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APPENDIX A

Analysis of 30-Degree Angle Impact Test Data

A.1l INTRODUCTION

Because of the angular configuration of the test vehicles
during a 30-degree angle frontal 1impact, the accelerometers
mounted on the vehicles are not aligned in a common coordinate
system. All displacement (crush) and force data must therefore
be resolved either in the 1initial direction of the Test Device
or of the target vehicle. The following sections describe the
techniques used to resolve the force/displacement data in the
direction of either vehicle.

A.2 STATIC CRUSH OF TARGET VEHICLE

A.2.1 Crush in Direction of Target Vehicle

A pre-test profile of the target vehicle was obtained by
measuring from a fixed referenced plane in front of the vehicle
to pre-determined reference points on the front face of the ve-
hicle. All measurements were made parallel to the target vehi-
cle centerline. The post-test profile was determined by measur-

ing from the same reference plane through the pre-~test reference
points to the front face of the vehicle. All measurements are,

agaln, parallel to the target vehicle centerline. The static
crush at each point is the axial difference between pre- and
post-test measurements.

The pre- and post-test profiles of the Side Impactor 1in
Test 8321-4.04 (conducted during Phase I of the program) are

shown in Figure A-1. These profiles were generated from the
pre- and post-test measurements described above.

The maximum static crush in the direction of the target ve-
hicle was determined graphically. A straight line was drawn on
the post-test profile from the centerline post-test position to
the post-test position of the impact point (as shown in Figure
A-1, Bumper Level). This line represents the crush plane of the

vehicle. A line, parallel to the vehicle centerline, was drawn

A-1
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from the pre-test impact point to the crush plane. The dimension
corresponding to this line (B) is considered the maximum static
crush along the edge of the target vehicle.

The maximum static crush of the Side Impactor in Test 4,04
was determined graphically as 27.6 1inches. This corresponds to

a post-test measured value of 28.1 inches.

A.2.2 Crush in Direction of Test Device (LCMB)

The maximum post-test crush 1n the direction of the Test
Device (LCMB) was also determined graphically. A 30-degree line
from the 1nitial impact point was drawn to the line representing
the crush plane of the target vehicle (see Figure A-l). The
dimension represented by this line (A) 1s considered as the maxi-
mum static crush in the direction of the Test Device. The crush

was thus determined to be 23.2 inches in Test 4. 04.

As might be expected, the impact point on the Side Impactor
moved rearward along a line nearly parallel to the 30-degree
line of the Test Device 1initial impact direction. The measured
distance between the pre- and post-test positions of the impact
point on the Side Impactor was 24.5 inches as compared to the
23.2 1nches of static crush determined graphically in the
direction of the Test Device.

A.2.3 Longitudinal Displacement of Impact Point

Another measure of crush in the direction of the target ve-
hicle can be defined as being equal to the displacement of the

impact point parallel to the target vehicle longitudinal axis.
This dimension was also determined graphically, as shown by
line C in Figure A-1.

A.3 MUTUAL DISPLACEMENT (CRUSH)

A.3.1 Displacement From Accelerometer Data

A.3.1.1 Displacement In Direction of Test Device

The configuration of the two test vehicles in a 30-degree
left front impact is shown 1n Figure A-2. The relative geometry

A-3
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of the 1longitudinal and lateral accelerations measured on the

target vehicle with respect to the test track (i.e., the direc-
tion of the 1initial velocity of the Test Device) 1s alsoc shown
in Figure A-2. This 1s the direction 1in which the target vehi-

cle acceleration and crush was to be calculated.

The component of the target vehicle resultant acceleration
1n the direction of the test track 1s shown as the vector Agr' 1in

Figure A-2. From this figure 1t can be seen that

Ap' = -Ay cos 30° + Ay sin 30° (A.1)

The relationship in A.1 will be wvalid throughout the entire im-
pact sequence 1f the vehicles do not rotate around their centers
of gravity. Thus, at any time, the displacement of the target
vehicle along the test track may be found by treating the dis-
placements obtained from the accelerometer data according to
Equation A.1l. Subtracting the target vehicle displacement from

the Test Device displacement will yield the mutual relative dis-
placement (1.e., crush). Thus

Crushpp = Sypp + Syqy ©0s 30° - Sy sin 30° (A.2)

crush 1n direction of Test Device

where Crush op

S

longitudinal displacement of Test Device

XTD
SXTV = longitudinal displacement of target vehicle
SYTV = lateral displacement of target vehicle

The same relationship holds for a 30-degree right front
corner impact except that the lateral acceleration of the target
vehicle will be negative 1nstead of positive. Thus, for a right

front impact, the crush 1s given by

Crushpp = SXTD + SXTV cos 30° + SYTV sin 30° (A.3)

A.3.1.2 Displacement In Direction of Target Vehicle

The maximum crush in the direction of the target vehicle 1is
obtained by dividing the crush 1in the direction of the Test De-

vice by cos 30°. Thus, for a left front impact,

A-5



= o p— ]
Crushqy SXTD/COS 30° + SxTV SyTV tan 30 (A.4)

and for a right front impact,

Crushqy = /cos 30° + SXT + 5 tan 30° (A.5)

SxTD v T Sy

A.3.2 Displacement From Film Data

A.3.2.1 Displacement Not Corrected for Rotation

Displacement data was obtained from two cameras, one on
each side of the test track, and averaged to obtain the mutual
relative displacement 1n the direction of the Test Device. The
average was divided by cos 30° to obtain the maximum displace-
ment 1n the direction of the target vehicle.

A.3.2.2 Displacement Corrected for Rotation

The film data can be corrected for the rotation of the vehi-
cles. However, the rotation 1s small during the 1impact event,

as shown by the film analysis presented 1in Figure A-3. There-
fore, rotation corrections are not usually necessary. For this

analysis, however, rotation corrections were applied to deter-
mine their effect on the data. Comparison of curves 1 and 2 1in

Figure A-4 shows that there 1s little difference 1n the data up
to the point of maximum crush.

A.3.3 Correction to Static Crush Level

The mutual crush values were corrected to the measured post-
test static crush level by the following method:

1. Determine the time of vehicle separation from film
analysuis.

2. Determine the correction factor by dividing the maxi-
mum static crush by the dynamic crush at the time of
separation.

3. Multiply all dynamic crush values by this correction
factor.
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This method was applied to the dynamic mutual displacements
in the Test Device direction and the target vehicle direction.
The effects of the static crush corrections on the film data may
be seen 1n curves 3 and 4 of Figure A-4.

The effects of the static crush corrections, as well as
rotation corrections, on the dynamic crush obtained from the ac-
celerometer data are shown 1n Figure A-5. It can be seen from
this figure that the rotation corrections have less effect on
accelerometer data than do the static crush corrections. This
might be expected since the accelerometer c¢rush values are ob-
tained from two accelerometers which are mutually perpendicular.
As the vehicle rotates, the lessening acceleration vector of one
accelerometer 1s partially compensated for by an increase in the
acceleration vector of the other. Thus, the relationships de-
rived 1n Section A.2.1 are reasonably valid and rotation correc-
tions need not be applied to the accelerometer data.

A.4 FORCE/DEFLECTION DATA

Force/deflection data may also be determined in the direc-
tion of either the Test Device or the target wvehicle. The
forces may be those registered by the Test Device load cells or
the 1nertial forces calculated from the accelerometers on the

Test Device or on the target vehicle. When determining forces
in the direction of the target vehicle, the load cell readings

must be multiplied by cos 30°, Figure A-6 presents these curves
in the direction of the target vehicle for Test 4.04.

The total force 1is the sum of all locad cells on the Test

Device. The lower region load 1s obtained by summing the loads
in rows A and B, while the upper region load is obtained by sum-

ming rows C and D. The loads thus obtained for Test 4.04, in
the direction of the Side Impactor, are shown in Figure A-7.

Force/deflection curves were obtained by cross-plotting the

force and deflection data. The deflection data is that obtained
from the accelerometers with the static crush correction ap-
plied. These curves may be generated in the direction of the
Test Device or in the direction of the target vehicle, as shown
in Figure A-3.
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APPENDIX B

NHTSA METHOD FOR SIMULATING
TWO-VEHICLES-MOVING COLLISIONS

B.1 INTRODUCTION

This appendix presents an analysis of the method proposed
by the NHTSA for simulating a two-vehicle collision 1in which
both are moving by means of a crash test 1n which one vehicle
(the target) 1s held stationary (see Reference, Section B.4).
In this method the bullet vehicle 1s mounted on a set of auxil-
r1ary wheels and towed 1nto the target vehicle. The longitudinal
axis of the bullet vehicle 1s held at an angle (a) to the direc-
tion of the tow track. This 1s shown 1n Figure B-1. The purpose
of this analysis was to supply a set of curves which could be
used to choose the required orientation (o, ¢ ) of the bullet and

target vehicles with respect to the tow track and the required
tow velocity (Vg).

B.2 MATHEMATICAL ANALYSIS

The fundamental requirements of this simulation method are
that the praincipal directions of force with respect to the bul-
let and target vehicles be unchanged, and that the magnitude of

the relative velocity of the two vehicles remains the same as 1in
the two-car-moving case.

Figure B-2 shows the relevant geometry, using the nomencla-
ture 1ndicated 1n Figure B-1l. Using the law of sines for the
triangle OAB 1s 1s evident that

= (1)
Sina Sin 6

Since the angles are related by:

y =90 + ¢
= V¥V+ a
8 = 180 -¢
a =90 - (¢ +9)



a) Collision to be Simulated
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TOW TRACK

b) Corresponding Test Configuration

FIGURE B-1. EXPLANATION OF TECHNIQUE TO SIMULATE COLLISION.
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We obtain from (1):

Vi oo Cos (¢ + 6)
—_— (2)
%% Sin 6
Solving Egn (2) for the angle 9§ gives:
- V1 1
Cot g = _L . + tan ¢ (3)
Vo cos ¢
The angle o 1s then determined from the relation:
a =90 - (¢ +6) (4)

The required towing speed Vi 1ls determined by either the law of
coslnes:

2 = y2 2 -
VR Vl + V2 2VyV, cos (5)

or from the law of sines:

YR - Cos¢ (6)
Vo S1n 6

Since 6 1s a function of ¢ and the velocity ratio V;/V,, the

ratio Vg/V, (or VR/Vy] 1f desired) can be plotted as a function
of these two variables.

