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FOREWORD

This document summarizes the research achieved under Contract No.
DOT-HS-7-01511, "Research Input for Computer Simulation of Automobile (oilisicns",
with National Highway Traffic Safety Administration, U, 3. Department of '
Transportation. Volume I summarizes previous existing experimental data from
staged collisions and presents pians for future data needs. The experimental
data generated in twelve staged collisions are reported in Volumes II and III
of this document. Volume II contains the experimental test dats for Test No. |
through Ne. 3. Volume IIT contains the test data for Test No. & through No. 12,
The reconstruction cf these collisions, using the CRASH and SMAC simulation pro-

grams, 1s reported in Volume IV of this document.

The Contract Technical Manager for Phase I[I was Mr. Thomas Noga of

the National Highway Traffic Safety Administration.
The opinions and findings expressed in this publication are those of
the authors and not necessarily those of the National Highway Traffic Safety

Administration.

This report has been reviewed and approved by:

K. C. Hendershot, Head
Transportation Research. Department

iii ZQ-5057-Y-6
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1.0 INTRODUCTION

The objective of this program was to run twelve staged collisions
and reconstruct them gsing the CRASH II and SMAC programs. This volume
TEPOTLS these reconstructions, compares the results with the measured data
and discusses the shottcomings of the programs. The CRASH II reconstruc-
tions are presented and discussed in Section 2, the SMAC reconstructions in

Section 3, and conclusions and recommendations in Section 4.

To aid in the reconstruction process, a minimum of ten high speed
cameras were used to photograph each collision. Cameras were stationed on
the ground at eye level and were located on portable towers as well. Two
hand-held motion picture cameras (24 fps) were used to track each of the

vehicles before, during, and after impact.

On-board instrumentation provided additional data which were used to
assist in, and evaluate the accuracy of, the computer reconstructions., This
volume deals almost exclusively with data collected by a triaxial (XYZ)
zccelerometer mounted on the vehicle's firewall,.a linear stroke potentiometer
attached to the vehicle steering linkage to measure the vehiclé steer angle,
and 4 raté gyroscope to obtain the vehicle yaw rate. Qutputs from these in-
struments were recorded on 14 channel FM tape recorders. The analogue data

recorded during the crash test were converted into digital form.

Plots of the digitized data were generated by a computer program,
which also integrated the acceleration time histories* in order to obtain
velocity (and displacement) time histories along each of the vehicle's three
axes. Also from the time histories of the acceleration, the time at which
separation occurred was estimated. It was defined to be the point at which
both the involved vehicles' accelerations reapproached 0 g's. Table 1-1

nrezents the estimated contact durations for each of the twelve tests. It

"

The integration algorithm is a combination of Simpson's and Newton's
3/3 methods.

1 . IQ-6037-V-6



TABLE 1-1
COLLISION CONTACT DURATION

Test No. Contact Duration Test No, Contact Duration

' - (Sec) . (Sec)
1 .225 7 L 200
pd .225 | 8 L200
3 .200 | 9 . 200
4 L275 10 200
5 . .250 11 228
& .200 | | 12 225

[ g%

ZQ-6087-V-8



should be noted that the separation point was not alwavs obvious in collisions

in which the two vehicles spun out together, e.g., Test 8.

The components of a vehicle's change in velocity f&V} wetre subse-
quently computed by subtracting the initial velocity at impact from the

velocity at the time of separation. These are presented in Table i-2.

It was discovered that the value of the separation velocity was.
contaminated by the effects of rotation of the vehicles between impact and
separation. The data reduction software which computed the velocity time
nistories was originally developed in conjunction with prior research programs
investigating vehicle crashworthiness. These studies primarily involved '
frontal collisions with barriers, and hence, very little; if any, rotation.
Under these conditions, integrating the output of an accelerometer measuring
acceleration along the, say, X-axis of the vehicle, gives one the vehicie's
actual x-cemponent of velocity, because the direction-cosine matrixl(to be
introduced below) essentially does not change throughout the collision and
post crash trajectory. Unfortunately, modification of the sofware to account

for the rotation was bevond the scope of this study.

In order to demonstrate the effect of the vehicle rotation, consider

the two-dimensional vectors, X, Y and r, shown in Figure 1-1.

Y

i
- ORIGIN OF LOCAL REFERENCE
’ FRAME (VEHICLE CENTER OF
GRAVITY)
¥
X
=

ORIGIN CF o
INERTIAL
REFERENCE FRAME

Figure 1-1  SCHEMATIC OF THE RELATION BETWEEN X, VT AND 7
3 Z0-6057-V-6



Test
No.

10

Li

TABLE 1-2

VELOCITY CHANGE MEASURED AT FIREWALL

Impact Configuration

60° Front-to-Side

60°

60°

50°

90°

Front-to-Side

Front-to-Side

Front-to-Side

Front-to-Side

Front-to-Side

Front-to-Side

Offset
Offset
Offset
Ofﬁset

Offset

Front-to-~Front

Front-to-Front

Front-to-Rear

Front-to-Rear

Front-to-Rear

Vehicle ~AV at Firewall
Size AV AVx AVy
I 12.2 =106 8.0
SC 15.6 -12.1 -9.8
I 15.6 -16.5 10.5
SC -- -- -
I 9.2 -8.5 3.0
sSC 11.9 -11.5 -3.2
I 12.0 -11.5 3.5
sSC 16.5 -14.1 ~8.S
I 15.3 -12.7 3.6
I 10.7 -7.2 -8.0
M 21.4 -17.7 12.0
I 5.9 -5.0 -7.4
M 35.1 -27.3 22.0
I 1401 8 11.0
SC 24.0 =240 0.8
I 15.7 -13.6 2.0
sC 10,1 -40.0 -2
I 26.4 -26.0 4,8
I 3.5 -9.5 -0.4
C 15.8 15.8 -0.2
I 18.7 -18.7 0.4
SC A 22.2 -2.8
I 16.3 -16.3 0.2
M 25.1 25.0 -1.

4 2Q-6057-V-6



The location of point r in the inertizl reference {denoted by ?)

can be given by the following matrix-vector equation:

Y = X+ D1 p : : (1)
fvs ' - . . .
where: Y - 1is a vector, whose components are in thée inertial reference,

from the inertial reference origin to point r

iy . i

X - is a vector, whose components are in the inertial reference,
from the inertial reference origin to the local reference
origin {vehicle's center of gravity)

A .

r - 13 a vector, whose components are in the local reference,
from the local reference origin to point r

D - 1is the direction cosine matrix that relates the local reference

system to the inertial frame

Differentiating Equation (1) with respect to time, the linear
g &4 P

velocity of point r (in the inertial reference frame} is obtained.

-
T

T = X+01WQ

ol . - a .
where W - 15 & vector representing the angular velocity of the vehicle
about its local axes
® - denotes the vector cross-product operation

, The linear acceleration of the point r, in the inertial frame, can

be obtained by differentiating Equation (2) to give

©
e

= X0l T o+ 0lVE e

4

[
(7]
s

Equations (2) and (3) can be readily transformed into the local
reference frame. Results of this transformation are shown for the linear

velocity in Equation (4} and the linear acceleration in Equation ' (%).

2Q-6057-V-6



DT = DX+W@®T e
‘-u:3l .-.R :ﬁ: . = — —a
DY = DX +w@®r =+ _w®(w®rj (%)

The output of a triaxial accelerometer package located at point T,
is represented by Equation (5). It should be obvious that, 1f the accelero-
meters are not placed at the local reference origin (vehicle center of gravityy,
the data obtained include a rotational effect, dependent not only on the '
magnitude of the offset, but alsc on the vehicle's angular velocity and angular

acceleration.

Placing the accelerometer package at the local reference center of
gravity does not entirely alleviate the problem of the need to account for
rotation. Under the assumption that the accelerometer is at the center of

gravity, Equations (4) and (5) become Equations £6) and (7}, respectively.
- S
DY = DX (63

..

> X (7)

»
L]

Lo
<
i

The integration of Equation (7} with respect to time, without
regard for the local reference's relation to the inertial frame, will resuilt
in Equation (6) only if the direction-cosine matrix rsmains constant over

e .. .

- .- -~
time, i.e., J2D X dt = D fzé Y dt = DX if and only 1f D is a constant.

_ The software which reduced the raw accelerometer data from the
staged collisions, unfortunately, is based on the assumption of a constant
direction cosine matrix. Furthermore, it only calculates velocities and
displacements for the position at which the accelerometer is located so that
<he hehavior at other locations in the vehicle (particularly, the center of

gravity) cannot be determined.

