSIDE ACCIDENT POST-CRASH RECONSTRUCTION (3]

Vehicle 1 Vehicle 2

Initial velocity (mph) 30.0 40.0
Initial angular velocity (deg/sec) -11.0 25.0

Impact Analysis.

The results of the post-crash analysis are the
velocities that the vehicles had as they bounced off of
each other after impact. The objective of impact analysis
is to determine the velocities the vehicles must have had
immediately before impact.

Impact analysis can be made as soon as post-
crash analysis has been completed. No additional input is
required to execute the analysis module. The steps to
carry out this analysis are as follows:

1. The data file to be analyzed is first selec-

ted with the old file command.

2., The analysis module, CRASH, is executed by

selecting the execute crash option.

3. After the banner screen is printed at the

display device signaling the completion of

the analysis, the output can be read by
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pressing the keys control-B, "C" and re-
turn. The output is displayed in alphanumeric

format. These results are shown in Table

5-10.

TABLE 5-10

BROADSIDE ACCIDENT IMPACT ANALYSIS (3]

vehicle 1 Vehicle 2
Impact velocity (mph) 68.2 4,78
Impact direction (deg) 90.0 182.0
Impulse moment arm (in) =1.23 2.34
Force impulse (lb-sec) 6721.4
Coefficient of restitution 0.158

The results given in Table 5-10 are the final
results as far as this particular reconstruction is con-
cerned. A pre-impact speed of 68.2 m.p.h. for the
Chevrolet suggests some fault on the part of the driver
especially when viewed in terms of the very low (5 m.p.h.),
pre-impact speed for the Ford. It should be noted from
the coefficient of restitution that this collision does
qualify as a fairly plastie collision.

Olson [3] also reconstructed this collision us-
ing SMAC. With SMAC, Olson obtained pre-impact velocities
of 68.8 m.p.h. for the Chevrolet and 9.0 m.p.h. for the
Ford. Comparing these values with those obtained using
MASS, one can see that these results are in close agree-

ment.



115

SMAC has been verified with actual collision

data. Olson [3] stated that SMAC gives initial velocities

that are within +5% of the measured velocities. It should

be noted that sufficiently accurate data were required to

achieve this accuracy and that uncertainties in the data,

in particular in the coefficient of friction, will dras-

tically affect the accuracy of SMAC, as well as MASS.

Pre-Crash Analysis.

Pre-crash analysis is only necessary when there

is evidence of braking before the impact. If this is not

the case, the final results are those determined from the

impact analysis. This was the case for the broadside

accident.

For an accident with pre-impact skidding, the

following steps can be used to complete the reconstruction.

1.

The data file is selected with the old file
command.

The data mode is set for pre-crash data with
the select pre-crash input option.

The data is input in the same manner as was
described earlier.

After the file has been saved, the pre-crash
analysis can be performed by selecting the
execute pre-crash option.

The output can be displayed by pressing the

keys control-B, "P", "R" and return. In



116
this case, the object of the iteration is
to achieve a match between the final posi-
tion and the impact position of the vehicle
and the final velocity and the velocity ob-
tained in the impact analysis. Another dif-
ference between the pre-crash and post-crash
analysis is that the final velocity is not
zero for the pre-crash case. This forces
the user to include the final integration

time as an iteration parameter.

Miscellaneous Information.

Several additional items should be explained re-
garding the use of MASS which have not been explained in
the preceding sections.

The graphic input device transmits the coordi-
nants of the initial and final positions of the vehicles
relative to the impact point and in units of feet with a
scale factor of 100. For this block to be correctly for-
matted, the graphic input device has to know the image
area, scale and impact point beforehand. With this in
mind, the user should always enter these parameters before
entering vehicle positions.

A display library index command is provided to
list all data and output files saved in permanent storage.
This command can be given from either the graphic input

device or the graphic display device.
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Using the graphic input device command, the user
first selects the display file library file option and
then enters a single numeric parameter which is not cur-
rently used by the system. The index of the files will be
displayed in groups of three, each showing the file number
and the status of each file. To display the next three
files of the index, the user selects any command at the
graphic input device except for the terminate execution
command which terminates the display of the library index.

Using the graphic display device, the user can
display the library file index by pressing the control-B,
"L" and return keys. The display is then carried out in
the same way as for the graphic input device command. The
display is continued by pressing any key except for the
control-C key which terminates the display.

A graphic display device command is provided
which displays the contents of a data file. This command
is entered by pressing control-B, "D" and return. The
data file is displayed by pages at the display device. To
display the next page of the file, any key can be pressed
except for the control-C key which terminates the display

of the data file.






CHAPTER VI

MEASUREMENT OF ROAD/TIRE FRICTION CHARACTERISTICS

As mentioned in several of the preceding chap-
ters, the trajectory analysis routines are quite sensitive
to the value of the coefficient of friction, u, between
the tire and road. 1Inaccuracies in the specification of
p represent the most serious recurring source of error in
the analysis algorithm. Without an accurate and consis-
tent method of measuring j, much of the care taken in
other areas of this project would be negated. Therefore,
work was begun in this important area and this chapter
will be dedicated to discussing the theoretical consider-
ations necessary to understand the problem of measuring
y, as well as the hardware/software system developed to

accomplish this task.

General Considerations.

The nature of all forces controlling the vehi-
cle's motion are a function of the coefficient of friction
except during short periods when the vehicle is impacting
another vehicle or object. Determining the exact charac-
teristics of py is, therefore, essential if accuracy of
vehicle dynamics is going to be achieved.

In a sample of 1000 accident cases studied dur-

ing the Multidisciplinary Accident Investigation Program

119
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(MDAI), nearly twenty percent of all cases involved brak-
ing, nine percent involved steering, and nearly six per-
cent involved both braking and steering. In addition,
nearly sixty-six percent involved no evasive action at

all [3]. Therefore, approximately seventy-four percent
of the accidents where evasive actions were taken involved
braking.

When locked wheel skidding has occurred, the
measured length of the skid marks, the coefficient of
friction, and the estimated velocity at the time of impact
can be used to determine the velocity of a vehicle prior
to the skid. An accurate measurement of | must be made at
the accident site if the above velocity estimate is to be
precise. Therefore, the methods used in obtaining u must
be precise and repeatable.

In the past however, ; has been one of the least
credible factors. The equipment used to gather the data
at the accident site has generally been quite unsophisti-
cated. 1In some cases, only a vehicle and a measuring tape
were used [4]. 1In this type of test, the procedure re-
quires the investigator to drive his vehicle at a docu-
mented speed (usually 30 miles per hour) and skid to a
stop. The investigator then measures the length of the
skid marks with a measuring tape and calculates the coef-
ficient of friction by using the following equation:

b= N2/ (2gs) (6-1)

where



121

p is the average coefficient of friction (dimen-

sionless),

V is the velocity of the vehicle prior to the

skid (feet per second),

s is the length of the skid (feet), and

g is the gravitational acceleration (feet per

second squared).
This is easily converted to the following approximation
for ease and convenience:

T (v)2/(305) (6-2)

where

v is the velocity of the vehicle prior to the

skid (miles per hour)

s is the length of the skid (feet), and

30 =~ 2(32.2 ft/sec)/(1.466666 ft/sec/MPH)z.

There are, however, several inaccuracies built
into the above equations and, therefore, into the proce-
dure. The vehicle's velocity prior to the skid is diffi-
cult to obtain with the requisite accuracy. If it is not
accurate, the error is increased by the squaring factor.
The distance is also difficult to obtain because the ac-
tual skid marks may not begin until the vehicle has skidded
for several feet. Even then, the beginning of the skid
marks are sometimes hard to pinpoint. It should be noted
also that this procedure yields a single value coefficient
(i.e. W ave) that contains no information concerning the

nature of W with respect to time, distance, or velocity.
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Equation (6-1) was developed from the work-
energy theorem. The assumption is made that all the vehi-
cle's kinetic energy is transformed by the forces acting
at the tire-road interface with most being converted to
heat and dissipated into the tire or at the road inter-
face. The kinetic enerqy, E of the vehicle moving at

velocity, V is:

E = m(V)2/2 (6-3)
where
m is the vehicle mass.
The work, W performed by the road on the skid-
ding tires is:
W = Fs (6-4)
where
F is the force applied by the road to the tires,
and
s is the distance of the skid.
The work required to stop a moving vehicle is

equal to the initial kinetic energy or:

Fs = m(v)2/2 (6-5)
The only force applied to a skidding vehicle is
through the tires and hence a function of the coefficient
of friction. This equates to:
F=uN (6-6)
where

N is the normal component of force acting on the
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- tires, and

U is the dynamic coefficient of friction.