It should be noted that 1n using the foregoing equations,
the angle ¢ 1s to be counted negative when the angle ¥ 1s
acute. This 1s the case when the bullet vehicle approaches the

target vehicle from behind. ¢ = 0 corresponds to perpendicular
impact.

B.3 PRESENTATION OF RESULTS

Generalized curves showing the parameters required to set

up the simulated test configuration 1in which only one vehicle
(bullet) 1s moving have been derived using Equations (3), (4),

and (6).



Figure B-3 presents a set of curves giving the angle 8 (the
requlired orientation angle of the stationary target vehicle with
respect to the tow track) as a function of the collision angle
¢, with the velocity ratio Vy/V,; as a parameter. As is evident
from the figure these curves are divided 1nto two subsets by the
Vi/Vy = 1 line. The 1line marked ¢ = 0 corresponds to a two-
vehicle moving collision 1n which the longitudinal axes of
target and bullet vehicles are at right angles.

Figure B-4 presents a set of curves giving the angle a (the
required angle between the "crabbed" bullet vehicle longitudinal
axls and the tow track) versus the impact angle ¢, with the velo-

city ratio Vy/V,; as a parameter. Again the set of curves is
divided 1into two subsets by the V;/V, = 1 line. In this case,
however, the values for V;/V, greater than 1 (target vehicle
speed greater than bullet vehicle speed) are 1in the upper part
of the figure, while 1in Figure B-3 these were in the lower part.

Figure B-5 presents a set of curves for the velocity ratio
VR/V2, given as a function of the velocity ratio V1/Vo, with the

collision angle as a parameter. The results are plotted in
this format 1n order to avoid intersecting curves. This figure
shows that for all values of the angle ¢ > 0, the ratio Vg/V, 1s
> l. As noted above ¢ > 0 corresponds to the case of the bullet
vehicle approaching the target from the front.

An example of the use of the curves to determine the re-
quired test conditions 1s 1llustrated below:

v, (Target) = 15 mph

Vo (Bullet) = 30 mph

¢ (Collision) = 30°
Therefore

V1/Vy = 0.5

8 = 41° (Figure B-3)

a = 19° (Figure B-4)
and

VYR = 1.32 (Figure B-5)

V2
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The points corresponding to the example are shown as ® on
Figures B-3, B-4, and B-5. Therefore, the required towing

velocity 1s Vg = (1.32) (30) = 39.6 mph.
B.4 REFERENCE

NHTSA Statement of Work for RFP, "Occupant Survivability in
Lateral Collision," as reported in Greene, J.E., "Occupant Sur-
vivability 1n Lateral Collisions," Calspan Report No. ZS-5562-
V-2, October 1975,
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1. INTRODUCTION

Accident studies, particularly the National Crash Severity Study
(NCSS), have provided information indicating the serious nature of the current
si1de i1mpact problem. TFor example, Reference 1 indicates that the side impact
accidents contained 1n the NCSS file constitute 26% of the vehicles, 27% of the

occupants, 33% of the serious (AIS > 4) 1njuries, and 36% of the fatalities

In response to this problem, the National Highway Traffic Safety
Administration (NHTSA) has placed a high priority on reducing the injuries
resulting from side impacts. A major effort to upgrade FMVSS 214, 'Side
Impact Protection' 1s currently underway. As part of this overall effort,
Dynamic Science, Inc., under Contract No. DOT-HS-8-01933, 1s developing for
NHTSA a side impact test device (1.e., impacting barrier) and demonstrating 4
compliance test procedure. MGA Research Corporation 1s supporting the

Dynamic Science project under a subcontract arrangement.

Our activities involve analyses which will provide background in-
formation which may be used by NHTSA 1n the selection of a barrier weight
and a test impact speed. The test condition 1s intended to be ''reasonably"
representative of real world car-to-car side impact accidents. In this sense,
dccident data must be somehow related to the limited configuration of a single
side 1mpact crash test. The effort described in this report attempts to
provide a rational means for selecting the moving barrier test weight based

upon accident data and automobile fleet population.

The process of selecting the test condition must take into con-

sideration several factors. The more notable ones are.

a) possible benefit
b) realism to real world accident conditions
c) feasibility and practicality (1.e., costs)



It 1s understood that NHTSA will take these factors into consideration  Qur
effort was somewhat more limited i1n that consideration was given only to

i1tems a. and b. That 1s, an analysis was conducted to estimate possible
benefit as a function of test severity (both in terms of barrier weight and
impact speed) A secondary part of the analysis relates weight difference
(between striking and struck vehicles) to the frequency of occurrence of the
more severe 1njuries The potential problem of designing motor vehicles to
meet a given test condition has not been addressed. Hence, the results of this
limited study do not provide a complete basis for setting desirable compliance

test conditions.

Although the selection of a barrier weight mav appear to be straight-
forward, 1t 1s complicated by a number of factors. First, the barrier weight
must be reasonably ''representative" of the weight range for automobiles operating
on the Nation's highways. Second, because elimination of the more severe
injuries 1s the goal of the standard upgrading, the barrier weight must attempt
to approximate conditions associated with the more severe injuries. Third,
1t must be recognized that the automotive fleet weight distribution 1s undergoing
substantial changes as a result of a major effort to improve fuel economy
Hence, a barrier weight believed to be a reasonable compromisc for present
highway conditions, would likely be totally unrealistic for the automotive
fleet conditions of the mi1d-1980's. Each of these factors has been consideied

in the study.

The estimate of benefits (injury reduction) was based upon a
methodology proposed by Burgett (Ref. 2). In this method, a change in velocity
imposed on a population of vehicles 1s calculated based on the assumption o~
a plastic impact between a barrier of given weight (and speed) and a statioaary
automobile. An estimation of the number of 1injuries occurring 1in the struck car
population 1s then made based on a relative cumulative frequency curve of the
percent of the number of near-side occupant serious injuries as a function of

lateral AV, developed from NCSS data. The calculations are repeated for a



number of barrier weights and speeds. The results of these calculations
are a series of curves relating the number (or percent) of injuries sustained
to barrier weight, parametric 1in barrier velocity. The analysis considered

a number of different automobile fleet weight distributions.

The approach to factor in weight (or more specifically, weight
difference between striking and struck vehicles) makes use of information
extracted from the FARS data base together with a frequency distribution
of passenger cars by weight and 1s a modification of a technique suggested by
Ragland (Ref. 4). In this approach, the passenger car weight distribution 1s
employed to calculate the probability that a given weight difference between
two cars involved in a collision will exist. This probability is then divided
into the frequency of fatalities for the corresponding weight difference
extracted from FARS data. The result 1s fatality rate as a function of weight
difference. This fatality rate is then assumed to remain relatively constant over
time and 1s used to project the number of fatalities in the future from a

projected distribution of passenger cars by weight.

Computer programs were developed for each of these analytical
techniques, permitting evaluation of the effect of several different variables.
In both i1nstances, vehicle population believed to be representative of the
latter 1970 automobile fleet and projected 1985 conditions were analyzed.

Based on the complete study, 1t 1s our recommendation that a barrier weight of
about 3450 1lbs. be selected as a reasonable compromise for the multitude of
influencing conditions. Once the barrier weight i1s selected, 1t is then
necessary to select a test impact speed. Results obtained in the study allow
a direct determination of estimated benefits for a range of impact speeds.
However, selection of a precise impact speed must take into consideration

feasible and practical automobile side impact safety systems.

In the next section, the methodology utilized in the study 1s presented.
This 1s followed by a presentation of the results generated for the various

hypotheses and a general discussion of the results.



2. METHODOLOGY

As noted in the Introduction, the basic objectives of this study
were to provide NHTSA with information that would aid i1n choosing a moving
barrier weight for side impact compliance testing, to document a methodology for
evaluating the benefits associated with a moving barrier side impact test
procedure, and to evaluate the effects of the chosen test conditions with resject

to an ever changing vehicle population.

Accident study results indicate that injuries to the occupants of
vehicles involved 1n collisions are strongly associated with the change in
velocity experienced by the vehicle. This fact suggests that the most straight-
torward approach to producing a known level of benefit (1.e., reduction of
injuries) through setting performance criteria in a test procedure would be
to require all vehicles tested to experience a given change 1in velocity
associated with the desired level of injury reduction. However, assuming a
collision between the test vehicle and moving barrier can be considered to be a
problem 1n plastic, central impact mechanics, the change 1n velocity experienced
by the test vehicle 1s a function of two variables, the barrier weight and the
closing speed. Hence, imposing a test procedure that would require all vehicles
to undergo a fixed change in velocity would, in fact, require that one or both
of these variables be changed as a function of the test vehicle weight  The
current feeling 1s that this requirement would lead to a test procedure of

limited practicalaity.

Consequently, 1t becomes necessary to chose a specific set of test
conditions, 1.e., barrier weight and speed, that can be considered to be

representative of accident exposure experience.

This study has attempted to accomplish this objective by means of
a logical methodology making use of vehicle population and occupant injury data.
Vehicle population data that were available included current (NCSS) and

previous (1976) passenger car frequency distributions by weight and a projection



of 1985 new car sales by weight. Injury measure information available
included a count of near side fatalities and severe injuries in car-to-car
crashes as a function of striking car weight and weight difference between
striking and struck cars, both from the FARS data file and the NCSS data file.
Also available was a cumulative distribution of serious (AIS > 4) injuries to
near side occupants of passenger cars struck in the compartment as a function

of lateral change 1in velocity, developed from reconstructed NCSS accident cases.

