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Objective

Within the.pasﬁ twenty years, several hundred vehicle crash tests of
highway safety appurtenances have been performed. Nearly all existing
roadside hardware has been subjected to one or more crash tests to
evaluate collision performance. During this same period, there have been
ma jor changes in crash test procedures. With the changes, it is often
difficult to compare and correlate findings from tests conducted at
different periods of tCime on the same appurtenance. Techniques for re-

evaluating or enhancing findings from historical tests are needed.

The impact speeds and angles for passenger sedan crash tests have
remained standardized at 60 and 20 mph (97 and 32 kph) and 15 and 25
degrees, respectively; the vehicle, however, has changed. Two important
changes have occurred: (a) mass of test vehicles has been modified,
principally the downsizing of the 2250-1b (1020-kg) car to 1800 1lb
(816 1b} and (b) the more rigorous definition of inertial mass. Other
evolutionary changes in vehicle structure such as bumper design, unitized
body, and crush stiffness may make the direct eomparison of the historical
vehicle to today's vehicle fleet meaningless. On the other hand, these
differences may not be important under certain conditions and the crash
test data can be converted, at least in an approximate manner, to the
NCHRP Report 230(") format.

In addition to changes in the vehicle, the type and quality of data
required for appurtenance assessment have become more specific with each
new evaluation eriteria. This has been done to permit comparison of
findings hetween testing agencies and to insure that tests are performed
at known standard reference conditions; tests performed and reported under
less restricted conditions may not be comparable to more recent

experiments.

The following sections describe methods for converting nonstandard

data acquisition procedures to Report 230 guidelines, calculating the



occupant risk factor when vehicle accelerations are known, and estimating
the occupant risk factor when only the gross barrier and vehicle behavicr
is known. Each of these sections will provide means for assessing

previous crash tests in light of Report 230 standards.
Data Processing

In recent years, crash test prochubes have hecome more standardized
and more exacting in order to facilitate replication of test results
within and among testing agencies. In the course of these changes, data
collection and processing techniques have been enhanced and specifically
delineated in NCHRP Report 230.(1) Questions have arisen as to the
usefulness of crash test data that were acquired prior to Report 230 and
processed using different standards. In particular, analog data from
vehicle accelerometers were previously filtered to SAE J211b class 60 in
the processing stage; in Report 230 the filter class was changed to class
180 to more closely correspond to requirements described in SAE J211b.(2)

4 study was made of the significance of data processing on test
findings. 1In essence, the study ccnsisted of processing accelerometer
signals from two representative vehicle/appurtenance crash tests that had
been recorded in broadband analog format according to both pre and post
Report 230 procedures and then comparing the results.

TWwo crash tests were selected as representative of the typical range
of vehicle kinematic and dynamic behavior. Test GR1 is an 1800-lb
(816-kg) car impact of a flexible guardrail system at 60 mph ($7 kph) and
15 degrees; the vehicle was smocthly redirected. In contrast, test ST-10
is an end-on test of a guardrail terminal in which the vehicle impacts at
60 mph (97 kph) and a O-degree angle; the terminal performed as a crash
cushion, rapidly decelerating the vehicle. ' |

in both tests, the data were acquired and recorded in broad band

analog format on magnetic tape. The analog data signals were subsequently



replayed through one of four filters (i.e., SAE J211b class 60, 180, 600
or 1000), digitized at a sampling frequency of 4000 Hz and then procesed
by computer. An énalog signal with a frequency content of 0 to 800 Hz can

generally be reproduced from the 4000 Hz digital format.

Typically, each data channel is calibratecd at time of test in the
positive and negative sense by a known voltage deviation, and these offset
voltages represent z known transducer response. A4lso, a baseline or zero
condition for each data channel is arbitrarily established just prior to
the vehicle being accelerated to test speed. The data baseline may
exhibit some gradual drift due to temperature variation of instrumentation
at the test site and subsequent digital processing of the data may show

variation depending on the time selected for sampling the baseline signal.

Effects of the SAE J21t1b filters on the calibration offset and test
baselines are shown in table 1 for test GR1 {vehicle redirected by
longitudinal barrier) and in table 2 for test ST-10 {vehicle end-on impact
into terminal nose). For the accelerometers, the maximum differences for
the full range of filter is less than 11 counts out of 1000 to 1700 count
shifts, and the variation appears to be more random than a function of a
filter class. It appears that the filiters have little effect on the
calibration signal. With regard to the baseline, there is a variation
that could introduce as much as 1.0-g error into the data set. Again,
this baseline variation is judged to be associated with £iming of the
digital processing technician rather than a function of the filter
selection. The rate gyrc exhibits a somewhat larger variation, but there

does not appear to be a pattern associated with the filter selection.

Visual effects of filtering are illustrated in figure 1 for test GR1
and figure 2 for test ST-10. Vehicle longitudinal (R) and lateral (S)
accelerations are plotted against time and for two filter conditioens:
classes 60 and 1000, the two extreme conditions under consideration.
Although the purpose of the low pass filter (class 60) is to screen out

the higher frequency content of a signal wave, it has the tendency to



Table 1. Variation in digital counts due to filter class, test GRI.

