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FOREWORD

This user's manual for the CRASH program has been prepared in partial
completion of the Work Statement of Contract No. DOT-HS-5-01124 with the
National Highway Traffic Safety Administration (NHTSA), U. S. Department of

Transportation.

2P

The opinions, findings and conclusions expressed in this manual are

those of the author and are not necessarily those of NHTSA.

This manual has been reviewed and is approved by:

Cl . Xl |

&
Edwin A, Kidd, Head ]
Transportation Safety Department
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1. INTRODUCTION

The CRASH* computer program (References 1 and 2) is an accident
jnvestigation aid aimed at achieving uniformity in the interpretation of
physical evidence from automobile accidents. It is designed to accommodate
a range of accident evidence, from VDIs only at one extreme to complete
definitions of rest and impact positions as well as damage dimensions at the
other. Multiple outputs of speed change and/or impact speed are provided with
jdentification of the basis for each approximation. In this manner, it is
possible for the user to select the approximation result based on the most
reliable items of evidence while assuring that the various different items of
evidence are at least grossly compatible. A schematic flow chart of the CRASH

program is depicted in Figure 1.

The computer costs for time-sharing operation of the CRASH program
in its present form range$ from approximately $1.00 to $5.00 per case,
depending on the extent of the input information (i.e., the upper end of the

cost range corresponds to a combination of trajectory and damage analyses).

The structural development of the computer program (i.e., solution
procedures, program logic, input and output formats) is considered to be
complete. However, stored tables of vehicle parameter data and of empirical
coefficients that are applied in the programmed calculations must be recognized
as being "first approximations" that can be substantially refined. Therefore, -
the overall accuracy range of approximately 12% that has been indicated in
initial trial applications to staged collisions (References 1 and 2) is not
considered to be representative of the potential accuracy of the reconstruction

technique. ‘ .

In the following, the questions that must be answered by the program
user are presented and discussed. The output format is then defined. Details

of the calculation procedures are given in the Appendices.

*
Calspan Reconstruction of Accident Speeds on the Highway.
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SPINOUY TRAJECTORIES  SPINOUT TRAJECTORIES ~ DAMAGE BASIS
AND CONSERVATION AND DIMENSIONS p OF
OF MOMENTUM DAMAGE AND/OR VDI § § RESULTS

Figure 1 SCHEMATIC FLOW CHART OF THE CRASH COMPUTER PROGRAM
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2. REQUIRED RESPONSES TO QUESTIONS

The following general comments apply to all responses.

(1) All individual items of entry must be separated by either

one or more blank spaces or a single comma.

(2) Subsequent to completion of the response to a given questionm,

the carriage return must be entered.

(3) Errors may be corrected by use of special deletion keys that
are system dependent (see your reference time-sharing.manual). Alternatively,
the deliberate entry of an illegal or out-of-range response will produce a

rejection of the response and a repeat of the given question.
4) In yes or no responses, the first letters are sufficient.

Discussions of individual questions are presented in the following

paragrapns.

2.1 ENTER A DESCRIPTIVE TITLE (72 CHARACTERS MAX.)

This question is considered to be self-explanatory. The title should
include the date of the computer run so that the program version can be

identified in the event of future revisions.

3 ZQ-5708-V-3



2.2

gyration, weights and structural crush properties,
for the CRASH calculations. The actual weights, if known,
response to a subsequent question. The othe
stored in the present version of the pro
that the final'data item,
XR’
generation of input data

CRASH calculations. The symbols use

ENTER SIZE CATEGORIES FOR VEHICLE #1 AND VEHICLE #2

LEGAL CATEGORIES: SUBCOMPACT
COMPACT
INTERMEDIATE
FULL SIZE
BARRIER

SAMPLE: COMPACT FULL NOTE: 1ST LETTERS ARE 0.K. ;

ia

The specified vehicle categories serve to define dimensions, radii of ?

through a table look-up, ;
can be entered in
r items of vehicle data that are ;
gram are presented in Table 1. Note g
T, for the vehicles and the final four items, XF, ,
YS and T, for the barrier in Table 1 are stored for use in the optional

for the SMAC program. They are not used in the 1
d in Table 1 are defined as follows: -

long vehicle X axis from the total vehicle

a, b = Distances a
center of gravity to the center lines of the front and
rear wheels, respectively, inches (both entered as |
positive quantities). 1
‘ . 2,.
M = Total vehicle mass, 1b-sec /in.
4 7Q-5708-V-3
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Table 1

VEHICLE PARAMETER DATA

3T

Sub Inter- Full
Compact Compact mediate Size Barrier Units
44,7 52.7 57.3 60.5 50.0 inches
46.6 54.8 59.7 63.0 50.0 inches
5.71 8.51 9.86 12,42 10° 1b sec?/in
1963, 2635. 2998, 3588, 106~ inches2
130.5 154.6 281.8 307.5 0.0 1b/in
58,72 69.57 33,82 36.89 0.0 1b/in’
144.94 171.78 1174.3 1281.1 0.0 1b
82.21 111.8 43,72 49.19 0.0 1b/in
42,76 58.16 47.23 53,13 0.0 lb/in2
79.04 107.5 20.24 22.77 0.0 1b
65.98 78.18 85.51 93.28 0.0 1b/in
13.20 15.64 17.11 18.66 0.0 1b/in’
164.97 195.45 213,78 233,21 - 0.0 1b
74.7 85.7 94.8 100.5 50.0 inches
-83.5 -100.0 -110.8 -119.6 -50.0 inches
31,1 35.7 38.4 39.6 50.0 inches
51.2 57.7 60.0 63.1 50.0 inches
5 2Q-5708-V-3
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RSQ = Radius of gyration squared for completc vehicle in yaw,

inches squared,

A,B,G = Empirical coefficients of unit-width structural crush

properties obtained from crash test data,

XF’XR = Distances along vehicle X axis from the total vehicle
center of gravity to the boundaries of the vehicle at
the front and rear, respectively, inches (XR is entered

as a negative quantity). , -

Y = Distance along vehicle fixed Y axis from the total
vehicle center of gravity to the boundary of the vehicle
at the side (i.e., one-half of the total vehicle width},

inches,
T = Track at front and rear wheels (average), inches.

The values for A, B and G listed in Table 1 must be recognized as
gross first approximations based on very limited test data including a range
of model years. Obviously, the accuracy of the damage-based CRASH approxi-
mations of speed changes can be substantially improved, within the existing
program framework, by the availability and proper utilization of more
extensive test data. The categorization of vehicles in relation to crush
properties should be extended to reflect model years and structural
configurations as well as sizes, when adequate test data are available. Also,
the effects of underride/override on the interpretation of vehicle crush

dimensions should be incorporated when applicable test data become available.
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The initial four and the final four items of vehicle data listed in
Table 1 are based on a limited survey of 1971-72 model automobiles. Vehicles
that were included in the existing categories are listed in Table 2. In view
of rccent changes in the vehicle population, extensions and refinements of the
included vehicle categories should precede any extensive applications of the
computer program. It should be noted that the CRASH-related research to date
has been exploratory and developmental in nature. Therefore, the data tables
contain "reasonable approximations" rather than rigorously established data

with which minimum errors would be expected. Despite this fact, the results

" have been very encouraging (References 1 and 2).

2.3 ENTER A 7 CHARACTER VDI FOR VEHICLE #1
FORM: 12LYEW2

The user is referred to SAE Technical Report No. J224a (Reference 3).
The damage analysis portion of the CRASH program does not accept a 00 entry
in columns 1 and 2 (i.e., rollover). Also, because of limitations on available

crush data, it does not distinguish between classification codes entered in
column 5.

2.4 ENTER A 7 CHARACTER VDI FOR VEHICLE #2
FORM: 12LYEW2

See 2,3.

2.5 ARE ANY ACTUAL WEIGHTS KNOWN?
(ANSWER YES OR NO)

A "no" response to this question will producé an automatic weight

~ entry corresponding to the mass, M, listed in Table 1 for the given vehicle

category. Since the accuracy of program results is obviously degraded by the
use of such "representative' values, an effort should be made to obtain accurate

weights, including cargo and occupant weights.

7 7Q-5708-V-3




Table 2

VEHICLE MODELS ({'71, '72) INCLUDED IN SIZE CATEGORIES

Sub
Compact

Volkswagen
Beetle

Toyota 1200
Datsun 1200
Vega

Pinto

Fiat 850

Compact

Maverick

Camero
Dart
Hornet

Inter-

mediate

Chevelle

Torino
Coronet
Matador

Skylark

Full
Size

Chevrolet

Galaxie
Polara
Ambassador
Monterey
LeSabre
New Yorker
Fleetwood

Continental

2Q-5708-V-3
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The "default' values for mass, M, in Table 1 are based on averages
of a number of vehicles in each size category (sece Table 2), including
allowances for liquid weight and two occupants.