The combined normal force of all the tires is equal to the
total weight, w of the vehicle.

With Newton's Second Law of Motion:

F = ma (6=7)
where

a is the acceleration, and

m is the vehicle mass,

Equation (6-6) becomes:

F=uw

=y mg (6-8)

Combining Equations (6-5) and (6-8) yields:

umgs = m(V)2/2 . (6-9)
Rearrangement of Equation (6-9) produces Equation (6-1).
At one time, this method was considered the interim stan-
dard for measuring u [5].

The py calculated for Equation (6-1) is an aver-
age dynamic coefficient of friction between a vehicle's
tires and the road surface over a velocity range from the
initial velocity down to zero. Since u is directly pro-
portional to the vehicle's deceleration by a factor of g,
Equation (6-1) implies that the deceleration of a vehicle
is constant throughout the skid as depicted in Figure
6-la. With a constant deceleration, the velocity decrease

will be linear.
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Testing of the phenomena began during the early
1950's and showed that the deceleration of a skidding ve-
hicle is not in fact constant [29]. Typically, the decel-
eration of a vehicle in a locked-wheel skid acts more like
that depicted in Figure 6-2. Braking forces build up from
zero to the incipient peak where skidding begins. The de-
celeration drops off slightly and slowly increases again
as the skid continues.

In addition to those noted above, there are
other inaccuracies built into Equation (6-1) also. This
equation assumes that all the kinetic energy dissipated
during a skid is done through the tire-road surface inter-
face. During the actual skid this is true, but there is
a short period of time, approximately 0.12 seccnds [30,31],
where the brakes are applied and the wheels are not
locked. This brake build-up time, in addition to the fact
that the initial skid marks may not actually start for
several feet after brake lock-up, causes the calculated
Y, from Equation (6-1) to actually be higher than the true
U. This discrepancy is very undesirable because it severe-
ly limits the accuracy of the analytical accident recon-
struction.

The coefficient of friction, y, is a function of
many variables which affect the tire-road surface inter-
face. These variables include, but are not limited to:

1, Speed [29, 30, 31, 32, 33, 34, 35, 36, 37

381];
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Figure 6-la Constant Deceleration as a Function of Time

Velocity
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Figure 6-1b Velocity Curve Resulting from Constant
Deceleration
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Brake Build-up

Time

Decel.

Figure 6-2, Typical Deceleration Curve for an Automo-
bile Skid Test

2. Tire construction and materials

30,31,32,34,36,37,39,40,41,42] ;

3. Vehicle suspension and geometry conditions

[30,31,34,43];

4, vehicle mass [30,31,34,37,39,43];

5. Ambient conditions [30,35,43];

6. Tire temperature [30,35,37,39,43,44,45,46];

7. Tire inflation pressure [37,45]:

8. Road surface roughness (30,32,34,36,37,39,

42,44,45,47,48];

9. Road contaminants {[30,32,39].

These variables for a particular accident or
test site can be grouped according to how they affect the
test procedure and results. Group "A" variables are
"site" specific and are not considered functions of vehi-
cle speed. Group "A" variables include ambient condi-
tions, tire temperature, tire pressure, road surface

roughness and road contaminants. This group is set at

the time of the accident. Group "B" variables include
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the vehicle's mass, the vehicle's suspension and geometric
conditions, tire construction, and tire materials. These
variables also affect yu but are not site specific. Group
"B" may change, however, as the suspension system parts
wear. As a result, these variables are also established
at the time of the accident. Group "B" variables are
considered "vehicle" parameters, whereas Group "A" varia-
bles are considered "site" parameters. The Group "C"
variable, vehicle speed, is the only one that is directly
controlled by the driver and is not part of the vehicle
or site, It is, however, the variable which ultimately
is to be determined from the skid length measurements and
the coefficient of friction.

The goal of this research is to show how the
different variables influence the coefficient of friction
and then to develop an accurate and consistent method of
obtaining an instantaneous y during a locked-wheel or yaw
skid, recording the information and using it to recon-

struct the vehicle dynamics.

The Coefficient of Friction.

The physics of the tire-road friction at this
point in time is not completely understood. This is pri-
marily a result of the lack of test equipment sophistica-
ted enough to accurately measure and record the data and
then to evaluate the data. Numerous methods have been

used in the past to measure and record y but none have



128

truly been able to accurately represent this phenomenon.
This is partly because the total coefficient of friction
is influenced by many variables which are impossible to
isolate from the whole. The Society of Automobile Engin-
eers (SAE) defines eleven kinematic and geometric varia-
bles that completely describe the steady state motion and
orientation of the tire to the road [43]. When these
variables are added to the list of variables previously
discussed, it is easy to see how complex the phenomenon
of tire traction really is.

There are four basic elements which contribute
to the total coefficient of friction: adhesion, deforma-
tion, tearing, and wear [30,36,41,44,45]. Adhesion results
from the molecular attraction between the tire and the
road surface asperities. It is considered a static prop-
erty because it is not a function of the relative motion
of the pavement and the tire. Adhesion is a property
which follows the definition of Coulomb friction in which
the frictional force is a function of ¥ and the normal
force, but is not a function of the contact area [49 1.
During a skid, the temperature increase of the tire-road
contact surface results from adhesion.

Also during sliding, the rubber deforms at the
macroscopic tire to road surface asperity and tends to
wrap around the asperity in a direction opposite the di-
rection of the skid. This deformation contributes to v

because it takes more energy to deform the rubber than is
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regained when the rubber returns to the undeformed state.
This process is called hysteresis. Modulus is another
property of rubber that contributes to the overall coef-
ficient of friction. It is a measure of the hardness of
the rubber and reflects the ease in which it deforms.
Most automobile tires today use synthetic rubber which has
a relatively lower modulus than natural rubber, of which
most truck or severe service tires are made. The lower
the modulus, the easier the rubber deforms around the as-
perity resulting in a higher U but at a sacrifice to the
wear characteristics [41]. The deformation of the rubber
results in a heat build-up beneath the tire contact sur-
face.

Tearing and wear are both associated with abra-
sion. These factors are functions of the tensile and
shear strengths of the tire material. A higher tensile
strength will result in higher abrasive friction, assum-
ing all other variables remain unchanged. The distinction
between tearing and wear lies in the fact that wear re-
sults in the formation of loose wear particles and there-
fore, material loss while ir tearing the material remains
attached.

The four basic factors which affect tire fric-
tion are pictorially represented in Fig. 6-3. "Experts"
in the tire friction area concur that these four basic
factors combine to form the total coefficient of friction

but the agreement stops there. There is little agreement
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Figure 6-3. The Four Major Components of Tire-
Pavement Friction [4]
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on how each of the factors contributes to the overall u
or how the physical variables (speed, temperature, road
contaminants, etc.) affect the contribution of the four
factors. Some "experts" claim that 80 percent of the
total i is caused by adhesion [36], while others claim
that friction is an energy-dissipating process and only
through hysteresis can energy be dissipated [36,39]. A
third view of the tire-road surface friction process is
that adhesion is the main component of 1 at low speeds
while deformation, tearing, and wear occur at high rela-
tive velocities [44]. This theory is graphically repre-
sented in Fig. 6-4., The curve shows how I changes as
slipping increases from no skidding to 100 percent skid-
ding depending on whether the primary component is adhe-~-
sion, deformation, tearing, or wear. Curve ABC depicts
M as a function of pure adhesion and curve FDE depicts U
as a function of deformation, tearing, and wear. 1In this
case, u is a function of vehicle velocity. Neither curves
ABC or FDE occur in actual automobile skids but a combin-
ation of the two, curve ABGDE, does. The value of U is
limited to the lower value because the lower U dominates
in the friction process. The peak of the ABGDE curve at
G never reaches the intersection of ABC and FDE; this is
because BGD is considered the transition region between
the curves ABC and FDE.

The tire-to-road frictional interaction is com-

plex in itself, but when additional variables such as
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speed, temperature, etc. are considered the measurement
of | becomes an exhaustive task. Numerous studies have
been made to determine u using various methods in labora-
tory and field environments. These studies are at first
more confusing than informative to a student studying tire
friction, because the results are usually contradictory
without close examination. With further study, the dif-
ferences in test procedures become apparent. The compared
goals, data, methods, and results are different in most
cases. Therefore, subject tests often can not be effect-
ively compared with others. Some of the disagreements
between "experts" in this field result from non-uniform
test procedures. For example, Grough [44], states:

Most laboratory measurements of friction of

various rubbers or polymer blends have been

1.5 tao 2.5
F
C
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Figure 6-4. Braking Force Due to Adhesion and
Skidding Effects as a Function of
Tire Slip [44]
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made under steady state sliding at low speeds.