The general approach used 1n this study was to use I'ARS (and NCSS)
cumulative 1njury data as a function of weight difference between striking and
struck cars to provide a reasonable test barrier weight in relation to either
the current or a projected vehicle population weight distribution. Then, given

a level of benefit, the other test variable, closing velocity, can be determined.

The following three subsections describe the data used in this study
and the procedures used to recommend a barrier weight and to evaluate the

benefits expected to be achieved by a side impact test procedure.

2.1 Data Available

Frequency distributions of passenger cars by weight were required for
the procedures that are described in the subsequent sections. Four such

distributions were employed in this study. These were:

° Frequency distribution of passenger cars by weight
as of July 1, 1976 (from Ref. 3)

° Frequency distribution of passenger car weight con-
tained 1n the NCSS sample (Ref. 4)

. Projected distribution of 1985 new car sales by
welght (Ref. 4)



* Projected distribution of 1985 total car populattion

by weight

The information contained in Ref. 3 was developed from 4 count of
vehicles by make, model, and model year for each state. \echicle curb weight
was obtained from Ref. 5. Data were provided separatel, for domestic and fcreign
cars for the model years 1966 through 1976. Combining these data yielded a
total vehicle count of approximately 96.6 million cars, of which approximately
14.9% were either pre-1966 or otherwise unidentified. bSince this count was
based on curb weight, three hundred pounds were added for use 1n the studv 1n
order to d4pproximate on the road, or inertia, weight. The mean weight of tle

population (1nertia weight) was approximately 3840 lbs.

The vehicle count by weight for all passenger cars in the NCSS file
was provided by the National Center for Statistics and Analyvsis At the time
the information was obtained, the weighted file contained 72,242 cars. lhe
mean weight of this sample was approximately 3730 1bs., which also included a

300 1b. 1increment to reflect an approximate on-the-road weight

The projection of vehicle sales by inertia we_ght for 1985 was
provided by NHISA. The mean weight of this sample was approximately 2950 1bs
Also provided were sales by weight for the years 1970 through 1979. In order to
project the total car population for 1985, estimates of sales bv weight were
made for the years 1980 through 1984 by linear interpolation betwecn values tor
1979 and 1985. This admittedly crude attempt at estimating vehicle sales
for these )ears was necessar)y because NHTSA projections were not available at
the time of this study. An estimate of the percentage of cdrs remaining 1n
service, as a function of age was then obtained from Ref. 6 and uapplied
to the new car sales data for 1970 through 1985 resulting in a projected
1985 vheicle population. The mean weight of this population was approximatcly
3240 1bs. This projection resulted in an estimated 104 1 million passenger

cars 1n service 1n 1985, an 1ncrease of about 8% over 1976.



A cumulative relative frequency distribution of passenger cars by
weight for each of these vehicle populations is shown in Figure 1 and frequency

distributions are compared in Table 1.

Occupant 1njury data available included counts of the number of
fatalities by weight and weight difference between striking and struck cars
from the NCSS data base and from the FARS data base for the years 1975 through
1978. Cumulative near side fatality frequency (expressed as a percent of the
total) from FARS for the years 1976 and 1978 as a function of weight difference
are shown 1n Figure 2. Also indicated on the figure, is the cumulative frequency
of severe injuries (AIS > 4) extracted from the NCSS file as a function of

weight difference between the striking and struck vehicle.

The two FARS distraibutions agree very closely with a slight tendency
for a greater frequency of fatality at large weight differences in the 1978 data.
The median point of both distributions are close to a 500 1b. weight difference
in favor of the striking car. It 1s interesting to note that the NCSS
cumulative distribution of near side injuries with AIS 2 4 also agrees quite
well with the two FARS curves considering the limited number of data points (25).
As a result of this general agreement, it was decided that the FARS data would be
used for selection of a barrier weight since many more data points comprise the

cumulative distraibutaion.

It 1s also interesting to note that data supplied in Ref. 7 indicates
that the median weight for the 1976 FARS striking car weight was 4080 1bs.
(including an increment of 300 lbs. to reflect the same assumption as was used
to develop the 1976 weight distribution) and the median weight for the 1976
population from Figure 1 is about 3960 lbs. Similarly the median NCSS striking
car weight for all side impacts was 3950 (including an added 300 1bs.) while the
median from the NCSS cumulative weight distribution curve of Figure 1 1s about
3800 1bs. Hence, the median striking car weight for the more serious side

collisions tends to be somewhat greater than the median of the vehicle population.

7
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TABLE 1
FREQUENCY DISTRIBUTIONS OF CAR POPULATIONS BY WEIGHT

RELATIVE FREQUENCY (PERCENT)

INERTIA WEIGHT INCREMENTS 1985 NEW 1985 TOTAL

(LBS.) 1976 NCSS CAR SALES | POPULATION

POPULATION SAMPLE PROJECTION | PROJECTION
< 1750 --- 0.1 - ---
1750 - 1999 0.6 0.9 0.8 1.6
2000 - 2249 4.4 3.8 9.4 7.2
2250 - 2499 3.7 4.8 18.9 12.7
2500 - 2749 4.8 5.0 5.8 4.5
2750 - 2999 3.9 5.6 10.5 10.5
3000 - 3249 6.4 6.2 24.1 15.1
3250 - 3499 7.8 9.9 17.5 15.1
3500 - 3749 10.3 11.8 9.6 8.9
3750 - 3999 9.5 12.6 1.7 8.9
4000 - 4249 14.2 11.1 1.7 5.6
4250 - 4499 10.2 11.0 --- 5.6
4500 - 4749 11.9 8.5 --- 1.6
4750 - 4999 5.4 3.9 --- 1.6
5000 - 5249 4.1 2.4 --- 0.6
5250 - 5499 2.0 1.7 --- 0.5
5500 - 5749 0.8 0.7 --- ---
5750 - 5999 --- --- --- ---=

9
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I1gure 3 shows the cumulative relative distribution of serious
(AIS Z 4) injuries incurred to near side occupants of automobiles struck in the
passenger compartment as a function of lateral change in velocity. This
information was provided by NHTSA (Ref. 4) as determined from the most recent
NCSS file update Note that the lateral change 1in velocity 1s determined by

CRASH reconstructions of the subject accidents.

2.2 Procedure Used to Recommend Barrier Weight

As 1ndicated in the previous section, a cumulative distribution of
fatalaties (or serious injuries) by weight difference 1s believed to provide a
reasonable means of selecting a weight difference for application to a test
procedure. Two difficulties exist, however. First, this distribution exists
only through the year 1978 for the FARS data base. Thus, a projection of a
cumulative fatality distribution to the 1985 vehicle population 1s necessary.
And second, while this fatality distribution provides a means of establishing a
reasonable weight difference that 1s characteristic of the more severe side
impacts, 1t in and of 1tself, does not directly indicate a barrier weight to

be used. Each of these points 1s discussed below.

In order to project a cumulative fatality distribution to the future,
a procedure employing information extracted from the FARS data base and a
distribution of passenger car weights was used. In this procedure, the passenger
car weight distribution 1s used to calculate the probability that a given weight
difference between two cars involved i1n a collision will exist. This probability
15 then divided into the frequency of fatalities for the corresponding weight
difference extracted from FARS data. The result 1s fatality rate as a function of
weight difference. This fatality rate is then assumed to remain constant over time
and 1s used to project the number of fatalities in the future from a projected

weight distribution.

11
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Data required for this procedure are:

. distribution of passenger car population by weight

for a given time period

° frequency of near side fatalities as a function of the
we1ght difference between striking and struck vehicles,

for the same time period as the above distribution

. projected distribution of passenger car population by

weight at some future period of time.

Tabulations of the number of near side fatalities as a function of
weight difference (striking minus struck) obtained from FARS data (Ref. 7)
are given 1in Table 2. The distributions of passenger car population by weight

used were discussed in Section 2.1.
The computational steps for this procedure are as follows:

1. Divide the vehicle population weight distribution into
n discrete weight cells of constant cell width. The
total number of vehicles in the population is then
normalized to 1.0. Compute the probability that, taking
two vehicles at a time, all possible weight differences
will occur, i.e., Pi,j = PIPj. Note that i and j are
both varied over the n cells in the weight distribution.
Then, the probability that a given weight difference will

occur and that weight differences are computed:

P = N Y

where k =1 - j

13
c-17



TABLE 2

FREQUENCY DISTRIBUTIONS OF FARS FATALITIES*
BY WEIGHT DIFFERENCE

Weight Difference NUMBER OF FATALITIES
(Striking Minus Struck)
LBS 1975 1976 1977
-3200 to -2800 0 0 0
-2700 to -2300 3 2 2
-2200 to -1800 0 4 8
-1700 to -1300 13 7 12
-1200 to - 800 24 28 40
- 700 to - 300 22 44 78
- 200 to 200 44 65 99
300 to 700 43 67 100
800 to 1200 57 66 107
1300 to 1700 20 38 54
1800 to 2200 18 39 46
2300 to 2700 11 15 19
2800 to 3200 3 9 5
3300 to 3700 0 0 0
L T - -

Cc-18




The result of this step 1s a probability, that a

Pk,
weight difference, Wk’ w1ll occur when vehicles 1in the

population are taken two at a time.

2. Divide the frequency distribution of fatalities as a
function of weight difference 1into weight difference
cell widths equal to that used in Step 1. Obtain a
rate of fatality as a function of weight difference
by dividing the number of fatalities occurring within a
given cell by the probability that the corresponding weight
difference will occur within the distribution of vehicle

welghts.

3. Step 1 1s then repeated for a projected weight distribution
and the resulting weight difference probabilitics are
multiplied by the corresonding fatality rates obtained 1in
Step 2. The result 1s a projected frequency of fatalaty
distribution by weight difference for the future vehicle

population.

As developed from the above described procedure, the probability of a
given weight difference existing for the 1976 vehicle population and the NCSS
sample described in Section 2.1 are shown in Figure 4. Note that the NCSS

sample 1s assumed to be representative of the 1978 vehicle population.

