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ABSTRACT

A brief description and history
of the SMAC computer program, in-
cluding its relationship to CRASH,
is presented. The rationale for a
continued interest in the SMAC ap-
proach to reconstruction is dis-
cussed. Modifications and refine-
ments that have contributed to the
current capabilities of SMAC-87 are
briefly described, representative
results of applications are pre-
sented and planned future develop-
ments are defined.

THE RECONSTRUCTION OF HIGHWAY
ACCIDENTS, which serves a number of
purposes (e.g., law enforcement,
statistical research, and litiga-
tion), has been accomplished to some
extent since the early 1970's by the
use of computer programs. Prior to
that time, the analytical techniques
{({i.e. "hand" calculations) that
were traditionally applied were
predominantly "closed-form" calcu-
lations based on piecewise linear
sclutions of the equations of mo—
tion. The accuracy of such calcu-
lations varied widely with the level
of sophistication of the specific
selected relationships and with the
subjective interpretations of evid-
ence included in the reconstruction.
In 1970, NHTSA sponsored a re-
search project to develop a computer
program that would achieve improved
uniformity, as well as improvements

in accuracy and detail, in the in-
terpretation of physical evidence in
highway accidents. The resulting
prototype computer program was the
Simulation Model of Automobile
Collisions (SMAC, Ref.l).

SMAC is a time-domain mathe-
matical model in which the vehicles
are represented by differential
equations derived from Newtonian
mechanics combined with empirical
relationships for some components
(e.g., crush properties, tires) that
are solved for successive time in-
crements by digital integration.

Each vehicle is limited to the
three degrees of freedom associated
with plane motion (i.e., 2 transla-
tion, 1 rotation). The tire forces
are modeled by a non-dimensional
side force function and the "fric-
tion circle" concept is included for
the interaction between side and
circumferential tire forces. The
collision force simulation is a-
chieved by means of the modeling of
each vehicle as a rigid mass sur-
rounded by an isotropic, homogeneous
periphery that exhibits elastic
plastic behavior.

The SMAC computer model is an
"open-form" of reconstruction proce-
dure wherein the user specifies the
dimensional, inertial, crush and
tire properties of the vehicles, the
initial speeds, angles and driver-
control inputs. The program,
through step-wise integration of the
equations of motion, produces de-
tailed time~histories of the vehicle
trajectories including the collision
responsgses. The usier compares the
SMAC-predicted trajectories and col-
lision deformations with the physi-
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cal evidence to determine the degree
of correlation., Iterative runs can
then be performed, varying initial
speeds, heading angles and control
inputs until an acceptable match

of the physical evidence is
achieved.

This "open—-form" of solution
can sometimes be frustrating and
time-consuming depending on the
degrees of complication of the ac-
cident and sophistication of the
user. The initial "educated guess"
of initial speeds, heading angles
and driver-control inputs may differ
greatly from those that will achieve
an acceptable correlation with the
physical evidence. The iterative
adjustments of initial conditions by
the user may not always achieve im-
proved correlation. Therefore, many
iterations may bhe required, particu-
larly if the initial estimates are
far from the actual impact condi~
tions of the subject accident. It
was for this reason that a "starting
routine" for SMAC was created (i.e.,
CRASH, Ref. 2), which would give
the SMAC user "ballpark® initial
conditions based on a "closed-form"
of reconstruction that uses damage
dimensions and the relative posi-
tiens and orientations at the points
of impact and rest.

The specific objective of NHTSA
in the development and use of the
SMAC and subsequently the CRASH com-
puter programs was achievement of
improved uniformity of interpreta-
tions of physical evidence in inves-
tigations of highway accidents., As
the CRASH program evolved, its com-
bination of simplicity, econcmy, and
general level of accuracy were seen
as being more appropriate, as con-
pared with the more sophisticated,
expensive and sometimes time-consum-
ing detail of SMAC, for NHTSA inves-
tigation programs that generate ac-
cident statistics. CRASH was sub-~
sequently incorporated intoc the NCSS
and NASS investigation programs and
further NHTSA funding and support
for the development of reconstruc-
tion aids has been limited to the
CRASH "closed-form" approach.