SAE J211b Filter Class

Transducer Calibration
Calibration Equivalent 60 180
Accelerometer
Longitudinal (R)
Deflection + 28.4 g 1734.4 1727.2
Deflection - 28.4 ¢ -1727.3 -1720.6
Test Baseline 0g 18.4 17.0
Lateral (S)
Deflection + 22.8 g 1776.2 1776.0
Deflection - 23.1 ¢ -1779.3 ~1780.6
Test Baseline 0g -25.1 -25.5
Rate Gyro
Deflection + 290.9 deg/sec 1149.0 1155.6
Deflectiop - 322.9 deg/sec ~1236.7 -1245.9
Test Baseline 0 deg 100.8 86.0

600 1000
1727.8 1725.
-1720.3 ~1717.
18.1 67.
1776.8 1774.
-1779.6 ~-1779.
-22.6 -7.
1143.2 1136.
-1229.4 ~1222,
88.4 92.

Max
Diff

8.9
10.3

60.1

2.0

1.3

17.9

19.5

23.5

154.8

I

1.0 g

0.22 g

3.74%/s



Table 2.
Transducer Calibration
Calibration Equivalent
Accelerometer
Longitudinal (R)
Deflection + 28.6 g
Deflection - 28.6 g
Test Baseline Og
Lateral (8)
Deflection + 23.0 g
Deflection - 23.2 g
Test Baseline 0g

Rate Gyro
Deflection +
Deflection -

Test Baseline

291.6 deg/sec
294.1 deg/sec
0 deg

60

1262.2
-1246.7
-27.0

1063.0
1089.9
~43.4

1332.8
-1357.7
23.9

Variation in digital counts due to

180

1259.6
~1245.9
-32.2

1058.6
-1087.0
~0.2

1238.0
-1366.1
114.4

600

1265.2

-1241.5

~37.0

1060.8
~1083.8
-9.0

1238.7
-1361.7
104.0

filter class, test ST-10.

Max

1000 Diff
1261.1 5.6
-1238.5 8.2
-32.2 10.0
1062.9 4.4
-1080.6 9.3
~13.2 43.2
1240.6 7.8
-1368.0 12°.3
62.4 90.5

0.22 g's

0.93 g's

19.8 deg/sec
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distort the wave, mainly by (1) attenuating the magnitude of the
excursions and (2) delaying the wave events. For these cases, the basic
waveform is not significantly affected, at least visually, for the two
extreme filter selections. Waveforms filtered for classes 180 and 600

fall between these extremes.

Once the analog data was filtered and digitized the various kinematic
parameters were calculated. Tables 3 and 4 show the effect of each filter
on the vehicle's aceleration, velocity and position as well as the
occupant risk and ridedown acceleration for the two tests. For each
parameter the change between the class 60 and class 1000 filter was
minor. The variation is somewhat large for test ST-10 since it was a much
more severe collision. The magnitude of the errors in hoth tests is not

great enough to alter the interpretation of the data.

Filtering has only limited effects on the final crash test evaluation
parameters. The difference between data gathered with 60 class filters is
not significantly different from data gathered with 1000 class filters.
For example, the final longitudinal veloeity in test GR-1 would have been
reported as 78.4 using the 60 class filter and as 78.3 using the 1000
class filter; the tests are essentially identical. In summary, the type
of filter used to acquire test data need not prevent the use of that data
for evéluation using the Report 230 criteria. Although data processed
with higher filter classes will innibit higher frequency content, data
processed with the lower filter classes provide information that is

adequate for reassessing nonstandard crash tests,
Estimating Occupant Risk With Vehicle Acceleration Data

Introduction

This section describes a method for caleculating the occupant-interior
impact velocity given position-time data from a full-scale crash test. As
the previous section indicates, the filter selection used to process the

data is not critical; therefore old accelerometer data obtained using the



Table 3. Data processing effect on findings from typical vehicle/barrier redirection, test GR1.

SAE J211b Filter Class** Max
Test Factor _60 _180 _600 1000 © Diff
Vehicle Accelerations |
(50 ms peak g's)
Longitudinal -2.52 -2.50 -2.53 ~2.55 0.05
Lateral 7.30 7.35 7.27 7.35 0.08
Vehicle Final Veloctty (fps)+
Longitudinal 78.44 78.80 78.35 78.28 0.52
~ Lateral 10.53 10.96 10.35 11.65 1.30
Vehicle Final P031tion+
Longitudinal (f) 19.22 - 19.27 19.20 19.21 0.07
Lateral (f) -2.96 -3.01 ~2.93 -3.05 0.12
Heading Angle (deg) 1.3 1.5 1.5 1.9 0.6
Occupant Risk (fps) |
‘Longitudinal - ORR 8.02 7.97 8.38 8.59 0.64
Lateral - ORSH 10.65 ' 10.55 10.50 10.35 0.30
Longitudinal Accel (g's) - - - - -
Lateral Accel (g's) 7.33 8.34 7.94 7.93 1.01

*Test GR1 conditions: 1800-1b Honda, 88.17 fps, 15.52° angle, flex beam guardrail.