Fatality rates derived from using the 1976 FARS fatality frequency
distribution by weight difference together with the 1976 passenger car weight
distribution, and from the 1977 and 1978 FARS fatality frequencies both with
the total NCSS weight distrabution are shown in Figure 5. Very good agreement
exists in the rates derived from these three data sets, particularly in the
region where fatality frequencies were relatively high. The fatality rate

actually used to project fatality frequency to a future vehicle population was
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fatality frequency can be made using the 1976 and NCSS passenger car weight
distributions for comparison with the observed results from FARS data. These

comparisons are shown in Figures 7 and 8 1llustrating a generally good
at th

a
predictive catability. Given the fatal

1

ption th

+
4]
=
ot

th y rate remain
constant over time 1n 4 changing vehicle population, 1t 1s then possible to
predict the fatalit) frequency distribution by weight difference between
striking and struck cars 1f a future vehicle population weight distribution 1s

known.

As noted above, this procedure helps to provide a weight difference
between striking and struck cars based on a chosen fatality percentile
From Figure 2, 1t 1s seen that 50 percent of the near side fatalities within
the current population occur with a weight difference of 500 1lbs. or less.
Also, since the rather limited number of data points in the NCSS cumulative
severe 1njury distribution by weight difference follow quite closely the FARS
data, 1t 1s reasonable to assume that approximately 50 percent of the severe
near side injuries will also occur at a weight difference of about 500 1lbs. o-
less. Thus, a 500 1b. weight difference 1s believed to be a reasonable
col
current vehicle population. It then remains to chose a specific moving barrier
test weight that would provide a reasonable approximation of this weight
difference over the entire struck vehicle population. This can be accomplished

1. PR | = . ~ —~ N v n R 7 m o
Dy audulg the cnosen weignt di
1

probability of this weight difference occurring.
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2.3 Procedure for Estimating Benefit

The previous scetion has described a means of determining 4
barricr weight which might be cxpected to provide a given level of reduction

1n serious njuries or fatalities The procedure described 1n this section

[¥7}
L]

attempts to quantity tu a greater degree, the lovel of benetit associated with
the chosen barrier weight and a (lo-ing velocity or, alternately, recommends a
barrier test veloctity which, 1n conjucntion with the barrier weight will resu t

in 4 given level of benctfit

The approach 15 based ¢n a calculation or -\ 1mposed on a4 populdatior
of vehicles as a result of 1mpdact with 4 moving barrier of a given weight and
speed based on plastic, central collision mechanics Ar cstimation of

injuries 1ncurred by nedar side occupants 1s thon made from a cunwulative trequency

curve of 1njuries 4as a4 function ot A (alculations are repeated for o number
AL hharan sy sy ~ A [ R T NN IR T FUEeN P £ T g PO I IR s NP LR
1 Ldli lCLl WU L&H.Lﬁ &LIW \11(,‘\,&15, i SULLiig 1l a svllivo Vi Lalvies flildbliiny 17 ULy

to barricr weirght, paramctric in birrier velocity.

Data required tor this procedure arc

. passenger car frequency distribution as a function

of weight
a cumualative distribution ot severe 1miuries
e cumulative distribution ot severe injuries

(\IS = 1) 1ncurrcd by near side passengcers of cars
struck on the si1de of the pdasscnger compdrtment,

ds o function of lateral 2\

The computational steps are outlined below

1 lhe frequency distribution of vehicle weights 1s

into n discrete welght cells of constant

divides

ccll width. the total namber of vehicles 1n the



population 1s normalized to 1.0, thus the fraction
of vehicles 1n each cell represents the probability
of single vehicle being within that cell. The
probability for each cell 1s assigned the symbol Pm,
where the subscript m refers to the mth cell in the
weight distribution. The corresponding value of
weight, wm, 1s taken as the midpoint value of weight

cell m.

Choose a moving barrier speed, Vl.

For a moving barrier weight WBJ (where WBJ = Wm for
m = J), calculate a change 1n velocity (AV) for the
entire distribution of struck car weights, wSk = Wm
for m = k). That 1s
WBJ v1
AV = for k =1 ton
k,1 (WBJ + Wsk)
For each computed AV determine the fraction of

k,2
serious 1njuries (AIS > 4) that would occur from the

NCSS developed cumulative dastribution of injury

versus lateral AV. Assign this injury value to the

symbol Ik 1 Sum the injury values weighted by the
probability that the struck car 1s of weight wsk’ 1.e.
n
S T Ik

B 1 thus represents the fraction of serious injuries
3

incurred by near side occupants in the entire

population of struck cars when impacted by a vehicle

of weight WBJ traveling at speed V1'

23
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5 Repeat Steps 3 and 4 for all barrier weights WBJ

considered 1n the analysis

6. Repeat Steps 3, 4 and 5 for all barricr velocities, Vl,

considered 1n the analysis.

The application of this procedure results 1n a set of curves relatiag
an expected benefit (or reduction in 1injuries) to barrier weight pardametric 1in
closing velocity. The benefit results from the assumption that vehicles will
satisfy a no severe injury requirement (1.e., AIS ~ 4) when 1mpact tested 1n a
specified manner. Given a barrier weight, as determined from the procedure
described in the previous section, the resulting curves can then be used to
choose a test velocit) once a desired level of benefit 1s established, or a

level of benefit can be expressed as a function of test velocity
This information can then be used together with cost information 1n

order to maximize a cost/benefit relationship to choose the test speed and

level of benefit expected.

24
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3. DISCUSSION OF RESULTS

In order to give some perspective to a total analysis of barrier
weight and benefits for the 1985 time period, the procedure 1s first carried
out for the current vehicle population. The vehicle weight distribution for
the current population 1s assumed to be represented by the NCSS vehicle sample.
Using this distribution, the probability of weight differences occurring, taking
two vehicles at a time was calculated and 1s shown in Figure 9. Applying the
fatality rate information developed in Section 2.2 to this distribution results
in the cumulative fatality distribution shown in Figure 10. On this figure,
the 50th percentile fatality level occurs at a weight difference of about
400 1bs. Applying the weight difference to the mode of the frequency distribution
by weight yields a suggested barrier weight of 4275 1lbs. From a cumulative
weight distribution for this populaticn, 1t 1s noted that some 73% of the cars

are of weight less than or equal to 4275 lbs.

Application of the procedure described in Section 2.3 to thas vehicle
population y1elds the benefit curves shown in Figure 11. From this figure, 1t
can be seen that with a barrier weight of 4275 1bs., 50% of the serious near
side injuries could have been eliminated 1f all cars in the population had been
required to comply with an AIS < 4 specification when tested at a closing speed

of approximately 32 MPH".

Projecting current side i1mpact experience 1n combination with
estimates of the vehicle population to the 1985 time period results 1in a
cumulative fatality distribution as shown in Fagure 12. From this figure, 1t
1s seen that 50 percent of all fatalities are expected to occur with a weight
difference between striking and struck cars of about 300 1bs. or less.
Applying this weight difference, which 1s representative cf the more serious
side collisions expected for this population, to the mode of the 1985 vehicle
sales frequency by weight yields a suggested barrier weight of approximately
3425 1bs.

*
Actually barrier speed as analysis assumes barrier impact with a

stationary vehicle.
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Figure 9 PROBABILITY OF WEIGHT DIFFERENCE FOR MNCSS
VEHICLE SAMPLE
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Figure 10  CUMULATIVE RELATIVE FATALITY FREQUENCY BY WEIGHT
DIFFERENCE FOR 1978 VEHICLE POPULATION
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Note that we believe 1t appropriate to apply this 300 1b. weight
difference to the 1985 car sales population rather than the total population
at that time since only the new production would be required to comply with the
upgraded side protection standard. A moving barrier weight of between 3400
and 3500 1lbs. will then reflect a condition that i1s characteristic of the more
severe side collisions for the 1985 new car population. From Figure 1 it 1s
seen that this weight will be greater than about 82% of the projected new car

sales weight.

From Figure 13, 1t can be seen that a 50% benefit can be achieved
for the new car population when tested at about 32 MPH with a barrier weight of
3450 1bs. The actual choice of the test speed, however, must be made considering
the practicality of producing safety systems for the vehicles that would reduce

injuries to less than the AIS = 4 level for the test conditions.

Applying this methodology to a projected mid 1980's vehicle
population should result in test conditions for a side structure compliance
test that will significantly increase occupant protection in those vehicles
for which compliance 1s required. As discussed previously, a reasonable
level of benefit cannot be chosen solely by this procedure; trade-offs of
benefit against practicality (costs) are required. However, we believe that a
barrier weight which 1s representative of the projected population can and
has been determined. A second test parameter, impact velocity, can then be chosen

to reflect the degree of benefit that 1s ultimately decided upon.

This study should not be considered to be a final statement of the
test conditions for the proposed side structural performance requirement upgrade.
Rather, 1t should be viewed as a development of a methodology which should be
continually upgraded both with respect to the assumptions employed in the
analysis and with respect to the data employed. In particular, injury data is
being continually collected and the projected vehicle mix i1n the 1985 time

period 1s undergoing continual refinement. As more, and presumably better,
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data become available, their influence on the conclusions of this study should
be determined. Furthermore, efforts should be undertaken to extend this

analysis to consider other test condition variables, such as impact orientation.

We also believe that 1t would be desirable to examine a limited
number of NCSS accident cases that are representative of the recommended test
conditions 1in order to develop a better understanding of the structural
performance of the current car population under those conditions. This would
lead to a better understanding of the degree of structural modifications that

will be necessary to 1nsure compliance on future vehicles.
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SUMMARY OF AN ANALYTICAL STUDY OF OCCUPANT INJURY
IN OBLIQUE SIDE COLLISIONS

Dynamtic Science, Inc., 1s currently involved in the development of a
stde 1mpact device and compliance test procedure under Contract No. DOT-HS-8-
01933 for the National Highway Traffic Safety Administration. The proposed
side 1mpact device will include a deformable front face which would simulate
the front end of the striking vehicle more reatistically than the rigid side
impact device currently used in side impact testing. In order to develop
force~deflection characteristics of this deformable face, an analysis of

avallable crash test results was conducted.