Neglecting the rotational effects obviously can introduce some

error in the values of the velocity changes that are ultimately

6 IQ-6057-V-6



derived from the data. An examination of the aV's presented in Table [-2
suggests, for instance, that linear momentum was not necessarily conserved
during the impact, nor were the impacts necessarily co-linear. These are,
however, artifacts caused by excluding the effects of rotation (aﬁd, in some
cases, perhaps exacerbated by difficulties in precisely determining the time
of separation). In an attempt to estimate the degree to which the data are
affected, Table 1-3 has been compiled. It presents the change in heading
angle between impact and separation {in order to estimate changes in the
directicn-cosine matrix), the angular velocity at separation, the maximum
angular velocity, and the offset from the center of gravity of the accelero-
meter package; the latter three varlabiea are useful in approxlmatlnv the

magnitude of the w xT term.

It would appear from Table 1-3, that the failure to consider changes
in the D matrix may probably produce significant variations in only one case:
specifically, the data for Vehicle 1 in Case 10, which rotated 33° between
impact and separation. The cases in which significant error would likelv be
introduced by assuming that the change in velocity at the firewall was
equivalent to that experienced at the center of gravity are: Test 2, Vehicle i;
Test 6, Vehicle I; Test 7, Vehicle 2; and Vehicle 1l in Tests 8, S, 10 and 12.
The implications of the above discussion when evaluating the SMAC and CRASH I

iV predictions will be considered on a case-by-case basis in Sections 2 and 3.

|

1Q-6057-V-6
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DISCUSSION OF THE CRASH IT RECONSTRUCTION RESULTS

3]
(]

Table Z-1 gives a summary of the .CRASH II results showing impéct
configuration and vehicle size together with the measured and predicted
values of impact speed and velocity change for sach vehicle. Note that twe
predicted velocity changes are given. The first is that calculated using the
spin out routine combined with the conservation of momentum routine for
oblique type impacts or the spin out routine combined with the damage routine
for axial type impacts; the second is the velocity change calculated using

the damage only routine,

To aid interpretation of the results, rather than list the tests in
numerical order, the tests have been grouped by impact configuration: Tests
1, 2, 6 and 7 were front-to-side impacts with the bullet car striking at a
60° angle with respect to the longitudinal axis of the struck car; Tests 8,

9 and 10 were front-to-side impacts with the bullet car striking at 90°;
Tests 11 and 12 were front-to-front impacts with the vehicles offset and
striking at a 10° angle; and Tests 3, 4 and 5 were front-to-rear impacts with.

the vehicles offset and striking at a 10° angle.

A cursory inspection of the table shows that on the whole there is
good agreement between the CRASH IT predictions and the measured values.
Looking at impact speeds, the agreement is extremely good for the 60° front-
side impacts and the 90° front-side impacts. The largest discrepancy being
5.7 mph for Vehicle 2 in Test 8. Larger discrepancies occur in the axial type
impacts. These errors can be attributed to the DAMAGE subroutine under-
estimating the velocity changes that the vehicles undergo. For example,
looking at the head-on impacts, although the agreement for Test 11 is good,
for Test 12 the impact speed of Vehicle 1 is underestimated by 11.7 mph
because the corresponding velocity change is also underestimated. Similar
problems cccur with the rear end impacts, Tests 3, 4 and 5. For all these
tests, the impact speed of the striking vehicle is underestimated and that for
the struck vehicle overestimated because the corrssponding velocity changes

are underestimated.

2-1 ' 2Q-6057-V-6



Test
No.

i

149

~-k

10

froan
-

60°

60°

60°

60°

90°

90°

Front-to-Side
Front-to-8ide
Front-to-Side

Front-to-Side

Front-to-Side
Front-to~3ide

Front-to-Side

10° Offset Front-
to-Front

10° Offset Front-
to~Front

107 Offset Front-
to-Rear

10° Offset Front-
to-Rear

iN° Offset Front-
to-Rear

 TABLE 2-1

SUMMARY OF CRASH RESULTS

Vehicle Measuref Values Crash Values -
Size Impact Speed av Impact Speed AV e
I 19.8 12.2 - 20.6 9.9 18.5
N 19.8 15.6 20.4 14.4. 27.7
I 31.5 19.6 29.6 20.6 19.5
SC 31.5 T 33.3 30.9 28.0
1 1.5 9.2 24.3 124 12.7
sC 21.5 11.9 20.5 20.4 20.8
I 29.1 12.0 26.2 11.6 16.3
5 29.1 16.5 27.1 25.3 35.5
I 20.75 15.3 18.5 10.3 10.0
i 20,75 18.7 24.5 9.5 9.5
M 21. 1.4 23.2 24.2 18.1
I 21. 3.9 22.0 11,2 8.8
M 33.3 35.1 32.7 33.6 22.4
I 33.3 1.1 31.5 15.9 0.9
S 20.4 24.0 17.2 21.0 211
I 20.4 15.7 18.0 13.2 13.2
S 31.3 40,1 19.8 28.2 28.2
I 31.5 2ot 30.2 20.0 19.6
I 21.2 9.5 15.2 3.1 3.1
8.0 15.8 10.4 5.4 4.9
I 38.7 18.7 31.9 10.3 9.
0.0 22.2 4.9 13 i4.1
I 39,7 16.3 33.8 3.1 3.1
M 0.0 5.1 10.5 15,2 14.8
2-2 2Q-6057-V-6



In summary, discrepancies between CRASH I predictions and measured
values of impact speeds appear to be limited to head-on impacts at high speed
(closing speeds of 60 mph) and to rear end impacts. It should be stressed
that these are impact configurations for which there were limited data
available when the stiffness coefficisnpf were originélly calculated for the
damage analysis of the CRASH II program. Updating these coefficients using

the present data should, of course, improve the agreement.

2.1 Evaluation of the SPIN IT Routine

Since the major discrepancies in impact speed stem from the damage
analysis subroutine, it is instructive to compare the separation conditions
predicted by the SPIN II routine with the measured values. This enables the
effectiveness of the SPIN I1 routine to be evaluated independently. Table 2-2
gives a summary of the separation condizions for each test. Lcoking at the
resultant velocities, the agreement 1s extremely good, generally within 5 mph
with the exception of Test 2 which has a discrepancy of 6.7 mph for Vehicle 1,
and Test 5, in which there is a difference of 6.3 mph for Vehicle 2. Both of
these vehicles experienced a significant amount of rotation, the effects of

which were neglected in the computation of the separation velocities.

The agreement is better (but not statistically significant) for the
axial type collisions than for the oblique intersection type collisions which
can be explained by the fact that the spin out trajectories in these cases
are mere nearly linear and the estimation of the velocity dissipated in the
spin out correspondingly more accurate. This trend is more pronounced in the
comparison of the velocity compeonents; the average absolute deviation for the
axial impacts differed significant from the oblique impacts (t = 2,19,

44
p < .05). This again is explained by the fact that the trajectories in axial

impacts are more linear, so that the lateral component of velocity is small

and the estimated heading angle at separation less subject to error. To
explain further, the velocity components are calculated by resolving the

'resultant velocity change using the vehicle's heading angle at separation.
No, IZQ-3708-V-3, January 1976,
2-3 ZQ-6057-V-6
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This is estimated to be along the line jeining the impact position with the
rest or end—of-notation position, or in the case of curved trajectories, the
tangent to the circle* at the impact position. Obviously, for near linear
trajectories, which is usually the case for axial type impacts, any error in
the heading angle is likely to be small. Conversely, in obligue type impacts,
which tend to produce more complicated spin outs with large lateral and angular

velocities, the likelihood of error must be higher.

During the course of the study, a problem was detected in the curved
trajectory option in situations in which no end-of-rotation point was defined.
In the three cases that were applicable, i.e., Tests 4, 9 and 10, the program
calculated outlandish values for the separation velocities. This problem was
circumvented by considering the curved trajectory as two straight line segments,
one joining the point of impact to an end-of-rotation point and a second from

end-of-rotation to the final rest position.

The source of this problem was traced to an error in the CRASH II
program. The necessary changes to the source code are presented and discussed
in Appendix I, but reconstructions reported herein did not utilize the cor-
rected version of the program. It is notable, however, that the resuilts
obtained from the corrected curved trajectory routine were almost identical

to the ones presented in this report.

2.2 Discussion of Individual Cases

A discussion of each case follows, For the convenlence of the
reader, a schematic diagram of each test configuration is given together with

a table comparing predicted and measured data.