**Data recorded in analog format on magnetic tape at frequency response in excess of 2000 Hz. Subsequently
data played back through appropriate filter, then digitized and processed for vehicle kinematics and
dynamics.

At time of 0.290 sec.
6—in. flail distance.
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Table 4. Data processing effect on findings from typical guardrail
terminal collision, test ST-10.

SAE J211b Filter Class* Max
Test Factor 60 _180 _600 -1000 Diff

Vehicle Accelerations |
(50 ms peak g's)

Longitudinal ~-13.32 -~-13.03 -13.08 -13.18 0.29

Lateral -4.71 -3.03 -3.11 ~3.17 1.68
Vehicle Final Velocity (fps)+ ‘

Longitudinal -30.58 ~24,66 -24.76 ~25,72 5.92

Lateral ' -3.38 0.40 0.39 0.40 2.99
Vehicle Final Position'

Longitudinal (f) 5.76 5.92 5.81 5.65 0.27

Lateral (f) -4.,97 -4.14 -4.10 ~4.17 0.87

Heading Angle (deg) 52.0 52.1 50.6 49.8 2.20
Occupant Risk (fps)

Longitudinal 35.97 35.66 35.90 36.09 0.43

Lateral -3.50 T =3.89 -2.92 -2.41 3.54

Longitudinal Accel (g's) -15.67 ~17.35 ~15.04 -14.31 3.04

Lateral Accel (g's) 3.92 8.17 7.48 7.82 4.25

*Test SwRI ST-10 conditions: 1800-1b car, 86.0 fps, 1.5° end-on impact.

**Data recorded in analog format on magnetic tape at frequenry response in excess of 2000 Hz. Subsequent
data played back through appropriate filter, then digitized and processed for vehicle kinematics and
dynamics.

At time of 0,29 sec.



pre-Report 230 -criteria filters can be used to obtain good estimates of

the occupant impact velocity.

This mathematical model has been used at Southwest Research Institute
for a number of years for analyzing accelerometer and film data as well as

serving as a post processor to the BARRIER VII(z)

computer simulation.

The flail space concept is illustrated in figure 3. Let x-y be a
fixed global coordinate system and r-s be a leocal coordinate system that
moves with the vehiecle. At time t = 0, the occupant is sitting over point

P at coordinates (r ,sp) and is moving at the same velocity as point P.

p
At time t = 0 an impact occurs, changing the trajectory of the
vehicle. The basic assumption of the flail space concept is that the
occupant continues with the same velocity as the pre-impact vehicle.
Thus, as shown in figure 3 for t + A £ and ¢t + 2 & £, the relative
position of the occupant with respect to point P changes since the vehicle
velocity is decreasing and the occupant continues with the initial pre-
impaect veloeity. The 6ccupént is assumed to impact the interior of the
vehicle when this relative movement is 24 inches forward (r-direction) or
12 ineches (30 ¢m) laterally (s-direection). Kinematie quantities of
interest are the relative velocities and accelerations of the occupant
with respect to the vehlele at these displacements; such values represent

the occupant-interior impact velocity.

Relative Displacements

Between the time of the vehicle's first impact with the barrier and
the occupant's cellision with the vehicle interior the occupant travels at
the pre-impact velocity of the vehicie. The occupant impact veloecity in
the flail space model is defined as the impact velocity when the occupant
has traveled 1 foot (0.3 m) and 2 feet (0.6 m) in the lateral and longi-
tudinal directions, repsectively, with respect to the vehiecle. Calcuating

the relative displacements of the occupant, with respect to the vehicle,

11
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i

will establish the time of occupant contact. The global x and y positions

of the occupant are given by:

Xoce-t * Fp 08 8y - Sy sin 64 + Vgt + X
and (1}
Yoce-t = Tp sin 8, + Sq cos 6, + Voyt + ¥Yq
where
Xooe-t = Occupant's x position at time t (ft)
Yooe_t = Occupant's y position at time ¢ (ft}
ry = initial r distance between occupant and c.g. (ft)
Sp = initial s distance between occupant and c¢.g. (ft)
o = vehicle impact angle (deg)
V, = venicle impact velocity (ft/sec)
X = X position of the vehicle c.g. at t=0
Yo = ¥ position of the vehicle c.g. at t=0.

The global x and y position of the original position of the oceupant,

point P,

and

where

¢

is given as:

= Xy *+ Py coS Qt - 5. 3in Qt

P p

(2)
= Yyg * sin 6, + Sp cos P
= X position of the vehicle c.g.
= y position of the vehicle c.g.
= X pesition of point P
= ¥y position of point P

= vehicle heading at time t.

The occcupant risk is the relative velocity of the occupant to the vehicle

when the
1.0 foot
occupant

given by:

ocecupant has displaced 2 feet (0.6 m) in the r direction and

(0.3 m) in the s direction. The relative displacement of the

With respect to his original position in the veicle at time t is

13



(xocc/P)t'= Xoce-t = Xp-t
and . ) (3)_
(yocc/P)t = Yoce-t ~ Yp-t

where (xocc/P)t is the relative x displacement of the occupant with

respect to the point P on the automobile. The.occupant's relative global
displacement can be calculated using equations (1) and (2). The relative
% and y displacements can then be transformed into the r and s coordinate

system.