Frontal force-crush characteristics were approximated using data
obtained from crash tests conducted at Dynamic Science., Inc. and Calspan
Corporation. Structural characteristics for both full frontal engagement and
loading along a direction 30 degrees to the longitudinal axis were obtained
and characterized by an initial structural stiffness and an effective yield
strength. The initial stiffness and yielid level were chosen to equilibrate the
area under the actual curve to the area under the simple fit, up to a point

representing 80 to 90% of the maximum defliection.

Results for all the vehicles involving full frontal engagement were
averaged to obtain a structural stiffness of 5.3 kips/in and a yield force
level of 78 kips. Stmilarly, results for all the vehicles involving 30°
frontal collisions were averaged to obtain a structural stiffness of 2.8

kips/in and a yield force level of 27 kips.

Based on a comparison of the average obtained in the two different
test configurations, it appears that the effective stiffness of a vehicle's
front structure is reduced by about 45% as the impact direction changes from 0
to 30°. The effective yield force level 1s reduced by about 55% for the c<ame

change 1n impact direction.
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The effects of striking car frontal-crush characteristics on
occupant injury exposure were also investigated in this effort, through the
use of a one-dimensional lumped-mass, dynamics computer simulation (referred
to as SMDYN). Throughout the simulation study, the striking car weight was
fixed at 3450 Ibs, and the speed and orientation simulated represented a 35
mph, 60 degree oblique side impact. The primary parameters investigated were
the weight of the struck car, over a range of 2000-4000 Ibs in 500 Ib
increments, and, the front structural characteristics of the striking car.
The baseline level of front structural stiffness approximated the average
frontal stiffness of the four cars for which force-crush data was available
along a direction 30 degrees to the longitudinal axis. Stiffness levels
including 50%, 150%, and 200% of the baseline stiffness level were
investigated. Side structural characteristics of the simulated struck cars
were then developed from measurements of a modified VW Rabbit side structure.
These characteristics were assumed to be the same for all struck vehicles

studied.

Several direct and indirect indicators of injury severity were
studied in the simulated collisions including, occupant change in velocity,
Chest Severity Index (CSl), relative velocity between the occupant and door at
contact, maximum door velocity relative to the struck vehicle, door intrusion,

and maximum interior door padding crush.

The analytical study results indicated that a moving barrier frontal
stiffness can be chosen that is both representative of the vehicle population
and capable of providing severe occupant exposure in side impacts. A frontal
stiffness of about 3000 Ibs/inch as measured along a direction 30 degrees from
the longitudinal axis of the test sevice is recommended for a 60° oblique side
collison. However, it is also recommended that additional studies be

conducted to clarify and confirm these results.

vii
D-7



1. INTRODUCTION

Actident studres, particularly the National (Crash Severity Studv
(NCSS), have provided information i1ndicating the serious nature of the current
sitde 1mpict problem For example, Reference 1 indicates that the <ide 1mpact
accidents contiined 1n the NCSS file constitutes 26% of the vechicles, 27% of the

occupants, 33% ot the serious (AS > 4) 1njuries, and 36% of the fatalities

In rcesponse to this problem, the National Highwav Iraffic Safety
Administration (NHTSA) has placed a high prioritv on reducing the 1nijuries
resulting from side impacts A major effort to upgrade FMVSS 214, '"Side
Impact Protection 1s currently underwav. As part of this overall effort,
Dvnamic Science, Inc., under Contract No. DOT-HS-8-01933, 1s developing for
NHISA a side 1mpact test device (1.e., impacting barrier} and demonstrating a
compliance test procedure. MGA Research Corporation 1s supporting the

Dynamic Science project under a subcontract arrangement.

The proposed side 1mpact test device that 1s under development will
include a deformable front face and thus 1s expected to be a more realistic
simuldation ot actual side collisions than would be possible bv using a rigid
moving barrier. Our activities, described in this report, have involved
developing information which mav be used bv NHTSA to select frontal stiffness
characteristics of the side i1mpact test device. The test procedure that will
be developed by Dvnamic Science 1s intended to be reasonably representative
of the more severe actual car-to-car collisions, and thus, knowledge of both
frontal force-crush characteristics of existing vehicles and the influence
of these characteristics on occupdant 1njury levels was necessarv. The specific
activities called out 1n the Statement of Work for which MGA provided support

weTre

. ..the Contractor shall detcrmine approximations of frontal
torce-crush characteristics by vehicle weight category, using
the results of Phase II - Task 3 and other sources.



Analytically estimate, 1f possible, the sensitivity of occupant
injury levels to crush characteristics within the range
determined above when the following parameters are held con-
stant; weight, speed, and orientation of the striking vehicle.
Assume the struck vehicle has modified side structure and
reasonable padding. Perform the analysis for five (5)
hypothetical weights for struck vehicles. If possible,
determine the optimum (in terms of injury reduction in a 1985
mix of new vehicles) force-crush characteristics for a side
impact barrier."”

Crash tests conducted at Dvnamic Science, Inc. and Calspan Corporation
provided data from which approximations to frontal force-crush characteristics
were obtained Structural characteristics for both full frontal engagement
and loading along a direction 30 degrees to the longitudinal axis were obtained
and characterized by an initial structural stiffness and an effective yield
strength for ease of comparison. The resulting information 1s presented and

discussed 1n Section 4 of this report.

An analvtical investigation of the effects that striking car frontal
force-crush characteristics, or stiffness, have on occupant injury exposure was
carried out with a one-dimensional lumped-mass, dynamics computer simulation.

An overview of this simulation, referred to as SMDYN, is provided in Appendix A.
Throughout the simulation study, weight of the striking car was held constant

at 3450 lbs. and the speed and orientation simulated represented a 35 MPH,

60 degree oblique side impact. The primary parameters investigated were weight
of the struck car, which ranged from 2000 1lbs. to 4000 lbs. in 500 1b. increments,
and frontal structural characteristics of the striking car. A baseline level

of front structural stiffness was obtained from the compilation of force-crush
characteristics. The level used as the baseline condition approximated the
average frontal stiffness ot the three cars for which force-crush data was
available along a direction 30 degrees to the longitudinal axis. Variations

of this baseline stiffness studied included 50%, 150% and 200% levels.

Side structural characteristics of the struck cars simulated were

developed from measurements made on a modified VW Rabbit side structure which

v}
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was considered to be representative of the structural improvements available 1in
the 1985 time frame. These characteristics were assumed to be the same for

all struck vehicles studied.

A number of direct and indirect indicators of injury severity were
studied in an attempt to establish occupant injury sensitivity to striking
car stiffness in the simulated collisions. These included- occupant change
in velocity, Chest Severity Index (CSI), relative velocity between the occurant
and door at contact, maximum door velocity relative to the struck vehicle, door

intrusion and maximum interior door padding crush.

Results from the analytical study indicate that a moving barrier
frontal stiffness can be chosen that 1s representative of the vehicle population
and which will provide severe occupant exposure 1in side impacts. A frontal
sti1ffness of approximately 3000 1bs/inch, as measured along a direction
30 degrees from the longitudinal axis of the test device, 1s recommended for a
60° oblique side collision. However, 1t is also recommended that additional

studies be conducted to clarify and confirm results obtained.

Conclusions from this study are discussed in the following section of
this report. Section 3 provides a description of the modeling methodology
employed 1n the analytical study and a discussion of the data and parameters
investigated. Vehicle front structure force-crush data and simulation parameter

study results are presented and discussed in Section 4.

D-10



2. CONCLUSTIONS

Conclusions resulting from our activities 1in support of development
of a side i1mpact test device are given in this section. It should be noted
that the analvtical study conducted represents an 1nitial attempt at simulation
of oblique side collisions with a one-dimensional Jumped mass model. As such,
1t has resulted in pointing out many areas which require further study if a
more complete understanding of the interrelationships of the many variables

associated with the side 1mpact event 1s to be attained. The conclusions described

helow ref
oCi0W TCT

ect
(A &

the side collision event, should be viewed as tentative subject to confirmation

by additional analytical or experimental studies.

1 Of the twenty-one cars i1nvolved in full frontal barrier collisions
for which data was available, the average front structural stiffness was approxi-
mately 5 53 hips/inch  Values obtained from force-deflection characteristics
ranged from 2 3 to 7.9 kips/inch In ¢general, this simplified stiffness
representation of force-crush properties was reasonable up to about 5 inches of
deformation. Of the four cars for which force -crush data was available along
a direction 30° to the longitudinal axis, the average front structural stiffness
wis 2 8 kips/inch  Minimum and maximum values were 2 3 and 3 2 kips/inch,
1espectively.  for this loading orientation, the simple stiffness representation
provided a good fit to the force-crush characteristic up to at least 10 1nches

of deformation.

2. The modeling approach used 1n this study to simulate a 60 degree
oblique side collision resulted in good agreement of struck vehicle responses,
including door and occupant response, with test measurements made on a
structurallv modified \ehicle. However, certain assumptions were made regarding
the 1nput data for this comparison as sufficiently detailed data was not
availlable. Consequently, the model may be assumed to result in qualitatively
correct predictions of other crash configurations, but caution should be exercised

in 1nterpreting results quantitatively.
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3. Near side occupant response to lateral impacts 1s related to tte
response of the struck door, however, this relationship 1s not completely
understood. There are a number of variables that have a primarv effect on door
response--striking car stiffness, struck car structural characteristics and tfe
effective door weight. Results indicate that i1f structural characteristics ard
effective door weight remain constant, there is little variation of occupant
severity exposure as struck car weight varies. However, large variations 1in
severity were obtained as effective door weight was assumed to be proportional
to struck car weight. Further investigation of the role played by these

variables 1n analytical studies of side impacts 1s required.