*
The radius of the circle is estimated using the impact position, rest
position and an intermediate point in the trajectory.

2-5 2Q-6057-V-6



Test No. 1 - 60° Front-to-$ide Impact - Chevroler Chevelle Vs.
Ford Pinto - Impact Speeds, 19.3/19.8 mph

Accident Schematic - Figure 2-1

The estimated impact speeds for both vehicles are in extfemely close
agreement; 20.6 mph versus 15.8 mph actual for Vehicle 1 and 20.4 mph versus
19.8 mph actual for Vehicle 2. The velocity changes predicted from the con-
servation of linear momentum are also in good agreement; for Vehicle 1,

9.6 mph versus 12.2 mph actual, and for Vehicle 2, 14.1 mph versus 15.6 mph
actual. The velocity changes prediéted from the vehicle damage are both

rossly overestimated; for Vehicle 1, 18.5 mph versus 12.2 mph actual and

tJ g

7.7 mph versus 15.6 mph actual for Vehicle 2. However, there was considerable.

orrosion on the Ford Pinto used in the test such that the stiffness of this

{3

vehicle was degraded. This means that the stiffness coefficients in the
damage routine would be too high, which when combined with the damage profile
falso more severe because of the degraded stiffness), results in an over-

estimate of the velocity change.

Looking at the separation velocities of each vehicle, hoth are
silghtly overestimate&hby SPIN IT, 11.5 mph versus 11.0 mph for Vehicle 1
and 14.6 mph versus 12.5 mph for Vehicle 2. However, hecause of the
relatively small amount of spin out, these velocities were verv sensitive

to quite small change in the impact and rest positions of the vehicles.,

[ 3]
]
O
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ACCIDENT SCHEMATIC

VEHICLES:

Na. ]

- 1574 CHEVROLET CHEVELLE MALIBU

No. 2 - 1574 FORD PINTO
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Figure 2-1  TEST NO. 1 « RICSAC ACCIDENT SCHEMATIC
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Test No, 2 - 80° Front-to-Side Impact ~ Chevrolet Chevelle Vs.
Ford Pinto - Impact Speeds, 31.5/31.% mph

Accident Schematic - Figure 2-2

The estimated impact speeds are in good .agreement; for Vehicle i,
29.6 mph versus 31.5 mph actual and for Vehicle 2, 33.3 mph versus 31.5 mph
actual. The velocity changes for Vehicle 1 agree closely, 20.6 mph from con-
servation of momentum and 19.3 mph from the damage analysis, versus 19.6 mph
actual. Unfortunately, the accelerometér traées for Vehicle 2 were lost (due
to malfunction of recording equipment) so that it is not possible to make a
comparison for this vehicle. Suffice it to say that there is good agreement
between the conservation of momentum and'damage analysis 4V's, although there
is a small discrepancy in the components. This results from the heading
angle used for resolution; in the damage analysis, it is assumed to be the
line of maximum force whereas in the conservation of momentum ¢alculation,
it is the direction of spin out. Qbviously, any difference between these two

angles will be reflected in the components of the velocity change.

The separation velocity of Vehicle | was underestimated, 11.6 mph
versus 18.3 mph actual. As mentioned previously, the SPIN II routine is
particularly sensitive to the vehicle positions in estimating short spin out
trajectories such that adjustﬁent of the rest position would probably allow
a better fit to be obtained. Furthermore, Vehicle 1 experienced a high
(150 deg/sec) angular velocity for approximately 100 of the 225 msec. contact
duration. The components of ?'{shown in Table 1-3} are such, that in combi-
nation with a clockwise rotation, the x-component of the separation velocity
will decrease as will the y-component. This will improve the degree of
correspondence between the actual and predicted separation velocities. At the
same time, this has the effect of increasing the magnitude of AVX and decreasing
the magnitude of AVV. As a result, the effect on the resultant velocity change
should be minimail, thus preserving the good agreement reported above. Because
the acceleration time histories for Vehicle 2 were not recorded, the actual
separation velocities could not be calculated and, thersfore, a comparison with

the predicted values was not possible.

2-9 Z0~6057-V-6



ACCIDENT SCHEMATIC

VEHICLES:

No. 1 - 1974 CHEVROLET CHEVELLE MALIBU
No. 2 - 1874 FORD PINTO
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Figure 2-2  TEST NO. 2 - RICSAC ACCIDENT SCHEMATIC
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Test No. 6 ~ Front-to-Side Impact - Chevrolet Chevelle Vs,
VW Rabbit - Impact Speeds, 21.5/21.5 mph

Accident Schematic - Figure 2-3

The agreement for the predicted impact speeds is good, 24.9% mph
versus 21.3 mph actual for Vehicle 1 and 20.5 mph versus 21.5 mph actual for
Vehicle 2. There is also close agreement between the predicted AV's from the
conservation of momentum calculation and the damage'analysis for both vehicles.
W¥hen compared to the actual AV values, there is good agreemént for Vehicle 1,
although there is a slight overestimate. A larger overestimation of the av
is evident for Vehicle Z, but some of this discrepancy is attributable to
rotational effects., From Table 1-3, it can be seen that Vehicle 2 has a very
large r in combingtion with high angular velocities. In fact, looking at the
vaw rate time history presented in Volume II, it can be seen that Vehicle 2
experienced an angular velocity of at least 180 deg/sec for the last 80 msec
(or 40%) of contact. Correcting for this rotation has the effect of drastically
increasing the magnitude (but decreasing the value) of both the v-component of
the separation velocity and AV. With an almost negligible change in the x-
component (rv is small), the result is a higher value in the actual resultant
&Y and resultant separation velocity. If the corrected AV for Vehicle 2 is
still less than the CRASH II predictions, it implies, from the point of view
of the damage analysis, that the stiffness coefficients are too high for these

particular vehicle types and impact configuration.

The separation velocity for Vehicle 1 is in close agreement, 12.9 mph
versus 13.3 mph actual although the agreement for Vehicle 2 is not as good,
17.0 mph versus 10.5 mph actual. While this discrepancy will be lessened by
including rotational effects in the determination of the separation velocity,
much of it stems from the large lateral velocity that is predicted, -15.4 mph
compared to -3.2 mph dctual. This results from the fact that Vehicle 2 rotated
approximately 20 degrees during impact, which the program includes as part of
the spin out analysis, i.e., the program assumes that rotation during impact
can be neglected such that the impact and separation positions are ceoincident.
Significant amounts of rotation occurring during impact lead to an over-

predition of the lateral velocity during spin out.
2-12 ZQ-8087-V-5



ACCIDENT SCHEMATIC

VEHICLES:

No. 1 - 1574 CHEVROLET MALIBY CLASSIC
No. & - 1975 VOLKSWAGEN RABBIT
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Figure 2-3  TEST NO. 6 - RICSAC ACCIDENT SCHEMATIC
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Test No. 7 - 60° Front-to-Side Impact - Chevrolet Chevelle Vs,
YW Rabbit - Impact Speeds, 29.1/28.1 mph

Accident Schematic - Figure 2-4

The estimated impac; speeds for both vehicles are slightly under-

estimated although both are within the 12 percent accuracy quoted for the

program. The velocity change for VYehicle 1 from the.conservation_of momentun
calculation agrees closely, 11.6 mph versus 12.0 mph actual, although the WV
from the damage analysis, 16.3 mph, is an overestimate. The agreement for

Vehicle 2 is not as good, 25.3 mph from conservation of momentum and 35.5 mph

from the damage analysis versus 16.5 mph actual. As in Test 6, Vehicle 2

combined a large T, component with a large angular velocity; the last 60 msec
of contact produced angular velocities in excess of 180 deg/sec. Thus, the
magnitude of the v-component of the separation velocity will increase, therebyv
increasing the magnitude of the AV's y-component. As before, a small change
in the x-direction results in a larger resultant AV and separation velocity

for Vehicle 2.

It is interesting to note that the velocity change of the struck
vehicle is overestimated in both Tests 6 and 7. Since the same model vehicles

were used in both tests, this is further evidence that the stiffness coefficient

in the program is too high for these vehicles.

The separation velocities are in good agreement, 15.3 mph versus
16.5 mph actual for Vehicle ! and, despite the rotational effects, 19.6 mph
versus 17.2 mph actual for Vehicle 2. Note, however, that the lateral
velocity component is again overestimated for Vehicle 2, which results from
the significant amount of rotation (22 deg) that occurs during impact, 1.e,

this is assumed by the program to have occurred during the spin out phase.