(Poce/pt = (Rooosple €05 8¢ + (Vgee,ple SiD 6
and ()

(socc/P)t = ~(%500/p)y SIn 8 + (yocc/P)t cos By

Thus given the instantanecus position of the vehicle c.g., the Initial
position of the occupant and the vehicle impact conditions, the occupant's
position relative toc his initial position can be calculated for any

time. In this way the time of impact can be found by observing when the r

and s flail distances reach 2 and 1.0 feet (0.6 and 0.3 m), respectively.

Relative Velocities

The relative velocity between the decelerating vehicle and the
occupant moving at the pre-impact velocity is defined as the occupant
risk., The occupant risk factor is calculated by determining the
velocities of the vehicles and the occupants. At the instant of impact,
time t = 0, the ocupant is traveling at the pre-impact speed. Aan

additional term Is ineluded to account for the pre-impact yaw rate, 8.

%occ B %v-t:O B SP?t:O (5)
Soce = Su-t=0 ~ Tp%t:0
where
Eocc = occupant velocity in the r direction (ft/sec)
éocc = ocecupant velocity in the s direction (ft/sec)
ﬁv = r velocity of venicle c.g. (ft/sec)

14



me
H

s velocity of vehicle e.g. (ft/sc)

e2)
il

yaw rate (rad/sec)

The velocity of the initial position of the occupants in the vehicle,

point P, can be calculated using:

oog = Tv-t T 5% ()
SP—t = Sv—t + r B

where the subscript P indicates the position of point P. Since the r-s
coordinate system is attached to the vehicle c.g. equations (5) and (6)
only share the same coordinate space at t = 0, In order to combine
equations (5) and (6) they must be transformed into the global x-y

coordinate system.

?occ B Tocc cos 8o %occ sin et:O (7)
¥occ N Tocc sin 84 T Soce 9% %0

A TS Y ®
Ypot = Tp.t £ " Spg £

The relative velocity of the cccupant with respect to point P on the
vehicle can then be written as:

(?occ/P)t = %occ b ?P—t ' (9)

(yocc/P)t * Yoce ~ Yp-t

The relative velccity terms can then be calculated using equations (7) and

(8) and transformed back intc the r-s coordinate system.

)t : (Xocc/P)t cos et * (ygcc/P)t sin 8t (10)

} )t cos Bt

(?occ/P

(Socerplt = ~(Xpae/ply Sin 8y + (y

t oce/P

Using equation (4) the time when the occupant impacts the vehicle interior
can be found. Once this time is known the occupant's impact velocity, or

occupant risk, can be calculated using equation {10).

15



Yaw Rate Considerations

The foregoing equations for the relative velocity of the occupant
with respect to the velocity include a term for the yaw rate or the
angular speed of rotation about a vertical axis. The quantity is denoted

as § in the previous equation.

Two methods are typically used to calculate the occupant risk: one
includes the yaw rate effects and one neglects yaw rate effects., The
foregoing discussion represents the former method. Although the yaw rate
has physical meaning, it appears that neglecting angular velocity effects

does not introduce significant error in the calculations of occupant risk.

Of course, yaw rate has little importance in nondirectional tests
such as head-on collisions with terminals or attenuators. The yaw rate is
likely to be most significant in redirectional tests where the preimpact
direction of the vehicle is changed. Two typiecal redirection crash tests
were analyzed using both methods of calculating the occupant risk,

Test SPI-1 was a test using a 4500-1b (2053-kg) car impacting a
standard GY4(1S) guardrail at 25 degrees and 60 mph (97 kph). A full test
report of this test can be found in appendix B of volume II. The second
test, WE§-1, used a 3400-1b (1542-kg) passenger car ballasted to 4000-1b
(1814-kg}. The venicle struck a standard G4(1S) guardrail at 25 degrees
and 60 mph (97 kph). The test report for WE4-1 can be found in appendix A
of volume VI. Test SPI-1 was chosen since it represents a typical smocth
redirection collision. Test WEUY-1 represents a collision where severe
snagging caused the vehicle to experience high angular velocities. If the

yaw rate were a significant factor, it should be noteable in test WE4-1.

Tables 5 through 8 show the tabular results of caleculating the
oceupant impact velocity with and without the effects of yaw rate. Table
le shows a summary of the reuslts. In test SPI-1, the longitudinal forces
were not sufficient to cause the occupant to displace 2 feet, therefore

only the lateral occupant impact velocity is shown. As shown in table 9,
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Table 5. Occupant risk calculations with the effects of yaw rate
included, test WE4-1.