4. Occupant severity exposure tends to increase as the initial spacing
between the occupant and inner door surface decreases. Parameter study results
showed that the occupant change 1n velocity increased with a reduced spacing
even through the relative velocity between the door and occupant at initial

contact decreased.

5. Direct measures of 1injury severity, occupant change 1in velocitv
and CSI, do not appear to be strongly related to the maximum door panel velocity
relative to the struck car. As expected, the peak door velocity increases
monotonically with increasing striking car stiffness but severity measures do
not necessarily follow this increase. It 1s not currently known whether this
behavior results from a modeling or data limitation. Additional studies should

be undertaken to clarify this behavior.

6. Based on the results of this brief study, there appears to be
a saturation of occupant injury severity measures at the nominal striking car
stiffness. That 1s, with the assumption that the effective door weight remains
constant across the spectrum of struck cars, the change in velocity sustained
by the occupant did not increase as the striking car stiffness was increased
by 50% above this nominal level. The occupant CSI actually decreased under the
same conditions. This nominal striking car stiffness corresponds to a value

of about 3000 1b/in (measured at a 30 degree angle relative to the longitudinal



ax1s of the striking car), approximately the mean of the three cars for which
data was available. Subject to further confirmation of the results of this

study, a stiffness of the side impact test device of approximately 3000 1bs/in

is recommended.
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3. TECHNICAL APPROACH

As noted 1n the Introduction, the objectives of this study were

twofold-

+
v

e
et
Q

characteristics by vehicle weight categorv and,

2) to analytically estimate, 1f possible, the sensitivity
of occupant 1njury levels to striking car crush
characteristics and determine the optimum force-crush

characteristics for a side i1mpact barrier.

The first of these two objectives 1s straightforward to accomplish
given the necessarv data and the results, 1in fact, serve to provide input data
for accomplishing the second objective. The problem of estimating the sensitivity
of occupant injury in side collisions to the range of frontal stiffness 1s
considerably more challenging due to the inherent complexitv of the event
Nonetheless, an attempt has been made to evaluate 1njury sensitivity using
various measures of severity with a lumped-mass dynamics model (SMDYN) as
described 1mmediately following. A second subsection describes the parameter study

performed with the model.

3.1 Modeling Approach

As subcontractor to The Budd Company on the NHTSA sponsored "Lightweight
Subcompact Vehicle Side Structure Program,' (DOT-HS-7-01588), MGA has< been
evaluating modeling procedures for the simulation of 60 degree oblique side
collisions. Our efforts under that program have resulted in a technique which
has successfully duplicated, to a reasonable degree, the response of the struck
car and dummy (Ref. 2). 1n this technique, the direction of 1nterest (1.e ., the
effective direction of motion of the one-dimensional model) lies along the

lateral axis of the struck car. This modeling concept 1s 1llustrated 1n Figure 1



Striking car mass

Upper load path interface mass (upper door)
Lower load path interface mass (lower door/sill)
Struck car mass

Struck car LF occupant

Striking car upper load path resistance
Striking car lower load path resistance
Struck car upper load path resistance

Struck car Tower load path resistance
Upper/lower door relative motion resistances
Combined door padding & dummy compliance

Figure 2  SIDE IMPACT MODEL SCHEMATIC
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A schematic diagram of the lumped mass model used in the subsequent
simulation runs 1s 1llustrated in Figure 2. Within this model, the striking
car 1s represented as a single mass with an upper and lower load path interacting
with the struck car. The struck car 1s represented by three masses, an upper door
mass, a lower door/sill mass, and the remainder of the vehicle mass. A sing e
mass 1s used to represent the struck side occupant. Two primary load paths
are assumed to exist 1n the struck car structure; one acting between the upper
door and the body (representing the force transmission through the A and B
posts), the other acting between the lower door/sill mass and the body
(representing force transmission through the sill and floor). A force-deflection
characteristic representing the resistance to relative motion between the two
door masses 1s included. The resistance acting between the occupant and upper
door represents a series combination of dummy compliance and inner door panel

crush characteristics.

Limited verification of this modeling approach has been made by
comparison of model responses with test measurements. Since this work 1s being
conducted under Contract No. DOT-HS-7-01588, a detailed description 1s not
provided herein. However, 1t 1s pointed out that while much of the required
input data was available from testing carried out under that contract,
assumptions regarding certain struck car force-crush characteristics and
effective masses were made based on engineering judgment. Comparisons of
selected model predictions and test measurements are shown in Figure 3 through

S5 to 1llustrate the degree of agreement achieved.

3.2 Parameter Study Plan

The parameters of primary interest in the analytical investigation
included weight of the struck car and frontal stiffness of the striking car
Weight, speed and orientation of the striking car were held constant. The
struck car was assumed to have a modified side structure and reasonable interior

door padding.



VELOCITY <CMPHD>

-

2
T

DOCR RESPONSE
0 SYIOYN R § D-16
O CRASH TEST # 11 ( UPPER DOOR CINTRR )
4 CRASH TEST # 11 ( LOVER DOOR CENTER )

8.825 8.85 8.875 8.1
TIHE (SEO

Figure 4  COMPARISON OF SIMULATED AND MEASURED
STRUCK DOOR VELOCITY

1
D-19



ACCELERATION C®’S)DO

200
1

8.1

DAY RESPORSE

0 SYOYK RN # D-16

D CRASH TEST # 11 ( LF GHEST )

+ CRASH TEST # I1 C LF PELVIS )
W
QL
t ’
Q] N
® !
Q
|b-
e
e
(:1 1 1 1 J
) 8.825 .85 8.815

1D (SE0)

Figure 5  COMPARISON OF SIMULATED AND MEASURED
OCCUPANT LATERAL ACCELERATION

13
D-20



Five struck car weights were simulated based on the projected 1985
new car sales weight distribution developed 1n a companion study (Ref. 3).
A distraibution of the percentage of new car sales by weight for the 1985 time
period 1s included as Figure 6. Based on this data, struck car weights ranging
from 2000 1lbs. to 4000 1lbs. in increments of 500 1bs. were considered in this

simulation parameter study.

Strengthened side structure force-crush data was available only for
modified VW Rabbits developed under Contract DOT-HS-7-01588. The middleweight
(30 1b.) structural modification was selected as representing structural
characteristics that might be available during the 1985 time frame. It was
further assumed that the total force-crush characteristic was split between a
lower and upper load path according to an 80/20 ratio. These force-crush
characteristics are shown 1n Figure 7 and were assumed to be the same for all

struck vehicle weights considered i1n the study.

A force-deflection characteristic representing a series combination of
lateral dummy compliance and yielding door panel padding, shown in Figure 8, was
used throughout the parameter study. A basic spacing between the occupant and
door padding of 5.0 inches was used; however, a number of runs were made with a
2.5 1nch spacing. An effective occupant weight of 50 1bs. was used based on
test results from Ref. 4. Initially, the upper and lower door masses were
assumed to vary between 80 and 160 1bs. proportional to the struck car weight.
However, additional runs were made with these door weights assumed to be 100 1bs.

for all struck vehicles.

Striking vehicle information required for the parameter study included
vehicle weight and frontal stiffness characteristics. A companion study (Ref. 3)
resulted in a suggested moving barrier weight for side impact testing of
approximately 3450 1bs. This value was used throughout this study as the

striking vehicle weight.

As was noted previously, one of the objectives of this study was to

determine approximations of vehicle frontal crush characteristics by weight

14
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categories. C(Crash tests conducted under Contract Nos. DOT-HS-8-01938, DOT-HS-
8-01933 and DOT-HS-5-01099 provided the data from which crush characteristics
were developed. Frontal barrier crash tests conducted at Calspan Corporation
under Contract Nos. DOT-HS-8-01538 and DOT-HS-5-01099 were conducted at 35 or
40 MPH and measurements of barrier load were made. Double integration of the
average compartment longitudinal acceleration provided a measure of deflection

against which the measured barrier force was plotted.

Tests conducted at Dynamic Science, Inc. under Contract No. DOT-HS-
8-01933 were made with the NHTSA moving load cell barrier test device impacting
stationary vehicles angled at 30 degrees to the direction of travel of the
test device. These tests provided a measure of force-crush characteristics along
a direction perpendicular to the initial plane of the side of a struck car in

a 60° side impact test.

The frontal stiffness data obtained from these test results 1s
discussed i1n the following section. For the purpose of defining the simulation
parameter studv, however, a nominal frontal stiffness was chosen as a baseline
condition based on the approximate mean stiffness as determined from the
Dynamic Science test results which simulate the effective striking car stiffness
1n a 60° side collision. Note that since these tests were conducted with a
segmented load cell barrier face, upper and lower load path levels were
available for the front structure. The nominal front structural force-crush
characteristics used i1n the parameter study and represent the characteristics
appropriate for the 60° side collision orientation assumed in the study. Note
that the nominal frontal stiffness chosen for the simulation study was
approximately 3000 1b/in (total of both upper and lower load paths). Variations
in stiffness about this nominal value were then explored to estimate 1ts
influence on occupant injury. These variations included a 50% decrease, a

50% increase, and 1in some cases, a 100% increase in this stiffness.

Striking car speed was assumed to be 35 MPH throughout the study.
Note that due to the coordinate system employed, the velocity component along
the lateral axis of the struck car, 30.3 MPH, was used in the simulation runs.

A matrix of parameter changes investigated 1s shown in Table 1.

18
D-25



FORCE <CLBS) (X1074)>

-------------------------------

¢ LONER LOAD PATH
0 UPPER LOAD PATH

Figure 9  SIMULATED UPPER AND LOWER STRIKING CAR
FORCE-CRUSH CHARACTERISTICS



Table 1

PARAMETER STUDY VARIATIONS

Percent of Nominal

Struck Struck
Car Car Door Striking Car Stiffness
Weight Weight
. _Lbs. Lbs. 50 100 150 200
2000 80 2.5, 5.0% 2.5, 5.0 2.5, 5.0 5.0
100 5.0 5.0 5.0
2500 100 2.5, 5.0 2.5, 5.0 2.5, 5.0 5.0
3000 120 2.5, 5.0 2.5, 5.0 2.5, 5.0 5.0
100 5.0 5.0 5.0
3500 140 2.5, 5.0 2.5, 5.0 2.5, 5.0 5.0
100 5.0 5.0 5.0
4000 160 2.5, 5.0 2.5, 5.0 2.5, 5.0 5.0
4J7 100 JA 5 5.0 5.0

*
Numbers associated with each combination of stiffness and
weight represent the initial occupant spacing away from
the inner door padding in inches.