The support, funding and appli-
cation of the CRASH program by NHTSA
has resulted in its general accep-
tance by many as a “standard" acci-
dent reconstruction tool. This ac-
ceptance has also, unfortunately,
resulted in the CRASH program being
inappropriately applied to the re-
construction of specific accidents
in litigation cases, with accuracy
claims b~ 'ng bolstered by claims of
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NHTSA Yendorsement."

CRASH was not intended to be a
detailed, highly accurate recon-
struction program. While the re-
sults of CRASH applications can be
useful in providing approximate mea-
sures of accident severity, claims
regarding its accuracy or the accu-
racy of other CRASH-type programs in
specific applications should be
carefully scrutinized.

Specific reasons for a continu-
ing interest in the SMAC type of ap-
proach to accident reconstruction,
particularly for applications where
maximum accuracy is needed, are out-
lined in the following paragraphs:

1. Inherent accuracy limitations in

the CRASH type of analysis produced

by:
{(a) Neglect of dimensional
changes and relative motions
during collisien contact, which
precludes an effective use of
angular momentum calculatjions.-:
(b} Lack of assurance of the
conservation of angular momen-
tum, with the consequent ab-
sence of an erfective use of
calculations of the energy
balance,
(c} Reliance on user-spacified
directions of principal forces
on the two vehicles, which are
also assumed to be constant.
(d) The use of constant moment
arms for the principal forces
on the two wvehicles, which can
produce significant errors in
some impact configurations.
(e) The neglect of restitution
effects which produces under-
estimates of delta V, particu-
larly in low closing-speed col-
lisions(e.qg., see Ref.3).
(f) The use of "categorized"
dimensional, inertial and crush
properties, unless they are re-
placed by more accurate indi-
vidual values.
{g} The iterative adjustment of
angulaxr velocities at separa-
tion, within the trajectory
option, which does not verify
compatibility with the impact
configuration or with conser-
vation of angular momentun.
(h) other than the trajectory
option, the lack of effective
checks of the feasibility of
the user specified positions
and orientations at rest and
other trajectory details.
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2. The increasing availability of
computers that are compatible with
the SMAC type of time-history simu-
lation program.
SMAC is a FORTRAN program which
requires approximately 540K of
main memory to compile and run.
Therefore, it is compatible
with Personal Computers and
Minicomputers that are readily
available today. (Note that one
SMAC-based PC program, which is
currently being sold, is act-
ually a convarsion of SMAC from
the FORTRAN language to BASIC
and, therefore, it must be
viewed as being a different

program).

3. The assured conservation of both
linear and angular momentum in SMAC
reconstructions.

4. The integral testing, within a
SMAC application, of the compatibil-
ity of results with positions and
crientations at rest and with tire
mark evidence, if reported,

MODIFICATIONS AND REFINEMENTS-In
research reports related to the
early development of the SMAC com-
puter program recommendations were
made for a number of mwodifications
and refinements aimed at further
enhancement of the generality of
the technique (e.g., Ref. 4). In
recent years, research efforts at
McHenry Consultants have included
the implementation of several of
the proposed extensions and refine-
ments which constitute part of the
current extended capabilities of the
SMAC 87 computer program. The modi-
fications are as follows:
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(1) Steer Degree-of-Freedom
(2} Impulsive Constraints
(3) Articulated Vehicle(s)
(4) TIRMU

(5) REREAD

(6) Peclygon Friction zones
(7) TRAJY Correction

STEER DEGREE-CF-FREEDOM- The
effects on vehicle behavior of re-
sponses of the undamaged steering
system to external forces can be
significant during spinout motions.
For example, in an angled rear-ender
(e.g.,Fig.1) in which the driver of
the struck vehicle releases the
steering wheel, the undamaged steer-
ing system responds to aligning
torques at the front wheels. While
the original form of tabular inputs
of steered angle as a function of
time can be used in such an applica-
tion, the creation of an appropriate
table requires a number of iterative
adjustments to insure that the amp-
litude and timing of the steering
system response is properly related
to the vehicle side-slip behavior.