It is commonly noted that initial values are

lower than at final steady state; or put

another way, movement between rubber and

ground is necessary to achieve maximum fric-

tion pertinent to the materials and opera-

ting conditions.

While Meyer and Kummer [46]state, "As sliding speed is in-
creased friction decreases, but eventually increases
again." These two tests can not be compared without real-
izing that in reference [44], the sliding speeds were low
but not specifically explained; whereas, reference [46]
specifically explains that sliding velocities were less
than one foot per second. The friction in reference §4]
may have involved deformation, tearing, and wear, where
reference [46] probably involved mostly adhesion.

There is general agreement, however, in the be-
lief that most of the energy dissipated in a locked-wheel
skid is through heat generation and loss of the heat to
the road surface and tire. Grosch B5] explains in detail
the relationship between different test conditions and the
amount of heat build-up in rubber and compared them with
standard empirical eguations. The relationships between
temperature and heat transfer for a skidding vehicle
partially explains why laboratory and field friction tests

rarely produce similar values of p.
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With the complexities of the frictional compo-
nents not being completely understood, determination of
the "correct" method to measure y is difficult if not im-
possible, but it is reasonable to assume that duplication
of as many of the variables as possible is the "safest"”

way to accomplish the task.

Measurement Techniques.

There have been numerous methods employed to
measure the coefficient of friction [7,29-48,50,51] but there
has been little correlation of the results from one test
procedure to another. Some of the most popular methods
used in the past are:

1. Specialized laboratory tests;

2. Analytical methods;

3. Pulled trailer skid force methods;

4, Pulled trailer slip angle methods;

5. Automobile length of skid tests;

6. Accelerometers in automobiles;

7. Fifth-wheel automobile skid tests;

8. Automobile dynomometer tests:;

9. Specially instrumented automobile and auto-

mobile test models; and,
10. Photographic test procedures.

The reasons for performing these tests are as
varied as the different procedures themselves. The most

prevalent reason has been to compare the coefficient of
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friction from one road surface to another and to compare

u on the same road surface under different atmospheric
conditions. Very little has been done in determining H
for the purposes of automobile accident reconstruction.
Each of the above methods were evaluated prior to deciding
the best method for determing upfor this application.

Specialized laboratory tests display the broad-
est range of p. The types of tests that have been devised
are numerous [(31,35,36,43,44] . while the laboratory en-
vironment provides the best control of variables which are
uncontrollable in a field test, the laboratory does not
have the inputs from the test site which are important in
the accident reconstruction area. Laboratory tests have
measured U as high as 3 for rubber materials similar to
those used in automobile tires [35] , but a u this high at
a test site is extremely unrealistic. For these reasons,
laboratory tests have been ruled out as a method for
measuring u for this research.

Analytical methods [35,39,43,44,47] , by them-
selves, suffer within the context of this research because
they have no way to accurately account for many"real
world" variables which are prime considerations in acci-
dent reconstruction.

The pulled trailer skid test method is one of
the most popular techniques for measuring the coefficient
of friction on various road surfaces [31,34,48], The pro-

cedure utilizes a vehicle to pull a trailer which has one
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or more tires locked. The force required to pull the
trailer is measured at the trailer tongue by a load cell.
This force is proportional to the coefficient of friction
by a factor of the tire loading. Many variations to the
basic trailer method have been devised. These variations
include different ways to load and lock the trailer’'s
tire(s), various sensing devices, and general construction
of the trailer. Some trailers are also equipped to
measure the "incipient force" (friction force -ust prior
to lock-up). During testing, the trailers are usually
pulled at a constant speed. The tow vehicle can also be
equipped with a water storage tank and a wetting system
for making tests on wet pavement.

Pulled trailer slip angle force testers are very
similar to the trailer skid force testers except that the
trailer's tiré(s) are positioned such that the longitudi-
nal axis of the tire-wheel assembly is at an angle (called
the slip angle) to the direction of the trailer motion.
Fig. 6-5 pictorially describes the slip angle. Most
trailers are designed such that the slip angle can be
changed.

The advantages of the trailer methods are that
specialized test equipment can be incorporated into the
trailers and that the trailers can be towed at a constant
speed. Therefore, testing can be performed without signi-
ficantly disrupting traffic flow. The disadvantages of

the trailers are that they are large, expensive, usually
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require a specialized tow vehicle, and have dynamic char-
acteristics different from the automobile. Additionally,
correlation of data between trailer testing methods has
been poor [34]. Due partly to the fact that the skid
trailer does not reproduce many of the variables in the
vehicle skid, this method has also been ruled out.

The automobile length of skid test method[32,
29,31,33,34,42] was described earlier. This method in-
volves skidding an automobile from a known velocity to a
stop and measuring the skid length. The initial speed

(V) and the skid length (s) are used in the equation:
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L= v%/2gs
to find the average coefficition of friction (k). The ad-
vantages of this type of test are that it requires very
little equipment, it is simple to perform, measure and
calculate the results, and, most importantly, it can
closely approximate the actual skid variables, especially
if a similar vehicle and tires are used. The disadvantages
arise from the inaccuracies of observing the initial speed,
determining the initial skid location, and from the fact
that the calculated ¥ is only an average value for speeds
from the initial velocity to zero. Very little additional
information is available from the length of skid test
method. This method is also ruled out for the purpose of
motor vehicle accident reconstruction in this research,
although it is the basic method for obtaining u for this
purpose.

Instrumenting an automobile with an accelerome-
ter for measuring deceleration during skid tests [29,31
32,33] has all the advantages of the length-of-skid tests
and also gives the instantaneous u over the skid duration.
Therefore, an accurate measurement of the skid length and
initial velocity are no longer required. Instantaneous
values of velocity and distance can also be obtained by
successive integrations of the acceleration versus time
data. With the accelerometer calibrated in g.'s, the ac-
celeration is equal to u. As described previously, the

classical definition of friction force is:
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F = uN (6-6)
where
F is the friction force;
U is the coefficient of dynamic friction; and,
N is the normal force between the two subject
objects.
Additionally, from Newton's Second Law, a force (F) is
equal to a mass (m) under acceleration (a):
F = ma . (6=-7)
When the vehicle under the influence of a 1 g. gravita-
tional attraction, the normal force is:

N

m(lg)
= w (6-10)
where w is the total weight of the vehicle. Combining
Equations (6-6), (6-7) and (6-10) yields:
Uw = ma
or,

W = a/g (6-11)
where u is dimensionless. The disadvantages of the auto-
mobile length-of-skid test method using an accelerometer
are that it is more costly than automobile length-of-skid
tests and that it requires a knowledge of the instrumenta-
tion.

Fifth-wheel input to automobile skid tests [31]
can make additional irnformation available. The exact skid
length can be measured at the time the skid is occurring

and it can be used to verify the data from the double in-
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tegration of the accelerometer data. The disadvantages of
a fifth-wheel are mainly the added cost, the required op-
erator knowledge, and the additional equipment. Another
disadvantage to the fifth-wheel device is the difficulty
in attaching it to the test vehicle. The fifth-wheel
should be used cautiously without an accelerometer, how-
ever, because of the difficulty in the numerical differen-
tiation of the data to obtain the velocity and accelera-
tion information.

Automobile dynomometers are often used to
measure and compare tractive forces of various tires B3] ,
but are of little use for accident reconstruction data ac-
guisition at a test site.

Specially instrumented automobiles [31,51]can be
used to gather almost any kind of data desired about the
physical phenomenon occurring in an automobile during skids.
Photographic analysis can also be incorporated into this
category. More data can be made available for the analyt-
ical reconstruction of an accident using these two techni-
gues, but cost prohibits them from being used beyond the
extent of an accelerometer in the test vehicle.

Earlier, three categories of variables that
affect 1 were described. They were Category "A" (site),
Category "B" (vehicle), and Category "C" (vehicle control-
led) variables., From the previous discussion of tire
traction, it becomes understandable how many of the physi-

cal interactions which take place at the tire-road inter-
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face remain mysteries to us, especially when the above
variables are included. To insure accurate reproduction
of the skid which took place prior to a collision, it is
necessary to duplicate as closely as possible the varia-
bles which were present at the time of the skid. Category
"A" variables are duplicated by performing a controlled
skid test as soon as possible after the accident in ques-
tion (or at least before the weather conditions change).
Category "B" variables differences are reproduced as
closely as possible by using a similar, if not identical,
vehicle with similar or like tires as the one(s) involved
in the collision. Since all vehicles have mechanical
characteristics which vary from one vehicle to another,
it is important to understand some of the variables that
affect stopping distance and the maximum error that can
result from them.