2.6 ENTER THE ACTUAL WEIGHT OF VEHICLE #1
FORM: 3625, (LBS)

I 0 R L WA 957 Y Bt S -

If Qeights are looked up in references, the weight of occupants and |
cargo should be added to the ''curb' weight (i.e., including liquids)., The

"shipping' or ''dry" weight does not include coolant, fuel or oil.

. 2.7 ENTER THE ACTUAL WEIGHT OF VEHICLE #2
2 ) FORM: 3625, (LBS) '
t See 2.6,
2.8 - ARE BOTH REST AND IMPACT POSITIONS KNOWN?

(ANSWER YES OR NO)

A '"no'" response to this question will limit the program results to
AV approximations based on damage evidence only.

1f a "ye5">response is entered, a series of detailed questions related
to the spinout trajectories will be presented. In preparation for those

questions, the trajectory evidence should be organized on a reference coordinate
system as defined in the following paragraphs.

Reference Coordinate System

 The space-fixed rectangular coordinate system that is used to define
% , measured spinout trajectories for analysis via the CRASH program is shown in
Figure 2. The relationship of the X' and Y' axes reflects the aeronautical

convention for three-dimensional coordinates, in which the Z' axis points
downward.

In the selected planar coordinate system, the Y' axis is directed

9 ZQ-5708-V-3
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to the right of the X' axis and the angle ¢ is measured in the clockwise

direction with respect to the X' axis.

Figure 2 COORDINATE SYSTEM

A

While the position and orientation of the space-fixed reference
coordinate system for a given case are arbitrary, it is generally desirable

to relate them to permanent reference points at the accident scene (e.g.,

curb lines, utility poles, etc,). i

2.9 ENTER REST POSITIONS AND HEADINGS FOR
VEHICLE 1 AND VEHICLE 2
FORM: XCR1(FT) YCRI1(FT) PS1R1(DEG)
XCR2 (FT) YCR2(FT) PS1R2(DEG)

On a space-fixed coordinate system (Figure 2) defined for the scene -
of a given case, enter the positions and orientations, at rest, of the two

vehicles. Note that the heading angles may be entered as either positive or

negative quantities.

10 2Q-5708-V-3 B
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2.10 ENTER IMPACT POSITIONS AND HEADING ANGLES
FOR VEHICLE 1 AND VEHNICLE 2
FORM: XC1O(FT) YCI10(FT) PS110(DEG) XC20(FT)

J sl

YC20(FT) PS120(DEG)

In the established space-fixed coordinate system, enter the positions

and orientations of the two vehicles at initial contact. A dimensional check,

using the undeformed vehicle dimensions, should be made to insure an accurate

definition of initial contact. Note that the optional generation of inputs

for the SMAC program includes application of a routine which adjusts the
initial vehicle positions to eliminate any initial interference. Heading angles
may be entered as either positive or negative quantities.

2.11 DID ROTATIONAL AND/OR LATERAL SKIDDING
OF VEHICLE #1 OCCUR?

The terms '"rotational and/or lateral skidding'" are used herein to
refer to the vehicle motions in a portion of the trajectory during which the
front and rear wheels do not run in the same tracks.

A 'mo" response to this question will result in the separation velocity
of vehicle #1 being approximated entirely on the basis of the specified rolling
resistances of the wheels (or the longitudinal deceleration), as limited by the
specified tire-terrain friction coefficient, and the total distance traveled

between separation and rest (i.e., the traditional V2 = 2as relationship).

2.12 DID ROTATIONAL (YAW) AND/OR LATERAL SKIDDING
OF VEHICLE #1 STOP BEFORE REST POSITION WAS
REACHED? (ANSWER YES OR NO)

A relatively common occurrence in the vehicle trajectories subsequent
to a collision, in which rotational and/or lateral skidding occurs, is an
abrupt change in the direction of vehicle motion as the skidding stopS and the
longitudinal motion continues (either forward or backward) in a direction

determined by the heading direction at the stop of the skidding. Note

11 ZQ-5708-V-3



that damage-locked wheels and/or stecred angles can produce a curved path in

the final, nonskidding portion of the trajectory.

The response to this question must be based on a detailed review of

tire mark and other trajectory evidence.

2.13 ENTER POSITION AND HEADING OF VEHICLE #1 AT END
OF ROTATIONAL (YAW) AND/OR LATERAL SKIDDING
FORM: XC11(FT) YC11(FT) PS111(DEG)

Entries in response to this question must define the position and
heading of the vehicle at the point in the trajectory at which the front

and rear wheels start to run in the same tracks.

2.14 WAS THE SPINOUT PATH OF VEHICLE #1 BETWEEN SEPARATION
AND [REST, STOP OF SKIDDING] CURVED? (ANSWER
YES OR NO)

If a "no" response is entered, the direction of the resultant linear

velocity at separation is determined by the rest (or stop of skidding) position.

The resultant linear velocity at separation is used, in turn, to establish the
velocities of the two vehicles at impact, by means of conservation of momentum
relationships. Thus, a curved trajectory can introduce significant error in
the velocity calculations by indicating an erroneous direction of motion at
separation (Figure 3). The present question is aimed at introducing a
correction in the direction of motion subsequent to separation in those cases
where clear evidence of a curved trajectory exists. In most cases, a "no"

response is appropriate.

12 ' ’ ZQ-5708-V-3
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2.15 ENTER AN INTERMEDIATE POSITION OF VEHICLE #1 ON THE
CURVED PATH BETWEEN SEPARATION AND [REST, STOP OF
SKIDDING]
FORM: XC21(FT) YC21(FT)

An approximate correction in the direction of motion at separation
is introduced at this point. It is assumed that the direction of motion at
separation is tangential to a circular arc fitted through the positions at
separation and rest (or end of skidding) and the intermediate position entered

in response to this question.

The response to this question must be based on a detailed review of

tire mark and other trajectory evidence,

2.16- - .
2,20 Same questions as 2.11 through 2.15 in relation to vehicle #2. The

same discussions and comments apply.

2.21 WHICH DIRECTION DID VEHICLE #1 ROTATE?
ANSWER: NONE CW CCW

For the case of purely lateral skidding, the answer 'none" is
appropriate. The direction of rotation is required to permit calculation of

the total amount of rotation.

2.22 DID VEHICLE #1 ROTATE MORE THAN 360 DEGREES BETWEEN
SEPARATION AND REST? (ANSWER YES OR NO)

Rotations of more than 360 degrees are relatively rare. The response

to this question clearly must be based on evidence available in the specific

case.

2.23
2.24, Same questions as 2.21 and 2.22 in relation to vehicle #2. The same

discussions and comments apply.

14 2Q-5708-V-3
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2.25 ENTER THE NOMINAL TIRE-GROUND FRICTION COEFFICIENT

FORM: MU

The user is referred to texts on accident reconstruction which contain
tables of representative ranges of tire-ground friction coefficients on

different surfaces (e.g., Baker, J, S., "Traffic Accident Investigator's

Manual for Police,'" Reference 4). Where possible, an attempt should be made

to obtain directly measured friction data (e.g., stopping tests, pendulum

tests, etc,) in view of the critical importance of this data item to the
accuracy of the trajectory analysis.

The trajectory analysis portion of the CRASH program is based on a

calculation of the energy dissipation, through work done against friction

forces, during the spinout. Therefore, it is possible, in a straightforward

manner, to handle a case in which surfaces with different friction coefficients

are traversed. An "equivalent" single friction coefficient that will ‘dissipate

the same amount of energy can be determined in the following manner:

(uIS1 + uZS + .,.. uS)

u - 2 n n
eq (S1 + S2 + o Sn)
where ”eq = ‘'equivalent" single friction coefficient
Si = distance traveled'through region with

friction coefficient = .

15 ZQ-5708-Y-3




2.26 ROLLING RESISTANCE MAY BE ENTERED EITHER AS (1) THE
DECIMAL PORTION OF FULL ROTATIONAL LOCK-UP AT EACH
WHEEL OR (2) THE LEVEL OF LONGITUDINAL DECELERATION,
IN G UNITS, PRODUCED BY ROTATIONAL RESISTANCE AT THE
WHEELS. SELECT OPTION (1) OR OPTION (2}.