20
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4. DISCUSSION OF RESULTS

The results obtained 1n this studv are discussed 1n this major
section of the report. 1In the subsection i1mmediately following, a discussion
of the frontal structure force-crush information reviewed 1s provided together
with a simplified means of categorizing important elements of that data.
Following this 1s a description of the results obtained i1n the simulation study

of selected parameters important in oblique side collisions
4.1 Frontal Force-Crush Characteristics

As noted 1n the previous section, vehicle crash test data from both
Dynamic Science, Inc. and Calspan Corporation were available from which to
determine approximations of the frontal force-crush characteristics of a wide
range of vehicles. Most of the data available was from frontal barrier tests
conducted at speeds of 35 or 40 MPH at the Calspan Corporation crash test
facility. In these tests, direct measurements of force were made with a
load cell barrier fixture. Crush was determined from a double 1integration

of the average compartment deceleration.

Three tests were conducted at Dynamic Science, Inc with the NHTSA
moving load cell barrier test device for which data was available These
tests 1nvolved a moving test device impacting a stdtionarv test vehicle
which was oriented at 30° relative to the direction of travel of the test device
Force-crush data from these tests were determined from direct measurement of
impact force by the load cells on the face of the test device and from an indirect
determination ot crush of the test car. This measure of crush as a function of
time was obtained from a difference in displacements of the test device and test
car which were 1ntegrated from daccelerometer traces. For these 30° tests, a
procedure was developed by Dynamic Science to account for the rotation of the
struck car in determining 1ts crush as a function of time  Typical time

histories of force vs. crush are shown 1in Figure 10.
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In order to categorize frontal stiffness characteristics of a
substantial number of vehicles, a simple, two parameter fit was made to all
force-crush data. This representation consisted of an initial stiffness and
a y1eld force level chosen to equilibrate the total area under the actual curve
to the area under the simple fit, up to the point of maximum deflection.
Fxamples of this simplified fit are superimposed on the test data shown 1in
li1gure 10. Thus, frontal crush characteristics for all cars were categorized

by a stiffness and a yield force level.

Results of this fit procedure for the tests involving full frontdl
structure are shown in Table 2. The vehicles tested are grouped according to
the indicated weight ranges and average values within each weight range

together with the total sample average 4are provided.

Categorizing the 30° frontal collision results in the same mannex
results 1n the stiffness and yield force information shown 1n Table 3 A
complete set of force-crush characteristics with the simple fit superimposed 1s

provided 1n Appendix B for both 0 and 30 degree tests.

Based on a comparison of the overall average values of the two
different test configurations, 1t appears that the effective stiffness of «
vehicle's frontal structure 1s reduced by about 45% as the direction of
mmpact changes from 0 to 30 degrees. The effective vield force level, however,
1s reduced by about 55%. Ratios of the 30 degrec to 0O degrec parameters fcr the

three vehicles common to both test conditions are listed below

30°/0° Stiffness 30°/0° Yield
Vehicle Ratio Torce Ratio
Citation 0.3%9 0 53
Tairmont 0.68 0. 27
Cutlass 0 64 0.5%



Table 2

DYNAMIC FORCE-CRUSH SUMMARY FOR
FULL FRONTAL BARRIER COLLISIONS

Test Weight Speed Stiffness Yield
Range (1bs.) Vehicle (MPH) (KIPS/IN) (KIPS)
1750-2249 ‘81 Honda Civic 35 7.0 72

Toyota Starlet 35 5.3 66

Average 35 6.2 69

2250-2749 Volkswagen Rabbit 35 4.3 76
Datsun 310 35 4.1 64

Fiat Strada 35 3.8 64

Subaru GLF 35 5.9 68

Chevrolet Chevette 35 6.5 68

Plymouth Horizon 35 2.3 60

'80 Toyota Tercel 35 5.9 58

Average 35 4.7 65

2750-3249 Volvo 35 4.2 93
Chevrolet Citation 35 7.9 51

Mazda 626 35 6.1 75

Average 35 6.1 73

3250-3749 Toyota Cressida 35 6.1 104
AMC Concord 35 5.7 94

'79 Ford Fairmont 35 3.4 86

Mercedes 240D 35 6.2 112

Average 35 5.4 99

3750-4249 Plymouth Volare 35 5.7 64
Chrysler LeBaron 35 6.4 112

0ldsmobile Cutlass* 35 3.9 43

Average 35 5.3 73

4250 Chrysler Imperial 35 4.6 102
Cadillac Seville 35 6.0 114

Average 35 5.3 108

OVERALL AVERAGE 35 5.3 78.4

*Va1id for un to 24" crush




Table 3

DYNAMIC FORCE-CRUSH SUMMARY FOR
30° FRONTAL COLLISIONS WITH LCMB*

Test Weight Stiffness Yield 1
Range (1bs.) Vehicle (KIPS/IN) (KIPS)
2750-3249 Chevrolet Citation 3.1 27
Average 3.1 27 :
3250-3749 Ford Fairmont 2.3 23
Average 2.3 23 |
3750-4249 0ldsmobile Cutlass 2.5 23
Chevrolet Impala 3.2 35
Average 2.9 29 |
OVERALL AVERAGE 2.8 27

*Force is in direction of LCMB
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Results from a 30 degree angled Impala crush test (Ref. 5) allowed an
additional comparison to be made. Figure 11 compares the dynamic force-crush
results from the Dynamic Science angled crash test, the static force-crush
characteristic, and an estimated dynamic force-crush curve. The estimated curve
was developed from the static data by applying a constant rate factor of 1.35,
As 1s seen on the figure, this dynamic factor results in good agreement with

the dynamic test results.
4.2 Simulation Parameter Study

An analytical evaluation of the sensitivity of the struck car and
occupant responses to striking car stiffness was carried out with the SMDYN
program which 1s described in Appendix A. Over fifty simulation runs were
made 1nvestigating striking car frontal stiffness effects as well as certain other
struch car parameters that were found to be of interest. Consistent with the
Statement of Work, weight, speed and orientations of the striking car were held
constant and reasonable assumptions were made regarding struck car structural

characteristics and padding.

The simulation runs discussed in this section were made under two
different assumptions regarding the effective impacted door weights. 1In the
first category, door weights (upper and lower) were assumed to be 100 1bs. for
all struck vehicle weights considered. Within this category, an initial
occupant to door spacing of 5 inches was simulated. The second category of runs
was made with the assumption that the upper and lower door weights were
proportional to the total struck car weight, ranging from 80 1lbs. to 160 1bs.
for the 2000 1b. and 4000 1b. vehicles, respectively. Within this category,
initial occupant to inner door surface spacings of both 2.5 inches and 5.0
inches were considered. A sample of the SMDYN input data for a typical run 1s

shown 1n Appendix C.

Although Figures 3 through 5 indicated that the predicted responses

agreed quite well with the measurements for a single test condition, uncertainty
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of the validity of the predictions of occupant response under other conditions
led to the consideration of a number of different 'severity'" measures.
These measures 1included not only occupant CSI and change in velocity but also
door intrusion, relative velocity between the door and occupant at first
contact, mutual door padding/occupant crush and maximum upper door velocity
relative to the struck vehicle.

*

Predicted door intrusion as a function of relative striking car
stiffness for all struck car weights considered are shown in Figure 12. Thas
figure includes results from both the constant door weight and proportional door
weight categories, both with a five inch initial spacing between the occupant
and the door. In both cases, a tendency for the intrusion levels to saturate
at the nominal striking cav stiffnesses 1s seen. A similar tendency 1s seen
in Figure 13 where the rate of change of relative velocity between the door and
occupant at contact decreases with increasing stiffness. Note that for many
of the individual runs indicated on the figure, this velocity exceeds the
initral velocity of the striking car (30.3 MPH). The relative door to occupant
velocity at contact with the occupant also appears to be a function of the
effective door weight. That 1s, the range of relative velocities at a given
stiffness 1s considerably larger for the case where this weight varied with
struck car weight than where 1t was held constant. This 1s further 1llustrated
in Figure 14 where the relative velocity decreases with increasing struck car
(and door) weight 1in the one case but remalﬁs relatively constant when the

door weight was assumed constant,

Figure 15 illustrates the effects of striking car stiffness on
occupant change 1n velocity for the constant weight door and proportional weight

door cases, both with 5 inches of initial occupant spacing. For the constant

Note that the intrusion values were taken at the end of the simulated event,
0.075 seconds. Had longer event times been simulated, maximum intrusion
values would likely have been larger; however, struck car rotation begins to
occur after this time which would 1nvalidate results.
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weight door case, 1t 1s again seen that a response saturation occurs at the
nominal striking car stiffness. That 1s, increasing the striking car stiffress
beyond the nominal value of 3000 1lbs/in does not result in an increase 1in
occupant velocity change. However, when door weight proportional to the struck
car totdl weight 1s assumed, the results do not follow a consistent pattern.

It 1s seen that, with this modeling approach, the occupant response 1s clearly
a function of the assumed effective door weight. This 1s one area that deserves
considerably more attention 1f results from side 1impact analytical studies cre
to be properly interpreted. A complete explanation for this behavior 1s not
available at this time; however, 1t 1s believed that the combination of
stiffnesses acting on the upper door and the door mass result in different
kinematics of the system as individual parameters are varied which, 1in turn,

have a strong effect on occupant response.