2-15 10-6057-V-6



ACCIDENT SCHEMATIC

VEHICLES:

No. 1 - 1974 CHEVRCLET MALIBU
No. 2 - 1975 VOLKSWAGEN RABBIT
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Figure 2-4  TEST NO. 7 - RICSAC ACCIDENT SCHEMATIC
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Test No. 3 - 30° Front-to-Side Impact - Chevrolet Chevelle Vs,
Chevrolet Chevelle - Impact Speeds, 20.75/20.75 mph

-

Accident Schematic - Figure 2-5

The estimated impact speeds for both vehicles are in good agreement.
Looking at the velocity changes calculated from the conservation of momentum,
that for Vehicle I is considerably underestimated, 10.3 mph versus 15.3 mph
actual; whereas that for Vehicle 2 is slightly underestimated, 9.8 mph versus
10.7 mph actual. This is consistent with an error in the estimation of the
separation velocities 14.3 mph versus 11.8 mph actual for Vehicle ! and 18.8 mph
versus 15.7 mph actual for Vehicle 2. Correcting the changé in velgcity and
the separation velocity of Vehicle 1 for the effedts of rotation would tend to
degrade the degree of agreement between the actual and predicted values.
However, the magnitude of the change would be greatly reduced, as compared to
Vehicle 2 in both Tests 6 and 7, since the r of Vehicle 1 in this test is
only 0.95 feet (versus about 2.5 feet in the other two tests). It is worth
noting that the spin out distances for this test were small such that the
separation velocities are extremely sensitive to the measured impact and rest

Dositions.

Looking at the veloc¢ity changes predicted from the damage analvsis,
it can be seen that Vehicle 1 is underestimated by about 5 mph, i.e., 10.0 mph
versus 15.3 mph actual. Since this is the striking vehicle, this likely
results from the fact that the program does not take the effect of energy
absorbing bumpers into account. The velocity change for Vehicle 2 is in good

agreement, 9.5 mph versus 10.7 mph actual.

2-18 20-6057-V-6



VEHICLES:

ACCIDENT SCHEMATIC

No. 1 - 1974 CHEVROLET CHEVELLE
No. 2 - 1974 CHEVROLET CHEVELLE
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Test No. 9 - 907 Front-to-Side Impact - Honda Civic Vs.
Ferd Torino - Impact Speeds, 21.2/21.2 mph

Accident Schematic - Figure 2-6

The estimated impact speeds for both vehicles are in geod agreement,
23.2 mph versus 21.2 mph actual for Vehicle 1 and 22.0 mph versus 21.2 mph
actual for Vehicle 2. The velocity changes predicted from the conservation
of linear momentum are also in good agreement, although slightly over-
estimated; for Vehicle 1, 24.2 mph versus 21.4 mph actual and for Vehicle 2,
11.2 mph versus 8.9 mph actual. The resultant velocity changes frpm the
damage analysis also agree well, 19.1 mph versus 21.4 mph for Vehicle 1 and
8.8 mph versus 8.% mph for Vehicle 2. The failure to consider the rotation
of Vehicle 1 in determining the separation velocity did not appear to adversely
affect the agreement between the actual and predicted values ¢of 4V. As demon-
strated in Test 8, this is probably due to the fact that the components of the
accelerometer offset vector,';, are small, and the corrections, therefore, are

also relatively small,

Looking at the separation velocities predicted by SPIN II, the
agreement is good, for Vehicle 1, 9.9 mph versus 12.5 mph actual and for

Vehicle Z. 20.2 mph versus 17.8 mph actual.
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ACCIDENT SCHEMATIC
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Test No. 10 - 90° Front-to-Side Impact - Honda Civic Vs,
Ford Torino - Impact Speeds, 33.3/33.3 mph

Accldent Schematic - Figure 2.7

The estimated impact speeds are in good agreement feor both vehicles,
32.7 mph versus 33.3 mph actual for Vehicle 1l and 31.5 mph versus 33.3 mph
actual for Vehicle 2. The velocity changes predicted from the conservation
of linear momentum are also in good agreement, 32.6 mph versus 35.1 mph actual
for Vehicle 1 and 15.9 mph versus 14.1 mph actual for Vehicle 2. This result
is somewhat surprising, since Vehicle 1 underwent the greatest angular
velocity of all the vehicles involved in the stagéd collisions. However, the
rotation and location of the accelerometer are such that the magnitude of
AV will increase (due to a decrease in the separation velocity) and the
magnitude of AVY will decrease when the rotational effects are considered.
The change in both components will be approkimately equal, since the components
of the T vector are éimilar. The effect on the resultant velocity change is

shown in Equations (1) through {3}.

3 i
= - = ¢ - = (1)
AV J(AVK éx] - kavy 6)) {13
where éx is the correction for correction to f_'aVY (AV‘ is negative, so an

an increase in its magnitude is caused by a negative correction

term},

§ 1is the correction for rotation to Avv

1-J

f ) 2
o= gy S LAV T e 3% e 8T L 20V 8 - 24V 3 (2)
: X y X Y X X Yy

In this case, in which & 36 , tav_| = lav |, and &V_ is opposite in sign
. X Y X Y X

from avy, Eguation (2) can be simplified to:

av:Jav2+Av2+52+a (3)
X y < y

2 2

As long as the (5‘2 + syz) term is small relative to {Avx‘ + AVY } the

resultant velocity will not change appreciably, and for Test 10 the components

2-24 20-6057-V-6
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of Vehicle 1's computed velccity change are large, i.e., -27.3 mph and 22.0 mph,
thus explaining (and confirming) the high degree of correspondence between the

predicted and actual resultant aV's.

The AV's predicted from the damage are underestimated at 2Z2.4 mph
for Vehicle 1 and 10.9 mph for Vehicle Z. This suggests that the structural
stiffness coefficients in the program are underestimated for this particular
vehicle-impact configuration. Note that the same trend was also present in
Test 9, which had the same configuration and the same vehicles, i.e., a mini-
size vehicle striking an intermediate size vehicle. This is the opposite
trend to that exhibited in Tests € and 7, where the stiffness coefficients

were too high for an intermediate striking a subcompact vehicle.

Looking at the separation velocities, the agreement is extremely
sood for Vehicle 2, 25.8 mph versus 26.9 mph actual. The agreement for
Vehicle 1 is also good, but this may be an artifact of the failure to consider
the vehicle's rotation during impact. Inclusion of this factor will decrease
both comporents of the separation velocity, and tHerefore, the resultant
séparatiOn velocity. While the magnitude of this change 1is not known, it is
expected to be sufficient to cause the predicted value of the separation
velocity to be an overestimate of the actual value., This is based on the fact

that the Honda Civic is the smallest vehicle in its size category such that
the representative dimensicns and vehicle properties in the CRASH II program

are probably overestimates.
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ACCIDENT SCHEMATIC
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Test No. 11 - 10° Offset Front-to-Front Impact - Chevrolet Vega Vs.
Ford Torino - Impact Speeds, 20.4/2C.4 mph

Accident Schematic - Figure 2-§

The estimated impact speeds are in good agreement although slightly
underestimated for both vehicles. The veloccity changes agree.closely, for
Vehicle 1, 21.1 mph versus 24.0 mph actual and for Vehicle 2, 13.2 mph versus
15.7 mph actual. Not surprisingly then, the separation velocities.are also
in close agreement, -3.8 mph versus -3.7 mph actual for Vehicle 1 and 4.8 mph

-

versus 5.2 mph actual for Vehicle 2.
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" ACCIDENT SCHEMATIC
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Figure 2-8  TEST NO. 11 - RICSAC ACCIDENT SCHEMATIC
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Test No. 12 - 10° Offset Front-to-Front Impact - Chevrolet Veyga Vs,
Ford Torino - Impact Speeds, 51.5/31.5 mph

Accident Schematic - Figure Z2-9

This test is identical in configuration to Test 1l except that the
impact speeds are higher. The impact velocity ' for Vehicle 1 is considerably
underestimated, 19.8 mph versus 31.5 mph actual. The separation velocity
appears to be in good agreement, -8.5 mph versus ~-8.7 mph actual. However,
this agreement may be degraded somewhat with the inclﬁsion'of rotational
effects, which tend to decrease the magnitudes of both components of the
separation velocity. Consequently, the magnitude of the resultant separation
velocity will also be decreased; the amount of this change is not known, but
it should not be sufficiently large to have any significant effect on the
degree of correspondence with the predicted value of the separation velocity.
The rotation would alsoc tend to slightly decrease the measured velocity change
of 40.1 mph. There is, however, little reason to believe that this correction

would noticeably improve the agreement with the predicted AV of 28.2 mph.