The related CRASH calculations do not distinguish which of the
individual wheels are the sources of longitudinal deceleration. Therefore,
an equivalent use of options 1 and 2 will yield identical results from CRASH.
Option 1 is designed for use in the generation of SMAC inputs (an optional
output of CRASH) or for establishing a detailed record of the basis for the
CRASH reconstruction (e.g., LF wheel locked by damage, engine braking at

rear wheels, etc,).

2.27 (OPTION 1) ENTER ROLLING RESISTANCES OF WHEELS OF
' VEHICLE 1 (DAMAGE, BRAKES, ENGINE BRAKING, TIRES,
0.0 TO 1.0, WHERE 1.0 = LOCKED)

To achieve a given longitudinal deceleration level via this form of
rolling resistance input, consideration must be given to the entered value for
the tire-ground friction coefficient. The decimal quantity, between 0.0 and
1.00, that is entered for each wheel defines thé portion of the full available
friction force acting at that individual wheel in the longitudinal direction.
Since an equal distribution of weight is assumed in this approximation, the sum
of the individual decimal quantities entered for the four wheels may be divided
by four and multiplied by the tire terrain friction coefficient to obtain the

longitudinal deceleration level in G units,

As previously noted, this option serves to provide a record of the
rolling resistances at individual wheels used in the CRASH reconstruction .
(i.e., it defines how the total longitudinal deceleration was produced). It
can also served to generate corresponding inputs for the SMAC program. For.

these purposes, the entry sequence of RF, LF, RR, LR is important.

16 72Q-5708-V-3
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2.28 (OPTION 2) ENTER LONGITUDINAL DECELERATION, IN

G UNITS, PRODUCED BY ROTATIONAL RESJISTANCE AT
THE WHEELS

For this option, a single entry is required. It should be noted that

the entry must be less than or equal to the tire-ground friction coefficient
entered in response to 2.25. '

2.29,

2.30 Same questions as 2.27 and 2.28 in relation to vehicle #2. The

- same discussions and comments apply.

2.31 " ARE ANY ACTUAL DAMAGE DIMENSIONS KNOWN?
(ANSWER YES OR NO)

It is highly desirable, for the purpose of achieving accurate results,

to enter actual measured damage dimensions whenever possible. The required

dimensions are (1) the width of the crushed region, (2) the extent of the
damage (i.e., the depth of indentation) at several positions within the
damaged region and (3) the location of the midpoint of the damaged region
with respect to the center of mass of the vehicle.
are depicted in Figure 4,

The required dimensions

The dimension D to the midpoint of the damaged region must be entered

with an algebraic sign corresponding to that of the y (end impact) or X (side

impact) coordinate of the damage midpoint. This dimension, in combination with

the direction of the resultant force, is used to determine the effective mass
of the subject vehicle at the point that achieves a common velocity with the

corresponding point on the other vehicle in the collision (see Figure 5).

In the absence of actual damage dimensions, the CRASH program generates

approximations of the required dimensions on the basis of the entered vehicle

damage indices. The procedure for generating approximate dimensions is outlined

in the following paragraphs.

17 7Q-5708-V-3
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APPROXIMATION OF DAMAGE DIMENSIONS
' FROM VDI INPUTS

1) 1F COL 3 OF VDII = F OR B, GO TO 4
2) COL 7 DEFLI
1 .0825Ys
2 .2090Ys
3 .3775Ys
4 ‘6265Ys (Ys from Table Lookup.
> '8755Ys See Table 1)
6 1.124SYS
7 1.3735Y i
8 1.6225Y_ i -
9 1.7470Y ~ a ..
S e
3) COL 4 DL LI GO_TO X
D 0.69XF - 0.79XR 7
p 0.37XF - 0.57)(R 7
Z +0.5XR -XR 8
Y 0.5XF XF 8
F 0.69)(F O.GSXF 8
B +0.79XR -0.4akR 8
(XF, XR (Neg) from Table 1)
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GO TO 6.

5)

IF COL 3 = B, GO TO 5

COL 7

W O N B LN

COL 7

W 00 NS

DEFLI

.0625X
,1875X
.3125X
.4375X .
,5625X
.7355X
.8960X
,9960X

1,046X,

'm Y1 Y T o™

T ™

DEFLI

-.042X
-.126X
-.210X
-.294XR
~.3785X
-.5045X
-.6785X

-.8595X

n 7 =R

~ R A3

-.QSOXR

(XF from Table 1)

(XR (Neg) from Table 1) °
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6) COoL 4 DI LI GO TO
D 0 2v_ 9
C 0 G.6667 7
y/ 0.333Y_ 1.332Y 8
Y -0.333Y_ 1.332Y_ 8
R 0.666Y 0.666Y 8
L -0.666Y 0.666Y 8 E
S S “E
(Ys from Table 1 Lookup) %

7) CIl = 0.0 o
CI2 = DEFLI T ;
CI3 = DEFLI Inches f'{
Ci4 = 0.0 ;
GO 170 10 ’ ) N

8) CIl = 0.0 — g )
CI2 = 0,5*DEFLI v 6——2/
CI3 = 0.5*DEFLI Inches \
CI4 = DEFLI
GO TO 10

e T N

9) CIl = DEFLI T .
. - . . O . J
CI2 = (0.666+0,333*RHOT)*DEFLI | _o6—
CI3 = (C.333+0.666*RHOI)*DEFLI } Inches ? ]
CI4 = RHOI*DEFLI ) [
GO TO 10 C=Cl1- § (1-0)] )

10) IF COL 6 = N, LI = 16.0 INCHES
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11) REPLACE DI, LI, CI1, CI2, ..., CIN WITH ANY DIRECT ENTRIES

The approximation procedure that has been outlined above again

reflects the exploratory nature of this research in which the emphasis has

been on program structure as 6pposed to rigorously established approximation
techniques. Obviously, the approximations of DI, LI and of the damage profiles,
CIi, could be refined by means of detailed correlations of those items with

investigator rated VDI s for a large number of vehicles. Such a procedure

has been beyond the limited scope of this research effort to date. Corresponding

refinements of the above approximation technique, within the existing program
framework, could be achieved by means of appropriate adjustments of the
coefficients used in the programmed equations.

In relation to the above approximations and the crush properties

presented in Table 1, one complicating factor is worthy of mention. 1In the

reporting of damage in staged collisions, the distinction between induced and

direct-contact damage is generally obscured. On the other hand, the VDI, by

definition, is limited to direct-contact damage (Reference 3). Thus, the

damage basis for the fitted empirical crush properties may differ from that

of the VDI s. In any future refinements of the computer program, this aspect

of the'damage analysis procedure should receive priority attention.

2.32 ENTER DAMAGE DIMENSION MEASURED ALONG INVOLVED
[END, SIDE] OF VEHICLE #1
FORM: L(I) (INCHES)

See Figure 4. For compatibility with the VDI, the entered dimension
L(I) should be based on direct-contact damage, as opposed to induced damage
(see discussion of preceding question). )
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2,33 ENTER EXTENT OF DAMAGE (CHANGE FROM ORIGINAL [END,
SIDE] DIMENSION OF VEHICLE #1 (INCHES) AT EDGES OF
DAMAGED REGION AND AT EQUALLY SPACED INTERMEDIATE
POSITIONS. NOTE: ENTRY OF TWO, FOUR, OR SIX
DIMENSIONS IN SEQUENCE FROM EITHER SIDE.

The optional entry of two points is aimed at convenience in angled,
full-frontal contacts where the damage surface is relatively flat. The four
and six point options permit greater detail in the definitions of damage
when adequate measured data are available. See Figure 4 for definition of
the extent dimensions. The entry sequence may proceed from either side.of

the damaged region.

2.34 ENTER DISTANCE ALONG VEHICLE #1 AXIS BETWEEN C.G.
AND MIDDLE OF DAMAGED REGION
FORM: D (INCHES)

The dimension D to the midpoint of the damaged region (see Figure 4)
must be entered with an algebraic sign corresponding to that of the y (end
impact) or X (side impact) coordinate of the damage midpoint. See Figure 5

and further discussion in 2.31.

2.35- .
2.37 Same questions as 2,32 through 2.34 in relation to vehicle #2, The

same discussions and comments apply.

4.38 ARE THE DIRECTIONS OF THE PRINCIPAL FORCES KNOWN MORE
ACCURATELY THAN THE GIVEN CLOCK DIRECTIONS (ANSWER
YES OR NO)

The clock directions in the VDI's are rounded off to the nearest

N

30 degrees. In cases where a more accurate definition of the principal force ’

direction is available (e.g., @ 45° impact which would be rounded off to

01 or 02) the more accurate angle should be entered.