Although by no means complete, the published lit-
erature of previous testing indicates the following fac-
tors which affect the tire-road friction and measurement
testing:

1. The dynamic characteristics and geometric
parameters of different vehicles influence
tire-road skidding behavior [29,30,32,34];

2. Tire design characteristics (structural and

material) affect skid performance (30,32, 34

35,36,37,40,41,42,43,441;
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3. Driver input to vehicle affects stopping
distance with all other variables remaining
constant [29,30,32,37]:

4., Load on a tire and tire inflation pressure
have a slight influence on skid paerformance
(30,34,37,39,40,43];

5. Vehicle speed affects skid performance
(31,32,33,34,35,37];

6. The maximum variation of ¥ as a result of
the automobile variables is approximately 10
percent. This value can be significantly
reduced by choosing a test vehicle of simi-
lar construction with similar tires to the
accident vehicle [34].

The last variable, speed, is unknown and is the
variable which is to be determined by performing the énal—
ysis of ¥ . Performing a skid test in a simila:r vehicle
with similar tires as soon as possible after the accident
can duplicate the unknown variables and provide H (t) con-
sistent with performing an accurate analysis of vehicle
dynamics.

The published results of previous tests indicate
that road surface characteristics have the single greatest
effect on variations in the measured coefficient of fric-
tion for automobile skid tests [29], For this reason, as
well as equipment size, ease of operation, cost, repeata-

bility, reliability, and adaptability, a portable acceler-
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ometer transducer was chosen as the most suitable for the
purpose of automobile skid tests.

An accelerometer for this exact purpose was
designed and built by Mr. Scott Reid {7]. The accelero-
meter consists of a small, vertically oriented cantilever
beam with a mass attached to the free end and a strain
gage bridge mounted near the fixed end. The simplicity,
small size and mass, low cost, and reliability were key
considerations for deciding to continue with this type of
accelerometer.

The accelerometer, however, is of no use by it-
self. There must be a method of recording the instantane-
ous values of acceleration over the entire skid duration
so that the data can be integrated to acgquire the velocity
and distance versus time data.

There are numerous ways in which this recording
and analysis can be accomplised. For example:

l. Manual obser&ation and recording;

2. High speed photographic methods;

3. Hard copy real time plotting;

4. Recording oscilloscope and photographic

techniques;

5. Real time maghetic tape recording of trans-

ducer output; and,

6. Computerized data acquisition, storage, and

transfer.
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Manual observations were eliminated from consid-
eration because of the speed at which the acceleration
changes during the skid process. It would be humanly im-
possible to record all the necessary data.

High speed photographic recording of the accel-
erometer output would be an accurate and permanent record
of the skid process especially if a timing device were in-
cluded in the photographs. The difficulty lines in the
analysis of the data once it is obtained. Manual graphing
or digitization and integrationwould be required which is,
at best, tedious and time consuming. The expense involved
for equipment and film and the inherent inaccuracies of
manual integration prohibit this method from being used in
this work.

Hard copy real time plotting, real time magnetic
tape recording and the recording oscilloscope and photo-
graphic techniques are also accurate ways of recording the
output from the accelerometer but as in the photographic
method, manual integration of the data would be necessary.
Numerical integration techniques by computer could be used
in these methods but the data must first be digitized.

The inherent inaccuracies of these methods also prohibit
them from being used in this work.

Compﬁterized data acquisition, storage, and
transfer methods can be adapted for this purpose. The
ability of a micro-processor to make thousands of samples

of data per second from numerous sources and to store the
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data in a retrievable memory makes this system ideal for
the purpose of automobile accident reconstruction. This
system also has the capability of transferring the data
in memory to a more permanent type of storage device, like
a magnetic recording tape. Once the data is permanently
stored on the tape, the computer and memory are free to
record the data from another skid test. The recording
tape can transfer the same data into another computer at
a laboratory for analysis and evaluation. All this can be
accomplished without human interpretation of or interac-
tion with the data. There are some drawbacks to this
method, however. The complexities of micro-computers re-
guires a knowledge of micro-computer programming to make
the system work, but once the system works correctly, it
can be operated by anyone with a basic understanding of
computers. The added cost is also a drawback but the ac-
curacies gained by this method far outweigh the extra
cost. There also must be computer equipment available to
perform the analysis of the data once it is collected, but
this is true in all of the above methods if any accuracy
is to be expected at all. For the above reasons, a micro-
computer data acquisition, storage, and transfer system
was selected as the best method for the purpose of motor
vehicle accident reconstruction.

To verify the results of the numerical integra-
tion of the accelerometer data, a fifth-wheel tachometer

is also added to the total system. The micro-computer can



146

then store the elapsed distance as a function of time from

the instant an external interrupt is triggered.

Accelerometer

The accelerometer designed by Reid [7] is a ver-
tically oriented cantilever beam with a small mass mounted
at the free end and a temperature compensated sitrain gage
bridge mounted approximately three-quarters of an inch
from the fixed end. Constructed of standard spring steel
stock 0.020 inches thick, it is three inches long by one-
half inch wide with a 0.028 pound mass at the free end.
With the beam oriented horizontally, the mass will cause a
deflection of 0.025 inches under the influence of a one-g
gravitational field. To insure that the spring steel
would not be over-stressed, the maximum stress at the
fixed end was calculated at 2523 pounds per square inch,
well within the maximum stress for spring steel of 58,000
pounds per square inch.

The undamped natural frequency was also calcu-
lated to determine if any undesired resonances would be
excited during testing. The calculated frequency, 19.8
cycles per second, is very close to the natural frequency
of the automobile suspension (10 to 15 cycles/sec) and de-
creasing the mass to increase the natural frequence would
cause an undesirably low deflection and a smaller strain
gage output. To reduce the chances that the automobile

frequencies will cause the undesired vibrations in the
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beam, a damper system was used to modify the beam dynamic
response.

The damper consists of a friction lever arm con-
nected to the mass by a link. By varying the tension on
the spring which presses the lever arm between two washers,
the amount of damping can be adjusted. A Hewlett-Packard
Model 5423A Structural Dynamics Analyzer was used to anal-
yze the beam, mass and damper shown in Fig. 6-6. The
first resonant frequency for the undamped system (damper,
link, and lever arm removed), was a 19.4 cycles/sec, which
is very close to the predicted frequency. For the un-
damped system, the damping ratio (percent of critical
damping) is 1.9 percent, and the time constant (time for
the system to damp motion to 1l/e times its original dis-
placement) 1is 0.428 seconds. Fig. 6-7 shows the response
of the undamped system and Fig. 6-8 shows the system's
response with varying amounts of damping. The plot in
Fig. 6-8 with the lowest peak is representative of the
damper setting that allowed the best output from the com-
pleted system in actual skid tests. As the amount of
damping increases by tightening the damper pivot nut, the
damping ratio is increased and the time constant is de-
creased. Table 6-1 lists the resonant frequency, damping
ratio, and time constant for the undamped system (from
Fig. 6-7) and for the three settings of the damper system
(from Fig. 6=8). Although the first natural frequency can

be damped so that unwanted oscillations do not confound
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Figure 6-6.
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TABLE 6-1

FIRST RESONANT FREQUENCY, DAMPING RATIO AND
TIME CONSTANT FOR UNDAMPED AND LIGHTLY DAMPED
SYSTEM

FREQUENCY DAMPING RATTIO TIME CONSTANT

(Hertz) (Percent) (Seconds)
Undamped 19,14 1.5 0.428
Minimum Damping (A)* 18.39 5.5 0.156
Medium Damping (B)* 18.51 7.6 0.113
Highest Damping (C)* 19.27 13.5 0.061

*A,B, and C refer to Fig. 6-8

the test data during tests, no usable information with
frequencies near or above 19 cycles/sec can be obtained
from the accelerometer.

The limiter arm, also shown in Fig. 6-6, was in-
stalled to prevent the beam from being over-stressed dur-
ing testing and handling.