TEST ID ~------ WE4-1

TEST ORTE ----- 06-19-35
VEHICLE CLASS - STANDARD
IMPACT SPEED --  83.01 FPS

QCCUPANT RISK SUMMARY
NOTE: INSTANTRMEOUS 10-ME AVERAGBE ACCELERATIONS

(=~ UEHICLE --=--=-~- Y(mmmmmem DCCUPANT =--=-==----=

TIME ACCEL. (5°3)  ANG, VEL VEL. (FPS) DISP. (F)
(<) LONG LAT. (RAG/3)  LONG. LAT, LONG, LAT,
050 -. 24 -.48 0l 00 .00 .00 .00
LOLO -1.39 -3.11 ~.12 .02 08 0 .00
020  -2.37 -£.98 -, 06 1040 2.20 0L QL
.030 -z.28 -4,42 -.73 .67 3.04 0L .04
040 -Z.4& -2.08 -.&S 1.63 4,10 .03 07
. 050 -.96 -3.,38 - .65 2.26 5.11 .08 .12
L0680 ~3.93 -5.92 -.74 2.90 5.85 .07 .17
070 -3.66 -3.85 -.59 4,26 9.35 LiL .24
080 -3.73 -6.21 ~1.29 4,51 9.14 (L4 .33
L0920  -B.&9  -10.40 -1.59 S.40 12.00 19 43
L1080 -5.95 ~7.31 - .50 8.63 16.39 .24 57
ALy L0220 L -6.99 -1.79 7.82 16.78 .32 .73
.20 -7.75  -5.52 ~1.87 8.42,  18.23% .38 LILK
.130 -4.08 -7.36 -2.17  10.02 A5
-140  -&.t2 -3.54 ~1.94  41.11 .54
180 -6.45 -2.901 -1.88  13.20 .83
L1800 -5.97 -3.83 -1.65  14.96 .74
(170 -7.99 -5, 48 -1.46  16.54 .86
180  -5.13 -4.24 -1.47  18.85 1,01
190 -6.47 -2.65 -1.63  13.33 1.186
200 -4.8B -2.45 -1.63 22.0t 1.31
210 -4.88 -3.47 -2.09 20.%4 1.46
220 -®.%4 -4.45 -1.28 23,59 1.63
.230  -6.63 -2.40 -1.16  25.7Li+ 1.84+

QCCUP. RISK FACTORS TIVE VELGCITY

(S) (FF3)

SLONG. VEL. AFTER 2.0 FT. DISP, -- 228 27 .40
>LAT. WEL. RFTER 1.0 FT. DISP., -- 128 i3.82

fRX. ACCEL. AFTER OCCUPANT IMPQCT TIME(S) ACC, {(GS)

JLONG. ACCELERATION -- .39 -7.83
JLAT. ACCELERATION -- 208 -10.57

17



Table 6. Occupant risk calculations with the effects of yaw rate
excluded, test WE4-1.

FEST ID -——m=m—- WE4 -1
TEST DATE =-=—~—— 0&-17-85
VEHICLE CLASS ~ STANDARD
IMFACT SPEED -- $8.91 FFS

CCEURANT AISE SUMMARY
MOTE: IMSTAMTANECGUS 10-M5 ACCELERATIONS

{mrmem e m— YEH L E —mm s m e ) e QCCUFANT == =)

TIME ACEEL. (G™3) VEL, (FF3} DISF.,(FT) VL. (FF3)
L8} LAING . LT, LOMNIS . LAaT. LONG. LAT. LOMG. LAT.

0, 00 i, 2 Rl 31 88.01 «-1.3% .00 D0 D00

0.1 —i .45 2 .85 a7.82 —1.80 . CHD L0 0.19 [
0,020 -2 .45 =& . &b B4 .80 -3.72 .0l .01 1.21 2.38
0.030 ~3.71 =t 845,37 -5 .31 DL.082 Q.04 1.54 3.95
0040 -2.6& .24 35.44 & 23 .04 Q.09 2.57 &, 87
0L S0 RPN 0L.h2 84 .8« -7.23 0,07 .14 3.15 5.87
0L 0&0 ~4 .35 ~11.26& 84 .01 -g.21 .10 0.20 &G, 00 & .85

I AL -5 LT —-2.35 agz. 77 -190.38 .13 .28 S5.24% EARTY
0,030 -2 .34 -3.10 g81.428 ~-i2.08 0.2t 0.37 .39 10,46
[N —4 .55 -18.463 .01 ~-15.42 0.28 (SIS 8.00 14,06

€. 100 -i1&.20 ~14.85 77.83 —~18.09 2.3% Q.64 10.16 16.73
D.110 -3.72 &5.31 T7 G —-i7.48 .47 Q.91 10.%97  13.32
LU S 569 -F.46 7H.76 -21.32 0.88 # 1,00 182.05 19.9&4
0.130 i) 77 -10.82 73.57 -24.07 0,72 1.21 14.44 22,71
0,140 -7.842 1.32 72.18 ~84 .05 .35 1.44 15.83 24,47
0. 1350 ~%.17 -3.a7 70 .08 -2%5.74 1,03 1.6% 17.93 24.38
D.1&0 ~4 .65 .38 657.989 -248.351 1.22 1.94 20.03 25,13
D.1770 =7 .3e —& . EHs &£5.99 -27.75 1.43 2,19 F2.02 256.39
D.180 -2.27 —0.71 &£3.358 =29 .88 1.56 2.47  24.49 8.5
0.123 -% .34 ~-3.02 61,05 —30.82 * 1.99 2.83 &b5.94 29.48
GLCUFARNT RISE FACTIRS TIME VELOCITY
{5) iFF3)
HMOMNG. VEL. AFTER 2.0 FT. DISF. —-— .193 26.946
YLAT. WEL. AFTER 1.0 FT. DISF. —-— L1260 17.94
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Table 7. Occupant risk calculations with the effects of yaw rate

included, test SPI-1.