A 'mo" response will result in the use of the clock directions.

24 © ZQ-5708-V-3
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2.39 ENTER DIRECTIONS OF PRINCIPAL FORCE FOR VEHICLE 1 AND

VEHICLE 2 (DEGREES, MEASURED FROM STRAIGHT-AHEAD
DIRECTION, * 180°)
FORM: ANGlL ANG2 (DEG)

The compatibility of the entered directions of the'principal force

on the two vehicles in the impact configuration should be carefully checked

"(i.e., the forces acting on the two vehicles should be equal and opposite
* in direction). ’
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)
Bt ette A

K ARRK K KHAKRAKAKALHAE AAAAKE AAKAKAK kA KTAFRAXKAFK hEAIh Ak Hhkhdd Thkhdh kkhkiokkkik

Y * *x
,§ * CRASH *
- ¢ * x

g x CALSPI\N HeECONSTRUCTION OF ACCIDENT SPEEDS ON THE HIGHARAY x

i *x. ®

§ * *

: % nOTES ANSHER ALL QUESTIONS AS UIHEC]ED L%

‘ = SEPARATE ALL WUMERIC ENTIES BY Qi (OR MORE BLANKS *

t * LITERAL RESPORSES Ark ALSO rREE FORM x

¥ * ’ *

? KEKAKXKEXRXETAKKE AAXAKXAKXKRKAAKNKK ******x********‘.‘r*********'k************r********

ENTER A DeSCRrIPUIVE TIILE (72 CHAKACTEHS MAX.)
90 DEG REAR-SIDe AT 40 MPH, UCLA-ITTL SIDE IMPACT SERIES

ENTER SIZi CATEGORIeS FOR VEHICLE # )} AND VEHICLE
LeEGAL CATEGORIES: SUBCOMPACT
COMPACT
INTERMeEDIATE
FULLSIZe

BARKIEK
SAMPLEs COMPACI FULL NQOTEs

# 2

N T PR EAGTY NIUTSY I S e T
3 n, e L L B+ P

1ST LETTERS ARz 0O.K.

Ewier A 7 CHAHACIER VDI FOR VEHICLE # |
FORME  12LYEN2
01rDEN2

HRESIOTIIOY. P
—
—

AeETn

{.1..‘-..

8 EwtrerRr A 7 CHAHACTE® VDI FOR VEHICLE # 2
4 FOonM:s  12LYE#2
10L2En3

ARc ANY ACITJAL wWeIGHIS KNOWH?  (AnSnkER YES OR NO)
N

Are BOTH REST AND IMPACT POSITIONS KNOWN?

(ANSYick YES OR NQO)
Y :

eNTER REST POSITIONS AND HEADINGS FOx VEHICLE | AND VEHICLE 2

& FOsM:  XCRIC(FT)  YCHICFT) PSIRI(DEG) XCR2(FT) YCR2(FI) PSIR2(DEG).
% 50,0 -21.0 -14/.0 19.8 =60.9 =336.0

ﬁgf:ﬂ IMPACT POSITIONS AND HEADING AwGLES FOrR VEHICLE 1 AND VEHICLE 2
FO=xM: "y

42 XCIOC(ET) YCIO(FT) PSIIO(DEG) XC20(FT) YC20(FI) PSI20(DLG)
=13.3 0.0 0.0 0.0 =b.25 =90.0

DID HOTATIONAL AND/OK LALERAL SKIDDING OF VEHICLE # | (OCCur?
;AASHtH Y=S OR nO)
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DID KOTATIONAL (YAwW) AND/OR LATERAL SKIDDING OF VEHICLE 1 STOP BEFORE
rREST POSITION WAS HEACHED? (ANSnHER YES 0i KO)
Y

~

EnIER POSITION AND HEADING OF VEHICLE | AT END OF KOTATIONAL C(YA)
AND/OR LATERAL SKIDDING J
FOrms  XCIHIC(ET.) YCI1(FT.) PSII1(DEG.) :

39.0 -20.0 =-173.0 . |

1
HAS THE SPINOUT PATH Or VEHICLE 1 BE1wEEN SEPARATION AUD STOP !
OF ROTACION CURVED?  (ANSKER YES OR HO) |
"o .
|
(
DID ROTATIONAL AND/Ox LATERAL SKIDDING OF VEHICLE # 2 OCCUK?
(ANSHER YES OR NO)
Y A
Y
DID ROTATIONAL (YAW) AND/OR LATERAL SKIDDING OF VEHICLE 2 STOP BEFQORE
KEST POSITION WAS REACHED?  (ANSWER YeS OR NO) :
N {
! 1
HAS THE SPINOUT PA1H OF VEHICLE 2 BELlwEcn SEPARATION :
AND RESY CurVED? (ANShER YES OR NO) : 5
H L
N * I
:
WHICH DIRECIION DID VEHICLE | ROTATE? i A
ANSHERS NONE  Ci CCwi | L
CCn bl
:JF :L’.t\
DID VEHICLE 1 ROTALE MORE THAN 360 DEGREES BEIWEEN SEPARATION AND KiSL? 9?
(ANSAER YES OR NO) j ro
N . 'ﬁ Oo(
]
WHICH DIRECTION DID VEHICLE 2 ROTATE? 1 Ew
ANSHERS  NONe  Cn CCw : ; rO;
CCi Yo,
DID VEHICLE 2 ROTATE MORE THAn 360 DEGHEES BETWEEN SEPARATION AND REST? En g
(ANSHEK YES OR NO) VEH
" IWl
Lo 10T
¥ FOd,

; 0.0

EnTER 1HE WOMINAL TIRz~CROUND FRICIION COErFICIENT
rOuMs MY
0.8

HOLLING RESISTAHCE MAY Bb ENTERED EltHewn AS:

| ——— YHE DECIMAL PORTION OF FULL ROTATIONAL LOCKuP AT EACH nHEEL.

2 ——— THE LEVEL OF LONG{TUDINAL DECELERATION, IN G UNITS, PRODUCED BY
ROTATIONAL RESISTANCe AT THE wHEELS.

ZinlE 1 OK 2 .

i 28 ' 2Q-5708-V-3




I ~a b

L

.
e e SR B e G RS T ATRE S

EilER ROLLING RESISTANCES OF wHEELS OF VEHICLE |

(DAIAGE s BRAKES ENGINE BRAKING, TIR=S, 0.0 10 1.0, stHeRE  1.,0=LOCKED)

FOuM: e LF  Hx LR Reo'd. for trajeciory option. In
.0 0.0 0.0 0.0 {5_@/3}2_ it /na%’@:b no Zflﬁlfezence. X
a.0 1.6

Evlei ROLLING ReSISTANCES OF aHerLS Or VEHICLE 2

(DAMAGE , BRAKES ,ENGINE BHAKING, TIRES, 0.0 10 1.0y nHErE  1.0=LOCKED)
FOxMs AF Lr Re LR )

0.0 0.0 1.0 1.0

AHc ANY ACTJAL DAMAGE DIMENSIONS KnQnn? (ANSAEKR YES Ot NO)
Y X

kR UAMAGE DIRENSION MEASURED ALONU INnVOLVED Eub OF VEHICLE # |
FORIAE L(1) (INCHES) ' '

16.8

EnteR EXlend Or-DAMAGb (CHANGE FROM ORIGONAL enD DIMENSIOWS O

YerIChe 1 (INCHES) AT EDGES OF DAMAGED REGTON AND AT LQUALLY SPACLD
INUEABEDIALE POSITIONS.

" n0ied 0, FOUR,0r SIX POINTS ALLOWED - ENTRY POINT FRO#

EliHsd SIUE.,
FOms Cl C2 C3 C4 C5 Co (INCHEY)
1200 |400 |4.0 2400

civikr DISIAnCe ALONG VEHICLE # |

AXIS brelntErn CeGe ARD MIDDLE OfF
DARAGEL KeGIOn
FOrxM: D (InCHES)
0.0

Eled DAMAGe DIMesSION MEASUHED
cOxMs L(2) (INCHES)
Yo.