Figure 16 1llustrates another example of response variations resulting
from changes 1in effective door weight. With constant weight doors assumed,
the calculated CSI 1s seen to peak at the nominal value of striking car stiifness.
In the proportional weight door case, there 1s also a tendencv for the CSI
to peak at the nominal stiffness value except in the case of the 4000 1b. struck
car. There 1s also considerably more scatter in the predicted CSI values than

with the constant weight door assumption.

The effect of striking car stiffness on combined interior door
padding/occupant crush, 1s shown in Figure 17. For the constant weight door
case, door padding crush 1s seen to be independent of stiffness. When pro-
portional weight doors are assumed, the change in crush with stiffness 1is
quite small. [hese results 1ndicate that door padding deformation 1s not 1 kely
to be an effective measure of occupant injury 1f the assumed properties are

representative.

Figure 18 shows the peak upper door velocity relative to the struck
car as a function of striking car stiffness for both constant weight and
proportional weight doors. Note that with both door weight assumptions,

this peak velocity increases monotonically with striking car stiffness,
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although the rate of increase decreases with stiffness. Previously presented
results indicated that two measures of occupant injury severity, change 1in
velocity and CSI, did not necessarily increase monotonically with striking

car stiffness This leads to the possibility that peak door velocity relative
to the struck car, by 1tself, may not be a valid indicator of exposure severityv.
It 1s not, at this time, known whether this result 1s an artifact of the model
or data used 1n the study or if, in fact, 1t is a result that might be

confirmed through additional investigation.

Replotting peak door velocity data as a function of struck car
weight, Figure 19, further i1llustrates the effects of door weight on 1ts
response. In the case of constant weight, 100 1b. doors, the peak door velocity
relative to the struck car increases slightly as struck car weight increases.
On the other hand, as door weight increases (proportional to total struck car

weight), the peak relative velocity decreases.

While not directly required by the Statement of Work, additional
runs were made with the relative spacing between the occupant and interior door
surface reduced to 2.5 inches 1n an attempt to learn more about the interaction
between various parameters in the dynamic event. These runs were made with the
assumption that struck car door weights were proportional to the total struck
car welght and thus are directly comparable to the corresponding runs made with

a 5.0 inch spacing. Figure 20 1llustrates the change 1in relative velocaty

between the door and occupant at 1nitial contact as a result of the spacing change.

With the reduced spacing, this relative velocity 1s reduced by a significant
amount, apparently due to the fact that contact occurs before the door velocity
has had sufficient time to reach the higher levels. The total occupant change

in velocity 1s, however, larger with the reduced spacing as 1s seen 1n Figure 21.
This 1s believed to result from a longer duration of contact betwecen the door
and occupant at the reduced spacing. The effect of occupant/door spacing

on the maximum door/vehicle relative velocity 1s 1llustrated in Figure 22.

Note that with reduced spacing, the maximum relative velocity decreases somewhat,
apparently due to the effects of occupant/door contact occurring earlier in the

event.
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The simulation parameter study reported above was made with the
primary objective of determining the frontal stiffness characteristics of the
NHTSA side impact test device that would maximize the benefits associated with
an upgraded FMVSS 214 test procedure. Since side impact simulation techniques
have not been developed to a high level at this point, the absolute validity of
the results obtained must be viewed i1n the context in which they were obtained--that
of exploratory procedural development of a mechanism for studying a very complex
dynamic event. In view of this context, we have not attempted to assign a
benefit (in terms of probability of a reduction in injury associated with
complying with an upgraded standard) for each frontal stiffness impacting a
spectrum of struck vehicle weights. We feel that the number of unsubstantiated
assumptions (reasonable 1in our view but nonetheless unsubstantiated by test data)
regarding the side structure model used and the data applied to 1t do not justify

such an extrapolation.

Furthermore, some of the results obtained in this study require
further investigation for proper interpretation. Obviously, the assumed
effective mass of the impacted door plays a major role in both its response
and the response of the simulated occupant. Direct measures of occupant
injury (change 1n velocity and CSI) are apparently not strongly related to
indirect measures (e.g., peak door velocity relative to the struck car, door
padding crush). These results should be studied further to determine whether
they result from deficiencies in the modeling procedure or data used in this

study.

Results do show, however, that occupant injury severity does not
continually increase as striking car stiffness increases. This trend was
most clearly demonstrated under the assumption that effective door weights were
constant across the struck vehicle spectrum where it was seen that the change
in velocity sustained by the simulated occupant increased as the striking car
stiffness increased from 50% to 100% of the nominal level but did not increase
as the stiffness was increased beyond the nominal level of 3000 1bs/in.

Since this value of frontal, 30 degree stiffness was the approximate average stiffness

D-49



of the three cars for which data was available, and 1s thus reasonable in terms
of the automobile population, 1t 1s suggested that this value of stiffness 1,
appropriate for use on the moving side impact barrier. Additional analytical
stud.es should be undertaken 1in order to evaluate 1f the effects of assumptions
made 1n this study have a strong influence on the stiffness level at which
injury response saturation occurs. Consideration should also be given to

empirical verification of this result.
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APPENDIX A

SPRING-MASS DYNAMICS SIMULATION (SMDYN)

SMDYN 1s a rather simple (in concept) computer program that treats
a physical automobile structure as a one-dimensional representation, 1dealized
in the form of discrete (lumped) masses 1interconnected bv massless,
deformable elements characterized by force-deflection properties The model
1s general 1n nature allowing a large number of discrete masses with totally
flexible connectivity. Fach specafic application requires the definition of
lumped masses and resistive elements to approximate the phvsical character-
1stics of the structural system under consideration. TFigure 1, for example,
1llustrates a typical modeling approdach for simulation of an automobile

impacting a rigid barrier.

The program 1s implemented in the BASIC computer language and inputs
required include the magnitude, i1nitial displacement and velocitv of each
discrete mass, and a definition of the connectivity and force-deflection
properties (for both loading and unloading) of each resistive element.
Schematic diagrams of various collision models typically studied are shown 11

Figure 2.
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Force-deflection properties of specific resistive elements can be
obtained by static crush testing of the corresponding physical structures.
Crush testing techniques have been developed that facilitate 1solataon,
proper collapse mode control and measurement of the force-deflection properties

of various automotive structural elements

The program 1tself accepts such empirically developed force-
deformation characteristics in a tabular format, thus allowing a general
loading curve consisting of a number of force-deflection coordinates. An
unloading curve 1s also specified for each resistive element in the form
of three unloading slopes (Figure 3) The unloading path 1s automatically
constructed based on the point at which unloading 1s initiated. If reloadang
takes place, the unloading curve 1s retraced back to the primary loading
curve which 1s then used thereafter. Cyclical loading/unloading 1s also
considered. If this does occur, the unloading path shifts parallel to the
deflection axis consistent with the most recent point of zero deflection rate.
The general nature of the unloading path allows consideration of elements that
allow only compression (e.g., the bumper structure) or elements that are

physically capable of developing tension forces (e.g., the frame rails).

Since automobile collisions are obviously dynamic events and
automotive structural materials are known to be strain rate sensitive, methods
of accounting for dynamic overstress are incorporated into the model. Based
on the work of kamal and others, overstress (rate) factors in the neighborhood
of 1.3 or 1.4 have been found to produce reasonable correlation between static

and dynamic test data for collision velocities around 30 MPH.

The SMDYN program provides the user with a choice of 5 dynamic load
factors which are consistent with the nominal overstress magnitudes indicated above.

A description of each load factor 1s given below.
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TYPF 1 - Logarithmic

The dynamic load factor 1s calculated using the following

relationship

DLF = 1.27228 + .0197119 x LOG (INSTANTANEOUS CRUSH RATE)

TYPL 2 - Logarithmic

This logarithmic load factor 1s calculated using the following

relationship
DLF = 1.0957 + .075 x LOG (MAX. CRUSH RATE ENCOUNTERED)

Due to the fact that the maximum crush rate encountered 1is used to

calculate the DLI, this load factor can only increase or remaln constant.

TYPE 5 - Quartac

The general quartic equation shown below can be used to calculate this

dvnamic load factor

2
DLF = A + B (CRUSH RATE) + C (CRUSH RATE)"

+ D (CRUSH RATE)> + E (CRUSH RATE)?

The 5 coefficients are specified by the user and the crush rate
used 1s the absolute value of the instantaneous crush rate of the energy absorber.
Modification of the force deflection curve by a fixed amount can be accomplished

by setting "A'" to the desired magnification, and setting the remaining constants

to zero.



TYPL 4 - Dynamic Load Factor Based on Material Properties
and Test Strain Rate

Research for this load factor was performed at Ford Motor Company.
Material properties and strain rate-effects are used in calculating this factor

as shown below

DLF = A + KR *Ln (CR/SCR)

where: A 1s constant, usuallv 1.0
KR 1s a material factor
CR 1s the absolute value of the instantaneous crush rate

SCR 1s the crush rate of the test specimen, usually
.03333"/sec.

TYPE 5 - Quartac DLF with Different Crush Rate

This DLF 1s 1dentical to Type 3, but the crush rate 1s determined

from the velocity difference between two selected masses.

An example of the Type 1 dynamic load factor 1s shown in Figure 4

Output from the simulation consists of a) a concise listing of
all input parameters, b) acceleration, velocity and displacement time histo-ies
for each discrete mass, c¢) force and deflection time histories for each
resistive element, d) maximum value of acceleration for each mass, and e)

maximum value of deflection for each resistive element.
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APPENDIX B

AUTOMOBILE FRONTAL STRUCTURE FORCE-CRUSH CHARACTERISTICS

Structural information compiled under this program 1s pre-
sented 1n this Appendix. Unless otherwise noted, 1impact
tests were made at 35 MPH into a rigid, perpendicular
barrier. In the 30 degree tests, the test vehicle was
oriented at the indicated angle to the direction of motion
of force measuring moving barrier. Included on the
following plots are simple two parameter fits to the
force-crush information. Coefficients for these fits were

given previously in Tables 2 and 3 of this report.
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