.

TEST ID ------- SPI-1

TEST DATE ----- 07-03-85
WEHICLE CLASS - STANDARD
IMPACT SPEED -~ 26.19 FPS

GCCUPANT RISK SUMMRRY

NOTE: IMNSTAMTANEOUS 10-MS AYERAGE ACCELERATIONS

{=o-mnn- VEHICLE -------- J(mmmmmmmmeae s DCCUPANT ~---
TIME ACCEL . (3'%) ANG, VEL VEL. (FPS) DISP.
(S LONS, LAT.  (RADSS) LONG. LAT, LONG.
.CO0 &7 .26 -.73 QO 00 LQO
010 -. 58 -4.53 -.58 .48 1.06 , 00
.0Z20 -1,00 -32.80 -.73 .28 i.78 0L
O30 -1.03 -3.60 - 77 - 3.40 Ol
. 040 -3.65% A -1.02 1.05 3.63 Q2
080 -.97 -3.77 -1.13 1.28 3.85 O3
.00 -2.79 -4.,29 -1.43 L1.77 4,33 04
070 -3.82 -2.94 -1.61 2.38 .24 LOE
Nal-le) -2.04 -3.98 -1.81 2.91 7.939 .08
090 -3.36 -3.60 -1.74 3.97 3.29 NS
CLOG ~3.94 ~3.47 -2.15 4.32 10.02 14
. 110 -2.57 -3.18 ~2.47 4.72 10.74 .48
120 -G8 -5.98 -2.584 4,186 . 12.82 2L
130 -.391 ~4.243 -2.6% 4.5 14,09 23
. 140 -3.7 -1.21 ~-2.74 3.67 15.30x%x 25
OCCUP. RISK FRCTORS TIME VELRCITY
£3) (FPSY
SLONG, VEL. AFTER 2.0 FT. DISF., -- 578 -i2.24
YLAT. VEL. AFTER L.0 FT. DIZP, -- . 440 15.30
MaR., ACCEL. AFTER QCCUPANT IMPARCT TIME(SY RCC.{(BS)
LAT. ACCELERATION - 207 -7.52
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Table 8. Occupant risk calculations with the effects of vehicle yaw
rate excluded, test SPI-1.

TEST ID wem— SF1-1
TEST DATE ————m A7-03-35
VEHICLE CLASS - STANDARD
IMPACT SFEED =~ 86.19 FFS

= NEHT CLE e mem o e — ) (=== CUFANT — s om e )
5 VEL . (FFS) DISE. (KT)Y  VEL. (FES)
AT, LOMNG . LAT. ILONG . LaT.  LLOMG. LaT.
b, 000 Duk7 .26 89H.19 -0, &7 0,00 000 1.382
[P REs] 4 07 -3.38 35.78 =1.861 OL2 -0, 08 2.03
Rl P —-1.4% 2%5.86& -2.51 0,00 D 2.19
P2 =i, 09 a5s.93 —4.14 0,05 0,02 2,48
&P &H.62 34 .58 —4 .54 G, 09 .03 AL45

DL H.17 -1.95 34,437 ~3.01 0.13 .09 J.o64
T -5.a% -1.%5 83.24 ~&.43 0.17 .13 4.77

0. 2.6 ~3.556 82.35 —8.04 0.2 D.19 T.dé
0,08 =% 1 -4 B0 81.36 —-% .88 .29 D.28 5,468
L0790 -3.72 -2.73 a0, '0 -102.95 0.35 .35 T.81 7. %
0. 100 -Z.88 0. 3% 77?.11 —-12.00 0,43 0,43 .70 l0.6q
0,119 ~2.35 -3.23 7g.03 —-13.900 .53 0.9 7.78  11.584
D.120 -1.33 -5 B0 7797 -14,85 0.63 0.7 10,04 13.49
00130 77 ~& .37 T7.24 —1&.27 074 .83 10,77 14.93
D140 ~2.57 JoE.13 P&, 37 -17.18 .35 0.99 11,54 15,82
O.141 et NN —-2.,38 TR -17.24 DLEs % 1,00 11,70 1E.F0

GECUFANT RISE FO&CTORS TIME VELOCITY
(S (FF3)

AT, VEL. AFTER 1.0 FT. DIBRF. -~ -lat 1E.70
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Table 9.

WEL4-1

Long.

Lat.

SPI-1
Lat.