ALONG INVOLVZD SIDz OF VEHICLE # 2

ENIER EXIZ0d Or DAMAGE (CHANGE FreOd ORIGONAL SIDE DIMERS

SIONS OF
VeHICLE 2 (InCHES) AL EDGES OF DAMAGED #EGION AnD AT EQUALLY SPACED
INFERMcDIALE POSITIONS. .
dOTES 10, FOUR,OR SIX POINIS ALLOWED - ENERY POING FROM ELSHER ST . -~
FOadis C1 C2 C3 C4 C5 Co (InCHES)

0.0 12417 14.3 14,2

EnlbH LISTANCE ALONG VeHICLE # 2 AXIS BEIEEN C.G. AnD MIDULE OF

OnaAGeD REGION
FOM3 D (IaCHES)
Tz 29 2Q-5708-Y+3
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|

¢
At 1t DIKECIIONS OF 1re PeloCIPAL FORCES KHOvi #0rc ACCunAlLELY —_—
FHAN he olvew CLOCK DIweCrlonS?  (AnSabER YES Ox Q) H
N f :
]
fHANKE YOU veHY MUCH f
. [}
'
‘ :
wxak SuiriAKY OF CHASH KESULLS swxx f
[}
00 UEG nEAR=-SID: Al 40 MPH, UCLA-Iilr SID: TAPACT SERIES ;
| J——
H
'
VerdICLe # ) 3
s
g
L.
!
' : ! : i
' ' sPLED CHARGE : ' ; i
i ImPACL SPEED | MPH : T BN
: : : _.BASIS ' ; i
: “Ph ' ' Or : ; e
! : : .. ' : RESULTS : i :
] ¢ TOVAL §  LOwnG. ¢ LAIcHAL 4 : 1 -
: : : ' : :
: : : : : : :
: : : ' ] : {
: ! : : ¢ OSPINOUT TRAJECTORIzS + |
: 31.3 4 147 4 ~10.4 } ~10.3 | AND COWSERVATION OF 1 -
: : : ' ! LINFAR MOMENIUM v 4 XCIc
‘ : ' : : ' i YCIC
: : : ' ' 11 .PSII
' ' ' ; ' : PSIi
: : ' ) ! SPINOUT ToAJECIO®IeS | Jio
: : ' : 3 AND -1 Vio
: : : ' : DAMAGE :
s e s e e L
[} L] 1] ’ [} L}
: : ; : i N
: : : : ' AR XCS1
: : 14.9 | “12.9 1§ ~7.4 ' DAMAGE DATA ONLY : cha
[ t ] ) 1 ] P3Cs
: : : : : ] bars
: : : ' ' ' Vel
PS1S]
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0 P

VERICLE # 2

————reuye o

\
: | : '
: ' SPEED CHANGE : '
i i IMPACL SPéch | MPH : :
; : : ' BASIS '
| i MPH : ' OF '
: b ; : : RESULTS :
: v TOTAL 3 LONG. 1§ LAIcwAL § ;
; : ' ; . ;
i — s s s =
’ ] ' L] ’ :
P _ : o ' i SPINOUT TRAJECTORIES i
S 39.6 i 14.7 i -10.3 i 10.4 | AND CONSERVATION OF |
54 : ' i i LINEAR MOME®[U2 :
£ ; ; : : ¥
T 5 : : ' :
g- t ‘ i i : :
R ' i | i SPINOUT IHAJECTORIES |}
£ : : ' ' AND :
P : : ; ' DAMAGE '
P : : : ; '
£ : ; : : '
£ : ; : ; :
P ; ; ; ' ' |
P : 14.9 | -1.4 1 12.9 | DAMAGE DATA OWLY :
& ' ' : ' ;
oo ; ; : ; :
P : d P : :

COLLISION COuDITIONS

VeHICLe # | VEHICLE # 2

3
B
4

)
W

)
”

i
5
&
i
¥

=
¢
Pt
#

£ Xxclo’ =  -13.3 FT. XC20” = 0.0 FT.

i YCio0” = 0.0 FT. YC207 = ~5.3 FI.

£ PSINO = 0.0 DEGKEES PS120 =  =90.0 DEGHEES
! PSIIDO = 0.0 DEG/StC PSI2D0 = 0.0 DEG/SEC
i ulo = 31.3 4PH U20 = 39.6 WPH

§ VIO = 0.0 MPH v20 = 0.0 MPH

§ SEPARATION CONDITIONS

% XCs1 =  -13.3 FT. XCs2 = 0.0 FT,

-;\‘ YCS| = 0.0 I'.T- YCS2 = -5.3 T,

t PSIS) = 0.0 DEG PS1S2 =  =90.0 DEG

# US| = 26.9 MPH usS2 = 29.4 MPH

§ Vsl =  =10.3 MPH vs2 = 10.4 MPH

g PSISDl = -136.4 DEG/SEC PSISD2 = =156.8 DEG/SEC
3
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SUMKARY Or DAMAGE DATA

VEHICLE # | vEHICLE # 2
TYPE === — INTekRMEDIALL 1TYPE==——- — INTERM=ZDIALE
e JGHE =====—  3809.9 LBS. = nEIGH! =====— 3509.9Y LBES. *
VD] ———===~==—01FDEN2 VD] -~——==——10LZEwn3
L-"'"-"_"'."——- ./O . 6 IHQ L-—"-" e 96 . -I I“ -
Cl T mae Sm——— 1200 Iﬂ. C‘ ------ — 0.0 Ii\o
CLmrmmmm 14.0 In. C2——mm—mmm— 12.7 In.
C3rmrme— e = e 14.0 In. Clmmmmmmmm— 14,3 I
C4 ——————— —— 24.0 I“o C4--"-—"-""'" 1402 IN.
CHmm e = 0.0 I, CH—mm e mm e 0.0 Iiv.
COH = m s 0.0 In. CO~——m e 0.0 IN.
De=mmm e 0.0 In. Do mmm e e =71.2 IN.
RHQ === == |.00 * HHO~ e 1.00
ANG ““““““ - 30.0 V=G, * ANG=—————a e 300.0 Dk:G.
DIMENSIONS AND INEKTIAL PROPERTIES
Al = “7.3 INCHES A2 = $7.3 INCHES
Bl = 59.7 INCHES B2 = 59.7 INCHES °
{ied = 60.0 INCHES Th2 = 60.0 INCHES
Il = 29960.0 LB-SEC*%x2-IN 12 = 29560.,0 LB-SEC**2-[N
2y = 9,860 LB-SEC**2/1i M2 = 9.860 LB-SEC**2/InN
Xri = 94.8 INCHES Xr2 = 94,8 INCHES
} 4,8 ! = =]10.8 INCHES XKH2 = =~|10.8 INCHES
YSi = 33.4 INCHES YS2 = 38.4 INCHES
HOLLING RESISTANCE
VEHICLE # 1 ' VEHICLE # 2
R = emmem — e e e 1.00 Rfm— ——————— 0.0
LF e= e e e 0.0 L ———————— - 0.0
KK ——————— - 000 HH"‘""’"""""-"’ l oOO
Ll’f bdeaded e 000 LH-"-"""""-—— l .OO
HU= e mm e e 0.380
32 2Q-5708-V-3
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R
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DO YOU wlISH £0 GEUERATE A SMAC

Y

InPul FILe?

(ANSHEH YES OR NO)

DO YOU wISH SMAC INPUT FILE PRIKIED O YOur IexMINALY
(ARSHER YES O KH(Q)

Y

SIMULACION MODEL OF AuTOMOBILE COLLISIONS
- v0 DEG REAR-SIDE At 40 mkh, UCLA-I{IE: SIDE IMPACL SERIES

0.0 4.0
~15¥.00 0.0
0.0 ~63.00
Die3 Y.
b7.3 oY.7

-vloY.0 -9148¥.0
~31sY.0 =Y159.0
Q.12 0.185

* ¢ * e

()
.
N

0.18b5

CC
o« o o o
OO0OO0C (eRoNeoke]

cococcoocucCcccec

|

o]

&
N O
.

0.02b 0.001 0.0}
0.0 0.0 uH0.8Y
-90.0 0.0 691/.713
00.0 29560.0  9.6560
00.0 2¥560.0 2.8060
-38020.0 —~8820.0
-8820.0 —8v20.0
0.0l 0.0
0.0 -3¥80.01 ={ti.ol
0.0 0.0 0.0
0.0 0.0 0.0
6.0 0.0 0.0
0.0l 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 -373.106 ~-{40.35
0.0 "‘3/-5»]6 -/40039
O P | 1.0
Q.1 1.0
6000.0 0©0000.0 0.80
i5.0 .0 by .00

0.064233.0417-34.1381-H

33

(USING CRASH KESULIS)

0.001 30.0 5.0
0.0
G.0
~1il.01 -I{7.01
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
~146.35  ~746.35
0.80 0.0
59,00 0.55
2Q-5708-V-3

X~ DN —




B

L]

2350
.