The cantilever beam spring-mass-damper system
was combined with strain gages to become the accelerom-
eter. Four matched, foil-type strain gages were attached
to the beam and were connected to act as a temperature
compensated wheatstone bridge. Micro-Measurements type
EA-06-125BT~-120 strain gages were used, each with a nomi-
nal resistance of 120 ohms. An electrical circuit was de-
signed and incorporated onto the main computer board to

provide the strain gage bridge with an input voltage and
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to amplify the output by a factor of 1000. The strain
gage bridge is not perfectly balanced so the output from
the strain gages) after amplification, is a constant of
approximately 0.2 volts (beam undeflected). With an am-
plification factor of this magnitude, it proved difficult
to find four strain gages which were perfectly matched.
When the beam is deflected by the mass under one-g, the
strain gages produce an amplified output of approximately
four volts.

The amplified strain gage output is fed into an
8 bit analog-to-digital (A/D) converter which was an in-
put voltage range from zero to five volts. The A/D con-
verter converts the analog voltage to a digital code which
is proportional to the analog voltage on a decical scale
of 0 to 255 or a hexidecimal scale from 0 to FF. During
the Calibration and Execution phases of operation, the
output of the A/D converter is sampled by the micro-

processor.

Micro-computer.

The micro-computer, designed and built by Mr.
Grover Edmiston, consists of the following main components:
1. An 8085 based micro-processor manufactured
by Intel Corp.;
2. 2 each No. 2516 Texas Instruments 2 K
Erasable Programmable Read Only Memory

(EPROM) units;
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3. 4 each 1 K No. MK4118A-4 Mostek Random
Access Memory (RAM) units;

4. A hexidecimal keypad, a 6 digit hexidecimal
display panel, and an Intel Corp. No. 8279
Programmable Keyboard/Display Interface
module;

5. An Intel Corp. No. 8253 Programmable Inter-

val Timer;

6. An Analog Devices No. AD 7574 8 bit Analog-

to Digital Converter; and,

7. An Analog Devices No. AD 521KD Instrumenta-

tion Amplifier.

Figure 6-9 is a block diagram of the computer
board which shows the interconnection of the components
and the connection to the accelerometer and the fifth-
wheel. Figure 6-10 shows the actual accelerometer and
micro-computer unit.

The micro-processor is programmed to perform
various operations which are written in 8085 assembly
language [52] and stored in the EPROM. It automatically
begins processing the instructions contained in the EPROM
starting at memory location 0000 when the power is turned
on or when the reset button is pressed. The exact pro-
gramming procedures used in assembly language are of an
extensive and detailed nature and therefore, beyond the

scope of description in this report.
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Figure 6-9. Block Diagram of Computer Board and
Accelerometer and Fifth-Wheel
Interconnection
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Accelerometer and Micro-Computer Unit

Figure 6-10.



156

The Intel 8085 micro-processor was used in this
application because of the speed at which it can operate.
It is driven by a 6.144 megahertz clock in this éyStem.
The 6.144 MHZ signal is internally divided by two to clock
the actual execution processes within the micro-processor.
The different executable instructions require varying num-
bers of clock cycles depending upon the complexity of the
instructions. On the average, instructions take approxi-
mately 10 clock cycles to be executed. With a 3.072 MHz
clock, the micro-processor completes approximately 300,000
instructions per second, making it ideal for the high
speed data acquisition which is required for this applica-
tion.

The main functions of the micro-processor in
this application are as follows:

1. To program and communicate with the 8279

Keyboard/Display Interface module;
2. To program and communicate with the 8253
Programmable Interval Timer;

3. To sample the data from the A/D converter;

and,

4. To store the data in the RAM.

The function of the EPROM is to provide non-
volatile storage for the executable code. The information
stored in the EPROM is not lost when the power is turned
off so the micro-processor will always operate when the

power is turned on.
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The Random Access Memory (RAM) consists of 4 K
of 8 bit words. 1Its primary purpose is to store the data
from the accelerometer A/D converter, and the fifth-wheel
count provided by the Programmable Interval Timer (PIT).
The contents of the RAM can be read by the micro-processcr
or written over by it., Since the RAM is volatile, its con-
tents must be stored on tape before the power is turned
off or before another test is run.

The hexidecimal keypad, hexidecimal display
panel, and the Keyboard/Display Interface module provide
the operator with a means of controlling the operation of
and communication with the micro-processor.

The keypad has 22 Kkeys which perform the follow-
ing functions:

l. O - F hexidecimal number keys:

2. TD Taped Dump;

3. CAL Calibrate;

4, EM Examine Memory;

5. SM Substitute Memory;
6. EX Execute; and,

7. DG Display G's.

The keyboard/display system allows the operator
to examine the contents of any memory location and to de-
posit into any RAM location data that he or she desires.
Upon pressing the hardware reset button on the computer
board, the display will automatically show memory location

8000 in the left four digits and its contents in the right
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two digits. The contents of 8000 are automatically set

at FB (hex) by the reset routine to mark the beginning of
data. This flag will be used during the tape read opera-
tion. If the EM key is pressed, the address is automatic-
ally incremented by one and the contents of that: location
are automatically displayed. Any memory location can be
accessed by entering the address using the 0 - F keys
(most significant digits first) and its contents will be
displayed. 1If the operator wishes to enter his or her own
data into RAM, he or she can enter the address as above,
press the SM key, and then enter the data. The data will
then be in RAM at that location.

The Programmable Interval Timer (PIT) has three
individually programmable 16 bit counters, each of which
can operate independently and in various modes depending
on the requirements of the main program and the applica-
tion. Programming the PIT is accomplished through address-
es C000 through C003. Addresses C000 through C002 are
used to pass data between the micro-processor and counters
0, 0, and 2 and C003 is used to pass programming informa-
tion to the PIT.

The PIT in this application has two primary func-
tions. First, it produces the required frequencies used
in the Tape Dump routine for converting the bit values in
the data words to Kansas City Standard data transmission
format. Second, it acts as a counter for keeping track

of the number of pulses produced by the fifth-wheel de-
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vice for conversion to distance and miles per hour.

The AD7574 8 bit Analog-to-Digital Converter and
the AD521KD Instrumentation Amplifier combine to amplify
the signal from the strain gage bridge on the accelerom-
eter and to convert the amplified output in a digital
code. The amplifier raises the output voltage from the
accelerometer from 0 to 5 millivolts to 0 to 5 volts, an
amplification factor of 1000. The A/D converter then con-
verts the 0 to 5 volts to an 8 bit binary code which is
read by the micro-processor during the Execute routine
and during the Calibrate routine. The binary code is con-
verted to hexidecimal code for display on the 6 digit dis-
play panel. The range of the A/D converter is from 00 to

FF (hex).

Computer Mode Qperations.

The first executable routine which the micro-
processor must perform is the Reset routine. The primary
function of the Reset routine is to initialize all the
peripheral devices so communication with them will be pos-
sible. The Keyboard/Display Interface module must be pro-
grammed to receive data from the keypad and micro-processor
and to transmit data to the display panel. Communication
with the Keyboard/Display Interface is accomplished
through memory locations E000 (data) and E00l1 (command)
which are addressable by the micro-processor. The Reset

routine also initializes the PIT to set the modes and
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counts of the three individual counters within the PIT.
Certain key memory locations are also initialized to spec-
ific values during the Reset routine. Figure 6-11 is a
memory map of the memory used in this micro-computer.
Memory locations in Figure 6-12 (RAM Memory Map) high-
lighted by an asterisk (*) are those which are initialized
by the Reset routine. After the Reset routine has been
completed, the micro-processor is ready to accept instruc-
tions and to perform the operations required by the oper-

ator.

Calibration.

During a locked-wheel skid, the vehicle is de-
celerating at some time varying rate. This rate of decel-
eration is determined by the coefficient of friction and
by the gravitational field acting on the vehicle creating
a normal force on the tires. This relationship allows the
accelerometer to be calibrated prior to the tests using
gravity as a reference without knowing the effects of any
of the unknown parameters discussed earlier.

The strain gage bridge produces a small output
when the beam is deflected. When amplified and coded by
the A/D converter, the undeflected reading is called the
zero-g output. The one-g accelerometer reading can also
be obtained simply by orienting the beam horizontally.
This will cause a one-g output from the A/D converter.