In SMAC-87, a simple approxi-
mation of a steering system degree
of freedom, similar to that in the
HVOSM program (Ref. 5), has been
incorporated. A "pneumatic trail®
dimension is used to simulate the
aligning torques of the front tires.
A friction torque is applied to the
steering wheel tc approximate the
effects of driver restraint of the
steering system and/or actual frie-
tion in the system. 1In Fig.2, the
simulated steer degree of freedom is
demonstrated in an application to
the struck vehicle of RICSAC test
No.4 (Ref. 6).
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Figure 1. Full scale test results for RICSAC Test No.4 (Rer.s) demon-
strating effects of steering system responses.
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Figure 2. Illustration of Pre-

liminary SMAC 87 results with steer

degree-of-freedom option for RICSAC
Test No.4.

IMPULSIVE CONSTRAINTS-The use
of (1) a homogeneous representation
of crush resistance and (2) simple
Coulomb friction to approximate the
tangential force acting between two
colliding vehicles can produce un-
realistic collision responses in
some impact configurations. For ex-
ample, in a narrow overlap, offset
frontal collision where the front
wheels momentarily interlock and re-
sist lateral separation, the SMAC-
predicted directions of yaw rota-
tions can be reversed from actual
by the cited simplifications (e.q.,
see Figure 3). Also, a pocketing
sideswipe collision cannot be ade-
gquately reconstructed without some
form of additjonal constraints.

The early Calspan "SNAG op-
tion"” overcame some of the indi~
cated difficulties be means of the
application of a momentary con-
straint on the relative moticn of
corresponding points on the twe
vehicles. The "SNAG option" con-
straint, which resisted relative
motion of the points during a speci-
fied time interval, was limited to a
user-specified maximum impulse. The
constraint was applied in the form
of equal and cpposite linear impul-
ses acting on the two vehicles to
resist relative motion. Linear and
angular momentum continued to be
conserved dAuring the time of the
. constraint application.

In SMAC-87, the Calspan "SNAG
cption" has been made more general
in the form of an impulsive linear
and/or moment constraint that re-
sists relative motion by respond-
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ing to relative displacements and/
or relative velocities. The selected
analytical approach consists of a
straightforward application of the
principles of impulse and momentum.
It permits the application of rela-
tive motion constraints while limit-
ing the maximum linear and/or angu-
lar impulse values to those that can
be derived from collision experi-
ments. Since the impulsive con-
gtraints act only to resist relative
motion and, further, since they ap-
Ply equal and opposite linear and
angular impulses to the interacting
bodies, they do not affect the lin-
ear or angular momentum of the two-~
body systemn.

It is proposed that the impul-
sive constraint form of program ex-
tension should be ultimately devel-
oped as an automatic call based on
the impact configuration. In this
manner, the uniformity of recon-
struction results will not be affec~
ted by the program extension. The
maximum impulse values must be de-
fined as a part of further valida-
tion runs of the extended simula-
tion program.

In applications of SMAC-87 in
which impulsive constraints have
been applied, the form and magnitude
of the constraints should be clearly
defined in any presentation of
results.

ARTICULATED VEHICLE(S)-The re-
construction of highway accidents
sometimes involves analysis of the
collision responses of articulated
vehicles (e.g., tractor-trailers,
automobiles with trailers). In order
to adapt the SMAC program for such
applications, th: equations of mo-
tion for each of the simulated vehi-
cles were modified to include an
optional additional degree of free-
dom along with corresponding tire
forces. The additicnal degree of
freedom consists of a user-specified
mass, moment of inertia and tire
definition at user-specified dis-
tances from a pivot point on the
"main® SMAC vehicle, The revised
definitions of the equations of mo-
tion are depicted in Figures 4 & 5.
Note that the revised equations of
motion reduce to the original SMAC
equations of motion when the artic-
ulated vehicle ogption is not used
(i.e., when My~ L;=L. =I,=§=0.0).
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GRAPHIC DISPLAY OF DUTPUTS OF ACCIOENY RECONSTRUCTION GRAPHIC DISALAY OF DUTPUTS OF ACCIOENT RECONSTRUCTION
COLLISIDN AND TRAJECTORY COLLISION AMD TRAJECTORY
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Figure 3. SMAC results for a narrow offset frontal with and without an
Impulsive Constraint.