REFERENCES

McHenry, R. R., "The CRASH Program - A Simplified Collision
Reconstruction Program," Proceedings of Motor Vehicle Collision
Investigation Symposium, Calspan Corporation, October 6-10, 1975.

N2

McHenry, R. R,, "Analytical Reconstruction of Highway Accidents -
Extensions and Refinements of the CRASH Computer Program,'" Calspan
Report No., ZQ-5708-V-2, January 1976,

"Collision Deformation Classification,' Society of Automotive
Engineers Technical Report J224a, 1972,

Baker, J. S., "Traffic Accident Investigator's Manual for Police,"
The Traffic Institute, Northwestern University, 1963.

Marquard, E., "Progress in the Calculations of Vehicle C011151ons "
Automoblltechnloche Zeitschrift, Jahrq. 68, Heft 3, 1966, pp. 74- 80

Emori, R. I., "Mechanics of Automobile Collisions " First International
Conference on Vehicle Mechanics," Wayne State University, Detroit,
Michigan, July 16-18, 1968.

Campbell, K. L., "Energy Basis for Collision Severity," SAE Paper
No. 740565, Proceedings of the 3rd International Conference on
Occupant Protection, Troy, Michigan, July 10-12, 1974.

McHenry, R R., "A Computer Program for Reconstruction of Highway

Accidents," paper presented at the 17th Stapp Car Crash Conference,
November 12-13, 1973.

34 2Q-5708-V-3




.

?. A

oo te e LT
S iup sy rt gt

s -

e o

- TR

e

CATIIL

b

AR

o

o
b

anin
fetih

AL L HAGR T B0

5. APPENDIX

5.1 Spinout Analysis

In Reference 5, Marquard defines reclationships for approximating the
initial linear and angular (yaw) velocities of a vehiclc in a spinout trajectory
(i.e., at the point of separation subsequent to a collision) on the basis of

the energy dissipated during its changes in position and orientation between

separation and rest. He includes the cases of freely rotating wheels and of

locked wheels, each with the front wheels limited to the straight-ahead-position
of steering.

In the case of freely rotating wheels, the linear and angular
velocities of the vehicle are decelerated alternately as the heading direction

changes with respect to the direction of the linear velocity. When the vehicle

slides laterally, the side forces at the front and rear tires tend to have the

same direction despite the existence of a yaw velocity (Figure 6a). Therefore,

during this phase of the motion, the angular velocity tends to remain constant

while the linear velocity is decelerated. When the longitudinal axis is

aligned with the direction of the linear velocity, the side forces at the front

and rear tires act in opposite directions and the angular velocity is decelerated

while the linear velocity tends to remain constant (Figure 6b). A SMAC-

generated example of the time-histories of angular and linear velocity, for the

case of no braking, is shown in Figure 7, Marquard defines a different form

of solution for the case of locked wheels, whereby the ratio of angular to

lincar displacement during the spinout is used to determine empirical
coefficients.

The derivation of equations in Reference 5 is not completely

presented. Therefore, some details of the assumptions must be deduced from

the final form of the equations.
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Figure 6 SCHEMATIC OF ROLL OUT AFTER COLLISION
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In the following outline of the derivation, the time derivative of
a variable is indicated by a dot over the symbol for the variable and the

subscript S is used to indicate the value of a variable at the point of

separation.

Spinout Without Braking

In Figure 8, an idealized plot of the time history of linear and

angular velocities is depicted. The symbols T1 and T2 are uscd to represent

the times, subsequent to separation, at which the linear and angular velocities,

The areas under the velocity plots are, of

respectively, reach zero values.
If it is

course, equal to the corresponding linear and angular displacements.
assumed that reasonable approximations of the areas under the two velocity

plots can be obtained from the triangles shown in Figure 8 as broken lines,

the following relationships can be applied.

]
(55-) T,, and 1)

és)
(T Ty | (2)

During the periods of angular deceleration, the magnitude of that

"

Ay

w
3

deceleration can be approximated as

.e a+b .
voEo3 (T) )
K :
where u = nominal tire-ground friction coefficient. )
. . 2
g = acceleration of gravity, in/sec”.

k2 radius of gyration squared for complete vehicle

. . 2
in yaw, in".

wheelbase, inches.

)

(a+b)
38 ZQ-5708-V-3

AR

Ry

2k

v
gty

FON

ik

B



o Sl B

IDEALIZED PLOT OF VELOCITIES VS TIME

Figure 8

ZQ-5708-V-3

39

¢« v
. 0




From equation (3) the actual deceleration time of the angular

velocity can be approximated as

. -,
Ve 2y k

17 F T (e “)

<!

During the linear deccleration portion of the motion (i.e., for

orientations near that of broadside sliding), the tire side forces, which are~ 

perpendicular to the wheel planes, act at a changing angle with respect to the
direction of the linear velocity. If the avecrage value of the cosine of the
angle during that portion of the motion is taken to be 0.85, the average

magnitude of the linear deceleration during periods of linear deceleration

can be approximated as
S = 0.85 ug | (5)

The corresponding actual deceleration time of the linear velocity can be

approximated by

SS Ss
t, T T TUEHw (6)

The total time required to stop both the linear and the angular

motions can be expressed, from equations (4) and (6) as

2¢sk2 s
= = - 7
T = ty*t, = @) ' 0.85 ug 9
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P}

h‘
.g » If it is assumed that both phases of the motion end at approximately
3 the same time,
T = 1’1 ] T2, then from (1) and (2),
. 2(80) ., 25 T (8) .
& Vs Ss
2. From (8),

HONS

e, et e d ,
m -
1/;]
5]

e .
N IO A e TR
N
Lo
=g
=
A

Substitution of (8) and (9) into (7) yields

L2 |
= 2k S |
(i 2 7 Ta*b) wg = 0.85 nghy ‘ (o)

LTI

_ Solution of (10) for ws yields

2 ng (ay)> __ sgn(ay) A an
s y ro + 5
( (Mb)) |24l + T35

From (7) and (8),

. 2 [ ' o .
: s = 1.70 | REG®) KTy (12)
S . -(a_!-b—)'_—‘
ws

R B A e b e

NP
Lok

Ly
il

g
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Equations (11) and (12) correspond to the relationships defined by

The relationships defined by (11) and (12) were

Marquard in Reference S.
ing, in the following manner.

extended to include the case of partial brak

e the decimal portion of full deceleration

I1f o is used to defin
where 0 < © < 1.00, a linear deceleration

produced by braking or wheel damage,
the decceleration time of the angular velocity.

of 0.858ug occurs during t,,
ding phase

Therefore, the linear velocity to be decelerated in the correspon

of motion is reduced to

S, = Sg- 0.858ugt, (13).‘
The total time required for linear deceleration is reduced to
S1 Ss
t, = 5E g - 08w on (14)

Therefore, the total time required to stop both the linear and the angular

. motions becomes

. 2¢Sk2 &
T = t1+t2 = '{T:-é—g—ﬁg + (1-6) ”—_—-(a+b) g (15)
With the introduction of 6, equations (11) and (12) become
. 2 v
v = ug (AV) sgn Ay (16)
S L2 |A!j)| (1-8) + _S
(k ) 1.70
a+b )
: ug (M) K ;s, (1-6)
s, = 1.70 [—————- - D) ] (17)
Vs
7Q-5708-V-3

42

S TEB AR W B R S

o'l

Loadi e S,

Ll w,

17

A
s
27

o4 TN e e N
3 T P T T P00 P AT e




" o
O & SAa A At S PN Roveaderaly

R S S M

RRET

5.

¢

a

Sy W&Mmmm:

i k-

N c&ff@mwirrndwimmcmw RITNAL

Application of equations (16) and (17) to a number of SMAC-generated
(Reference 8) spinout trajectories revealed several shortcomings. First, it
was found that a residual linear veclocity frequently exists at the end of the

rotational motion. Thus, equations (8) and (9) can introduce large errors.