During an actual skid test, the data from the accelerometer
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i 8000% (FB) : Data Beginning Flag

i 8001 | Zero G Location

} 8002 ! One G Location

i 8003 AN

! -- i Accelerometer Data (1000)
i 83EA v/

i\ 83EB* (FF) | Data Division Flag

! 83EC o\

i -- ; Fifth-Wheel Data (2000)
i 8BBB 4

i 8BBC | MPH (decimal)

| 8BBD (00) |

| 8BBE { MPH (hex)

i 8BBF (00) i

i 8BCO* (FF) } Data End Flag

i 8BC1* (FF) | Data End Flag

i 8BC2 AN

i - i Not Used

i 8FDT 4

| 8FD8* (03) i Display G's Start L3B
i 8FD9* (80) ! Display G's Start MS3B
| 8FDA | Not Used

i 8FDB i Not Used

i 8FDC* (00) | Tape Start LSB

| 8FDD* (80) 1 Tape Start MSB

. 8FDE* (C2) i Tape Stop LSB

1 8FDF* (8B) i Tape Stop MSB

| 8FEOQ o\

H -- d Stack

i 8FFF v/

Figure 6~-12. RAM Memory Map
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will be proportional to one-g by a factor of y. The coef-
ficient of friction at any point in time can be calculated
using the following equation
pu = (DATA - Zero g)/(One g - Zero q)

The calibration procedure involves two steps.
The first step is to vertically orient the accelerometer
in the vehicle and press the CAL button. Second, rotate
the beam toward the front of the vehicle until the beam
passes through horizontal. The computer will sample the
accelerometer through the A/D converter every 5 milli-
seconds for a period of 10 seconds. The zero-g reading is
stored at location 8001 immediately after the CAL button
is pressed and the maximum value obtained during the 10
second sampling period will be stored at location 8002 in

RAM and is the one-g value.

Execution.

The Execution operation is the data acquisition
phase of the system. Upon pressing the EX (Execute) but-
ton, the computer begins to process data from the PIT
(Programmable Interval Timer) to calculate the velocity of
the vehicle in miles per hour. One of the counters in the
PIT is clocked by the output from the fifth-wheel. Every
second the counter is reset to zero and, for a one second
duration, the counter counts the number of clock pulses.
The number of pulses per second is proportional to the

velocity in miles per hour by a factor f, calculated as
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follows:

Hh
Ll

(9.75" * 2 * 3,1415926)/12 * 36 * 1.466667)

1/10.3426
where

9.75 is the radius of the fifth-wheel tachometer;

2 * 3,1415926 is the conversion of radius to

circumference;

12 ijs the conversion from inches to feet;

36 is the number of clock pulses per revolution;

and,

1.466667 is the conversion from ft/sec to MPH.
The speed is continuously displayed and is updated every
second, Upon pressing the brake pedal, the speed, in miles
per hour, is stored in memory and the data acguisition
phase of the execution operation begins.

During the data acquisition phase of the execu-
tion operation, the accelerometer and fifth-wheel are sam-
pled at incremental periods of time with the RAM size
limiting the number of samples that can be taken during
a skid test. One sample of the accelerometer takes one 8
bit memory location while one sample of the fifth-wheel
requires two 8 bit memory locations because the counters
in the PIT are 16 bit counters. As a result, three memory
locations are reguired for each sample. There are 4096
RAM locations; therefore, the maximum number of samples is
limited to approximately 1350 leaving 46 locations for com-

puter use storage referred to as Stack. The horizontal



165

resolution of the digital plotter used to plot the data is
one one-thousandth of the total width, making more than
1000 sample points unnecessary. For these reasons, a sam-
ple number of 1000 was chosen.

A "worst case" skid example was required to cal-
culate the interval between the sample points. Using a
"worst case" of yu of 0.5 and a speed of 60 miles per hour,
the time to stop a skidding vehicle was calculated at 3.7
seconds. To be safe, a time duration of 5 seconds was
chosen. This puts the interval between samples of 5 milli-
seconds. This time interval is maintained by dividing the
micro-processor clock down to a 5 milli-second interval
by knowing how many steps are required to perform each in-
struction in the program between samples and adding in a
delay loop to make the difference.

The combined sampling of the accelerometer and
the fifth-wheel make up the data to be evaluated by a

computer at the laboratory site.

Tape Dump.

The Tape Dump routine is a program which trans-
mits the data contained in RAM onto a cassette tape for
permanent storage. The data will then be read into
another micro-computer in the laboratory for analysis.

The micro-computer steps through the data
stored in RAM and examines each bit in the data word one

at a time. The micro-processor then programs the PIT to
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transmit 8 cycles of a 2400 Hz signal if the bit is a 1,
or, 4 cycles of a 1200 Hz signal if the bit is a 0. To
create the correct frequency, the PIT divides the 3.072
MHz clock by the appropriate number. This format for data
coding and transmitting is called the Kansas City Standard
format. The output of the counter is then fed into a
cassette recorder's auxiliary input jack for recording.
Using this method, the entire RAM contents can be stored

on tape in approximately two minutes.

Display G's.

The Display G's routine is a program which will
display every tenth accelerometer sample with respect to
the zero and one-g calibration values. This allows the
operator in the field the ability to examine the skid
characteristics immediately after the skid test is com-
pleted. The values displayed are in percent of one g and
are approximately equal to the coefficient of friction at
that point. Each tenth data point is displayed for
approximately one second requiring one and one half

minutes to examine the acceleration characteristics.

Fifth wheel.

The fifth-wheel device is constructed from a 20
inch bicycle tire, a plastic wheel, an aluminum frame, and
a small electrical circuit. Attached around the edge of
the wheel are 36 evenly spaced magnets. BAn electrical

circuit using a Hall Effect switch produces a pulse every
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time a magnet passes by the Hall Effect switch which is
mounted on the frame adjacent to the magnets. This pulse
clocks the counter during the Execution phase. The fifth-
wheel attaches to the rear bumper of the test vehicle with
a set of mounting bolts and is free to rotate about the
horizontal axis of the mount to allow for vertical move-
ment. The fifth-wheel is not required in all operations
of the micro-computer system and may be deleted altogether
in some cases. Figure 6-13 shows the fifth-wheel attached

to an automobile.

System Testing and Data Evaluation.

Field tests of the system were conducted at two
locations using two different vehicles. The tests were
run with the assistance of the Austin Police Department
using an APD patrol car. Prior to the brake actuation,
the vehicle speed is displayed by the computer using the
output from the fifth-wheel. The displayed velocity was
in complete agreement with the speed indicated by the
"certified" patrol car speedometer and with external radar
during the tests. Observers outside the vehicle watched
for the initial tire lock-up and measured the skid length.

The aécelerometer was calibrated prior to each
skid to obtain the one-g reference by rotating the beam to
the horizontal position. The computer's calibration
routine automatically stores the highest strain gage out-

put it sees during this phase. The adjustment on the ac-
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Figure 6-13. Fifth-Wheel
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celerometer damper was modified before each test to obtain
the damping ratio which would allow for gquick response
without unwanted oscillations.

The first test was performed on June 17, 1982,
at Crossing Place, 0.1 miles north of Riverside Drive in
Austin, Texas, with a 1979 Ford LTD patrol car. The road
was chosen because it had very little use and, therefore,
little deterioration making it a very coarse surface. The
temperature was approximately 80 degrees Fahrenheit.

The second series of tests were performed in
Austin, Texas, on June 18, 1982, on Guadalupe Drive at
the intersection of 24th Street in the northbound lanes.
Guadalupe Drive is a main traffic artery for the Univer-
sity area of Austin which is heavily travelled. Therefore,
the surface is highly polished and contaminated. The tem-
perature was also approximately 80 degrees Fahrenheit and

again, the tests were run using a different Ford LTD.

Testing Procedure,

Before testing began, the micro-computer/accel-
erometer unit was electrically connected to the vehicle.
The cigarette lighter socket was used as a 12 volt power
source. Otherwise, any 12 volt DC source and ground con-
nection could have been used. A conductor was also con-
nected from the lightbulb side of the brake light switch
to the computer "BRAKE" input. This served as the trig-

gering source for the data acquisition subroutine.
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The fifth-wheel was mounted on the rear of the
vehicle and the power and signal lines were run to the
computer unit. Witﬁ all the connections made and the ve-
hicle in position, the accelerometer was calibrated. The
CAL button was pressed and the accelerometer was rotated
to the horizontal position. When this sequence was com-
plete, testing began.

After releasing the brake, the EX button was
pressed and the vehicle was accelerated. The velocity at
which the test vehicle was travelling was continuously
displayed and updated every second by the micro-computer.
That same velocity was also stored in a designated memory
location for use during the analysis of the data.

At the instant the brake pedal was pushed to
initiate the skid, the micro-computer began to sample both
the A/D converter (connected to the accelerometer) and the
counter (connected to the fifth-wheel) every five milli-
seconds. One thousand samples were taken for a total dur-
ation of five seconds. Each sample from the A/D converter
and from the counter was stored in the computer RAM,.