SMAC 87
ARTICULATED VEHICLE OPTION
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Figure 4. Schematic of SMAC 87 Articulated Option Specifications.
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§ The analytical approach used in
n.“i”_ SMAC 87 to model the 5th wheel coup-
¥ ling differs from that of the UMTRI
J PHASE4 3-Dimensional Truck and Trac-
tor-Trailer Dynamic Response Simula-
— S tion Computer Program (Ref.7). In
MsMr | o ] ] IMﬂ.zsmean the PHASE4 program, the coupling of
S Sl bl e e the tractor and trailer is modeled
D e ¢ e | I-Mrt.zm(!-w as a critically damped spring, which
—_— T 1T T constrains relative motion between
MLy erL, Ml Ly cos (B-y) the tractor and the trailer at the
—— !—— S -+ — P Sth wheel location. The probable
Mﬂ!‘*ﬂ""’l-""ﬂl‘“(‘ﬂl“ﬂ-ﬂd“ﬂ'ﬂl el justification for the spring coup-
. ling approach by the authors of the
PHASE4 simulation model was to simp-
lify the programming and analytical
: ) X - formulation requirements and to sim-
(MM vip~ MTLIY - (MTL2 con 8-y + (Fus + Fig) cos (6-y) plify the inclusion of additional
4 capabilities for simulating doubles
= (Frs + Fys) R @-y)+ ¥ Fuis Feo s Fsacx and triples combinations in the pro-
- " ) o gram. The use of springs allows
- (MM ui= MTLy sin (84 » (Fas + Fag) sin (8-) doubles and triples to be simulated
4 simply through the use of multi-dim-
*(FrS*"'r\SH“‘(a-V)*{Fri*FcﬁFsmmv ensiocnal arrays and looping on user-
. - opt;ic_m ctlmice. The prgperties of the
o) s GALiLasie G - B+ FuL s B-) PRASES sizulation aze internally
= (Fys + Fyg)L| cos (O—V)d-(Fd-FxHF.l-—F;J);' ;::’:.’:l.llated in the program as fol-
+ (Fy1 + Fyzja - Fyy + Fyadb + Ne+ Nsnag
) i PIN = (VW(i]} or WW {j),
MrL2w(u cos (8-y) « v sin (B-y)) — (MrL|L3 sin (8-y)) ¥ whichever is greater)
+ (Frs-Fus) - (Fre + Fygily CFW = .SYPIN#(VM(i} or VM(]},
- whichever is greater)
Figure 5. Revised SMAC 87 equations Where:
of :ot;gn tg include addi;ional PIN = Spring Stiffness, LBS/IN
railer degree of freedom. VW = Vehicle Weight, LBS
i,j = vehicile to be coupled
{i.e., 1,2 or 2,3...)
CFW = viscous damping
coefficient, LB SEC/IN
New Inputs YM = vehicle mass, LB SECZ%/IN
Ll =Longitudinal distance from The relativa positions and vel-
tractor CG to S5th wheel ocities of the coupling locations of
pivot, inches. the two bodies are then monitored
L, =Longitudinal distance from and a corresponding PIN force is
5th wheeal pivot to trailer calculated by:
CG, inches.
L3 =Longitudinal distance from FPIN = S5, * PIN &V e * CFW
5th wheel pivot to trailer
axle, inches. Where:
T T =Track width of trailer ax]e, FPIN = PIN FORCE
inches. 2 Sper = Relative Distance
M =Mass of trailer, lb-sec*/in. between couplings, IN
bl =Moment of inertia of trajler PIN = Spring Stiffness, LBS/IN
T about trailer CG, 1b-sec?-in. Vet = Relative velocity of PIN
CS'CG =Cornering stiffnesses of location, IN/SEC
trailer tires, lb/radian. CFW = damping coefficient,
LB SEZ/IN
New Varjable