Next it was found that the shapes of the plots of linear and angular velocity
vs. time change substantially as functions of the initial ratio of linear to

angular velocity, affecting the accuracy of simple linear approximations of

the areas under the curves. Finally, the transitions between the different

deceleration rates in the linear and angular motions do not occur abruptly.
Rather, slope changes in the plots of velocities against time occur gradually,

producing rounded "corners" in the curves (e.g., see Figure 7). As a result

of the transitions, the effective deceleration rates in the two modes of motion

are somewhat smaller than those corresponding to the full value of tire-ground
friction. '

To improve the accuracy of the approximations, provision was made
for introduction of a residual linear velocity at the end of the rotational

motion and empirical coefficients, in the form of polynomial functions of

the initial ratio of linear to angular velocity. Sincé the velocity ratio

is initially unknown, a solution procedure was developed whereby several
trial values of the ratio, based on an approximate equation, are used to

obtain multiple solutions. The solution for which the velocity ratio most

closely matches the corresponding trial value is retained. The residual
linear velocity is approximated on the basis of the distance traveled

subsequent to the end of the rotational motion. The corresponding derivation
of eéquations is outlined in the following.

The total time required to stop the angular motion is approximated
by

(18)

7Q-5708-V-3
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The actual time of angular deceleration,

The actual time during which linear acceleration occurs,

The change in linear velocity during time Tl, can be approximated as

(SS+S1
Sl = o
5

From (22),

2¢Sk2

t =

1 (a+b)uga,

} (84-5,)
2 o, ug

aset

1

%

and (21)
S
Ay 1
% - Cs T
| (SS+61)

From (18), (19) and (20),

b2
A A
b T (a+b)uga,
‘ps
. v S, v
y - =_.§. _Li
(Ss Sl) e, AY

(1_

%4

®3

44
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S -S
5
@, ug

1

ag !
" (20)
(21)
é "_
(22) E
(23)
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Substituting (24) in (23),

, u’s'2 +By +C=0 (23)
i
v where
s. | ayl
& P
5 @, e, mg(AY) '
?I C = 7D (27)
% ase )
By 2 -
E . ok 1oy boa-e,7) o8 o8)
:% az(a+b) 2(11 :
- ‘% From (23)

E o0

" é . 2 .i.
4 . . alugAw wsk 1- o,

. s = Sty % . T T (a*hle, 29,

2y

S

R TN (LAWY

4«

The detailed solution procedure for equations (25) through (29) is
outlined in the following section.

It should be noted that the developed
equations redu

ce to the form of (16) and (17) when the residual linear velocity
is set to zero and the coefficients, a., are set to constant values. Also,

a

A AR RN T

the developed relationships apply to the case of fully locked wheels as well

as rotating wheels, eliminating the need for a separate “locked wheel"
procedure such as that defined in Reference 5.
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SOLUTION PROCEDURE

Subroutine SPIN 11

Inputs:

X = Position and orientation at cnd of rotation

LY L
cl’” cl1'71 (feet and degrees).

>
<

=
"

Position and orientation at separation (feet
and degrees).

S. = Residual linear velocity at end of rotation
1
(ft/sec).
é+b = Wheelbase, inches.
2 . . .
kx° = Radius of gyration squared for complete: -

vehicle in yaw, ine<.

p = Nominal tire-ground friction coefficient.

® = Decimal portion of full deceleration,
0 <8 <1.000.

g = Acccleration of gravity

1

386.4 inches/secz.

2 2
= [ X1t ] “\t 3
1 S1 12 Qj(x el X cs) +(Y cl Y c2) inches )
,-v)
2. AY = 7.3 radians
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5

Teptsn

29

Ys

Yt -y

_ . ¢l  c¢s

= arctan i_'—“—-_x-'-— )
cl cSs

For 8 = 1.0,

S
1 - 32
' = 1.408
’ (lAwl )

For 6 < 1.0,

For

ot = -b +. ﬂ b2-4ac

2a

4
where a

(1-8) 8.52x10°

o
]

0.94-0.230

. s,
= 40.64-8.640 - ——r
c = 40.64-8.640 - T

= 1.15p!'

= 1.30p*

each pj, calculatecagj, where
1,2,3,4,5
1,2,3,4,5
0 < p, < 250,

=Py = .

3
p

2
“35 T 2307%11P5712P5 T2isf5

1)

47
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For 250 < pj,

ua.. = K.
ij i
where
i
a, | 258 0.88 0.2417 0.671 1.223
ay | 748x10% | 302x10% | a85x10% | 14772« 102 | 1.7307 x 102
a, | 1.504x 105 eoxic® | -0667x106 | -as0x10® {-1.083x107
ag | 0 0 0 580x10° | 1.893x 107
K | 168 0.400 0.850 0.850 2.08
@, .8
o, .k | av | (1 a3 ) S
7. D. = % A ; 5 4) asj 1 %
Q.. BT
125 lay |
8 Bj 52 ._._.[.l)_.__....._..
j
o, 0, (A',b)2
9 c 173"
' 2D,
J j
) Bj 1 2
1o. - Ysi )37t 3 -Q B j+4Cj i sgn (&Y) rad/scc
a,.b
. 33
. al.ug(Alp) Jv. .| k2 (1- o
11, S, = 125 42a,, ) — . _ . __32)
sj 17%j . (arb)a..
24 2j
l') .
sj
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12, 8. = 1‘0,6,‘/2//,{,‘0[
J ) - I’ 0
Let n = the value of j for which | le is smallest,
13, ws = 57.3 Yen degrees/sec
14, S = S inches/sec
s sn
15f US = SS cos (ys-ws) inches/sec
16. Vs = Ss sin (ys-ws) inches/sec
17, Return with starting values:
US inches/sec
Vs degrees/sec
ws degrees/sec
5.2 Damage Analysis

Hand calculation techniques for damage analysis that yield reasonable
estimates of the impact velocify in frontal collisions (i.e., the relative
velocity of approach) have been developed by Emori (full width contact only,
Reference 6) and by Campbell (partial width contact, Reference 7), using

lincar approximations of the relationship between residual crush and impact

-velocity, The SMAC program (Reference 8) applies a similar analytical approach

to the entire peripheral structure, and it has been demonstrated to yield good
approximations of both impact velocity and speed change, AV, in general
collision configurations including oblique, non-central impacts. The

objective of the present research has been to develop a simple, closed-form
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damage analysis technique that is applicable to gencral collision

configurations.

Central Collisions

In the case of central collisions (i.e., where the line-of-action
of the collision force passes through the centers of masses of the two vehicles,
(Figure 9) the extents and areas of residual crush on the two vechicles provide
a basis for estimating the relative velocity at impact of the vehicles. The

following simplified linear analysis provides relationships for such estimates,

In Figure 9, the symbols are defined as follows.

MI’MZ = Masses of Vehicles 1 and 2, 1b secz/in.

KI’KZ = Lincar approximations of peripheral crush stiffness of
contact areas of Vehicles 1 and 2, for increasing load,
1b/in.

XI,X2 = Displacements of centers of masses, inches.

X = Displacements of peripheral interface, inches.

In the following derivation, the time derivative¢ of a variable is
indicated by a dot over the symbol for the variable, and the subscript zero

is used to indicate the initial value of a variable at zere time.

Application of Newton's Second lLaw to the system depicted in
Figure 9 yields

. KIKZ
MX = T \Kx (X} -X,) (1)
1'%
MX, = W (X.-X.) (2)
2%2 K +K 17%2
1*%,
50 7Q-5708-V-3
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To facilitate solution of cquations (1) and (2), let § = X,-X,, éo - klO—'ZO‘
Then equations (1) and (2) can be restated as

K, K M. +M '
p 12 12
K K, CREN : -

Solving (3) for the maximum relative displacement,

. [’ MW, R B
(pax = (klo-xzo) KK, 01A0) inches (4) I

Let 61 = Xl-X, 62 = X-Xz. For force equilibrium, .

K, 8, = K8, 1bs (5) -

and; by definition

61 +8, =8 inches (6)

Solution of (5) and (6) for 61 yields
Kz )
61 = E—_'_-K—z' ) inches ' (/)

Pquation (4) can be restated in the following form,

- . r ” 2
XIO-XZO = QJ (M1+M2) klhz(a) max in/sec (8)

MIMZ (kl+k2)
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o ;.. ..- F o
i s
[ } h
'.'\ A
j _From (7), (6) and (5),
; - *
- oo (M, M) (K. 8, 24K, 5,%) ~
¢ _ — X, .-X = 1 2711 272 in/sec (9
o . 10720 -
g \ MM, :

o

RTINS

_ The energy absorbed in peripheral crush of Vehicles 1 and 2 can be
expressed as

K,6,% 1b in (10)

11

PRI,
o
[e7]
H
(ST

1., .2 . ’
E, §'L252 1ib in (11)

. "
RN BT
..
N~
n

Substitution of (10) and (11) into (9) yields

‘ .