At the completion of the skid, the deta from the
skid, which was now in RAM, was converted into Kansas City
Standard format and recorded onto a cassette tepe. The TD
button on the computer is used to initiate this function.

When the test sequence was completed, the
cassette tape with the recorded data was read into the

memory of a micro-computer development system. To make
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analysis easier to eliminate having to read the cassette
each time, the data was transferred onto a flexible disk
under a file name which reflects the date and test number.
The computer utilized in this work is a 64K Z-80 based
system running under the CP/M (Control Program/Micro-

computer) operating system.

Test Results.

The results from the second tests will be eval-
uated and explained in detail and the results of the first
test site will be presented, but not explained in the same
detail.

Figure 6-14, 6-15 and 6-16 show the actual de-
celeration vs. time plots for the three tests performed at
the second test site. The heading of each plot indicates
the date and test number.

All of the data recorded by the computer system
is in digital form so that use of a digital filter will
smooth the data to the beams equilibrium position. A
first-order digital filter, as described in reference [53],
was used to filter out the unwanted oscillations in the
data. The digital filter used in the analysis filters out
all oscillationé above a frequency of 10 Hz. The follow-
ing equation is the digital equivalent of a first-order
filter:

D(n) = D(n-1) + (Ts/(Ts+T)) (X(n) - D(n-1)) (6-12)

where
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D(n) and D(n-1l) are the filtered values at times

n and n-1;

X{n) is the unfiltered value at time n;

Ts is the sample interval (0.005 seconds); and,

T is the period of the cut-off fregquency (0.1

secs) .

For this case, the cut-off frequency chosen Wwas 10 Hz
so the value of (Ts/(Ts+T) is 1/20 or 0.05.

Figures 6-17, 6-18 and 6-19 represent the decel-
eration versus time plot employing a digital filter. It
can be seen by comparing the eguivalent tests that the
filtered data represents the equilibrium position of the
unfiltered data. To verify that the filtering does not
alter the results, an integration with respect to time was
performed on the filtered and unfiltered data and the re-
sults were in very close agreement, within 0.01 feet per
second.

Using sample dynamic principles, the integration
of the deceleration versus time yields the change in velo-
city. Since all testing was done to a complete stop, the
initial velocity equals the integral of the deceleration
versus time curve.

In the skids at test site two, the initial velo-
city of the vehicle, as recorded by the fifth-wheel/com-
puter combination, did not agree with the integration of
the deceleration versus time curve. Since the velocity,

as displayed and recorded by the fifth-wheel/computer unit,
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was closely calibrated and experimentally verified, it
must be assumed that the integration of the deceleration
versus time curve is incorrect.

The accelerometer records the relative changes
in deceleration over the skid time so the only conclusion
that can be reached is that the exact magnitude of the de-
celeration data is incorrect. During the calibration
phase, the beam is moved slowly, so that it has been es-
sentially statically displaced to the horizontal, one-g
position. But when the beam is undergoing deflection
during a skid, it is under the influence of a dynamic
force and is also being driven by frequencies near its
natural frequency. It is concluded that the damping sys-
tem is preventing the beam from deflecting to its equili-
brium position while under the influence of the dynamic
force of the mass under acceleration. The damper is nec-
essary, however, since it prevents the beam from being
driven too far by the vibrations near its natural frequen-
cy.

To make the integration of the deceleration ver-
sus time data equal to the initial velocity, the one~g
calibration value was recomputed. The displayed fifth-
wheel velocity is accurate to within +0 to -0.00 miles
per hour or the speed indicated by the computer is the
minimum velocity it could be sensing. The actual velocity
could be as much as the indicated velocity plus 0.99 miles

per hour. 1In other words, the computer rounds down to the



180

nearest integer velocity. This leads to the fact that
there is a range of one-g calibration values which will
satisfy the accuracy of the fifth-wheel when the decelera-
tion versus time curve has been integrated. Figures 6-20,
6-21 and 6-22 show the ranges that the deceleration versus
time curves can have and still satisfy the accuracy of the
indicated initiai speed for the three skid tests conducted
at site two. The lower deceleration curve reflaects the
higher one-g calibration value. These curves also reflect
the ranges in the coefficient of friction in dimensionless
units from 0 to 1.

Table 6-2 shows the results from the three skid
tests done at the second site. The original one~g cali-
bration value is shown for each test as well as the range
in the one-g calibration values which satisfy the accur-
acy of the initial velocity when the deceleration versus
time curve is integrated. The initial velocities obtained
from the integration of the adjusted deceleration versus
time curves are also listed.

The initial velocity of the vehicle is verified
and recorded by the fifth-wheel/computer combination and
that velocity is obtained by adjusting the one-g calibra-
tion factor. The velocity versus time curve can thus be
obtained by integrating the deceleration versus time curve
once to obtain the initial velocity and then reintegrating
the deceleration versus time data one incremental time

segment at a time and subtracting it from the previous
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TABLE 6-2

RESULTS OF SKID TESTING AT SITE TWO
JUNE 18, 1982

Test Number

—— . . D — — — O ——— - - - - - R en = e - e

1. Initial i i i d
Velocity d 40 MPH d 43 MPH i 44 MPH i
(5th-wh) | i l i

2. Initial | i i f
Calibration | 8F ' 86 | 79 |
Value P ? i i

3. Calibration |
Range Adjust|

4. Velocity } ' | i
Range Using | 40.21-40.86 j43.29 - U43.75)44.70-44.89;

| { 1 ]
1 1 1 ]

Calid. Range MPH MPH MPH
5. Fifth-Wheel | 81.5 i 97. 41 i 107.6 i
Distance | FT H FT i FT H
6. Skid Length | 70.5 i 66.5 i 76 |
Measurement | FT d FT i FT J
7. Initial
Velocity 36.62-36.91 }38.86 - 39.08141.00-41.38

1 ] 1 1
1 [} I 1
| i i i
Using 5S5th- | MPH | MPH i MPH I
Wheel Energy! ' i i

8. Calculated

Data

1 | \ ]
| | 1 )
Distance i 97.8 = 99.4 (112.8 - 114.1}1118.4-121.9]
Using Double| FT | FT ! FT i
Integration | ! I i
Of Decel. ] i | g
1 1 ] \
| ! 1 1
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velocity. Figures 6-23, 6-24 and 6-25 represent the ve-
locity versus time curves for the second series of tests
using the above procedure.

The velocity versus time curve can then be inte-
grated to obtain the distance versus time curves shown in
Figures 6-26, 6-27 and 6-28,.

The cross integration of the deceleration versus
distance data will yield the total energy of the skid as
defined by Equation (6-9), where g = a and a is the non-
constant deceleration. Equation (6-~9) becomes:

mja ds = m v2/2 (6-13)
or
¢
v={_2|aas)" (6-14)

This cross integration was performed with the
results in exact agreement with the single integration of
the deceleration versus time data. All of the integration
carried out in this analysis where time is one of the fac-
tors is done numerically using Simpson's method of numeric-
al integration, as defined in Reference [ 54].

Another distance versus time curve is generated
by -he sampling of the fifth-wheel counter during the skid
process, This fifth-wheel distance versus time curves are
shown in Figures 6-29, 6-30 and 6-31 for the three tests
at site two.

It is then possible to integrate the decelera-
tion data obtained from the accelerometer with respect to

the distance data obtained from the fifth-wheel to get the



186

JJ| 88281
VELOCITY (FT/SEC)
VS TINE
FINAL VELOCITY = Q.0 FT/SEC
58.8
4.8
o
[£3]
o
~
E 29.3
Fal \
o
O
S | 14.7
=
=
8.0
4.2 1.8 2.8 3.8 4.9 58

Figure 6-23.

TIME (Secs)

Velocity vs. Time

June 18,

1982 - Test One



VELOCITY (FT/SEC)

187

JU1 88282
VELOCTTY (FT/SEDY
VS TIME
FINAL VELOCITY = 8.8 FT/SEC

€3.6
41.7 \
3.8
N\
1§.8
8.q
a.8 1.8 2.8 3.8 4.8 5.8

TIME (Secs)

Figure 6-24., Velocity vs. Time
June 18, 1982 - Test Two



188

JU1882a3
VELOCITY CFT/SEC)
VS TDHE
FINAL VELOCTTY = 4.8 FT/SE

64.7

48.6 \
)
(€3]
7p]
=
e 3.4
- \
L
O
o
o | 16.2
=

3.8

S
0.8 1.8 2.8 3.8 4.8 5.9

Figure 6-25.