The predicted impact velocity for Vehicle 2 is in good agreement,
30.2 mph versus 31.5 mph actual. Note, however, that this results from the
errors in the velocity change and the separation velocity cancelling one
another; the velocity change is underestimated at 20.0 mph versus 26.4 mph

sctual and the separation velocity overestimated at 11.6 mph versus 7.3 mph

actual.

Since Test 11 used the same model vehicles and the agreement
between the aV's was good, this suggests that vehicles colliding at higher
closing speeds could present a higher structural stiffmess. Obviously, to

change the stiffness to improve the fit for this case would degrade the fit

obtained for Test 11.
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ACCIDENT SCHEMATIC
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Figure 2-9  TEST NO. 12 - RICSAC ACCIDENT SCHEMATIC
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Test Nos. 3, 4 and 5 - 10° Offset Front-to-Rear Impacts

Accident Schematic5 -~ Figures 2-10, 2-11 § 2-1

- The results of these tests are discussed jointly since they all
suffer from the same deficiency. It can be seen from Table 2-1 that the pre-
dicted impact speeds do not agree closely with the actual values. Table 2-2
shows that the separation velocities predicted by SPIN II are in extremely
close agreement for all three tests so that the source of error lies in the
estimation of the velocity change. Since these are axial type impact con-
figurations, the velocity changes are estimated using the damage analysis.

In every case, the velocity change is severely underestimated as can be seen
from the summary table below. This must stem from the fact that the test
vehicles were all fitted with 5 mph energy absorbing bumpers which are not

taken into account in the stiffness coefficients in the CRASH IT program.

Velocity Change; Vehicle 1 Velocity Change; Vehicle 2

Test

NO. Actual (mph) Predicted (mph) Actual (mph) Predicted (mph)
3 9.5 3.1 15.8 5.4
4 18.7 16.3 ' 22.2 13.0
5 16.3 8.1 25.1 1522

This means that the stiffness coefficients wused to calculate the energy
absorbed in rear end impacts are too low. Adding 5 mph to each AV improves
the agreement, although the AV's are still underestimates which leads to the
conciusion that vehicles with 5 mph energy absorbing bumpers are also stiffer

than earlier models without.

2-34 7Q-6057-V-6
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ACCIDENT SCHEMATIC
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Figure 2-10  TEST NO. 3 - RICSAC ACCIDENT SCHEMATIC
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Figure 2-11  TEST NO. 4 - RICSAC ACCIDENT SCHEMATIC
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ACCIDENT SCHEMATIC
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Figure 2-12  TEST NC. 5 - RICSAC ACCIDENT SCHEMATIC
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3.0 DISCUSSION OF THE SMAC RECONSTRUCTION RESULTS

| Ynlike the CRASH II program where the impact speeds, as well as’
velocity changes are predictaed, the SMAC pfogram requires the impact speeds
to be specified as part of the input such that the predicted velocity changes,
final rest positions, and damage profiles are the key elements with which to
assess the reconstruction of a given case, By way of summary, Table 3-1 gives
the SMAC predicted and actual velocity changes for each vehicle for sach
test. AS an approximate means of comparing the damage profile, the predicted
and actual values of the vehicle damage indices are also given. The table
shows that the agreement between predicted and actual velocity changes is
extremely good, the largest errors being, 4.7 mph for Vehicle 1 in case 11,
4.4 mph for Vehicle 2 in case 1, and 4.3 mph for Vehicle 2 in case 8. Note that
none of these are vehicles which experienced significant rotation during impact.
Similarly, the vehicle damage indices show no major discrepancies and,‘in general,
are restricted to minor differences in the clock direction of force {columns 1 and 2)

the specific horizontal area (column 3) and the extent of damage (column 7).

Summarizing the reconstruction task, in terms of obtaining a good
fit to the measured data, the 60° front-to-side impacts were by far the most
difficult configurations to reconstruct. This appears to result from the
assumption in the SMAC program that the vehicle is an isotropic homogeneous
bedy such that its stiffness is equal in all directions. 1In a 60° front-to-
side impact the corner of the striking vehicle deforms radially producing
deformation across the front and along the side of the vehicle. This has the
effect that the onset of the collision interface on the struck vehicle is not
steep enough {(because, in effect, there 1s no corner con the striking vehicle
to dig in} such that the deformation produced in the struck vehicle is too
shallow. This makes it difficult to obtain an acceptable match of vehicle
rest positions in these impact configurations. However, despite the limita-
tion, it is important to note that the effect on the velocity change 1is
extremely small, i.e., although matching the rest pdsitions of the vehicles

is very sensitive to the impact positions and indirectly to the development

3-1 7Q-6057-V-6
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of the correct collision interface the fine tuning that is required to produce
such a match has onlvy a small effect on the velocity changes that are predicted.
Another limitation that was experlenced with the 5MAC program was in cases

where vehicle roll or pitch was sufficient to unweight.one or two of a vehicle's
wheels. The SMAC program does not simulate weight transfer effects and assumes
that the weight is equally distributed on either side of the vehicle such that
the maximum tire force (whether side or circumferential)} that the SMAC program
will alliow for any one side of the vehicle is ug. This means that even if the
cornering stiffnesses and torques or one side of the vehicle are set to zero

to simulate the airborme wheels, the forces on the two remaining wheels will

not necessarily be realistic. Based on the films and recorded data of the front-
to-side impacts, there does appear to be significant weight transfer effects in
collisions between intermediate and subcompact vehicles, such that simulation of
these effects would improve the utility of the program in reconstructing these

impact configurations.

A discussion of the individual cases follows. Note that for each
case, a sumrary table is provided giving the predicted and measured rest
pesitions and velocity changes, a graphic display of the reconstruction and a
figure showing the predicted and measured damage profiles. The input values

used in each case are given in Appendix 3.
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3.1 Discussion of Individual Cases
Test No. 1 - 60° Front-to-Side Impact - Chevrolet Chevelle Vs.
Ford Pinto - Impact Speeds, 19.8/19.8 mph
Xy £t Yy £t ¢ deg aVy mph X5 £t Yo fto wp deg AV mph
Actual 1.0 5.4 - =1.5 12.2 8.5 - 7.8 105 15.6
SMAL ~0.1 5.7 1.3 14.2 8.6 9.4 104 20.0

The match between the predicted and measured rest positions is _
extremely good, although the velocity changes (14.2 mph versus 12.2 mph actual
and 20.0 mph versus 15.6 mph'actual) are slightly overestimated, particularly
for Vehicle 2 (the struck vehicie). This suggests that the engagement of the
two vehiclies was marginally foo long. This is confirmed by looking at the
predicted damage which is shown in Figure 3-2.  The damage to Vehicle 1 is
slightly overpredicted although it is worth noting that the Chevelle was
fitted with a 5 mph energy absorbing bumper such that the actual structure
was probably more elastic than the one simulated. The predicted damage to
Vehicle 2 continues 66 inches to the rear of the car compared to 35 inches
actual. However, the damage from 35 to 66 inches results from a secondary
impact between the two vehicles which occurred in the simulation, which would
nave been prevented if the yaw velocity of Vehicle 1 had been marginally

larger.

In achieving the match, twelve runs in all were made. The main
problem was restricting the Y displacement (space fixed coordinates) of
Yehicle 1. This was accomplished by increasing the intervehicle friction
coefficient which had the effect of increasing the amount of engagement
between the two vehicles and hence reducing the displacement of Vehicle 2.
ferhaps surprisingly, the value used to obtain a match was 1.5 after succes-
sively increasing it from 0.55. The stiffnesses of the two vehicles were
also varied to try and accomplish the same result, however, increasing
Vehicle 1's stiffness to 60 lb/in2 and reducing Vehicle 2's to 30 1b/in2

produced too much damage to the struck vehicle and too much rotation.