M. M

xm-xzo = #(MI‘*MZ) 2 (E1+E2) in/sec - . (12)
12 : ' ‘

?
. M ’ . N .4
[ AN v, “
RN R Mol 1. Kot S

AT

From Conservation of Momentum, the common velocity, V , may be
abtained. . '

\ ‘4
v, o= M%) 0tMp%50

Ml +M

Lo L, ST ST I,

in/sec - (13)
2 4 : ’

VRIS

IR R O A

The velocity changes experienced by Vehicles 1 and 2 during the
‘ appreach period of the collision are

~
kX

M . . :
i e _ 2 .
1.2'; A\'l = klo-vc = (ﬁl—m;) (XIO-XZO) m/sec . (14)

: . M . .

i ¥ 1 r .

L ! N - :

. :g . A\2 Y. %0 (hl+55‘) (XIO XZO) in/sec ‘ (15)

It
<
1
~
i
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From (14), (15) and (12), these velocity changes (approach period)
can be expressed as '

AV‘ = Q 2(51+Ez) (16) - X 3 '
M1 (1+M1/M2) in/sec )
2(E ‘g
v, = QJ (E,*E)) (17)

M .
M2 (1+ Z/Ml) in/sec

Non-Central Collisions

In the more general case of non-central collisions, a common velocity

is achieved at the regions of collision contact rather than at the centers of

gravity. For example, in the offset frontal collision depicted in Figure 10, .

a common velocity is reached at point P.
In Figure 10, the collision force acting on Vechicle 1,
Fx = -Mlkl = -M1 (Xp—hlwl) (18)
The corresponding moment acting on Vehicle 1,
Fh = <Ly = Mk 2y (19)
x1 171 171 71

where kf = radius of gyration squared of Vehicle 1

. . 2
in yaw, in .
From (19), the angular acceleration of Vehicle 1,

F h1
= -X > (20)
Mk,

ko1
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Substitution of (20) in (18) yields

2., 2

S S(- (kl +h_1—> 3
P Ml klz
. Fx _ k12 \ “
X, = == —_s ' X (22)
1 M1 ( k12+h12 / P
k,” '
Let vy, = —5 , then from (22), “
1 2., 2
k., +h : :
1 ] M
Xl = lep (23)
Integration of equation (23) over the time interval during which a common :
velocity is reached at point P yields ;¢"
AXl = YlAXp, or (24) >
A7 !
&V, = ylAvl (25)

1
where AVl is the velocity change during the apprecach period of the collision

at point P.

From (21), the effective mass of Vehicle 1 acting at point P may be
expresscd as Y]MI' Similarly, the cffective mass of Vehicle 2 acting at §
point P may be expressed as Y2M2’ Substitution of the effective masses into
equations (16) and (17) yields expressions for the velocity change (approach

period) at point P,

|
]
b
E
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Av? =g Z(El;;nz) in/sec (26)
I 1 Y -

. \CLAESAS R VAR
AVY —QJ 2(E1*Ez) in/sec , i 2N
2 A Y, M '
M, (1472 2/y1nl)

From equation (25) and the corresponding expression for Vehicle 2

“
the velocity changes tapproach period) at the center of gravity of the two
vehicles are obtained. |

LR L e

. 2y, (B, *E,) o8)
1 Y, M

: | X M, (1Y 1/ M)

% 2 Y M, (1+Y2M2/y M)

It should be noted that when y, = vy, = 1,00, equations (28) and (28) reduce
1 2

to the central-impact relationships of equations (16) and (17).

P gty et

In Figure 11 and Figure 5, further relationships required to
approximate the effects of intervehicle friction are depicted.

The dimensions
hl and h

, are approximated on the basis of (1) the midpoint of the collision

contact region and (2) the existence of a tangential velocity (columns 1 and
2 of the VDI).

-

™

PR

Py
g
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In the cited study by Emori (Reference 6) and in the SMAC program

(Reference 2) a simple friction coecfficient has been shown to yield reasonable

approximations of collision responses. Inherent in the present analytical

treatment is the assumption that the residual crush provides a direct measure
of the energy absorbed by compressive forces between the two vehicles and
that the additional work done by tangential shear fo-

=es does not provide
directly measurable damage evidence.

It should be noted that the front end
of the impacting vehicle in an intersection collision is generally distorted

laterally, but that corresponding measurement techniques have not been
established.

Absorbed Energy

The calculation of absorbed energy is based on residual crush and is

patterned after that developed by Campbell (Reference 7). The only significant

difference is in the treatment hercin of the energy absorbed without residual
crush as being proportional to the contact width rather than a constant, Th
following relationship is applied.

W -

e

0 B C2 : '
L. =U/P (A.C + i + G.) dv in 1bs (30)
i i —_ i
0 2 :
where Ei = Energy absorbed by vehicle i, inch 1bs.
C=f(w) = Residual crush of vehicle i, inches.
w = Width dimension of damaged fcgion, inches:
Ai’Bi’Gi = Empirical coefficients of unit width properties obtained.

from crash test data,
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Values for Ai’ Bi and Gi’ corresponding to the energy absorbed in
barrier crashes with "standard" test weights, are stored in a table that is
categorized for four vehicle sizes and for thc front, side and rear of each
vehicle size (Table 1). It should be noted that the frontal values in Table 1
are based on Campbell's data but that the side and rear data are gross
approximations only, that are based on fragmentary crash test data. Actual i &

vehicle weights are used in the solution of equations (28) and (29).

The developed calculation procedure permits a two, four or six point

definition of the damage profile. By default, four-point definitions are

generated on the basis of column 7 of the VDI and on three "representative'
types of damage profiles. The integration of equation (30) is based on

trapezoidal approximations of the damage region, yielding the following ecquation.

L, A,
Bi = = [ L (G520 542, 57Ci4) :
3 2
| ~
B, 2 2 2 2
2 C..C..+C..C,.+C..C, -
g (Cjy #2057 #2C; 174C; 4 7441 C357C; 50 5403 504 4) N
+ 3 Gi ] inch 1bs (31) i

The "equivalent barrier spced' as defined by Campbell (Reference 7)
is not equal to thc speed change, AV, in low speed collisions, since the |
rebound velocity produced by the cocfficient of restitution is not }néludcd.
At the velocity intercept of the lincarized fit of impact velocity plotted
against residual crush, elastic behavior is indicated for the vehicle crush.
The total speed change, AV, should, therefore, be equal to twice the impact
velocity in that velocity range, in thc absence of an energy absorbing bumper

device.
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The impact speeds without residual crush that are indicated by
Campbell's linear fits (no actual data points at impact speeds below 15 MPH)
suggest substantially higher coefficients of restitution than, for e%ample;
the values presented by Emori in Reference 6. Without more definitive
information on the actual magnitude and variation of the coefficient of
restitution as a function of both deflection extent and position on the

vehicle periphery, the complexity of introducing a correSponding refinement

in the damage analysis technique cannot be justified. Therefore, the damage
analysis procedure defined herein tends to underestimate AV in low speed
collisions.
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Exhibit 9-5
COEFFICIENTS OF FRICTION OF VAR!ICUS ROADWAY SURFACES
ORY WET
DESCRIPTICY .
oF Less than Mora thza Less than Mcre than
30 mph 30 mos 32 nsb 30 moh
ROAD SURFAZE -
From To From Tz From T From To .
il —_— . .
. PORTLAND CEMENT )
New, Sharp .80 1.20 .70 1.0 S50 . .BC 40 .75
ravel leg . .60 . .80 €0 .75 .45 .72 .45 .65
Traffic Polishes .55 .75 .50 -£3 <45 .65 .43 .60
ASPHALT or TAR i
New, Sharp .80 1.20 .65 - 1.53 .50 30 45 .75
Travellod .62 .80 .55 e .45 .79 .50 .65
Troffic Polished .55 .75 .45 €2 45 .85 +40 .60
Excess Tar .50 .60 .35 7 .30 .62 .25 .55
GRAVEL
Packed, Oiled .55 .85 .50 .£0 .40 .80 .40 .60
Coose .40 .70 .40 L0 .45 75 .45 i H
CIHDERS
Packed .90 .70 .50 . .72 .65 .25 .65 .73
ROCX
Crushad .33 .75 .55 .72 .55 .75 .53 5
ICE . : .
Srooth .10 .25 .07 .20 .05 10 [ .05 .12
ber ] : ,
Packed .30 .59 .35 .5 .30 -£0 .30 &
Loose i .10 .2 A0 .23 .30 .60 [« .30 60
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