YAW RATE INCLUDED

Time Velocity
(msec) (fps)
238 27.4
125 18.8
140 15.3

YAW RATE NEGLECTED

Time Velocity
(msec) (fps)
193" 27.0
120 20.0
141 15.9

Comparison of occupant risk factors where yaw rate is excluded and included.

ERROR
Time Velocity
(%) (%)
19 2
4 b
1 Yy



the results were similar for both tests. In each case, the error in the
velocity calculationg introduced by neglecting the yaw rate was 6 percent
or less. '

The reason for the good correspendence in these tests is apparent
from the tabulated data. In both tests the occupant strikes the vehicle
interior early in the collision event. In test WEH-1 the occupant strikes
the interior in both directions before 200 msec have elapsed. The colli-
sion itself took approximately 600 msec. The oceupant is already in
contact with the vehicle interior by the time yaw rates become significant

in the collision.

While the inclusion of yaw rate as discussed in the presentation of
the occupant risk model is a more complete model of the occupant
Kinematics, neglecting the yaw rate appears to be acceptable since the
error introduced will generally be small. Errors introduced by neglecting
the yaw rate will generally be less than 2 fps (0.6 m/s). A longitudinal
barrier which results in a lateral occupant impact velocity of 22 fps
(6.7 £/s) will probablf be judged on equal terms to one yielding an impact
velocity of 20 fps (6.0 m/s). Since the approval of roadside hardware
does not demand strict conformance to the occupant risk eriteria presented

in Report 230, this small error is acceptable.

Summary

Since the only forces acting on the vehicle occupant are due to
accelerations of the vehicle this method is analytically precise. The
quality of the results only depend on the quality of the displacement-time
history from the full-scale crash test. Since anthropometric dummies are
only calibrated for either side impacts or full frontal impacts there is

really no meaningful data to compare the results of this algorithm to.

22



Estimating Occupant Risk Without Vehicle Acceleration Data

It is ofteﬁ deéirable to obtain a gross estimate of the occupant risk
given only the impact speed, angle and the behavior of the barrier.
Estimating the occupant risk is useful for evaluating the severity of
reconstructed accident data as well as evaluating old or nonstandard
tests. This section describes a method for estimating the lateral
occupant risk given the impact speed, impact angle, maximum dynamic
deflection of the barrier, and several vehicle dimensions. This model
will be referred to as the collision model of occupant risk since if is a

function only of the impact conditions.

Hirsch(u) describes a method for estimating various quantities such
as exit velocity, average lateral and longitudinal accelerations, and
interaction time using the gross behavior of the barrier system. Hirsch's
development, and nhence the model to be based upon it, is based on the
following assumptions:

. The lateral acceleration is constant.during the time interval
required for the vehlicle to become parallel to the barrier,

. Vertical and rotational effects are not considered. This
analysis is therefore not valid in cases where the vehicle was
observed to roll, override or underride.

. When the vehicle is parallel to the barrier rail it is presumed
that the lateral velocity at that peint is zero,

. The vehicle behaves as if all the mass were concentrated at the
center of gravity. Deformation of the vehicle is assumed not to
effect the general distribution of the venicle's mass or the
loecation of the c.g.

. No provision is made for snagging or pocketing therefcre this
model will not accurately represent collisions which display
those features.

Most barrier collisions cannot, of course, satisfy all of these
agsumptions. For example, no collision will satisfy assumption number

(1). The assumptions provide a means of assessing how applicable a
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particular collision is to the model and what degree of accuracy ought to
be expected from applying it to specific impacts.

An equation for the hypothetical occupant risk can be developed from
simple dynamics assuming that the occupants initial velocity relative to

the vehicle is zero.

VORS = Vo * 25 (11)
d. = 0.5 a_ t° (12)
s . S
where
Vo = initial occupant velocity relative to the vehicle (ft/s)
Vopg = occupant's velocity relative to the vehicle (ft/s)
ag = vehicle lateral acceleration (ft/sz)

t = time (sec)
d. = lateral flail distance (ft)
Combining equations (11) and (12) will produce the following expression

for the occupant riSk.~
Using the expression developed by Olsen for the average lateral

deceleration and equation (13) the following expression can be used to

estimate the lateral occupant risk.

d

Yors = Vo 511 ¢ TR sin 9-3(1-005 9) + 4] (14)
where _

A = distance from the front bumper to the c.g. (ft)

B = vehicle half width (ft)}

A = barrier deflection (ft)

8 = impact angle
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Attention should be directed once again at the required assumptions. This
model is most appropyiate for collisions in which the vehicle remains
upright and is smoothly redirected.

Several full-scale crash tests were evaluated using this equation and
compared to the actual values observed by measuring the accelerations of
instrumented anthropometric dummies. The results of these comparisons are
shown in table 10. As the table shows, the collision model of the
occupant risk factor provides a resonable rough estimate of the occupant

impact velocity in these Cests.

In summary, the mathematical model of the occupant risk shown in
figure Y4 and equation (14} provides a fairly accurate and simple means of
estimating the occupant-interior impact velocity given only the gross
behavior of the vehicle and barrier. While the model works well in many
cases 1t should be emphasized that violation of any of the five assmptions
will denigrate the solution. This model is most appropriately used for
"rule-of-thumb" estimates about collisions for which no aceceleration time-

history data is available.
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Table 10. Comparison of the collision model of occupant risk to full-scale crash tests.