34 : 20-6057-V-6
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Test No. 2 - 60° Front-to-Side Impact - Chevrolet Chevelle Vs.
Ford Pinto - Impact Speeds, 31.5/31.5 mph

Vehicle 1 » : | Vehicle 2
Xl £ Yl ft wi deg Avl mph X2 £t YZ £t wz deg &V: mph
Actual 11,0 9.4 55.0 19.56 23.6  12.5  134.0 .-
SMAC 5.1 6.9 69,38 21.3 35.7  29.3  186.6 51.2

Computed

This case proved extremely difficult to reconstruct. Analvsis of
the films showed that after the primary impact, a secondary impact occurred
which had the effect of halting the rotation of Vehicle 2. This secondary
impact is also evident in the schematic since the vehicles actually came to
rest in contact with one another. Unfortunately, it was not possible within
the time available to simulate the second impact; thus the rotation and dis-
placement of Vehicle 2 are overestimated. The second impact appears not to
occur because the damage to Vehicle ! is overestimated such thar the front of
this vehicle clears the right front corner of Vehicle 2. The extent of
engagement is probably correct because the ‘predicted velocity change for this
vehicle is in good agreement, 21.5 mph vérsus 18.6 mph actual, As discussed
in the CRASH II results of this test, the inclusion of rotational effects
would produce little change in the resultant value of AV. That for Vehicle 2
could not be compared since the velocity change was not recorded due to

malfunction of the recording equipment.

The damage profiles are shown in Figure 3-4. As has already been
stated, Vehicle 1l's damage is overestimated although that for Vehicle 2 is
underestimated. Looking at the actual damage to Vehicle 2, it is clear that
the right front corner of Vehicle 1 pocketed just ahead of the right rear
wheel of Vehicle 2. Unfortunately, this effect cannot be realistically

simulated with the present version of SMAC.
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Test No. 6 - 60° Front-to-Side Impact - Chevrolet Chevelle Vs.
Vi Rabbit - Impact Speeds, 21.5/21.5 mph

Vehicle 1 - Vehicle 2
Xl fr Y, fr (o deg AVl mpil X, £t Y2 £t vy deg iVl mph
Actual 60.0 11.0 15.0 9.2 20.0 21.0 242.0 . il.g
SMAC 35.1 17.8 33.3 10.8 20.3 38.8 255.6 16.8

{omputed

To obtain an acceptable reconstruction for this case proved to be‘
very difficult. The problem was in producing a steep enough onset to the
damage in Vehicle 2. This can be seen from Figure 3-6; the damage in the
struck vehicle built up at a shallower angle than the actual damage. This
has the effect of increasing the duration of the frictional force between the
two vehicles and producing too much rotation in the striking vehicle, 33.3
degrees versus 15.0 degrees actual. However, if the point of impact is moved
rearward to try and compensate, this produces tco much rotation in Vehicle 2
and also insufficient_lateral displacement. Thus, the extent of vehicle-to-
vehicle engagement is probably correct. This is confirmed, in part, by the
fact that the velocity change predicted for Vehicle 1 1s in close agreement
with the measured value, 10.8 mph versus 9.9 mph actual. While the corres-
pondence is not nearly as striking for Vehicle 2, it should be remembered that
in Section 2, it was shown that the computed value of Vehicle 2's AV was, in
fact, a relatively large underestimate (because of the large T component) of
the vehicle's actual velocity change. This should improve the agreement sub-
stantially and lend further support to the extent of vehicle engagement used

in the simulation.

Note that the damage to Vehicle 1 is overpredicted paritally due to
the effect of the 5 mph bumper but also due to the fact that the program
neglects corner stiffness effects. It can be seen from the damage profile
the simulation produces lateral deformation at the corner which does not occur
in the actual test. If this type of deformation could be prevented by the
introduction of corner stiffness effects, it would not only improve the damage
match for the striking vehicle but should also increase the angle of damage

onset in the struck vehicle.
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Test No. 7 - 60° Front-to-Side Impact - Chevrolet Chevelle Vs,
YW Rabbit - Impact Speeds, 29%.1/29.1 mph

Vehicle 1 _ : Vehicle 2
Xl fr YI ft b deg AV mpho X, £t v, ft W, deg AV, mph
Actual 84.5 18.2 16.5 12.0 22.9 41.4 262.0 16.5
SMAC 756.1 18.8 16.4 11.3 5.5 49.3 299.3 17.3

Computed

As for Case No. 6, reconstruction of this case was not straightforward.

The main difficulty was in estimating appropriate values for the stiffness
coefficients and the intervehicle friction coefficient.  The rest pesitions of
both vehicles were very sensitive to these parameters and to the positions of
the vehicles at impact. The final values used for the stiffness coefficlents
were 70 and 50 ib/inz for Vehicles 1 and 2 respectively with an intervehicle
friction coefficient of 0.3. It can be seen that for Vehicle 1 the agreement
between predicted and measured rest pesitions is extremely close, although the
agreement for Vehicle 2 is not as good, in that the rotaticn 1s overestimated

5v .30 degrees which also has the effect of reducing the X displacement. The

velocity change for Vehicle 1 is sliightly underestimated, 11.3 mph versus

O

12,0 mph actual. While it appears that the 4V is overestimated for Vehicle 2,
it should be noted, as discussed in the CRASH II results section, that the
actual value that was obtained for the velocity change, may be lower than the
acrual AV at the center of gravity. Because of the large AV component coupled
with relatively high angular velocities, the prediction of &4V for Vehicle 2

mav, in fact, be an underestimate as well.

Looking at the damage profiles in Figure 3-8, that for Vehicle 1,
the striking vehicle, is overestimated., This is, in part, due to the elastic
effect of the 5 mph energy absorbing bumper which is not simulated and the
tack of corner stiffening effects. The damage match for Vehicle 2 is extremely
close which confirms that although the velocity changes are slightly under-

estimated, the engagement of the two vehicles as simulated is correct.

3-13 Z3-6057-V-5
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Test No. 8§ - 90° Front-to-Side Impact - Chevrolet Chevelle Vs.
"Chevrolet Chevelle - Impact Speeds, 20.75/20.75 mph

Vehicle 1' Vehicle 2
Xl Tt Yl £t Py deg A'\J"l mph i ft Yo fr by deg &VZ mph

Actual 0.0 10.8 45,0 15.3 6,25, 18.2 130.0 10.7
SMAC 0.9 . 10.8 41.8 16.8 4.4 21.5 135.2 15.0
Computed ‘

There is good agreement between the predicted and measured data,
the only major discrepancies being in the velocity change for Vehicle 2 and
its damage profile. Looking first at the damage profile, Figure 3-10, it
can be seen that the SMAC reconstructicn predicts damage which extends almost
the entire length of Vehicle 2 (except for 30 inches in the front), whereas
the actual damage occurred between the front wheel and "B'" pillar. This
difference can be attributed to the pocketing that occurred between the left.
front corner of Vehicle 1 and the "B" pillar of Vehicle 2, i.e., the "B'"
pillar presents a hard point on the side structure as the corner of the
striking vehicle travels down the side of the car. This type of phenomenon
cannot, at present, be simulated with the SMAC program since it is assumed
that the vehicle is a uniform structure. To facilitate such a simulation
would require the provision of hard points in the side structure and corner

affects,

In achieving 2 satisfactory match to the measursd data, the major
input changes thaﬁ had to be made were braking torques adjustments for both
vehicles, and altering slightly the impact position, so that the initial con-
tact occurred 30 inches rearward of Vehicle 2's right front corner. The
intervehicle friction coefficient was also varied to try and improve the
damage profile and simulate the pocketing that occurred. However, this
appeared to have very little effect. This is perhaps surprising in that the
60 degree front-to-side impacts werse Quite sensitive to variation of the

intervehicle frictien coefficient.
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Test No. 9 - 90° Front-to-Side Impact - Honda Clvic Vs.
Ford Torino - Impact Speeds, I1.2/21.2 mph

Vehicle 1 Vehicle 2
Xy £t Yy £t 4y deg AV mph  X» ft Y, ft  yp deg AV mph

Actual 4.0 35.5 104.0 21.4 -5.0 49.5 152.0 8.9
SMAC 6.6 31.7 98.6 20.0 -8.7 51.3 153.4 8.7
Computed

The agreement for this case is extremely good. The predicted and
measured final rest positions and the velocity changes all are within an
acceptable range. Looking at the damage profiles, Figure 3-12, ﬁhat for
Vehicle 1, the striking vehicle, agrees very closely although the damage for

Vehicle 2 is siightly overestimated.