8 =Trailer Angle, Degrees.
8-y =Articulation angle, degrees.
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For initial checkout purposes, constraint option were then used to
in the absence of appropriate full simulate an identical flat-surface
scale test data, response predic- lane-change maneuver for empty (Fig.
tions of the articulated vehicle 6) and loaded (Fig.7) tractor trail-
option of the SMAC 87 were compared ers. The displayed comparisons of
with results cbtained from PHASE4, results show a good correlation be-
Further, as an additional compari- tween the simulation programs. Note
son check of the SMAC 87 impulsive that the results obtained with the
constraint eption, two SMAC vehicles SMAC 87 articulated vehicle and im-
were coupled together by the same pulsive constraint options were
critically damped spring as PHASE4 identical. However, the impulsive
(note that for the impulsive con- constraint option required twice as
straint test an additional modifi- much computer time due to require-
cation was required to SMAC 87 to ments for small time increments to
permit the proper weight distribu- model the critically damped spring
tion of the two coupled vehicles). coupling. Figure 8 displays a

The SMAC B7 articulated vehicle op- sample application in which the
tion, PHASE4 and SMAC 87 impulsive art?culated.vehicle option of SMAC
- 87 is exXercised for both vehicles.
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Figure 6. Comparison of predicted responses for a lane-change maneuver
of an empty tractor trailer for SMAC 87 and PHASE4 programs.
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Figure 7. Comparison of predicted responses for a lane-change maneuver
of a loaded tractor-trailer for SMAC 87 and PHASE4 programs.



GUPHIC DISPLAY OF OUTPUTS OF ACCIDENT RECOMSTRUCTION
COLLISION AND TRAJELTORY
HOEMAY CONSLLTANTS, INC..CARY,NC

- -
L]
N
L]
I Sews—_ M B, FEY
- af BengT LD M. T L
&5 MURETEES [emere A FERTEE  Eam -
= T = [ [re [ e [ar [ | s — &
—
WL | /L s [om [wn e [ fem -
(A1id Al -8
wwass | or | aa| wme] mi]| an | wn | nz | wr | emofm—nt o
LAdld L] £l)
wmat | or] ar] en | msl an] au]| as] -mr| s —r

Figure 8, Sample SMAC 87 application
with articulated vehicle option ex-
ercised for both vehicles.

TIRMU-In many instances, indi-
vidual tires, because of low infla-
tion pressure or air-out may exhibit
side force pruperties which differ
from those of the other tires cor-
responding to the user input for co-
efficient of friction (e.g., rim
contact with ground). Also, use of
the SMAC 87 articulated vehicle op-
tion for the case of a car-truck
collision requires saturation fric-
tion levels for the truck tires that
generally are less than those for
for the automobile tires (i.e.,
different tread compounds). There-
fore, TIRMU provides the option to
specify- a friction multiplier for
each individual wheel of each vehi-
cle. It permits variation of the
saturation force level due to dif-
ferent tread compounds and/or in-
dividual tire/wheel condition
(Default=1.0).

REREAD-In many collisions,
tires become deflated during the
crash phase and/or the subsequent
spinout. When reconstructing such a
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collision with SMAC, changes need to
be intreduced in the tire side-force
characteristics during the course of
the time-history. Since the original
form of SMAC did not include a pro-
vision for altering the cornering
stiffness of individual tires during
the simulation, the user had to re-
start the run at the time of the
change (e.g., air out, rim gouge}.
The REREAD opticn was installed in
SMAC B7 to permit the alteration of
vehicle and/or tire properties at a
selected time during the course of a
simulation run. Subroutine Input is
called and new cards are read while
the time-integration is in progress.