TIME (Secs)

Velocity vs. Time

June 18,

1982 - Test Three



189

Kl €828
DISTANCE (FEETY
VS TDIE
CACCEL)
FINAL VELOCITY = 8.8 FT/SEC

7.4

72.8 | /
P
€3]
€3]
=
- | 85/
(&)
=
g
[l
N
S 43

g.8

g.8 1.8 2.8 3.4 4.9 5.8

Figure 6-26.

TIME (Secs)

Distance vs. Time

June 18,

1982 -~ Test One




DISTANCE (FEET)

190

JU882%2
DISTANCE CFEETY
VS TDEE
CACCEL
FINAL VELOCTTY = 8.8 FT/SEC
112.8
84.8 /
58.4 )
28.2
3.8
0.8 1.8 2.9 3.0 48 5.0

Distance
June 18,

TIME (Secs)

vs. Time
1982 - Test Two



DISTANCE (FEET)

191

Ju1 88233
DISTANCE CFEET)
VS TIME
CACCEL)
FINAL VELOCITY = @.8 FT/SEC
{18.8
€d.1 /
£9.4
2.7
8.9
3.8 1.8 2.9 3.8 4.9 5.8

Figure 6-28.

TIME (Secs)

Distance vs. Time
June 18, 1982 - Test Three



DISTANCE (FEET)

192

K1 €8281
DISTANCE CFEET
v§ TINE
(STH-HH)
81.5
6.2 /
4.8
28.4
8.8
0.9 1.3 2.8 3.9 40 5.8

Figure 6-29.

TIME (Secs)

Distance vs. Time
June 18, 1982 - Test One
Fifth-Wheel Data



DISTANCE (FEET)

193

J168222
DISTANCE CFEET)
VS TIHE
CSTH-)
8.4
7.1 /
w1/
24,
a.8
a.8 1.8 2.8 3.8 4.4 5.8

Figure 6-30.

TIME (Secs)

Distance vs. Time
June 18, 1982 -~ Test Two
Fifth-Wheel Data



194

DISTANCE (FEET)

Jui 88283
DISTANCE CFEETD
V§ TINE
CSTH-D
197.6
8.7 /
$.8 /
%.9
8.8
2.8 1.8 2.0 3.8 4.8 5.8

TIME (Secs)

Figure 6-31. Distance vs. Time
June 18, 1982 -~ Test Three
Fifth~-Wheel Data



195
total energy and, therefore, the initial velocity. This
integration yields results which are generally lower than
the previous results. Close examination of the fifth-
wheel distance versus time data reveals points in the
curve where the distance did not increase for a short
period of time. This indicates that the Hall Effect switch
at times did not detect the presence of a magnet passing
by it. Eyewitness observations of the fifth-wheel indi-
cate that the fifth-wheel began to bounce severely during
the skids which could account for lost pulses. Therefore,
the loss of accurate distance versus time data results.
During the approach to the skid, the fifth-wheel did not
bounce making the initial velocity measurement still valid.
Work is currently under way which should correct the fifth-
wheel device.

Table 6-2 includes the initial velocity as cal-
culated by Equation (6-13) using the fifth-wheel as the
distance data and the length of the skid marks left by the
tires on the pavement. It also lists the distance as
measured by the fifth-wheel and the distance calculated by
the double integration of the deceleration versus time data.

Figure 6-32 is a plot of the distance versus ve-
locity data obtained from the double and single integra-
tion of the adjusted deceleration versus time data using
the higher recalibrated one-g value. All three curves
from the testing done at test site two are contained on

the same set of coordinates. The origin of these coordi-
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nates is the point where the vehicle has stopped after the
skid. From this plot, it can be seen that the distance
versus velocity curves tend to fall along the same path.
The three tests at site two were done at three different
initial velocities so the curves do not end at the same
point or velocity. By knowing the skid length of a vehi-
cle which was involved in an accident being reconstructed
at the same site, the initial velocity can be estimated.
The length of the skid marks would be marked off on the
distance scale and the point where the measurement inter-
sects the distance versus velocity curve would indicate
the minimum velocity at which the vehicle was travelling.
If the velocity is beyond the range of the curve, the
curve can be extended in a straight line as an estimate
of distance versus velocity characteristics.

Figure 6-33 represents an example of the above
procedure using Figure 6-32 as a data base. In a hypo-
thetical example: if a vehicle’s skid marks were 65 feet
long and it was estimated that it was going 15 miles per
hour at impact, the initial velocity can be estimated by
adding 65 feet to the skid length which would result from
a skid at 15 miles per hour. Using Figure 6-33, it is
estimated that the vehicle was going a minimum of 42 miles
per hour at the onset of the skid.

The results for the skid tests done at site one
is tabulated in Table 6-3 and the distance versus velocity

curves are contained in Figure 6-34.
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TABLE 6-3

RESULTS OF SKID TESTS AT SITE ONE
JUNE 17, 1982

Test Number

1. Initial ? i i i
Velocity i 40 MPH : 40 MPH ] 41 MPH ]
(5th-Wh) ! i | |

2. Initial ' ' i i
Calibration | CD i Al ! 96 i
Value (HEX) | | i i

3. Calinration | |
Range Adjust! CD =C9 ' B3 - BO

4, Velocity d d H i
Range Using | 40.13-40.86 | 40.21 - 40.9141.06-41.09}

1 I ] ]
] ] ] [}

Calib. Range MPH MPH MPH
5. Fifth-Wheel | 83.4 H 86.2 H 89.1 H
Distance { FT H FT i FT !
6. Skid Length | 70.5 | 66.5 | 76 i
Measurement | FT ! FT i FT '
7. Initial d d i '
Velocity { 36.09-36.45 | 36.85-37.16 138.08-38.49]
Using 5th- | MPH : MPH ! MPH !
Wheel Energy| ? i !
8. Calculated | i | i
Distance 1 98.00-99.95 | 97.89-99.56 199.27-101.4)
Using Double} FT ' FT H FT |
Integration | I ; i
of Decel. ! ' i i
] ] ] 1
| I 1 )

Data



DISTANCE (FEET)

200

JU178281
DISTANCE (FEETY
¥s
YELOCITY (FT/SEC-MPH)
CACCEL)
288.8
158.8
168.8 13
54.8 2
8.4
—/ '

8.8 17.6 35.2 FT/SEC 52.8 79.4 é3.8
8.3 12.4 248 MH 36,8 8.8 4.8
VELOCITY

1 = Skid Test No. One
2 = Skid Test No. Two
3 = Skid Test No. Three

Figure 6-34.

Distance vs. Velccity
Test Site One



201

Careful examination of the deceleration versus
time data curves for all the tests reveals that there are
differences in the characteristics of the coefficient of
friction from one road surface to another. The tests
done on relatively unused surfaces (test site one) show
that the deceleration and coefficient of friction tend
to remain relatively constant, while on a smooth, polished
surface (test site two), the coefficient of friction tends
to rise dramatically when the speed decreases. This could
be explained by the fact that adhesion tends to play more
of a role in the friction process at low speeds on smooth
surfaces. Each surface must be evaluated separately for

an accurate representation of the coefficient of friction.






CHAPTER VII

SUMMARY AND CURRENT WORK

As mentioned at the outset, the work presented
herein represents only the beginning of a very extensive
program of research. The progress to date has been quite
good and represents a significant step in accomplishing
our goals.

The analysis routines execute efficiently with-
in the CAD environment and show close agreement with
similar SMAC analyses and checks with known boundary con-
ditions. The development of a graphic output device
tailored to the needs of computer aided collision recon-
struction will complete the development of a second genera-
tion of hardware.

Using a portable accelerometer mounted in a ve-
hicle has proved to be a very accurate way to measure the
coefficient of friction between a vehicle's tires and the
road surface. With the accuracy of the fifth-wheel being
within one mile per hour rounded down, the recalibrated
accelerometer data is within two percent of the actual u
when an initial velocity of 40 miles per hour is used.
The exact accuracy will depend on the accuracy of the
fifth-wheel at a given speed. This method closely dupli-
cates many of the unknown variables which were present at
the time of the accident and therefore represents a poten-

203
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tial significant improvement in simulation accuracy.

Current work is focused on the integration of
the empirical data from the accelerometer into the MASS
analysis routines. If instead of utilizing an analytical
model of acceleration as it varies with speed, the
measured data is used directly, then the trajectory analy-
sis should be extremely accurate.

Continued development of both the instrumenta-
tion and hardware/software system is also progressing.
For a much more detailed discussion of all work done to
date, the reader is again encouraged to refer to refer-

ences [3] to [8].
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