: Observed Estimated
Test Vehicle Impact Impact Occupant Occupant Percent
No, Weight Speed Angle Risk Risk Error Ref.
RF-22 2140 61.9 18.3 28.0 21,54 23.1 1
CMB-7 2250 57.1 16.5 22.4 18.83 15.9 1
CMB-9 2250 58.9 15.5 - 17,7 18,80 6.2 1
CMB-13 22590 56.4 14.3 16.2 17.26 6.5 1
SRB-4 2083 54.7 17.1 17.0 18.40 8.2 1
BR-1 1926 60.9 13.1 17.2 18.65 8.4 2
BR-2 1980 61.0 15.0 17.5 20,05 14.6 2
BR-3 1990 61.0 14,2 19.5 19,48 0 2
BR~4 1987 61.4 14,1 15.1 16,23 7.5 2
MB-1 1947 58.5 17.2 ‘ 21.4 20.65 3.5 3
MB~2 1979 61.6 14.5 le.1 19.89 23,5 3
GR-1 1989 60.1 15.5 19.8 18.40 7.1 4
GR-2 1948 59.3 14,4 21.5 18.20 15.3 4
GR-13 1857 59.7 15.4 17.0 15.19 11.1 4
GR-4 1916 60.4 15.3 18.9 20,10 6.3 4

GR-5 1973 60.5 15.8 11.9 10,80 9.2 4



2
V< sine :

| aS:Z[Asme— B(/-cos &) + A]
ORS= /2050/5

Vz SIN26 ds B
ORS= [Asme— B(/-cos @) + A]

Figure 4. Collision model of the lateral occupant risk factor.
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FEDERALLY COORDINATED PROGRAM OF HIGHWAY
'RESEARCH AND DEVELOPMENT (FCP)

The Offices of Research and Development
of the Federal Highway Administration are
respoasible for a broad program of research
with resources including its own staff,
contract programs, and a Federal-Aid
program which is conducted by or through
the State highway departments and which also
finances the National Cooperative Highway
Research Program tanaged by the
Transportation  Research  Board.  The
Federally Coordinated Program of Highway
Research and Development (FCP) is a care-
fully selected group of projects aimed at
urgent, national problems, which concen-
trates these resources on these problems to
obtain timely solutions. Virtually all of the
available funds and staff resources are a part
of the FCP, together with as much of the
Federal-aid research funds of the States and
the NCHRP resources as the States agree to
devote these projects.*

FCP Category Descriptions

. Improved Highway Design and Operauon
for Safety

Safety R&D addresses problems connected
with the responsibilities of the Federal
Highway Administration under the High-
way Safety Act and includes investigation
of appropriate design standards, roadside
hardware, signing, and physical and scien-
tific data for the formulation of improved
safety regulations.

2. Reduction of Traffic Congestion and [m-
proved Operational Efficiency
Traffic R&D is concerned with increasing
the operational efficiency of existing high-
ways by advancing technology, by improv-
ing designs for existing as well as new
facilities, and by keeping the demand-ca-
pacity relationship in better balance
through traffic management techniques
such as bus and carpool preferential treat-
ment, motorist information, and rerouting
of traffic.

*The complete 7-volume official scaument of the FCP is available from the
National Technical Information Service (NTIS), Springlicld, Virginia 22101
(Order No, PB 242037, price $45 postpaid). Single copies of the introductory
volume are oblainable without charge from Program Analysis {HRD-2).
Offices of Research and Development, Federal Highway Administration,
Washington, D .C. 20590,

3. Environmental Considerations in Highway
Design, Location, Construction and
Operation
Environmental R&D is directed toward
identifying and evaluating Highway
elements which affect the quality of the
human environment. The ultimate goals
are reduction of adverse highway and traf-
fic impacts, and protection and enhance-
ment of the environment.

4. Improved Materials Utilization and

Durability

Materials R&D is concerned with expand-
ing the knowledge of materials properties
and technology to fully utilize available
naturally occurring materials, to develop
extender or substitute materials for materi-
als in short supply, and to devise proce-
dures for converting industrial and other
wastes into useful highway products. These
activities are all directed toward the com-
mon goals of lowering the cost of highway
construction and extending the period of
maintenarce-free operation,

5. Improved Design to Reduce Costs, Extend
Life Expectancy, and Insure Structural
Safety
Structural R&D is concerned with further-
ing the latest technological advances in
structural designs, fabrication processes,
and construction techniques, to provide
safe, efficient highways at reasonabie cost.

6. Prototype Development and Implementa-
tion of Research
This category is concerned with developing
and transferring research and technology
into practice, or, as it has been commonly
identified, ““technology traasfer.”’

7. Improved Technology for Highway Main-
tenance
Maintenance R&D objectives include the
development and application of new tech-
nology to improve management, t0 aug-
ment the utilization of resources, and to
increase operational efficiency and safety
in the maintenance of highway facilities.
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