This case appeared to be particularly sensitive to brake and steer
inputs, in fact, the majority of the input changes that were made during the
reconétruction process were to steer angles and brake torques. The brake
tbrques were adjusted to ""fine tune' the spin out trajectories and changes in
the steer angles were made primarily to smooth the effects of short duration

spikes in the steering time-history plots.
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Test No. 10 - 90° Front-to-Side Impact - Honda Civic Vs,
Ford Torino - Impact Speeds, 33.3/33.3

Vehicle 1 | Vehicle 2
Xy £t Y, ft. wy deg  4&Vy mpht X £t Yy £t y1 deg  AV> mph
Actual 5.0 43.0 87.0 35.1 0.0 99.5 128.5 14.1
SMAC ~-1.3 43,4 99.8 36.5* 1.3 100.9 121.1 15.7

Computed

*

Sum of two impacts

Although the agreement between predicted and measured rest positions

is quite close, several factors compounded the reconstruction task; specifically:

] The right front tie rod was damaged during the impact such that
the right front wheel was independent of the rest of the (
steering assembly; its steer angle had to be estimated from the

films and through trial and error.

® Prior to coming to rest, Vehicle 2 mounted 2 metal transformer
base and subsequently the cables connected to Vehicle 2

became fully extended, bringing the vehicle rapidly t¢ a2 halt.

° A metal bar extending from the rear bumper of Vehicle 1 con-
tacted the rear bumper of Vehicle 2 after the vehicles had
separated from thelr second impact. This contact {on fiim)

appeared to reduce Vehicle 1's angular velocity during spin out.

Onece these compounding factoré had been appreciated, the reconstruc-
tion process essentially entaziled adjusting the braking torques and steer
angles until acceptable rest positions were achieved. Looking at the vehicle
damage, Figure 3-14, the predicted and measured profiles for Vehicle 1 are
extremely close although, as in Test 9, that for Vehicle 2 is slishtly over-

estimated.
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Test No. 11 - 10° Offset Front-to-Front Impact - Chevrolet Vega Vs.
Ford Torino - Impact Speeds, 20.4/20.% mph '

. Vehicle 1 Vehicle 2
Xy £t Yy fr ¥y deg AVy mph Xy £t Y, ft o yp deg AV2 mph

Actual 25,6 6.4 170.0 24.0 8.6 0.4 0.0 15.7
SMAC 23.2  -7.4 167.1 28.7 6.9 0.7 0.3 17.6
Computed

The predicted and rest positions agree closely. However, the pre-
dicted velocity changes are slightly overestimated, 23.7 mph‘versus 24.0 mph

-

actual for Vehicle 1 and 17.6 mph versus 15.7 mph actual for Vehicle 2.

Looking at the damage profiles, Figuré 3-16, the predicted extent
is acceptable although the effect of the vehicle's bumper is not simulated.
This has the effect of smoothing the deformation across the front of tﬁe Car,
whereas the homogenous isotropic body assumed in the program produces more

iocalized effects.

In achieving an acceptable reconstruction, no real problems were
encountered; the offset of the two vehicles had to be adjusted slightly to
obtain the correct amount of rotation for Vehicle 1 and the stiffnesses of

soth vehicles increased from 50 to 60 lb/in2 to match the damage.
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Test No. 12 - 10° Qffset Front-to-Front Impact - Chevrolet Vega Vs.
Ford Torino - Impact Speeds, 31.5/31.3 mph

: Vehicle 1 Vehicle 2
\(1 ft. Yl ft L,Ul deg QVI !Tlph X2 ft Yz £r Rg)z deg AWQ mph

Actual 22.5 - -5.4 122.0 40.1 6.8 2.6 -12.0 26.4
SMAL 21.8 -6.5 148.7 40.9 8.8 1.6 -1.8 27.6
Computed

The match between predicted and measured rest positions is acceptable
although the rotation of both vehicles is slightly underestimated. This is
due to the facf both right side wheels of Vehicle 1 were airborne during most
of the collision phase which will increase the amount of rotation of Vehicle 1.
The predicted velocity changes are in good agreement, 40.9 mph versus 40.1 mph
actual for Vehicle 1 and 27.6 mph versus 26.4 mph actual for Vehicle Z. The
damage profiles, given in Figure 3-18 show that Vehicle 1 is in close agréement

although Vehicle 2's damagé is slightly overestimated.

Obtaining a match for this case was straightforward, minor adjust-
ments were made to the overlap of the two vehicles, the braking increased on
the left front wheel of Vehicle 1 (from & to 600 1bs) and the 12 degres steer

angle introduced on Vehicle 2.
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Test No. 3 - 10° Offser Front-to-Rear Impact - Ford Torino Vs.
Ford Pinto - Impact Speeds, 21.1/0 mph

, vehicle 1 ' Vehicle 1
X1 £ Yl e ¢l deg QVl nph X2 ft Y2 ft wz deg AVz mph
Actual 111.4 2.0 -4.0 3.5 181.5  -6.3 -19.0 15.8
SMAC 120.7 3.4 -4.7 9.6 188.7 -0.8 -22.2 15.6

Computed

The predicted and measured rest positions are in close agreement.
The velocity changes are extremely close, 9.6 mph versus 9.5 mph actual for

vehicle 1 and 15.6 mph versus 15.8 mph actual for Vehicle 2.

The damage for Vehicle 1, Eigure 3-20, 1is overpredicted, howsver.
The SMAC program does not simulate the elastic properties-of the energy
absorbing bumper which, according to the accident. investigators report, had
returned to the undeformed position. Similarly, the damage for Vehicle 2 is
cverpredicted mainly because of the energy absorbing bumper which again

returned to its undeformed positicn following impact.

Adjustments that weve made during the reconstruction to obtain a
match with the measured data included: increasing the stiffness of both
vehicles to 80 and 60 lb/in2 for Vehicles 1 and 2, respectively, increasing
the rolling resistances of both vehicles and adjusting the steer angles of

hoth vehicles to obtain the desired amount of Totatiom.
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Test No. 4 - 10° Offset Front-to-Rear Impact - Ford Torino Vs.
Ford Pinto - Impact Speeds, 38.7/0 mph

Vehicle 1 Yehicle 2
Xl fr Yl £t by deg AVL mph X ft Y2 ft v, deg 4V, mph
Actual 42.8 54,5 137.5 18.7 63.5 52.5 88;0 22.2
SMAC 40.5 55.3 127.1 16.7 73.7 66.5 69.7 26,2

Computed

The agreement between the predicted and rest positions is good,
although the rotation of both vehicles is slightly underestimated. However,
given the amount of rotation that both vehicles underwent and the length of
their spin outs, the predicted rotations are very acceptable. The velocityv
changes are in good agreement, 16.7 mph versus [8.7 mph actual for Vehicle 1

and 26.2 mph versus 22.2 mph actual for Vehicle 2.

The predicted and measured damage profiles are given in Figure 3-22;
for Vehicle 1 a good match is obtained apart from the smoothing effects pro-
cduced by the bumper which does not appear ih the simulation. The same limitation
is true for Vehicle 2 in that the localized deformation produced at the edge of
contact in the simulation does not appear in the actual damage because of the

smoothing effect of the bumper.

In attaining an acceptable reconstruction, the stiffness of both
vehicles had to be adjusted to obtain a good match of the damage. Final

2 ,
values used were 90 lb/in2 for Vehicle 1 and 35 1b/in~ for Vehicle 2. The
brake and steer inputs to both vehicles were also adjusted to fine tune the

spin out trajectorles.
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Test No. 5 - 10° Offset Front-to-Rear Impact - Ford Torino Vs.
Honda Civic - Impact Speeds, 39.7/0 mph

Vehicle 1 Vehicle 2

Y : . ; & . ¥ '
Xl fr ‘ ftr bl deg Avl mph XZ ft YE £ Uy deg sz_mph
Actual 252.0 0.0 0.0 16.3 59.0 35.0 282.0 25.1
SMAC 173.8 -22.3 -7.9 15.1 8§9.7 35.6 285.2 26.8
Computed

This case had a variety of complications which made the SMAC recon-
struction difficult. The most significant of these problems was that both of
the tires on the rigﬁt side of Vehicle 2, the Honda, were off the ground for
the majority of its rotatiom. This can be simulated by setting the braking
torques and cornering stiffnesses for both of these tires to zero. However,
the left side tires cannot be handled as easily. For instance, since the
entire weight of the vehicle 1s supported by the twe tires, the tire force
{whether side or circumferential) that can be supported is uW, where W equals
the weight of the vehicle and u is the tire ground friction coefficient. The
SMAC program, however, assumes that the weight is equally distributed among
the four tires (except to correct for the position of the center of gravity);

thus, the maximum tire force the SMAC program will allow for the left side of

1
the vehicle (regardless of the input values) is ug.