POLYGON FRICTION ZONES~-In
addition to the existing linear
boundary between terrain zones an
option has been added to permit the
additional definition of polygon
terrain patches. In this manner,
the simulated vehicle can enter and
depart from terrain patches as well
as zones that have different fric-
tion properties within a single run.

TRAJ CORRECTION-The original
version of SMAC was found to contain
a minor error in subroutine TRAJ re-
lated to calculation of the direc-
tions and magnitudes of the side and
circumferential tire forces. The
original form of the program uses
the longitudinal component of veloc-
ity of the center of gravity of the
vehicle instead of the longitudinal
components of velocities at individ-
ual wheels. The effects of this er-
ror become significant only in cases
involving large angular velocities
combined with relatively small lin-
ear velocities. The corresponding
coding has been corrected in SMAC
87.

AREAS OF FUTURE DEVELOPMENT AND
REFINEMENT- Several other extensions
and refinements which are in the
process of beirng investigated for
incorportaion into the SMAC 87 pro-
gram are as follows:

(1) DYNAMIC WEIGHT TRANSFER

{2) CCEFFICIENT OF RESTITUTION

DYNAMIC WEIGHT TRANSFER DURING
IMPACT~ It is well established that
large pitch responses can be pro-
duced by frontal collisjons. As a
result of such pitching responses,
the tire~terrain frictional resis-
tance to yawing is reduced for a
brief period after the collision. It
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is planned to explore the magnitude
of the effect of the dynamic weight
transfer produced by collisions on
vyawing responses. The proposed
simulation approach will consist of
simple equal and opposite altera-
tions of the magnitudes of the
tire-terrain friction forces at the
two ends of the vehicle during a
short interval subsequent to sep-
aration from the collision. In this
manner, the simplicity of plane mo-
tion will be retained while an im-
provement over the previous assump-
tion of constant wheel loadings and
friction forces will be achieved.

CCEFFICIENT OF RESTITUTION-In
collisions, the term "restitution®
refers to the generally incomplete
recovery of the shape of a body de-~
formed by the applied forces. The
"coefficient of restitution" is de-
fined, for central collisions, in
terms of the ratic of the speed of
separation divided by the speed of
approach. For non-central, or eccen-
tric collisions, the coefficient of
restitution is not defined.

The simulation approach to res-
titution in the original SMAC pro-
gran is based on control of the ex-
tent of recovery of the deformed
radius vectors. Since the approach
{a) involves a realistic and general
mechanism, and (b) can be directly
related, in application results for
central collisions, to the defini-
tion of the "ccefficient of restitu-
tion,” it is believed to constitute
an attractive approach for general
applications. It is considered to
be clearly preferable as a general-
ized reconstruction tool to any ap-
proach which requires user interven-
tion. 1In other proposed reconstruc-
tion approaches, the user is given
direct control of the separation
velocities in general collision con-
configurations (e.g.,Ref.8). Note
that even the most "expert"” user of
the arbitrary jntervention type of
gimulation program would have dif-
ficulty justifying a selection for
the separation velocity in a corner-
to-corner, eccentric ccllision
(i.e.,linear and angular vehicle
responses in untested configura-
tions).

The rationale for altering the
original SMAC concept is based in
Reference B on the opinion that it
is complicated, cumbersome, uneccno-
mical and inconsistent with the "im-
rPlied accuracy."™ It is believed
that the original concept of the
simulation of restitution effects in

general collision configurations
should be retained. The manner of
implementation can be further devel-
oped to reduce any unreascnable
demands on the user and the sensi-
tivity to time-increment size,

Developments which are current-
ly in progress are program modifica-
tions which will distinguish between
loading and unloading properties of
the peripheral structure and there-
by, will reduce sensitivity in the
control of energy feedback.

In summary, a general discus-
sion of the rationale for the use of
the SMAC type of time-domain recon-
struction program has been presen-
ted. Specific extensions and refine-
ments that are implemented in SMAC
B7 have been presented and future
plans for additional refinements
have been discussed.
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