Furthermore, the right side tires of Vehicle 2 are not off the
ground throughout the entire spiﬁ out and once they return to the surface,
thelr cornering stiffnesses are no longer zero. Since the SMAC program
allows only cne value to be input for the cornering stiffness for each tire,

it is not possible to accurately simulate the situation.
Regarding Vehicle 1's trajectory, it should be noted that its

umbilical cable became fully extended bringing it to a rapid halt at the end

of its spin out.
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Because of these compounding factors, the final run was selected on
the basis of its matching the velocity changes and the rotation of Vehicle Z.
The match is surprisingly good. The X displacement of Vehicle 1 is siightiy
underestimated as is the spin out distance for Vehicle 2 although the latter.
could probably be improved by reducing its rolling resistance. The brake
inputs used for Vehicle 2 were engine braking at 0.08 g, whereas 0.15 g has
been used as an established value; however, whether this applies to a vehicle

with automatic transmission without the engine running is open to argument.

The damage profiles are shown in Figure 3-24. That for Vehicle 1
is considerably overestimated due, in part, to the elastic reéovery of the
5 mph energy absorbing bumper but also to the lack of ény corner stiffeﬁing
effects. Vehicle 2's damage is slightly underestimated but conﬁide?ing the

severe'damage that occurred to this vehicle is certainly acceptable.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 The CRASH Program

The major discrepancies in the CRASH results stemmed from the
damage analysis subroutine and, in particular, the values used for the
empirical stiffness coefficients for certain vehiclie sizes and impact con-
figurations. The velocity changes in the high level head-on impact (Test 12)

were overestimated suggesting that the stiffness coefficients are too low for
this particular impact/vehicle size configuration. The velocity changes for
the corresponding low level test (No. 11) were also underestimated but to a
lesser extent. A similar problem occurred with the rear end impacts, the
velocity changes in all these tests and for all vehicles were severely under-

estimated, suggesting that the stiffness coefficients should be upgraded.

The SPIN II routine which calculates the separation velocities from
the spin out trajectories was assessed separately. In general, the agreement
between predicted and measured velocities was extremely good. The agreement
was better for axial type collisions than for oblique or intersection type
collisions. This is because spin out traiectories for axial type collisions
are, in geuerai, more nearly linear and the estimation of the velocity

dissipated in the spin out correspondingly more accurate.

buring the course of the reconstructions, an error in the SPIN Ir
routine was discovered involving trajectories where the vehicle was tracking
a curved path with no end of rotation point. For this situation, the separa-
tion velogcities were grossly overestimated; a suggested correction to the

prodolem is given in Appendix 1.

Recommendations

¢ Update the stiffness coefficients using the present data
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® Include stationary vehicle option to minimize errors in damage

analysis carrying over to the lmpact speed estimation,

4.2 The SMAC Progranm

Cne of the main problems experienced in evaluating the effectiveness
of the SMAC program was the lack of knowledge that exists regarding appropriate
values of certain input parameters for particular collision configurations and
venicle sizes. Because of this lack of certainity, it was difficult to
determine in some cases whether the lack of success in matching the measured
data was the result of inappropriate input values or a limitation of the
program. For example, in the 60 degree front-to-side impact tests the inter-
vehicle friction coefficient used in reconstructing Test 1 was 1.5, whereas
that used for Case 7 was 0.3. The question arises whether this difference is
the result of differences between the vehicles (Test 1 used a rather corrodad
Ford Pinto, whereés Test 7 used a VW Rabbit for the stfuck vehicle), or are
there limitationms in the program which are being compensated. An obvious way
to resolve this dilemma would be to analyze the crash test data to determine
input values for the indirect parameters in each test, i1.e., the vehicle
stiffness coefficient, intervehicle friction coefficients, coefficients of
restitution, etc. This would mean that thé input deck for each SMAC reconstruc-
tion was completely defined such that any deficiencies in the reconstruction
couid be attributed to limitations in the program. Ideally, this analysis
should also include a film analysis of the coverhead cameras to study the
build-up of the colilision interface to assess whether an isotropic homogenous

body 1s an acceptable simulation of the vehicle structure.

Another limitation that was experienced in using the program was
the lack of weight transfer effects. In a number of the staged collisions
there were instances where one or more of the wheels on a particular vehicle
became airborne. Since the program does not simulate these effects, this
would automatically introduce some error in computing both the amount of

translation and rotation of the vehicle,
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Recommendations

] Include hard points and corner stiffness effects in the

simulation of the vehicle structure,
® Include weight transfer effects.

¢ Modify reporting format so that output can be summarized in

one or two pages.

4.3 Rotation Effects

The failure to include the effects of vehicle rotation into the
determination of the separation velocities; and consequently, the changes in
velocity, should detract little from the overall evaluation of the SMAC and
CRASH II programs. Concerning the SMAC program, the 4V's were just one of
three measures of performance. The agreement between the predicted rest
positions and damage profiles with those observed during the staged coliisions,
is, by itself, basis enocugh for beiieving the SMAC program to be a fairly
accurate representation of the physical system being simulated. In those
cases, in which rotation was not a significant factor, the AV comparisons lend
additional support to such a hypothesis. Moreover, qualitative analysis of
those vehicles undergoing significant rotation, indicated that the predicred
V's were certainly within a tolerable range of the true value of the veiogity

change.

The assessment of the CRASH II program is based entirely on the AV's
and separation velocities. Again, the cases with little or no rotation provide
ampie evidence of CRASH's accuracy. Even in tests in which one of the vehicles
experienced high angular velocities, the fact that close agreement was obtained
for the other vehicle is significant. In the nonaxial collisions, where the
rotational problems were encountered, the AV's for both the vehicles are not

independent of one another; thus good agreement for one of the vehicles, reflects
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favorably on the accuracy of the other's reconstruction, Once again, the
qualitative analyses on the cases with significant rotation enhances the

accuracy iudgments of the CRASH II results,

If one were sufficiently concerned about the accuracy of CRASH II
and SMAC performance in those cases which had rotational'probzems; there are
two possible courses of action, neither of which was explored during the

course of the present study, due to time and financial constraints.

The first, and most obvious, solution is to reduce the raw accelera-
tion data again, using software that takes into consideration the rotational
effects. At Calspan, work on this type of software had been initiated, for
the problem in three dimensions, but was discontinued due to difficulty in
obtaining stable estimates of the angular motion because of biases in the
accelerometers. Reducing the problem to two dimensions may alleviate some of
the estimation difficulties, but, more importantly, the data collected four the
staged collisions includes both yaw angle and vaw rate. If this information
could be incorporated into the integration algorithms, the problem may be

greatly simplified.

The other approach, which is only applicable to the present study,
and would allow one to compare only the SMAC estimates of AV, involves
altering the SMAC program to compute the velocities at the firewall as if any
vehicle rotation had been disregarded. All the information necessary to
accomplish this transformation is available at the end of the DAUX subroutine.

The results could subsequently be compared directly to the experimental data.
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CRASH II PROGRAM ERROR

In the course of this study, an error was found in the CRASH II
program. The error occurred for spin outs in which a non-skidding vehicle
nad a curved trajectory with no end-of-rotation point defined. For these
types of situations, i.e., where the vehicle is tracking, the program sets the
end-of-rotation point equal to the separation peint in preparation for the
calculation of the error term in the trajectory simulation subroutine. This
is appropriate since in comparing the predicted to actual end-of-rotation

point, for a tracking vehicle, the separation point is the end of rotation.

The SPIN II routine, however, is coded so that it expects the end-
of-rotation point to be equal to the final rest position. When it is not, the
arc length of the spin-out. is grossly overestimated, with the result that the

separation'velbcities, that are subsequently calculated, are too large,

The program was changed in order to correct this error, although
an exhaustive check of the new coding has not been done. The changes that
were implemented are given below. In SUBROUTINE STARTZ? after the COMMON
blocks /CRASH/ insert: | |

COMMON/STTOSP/ XEND, YEND
after 1500 IF(JCURVC1).EQ. 1)GO TO 1505

insert: XEND = XCRI1

YEND = YCR1
and after 1600 IF(JCURV(2)., EQ. 1)GO TO 1605
insert: XEND = XCR2

YEND = YCR2

Then in SUBROUTINE SPIN2, after the COMMON block /CRASH/ insert:

COMMON/STTOSP/XEND, YEND
in two places, and then immediately dfter 1abel 310 and label 350,

.replace: XCIP = XCl[ ]*17 and YC1P = YCl[ j*l12
with: xip = XEND
YC1P' = YEND
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