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FOREWORD

Appendix ¥ is a compilation of the twenty three (23) technical
memoranda prepared on Research and Development Contract No. CPR-11-5851

entitled "Test and Evaluation of Vehicle Arvesting, Inergv Absorbing,
and Impact Attenuation Systems''. These technical memoranda were pre-
pared and submitted to the Federal Highway Administration during the
course of this four and one-half year project. In general, a technical
memorandum was prepared to report the results of a series of crash tests
conducted on a given highway safety barrier. In general, the signifi-~
cant results pregsented in these twenty three technical memoranda

are summarized in the main body of the final report.

The accuracy and reliabilitv of the electronic acceleorometer and
strain gage data presented in Technical Memoranda 505-15, 505-2, 505-2S,
505-4, 505-6, 505-8, 505-9, 505-10, and 505-i1 are questionable since
these data were gathered using a 'hard-line'" carrier system for sensor
excitation. The excitation source and the resultant crash test data
were fed through a cable of considerable length (approximately 10006 ft.).
The cable was frequently tangled, bent and cut causing, in some cases,
significant changes in resistance and capacitance which produce zero
and phase shifts in the elcctronic data.

All other electronic data were gathered by use of an extremely

reliable telemetry system described in Appendix D.



TECHNICAL MEMORANDUM 505-1

Texas Transportation Institute
Texas A&M Research Foundation

BARREL PROTECTIVE BARRIER

A Tentative Progress Memorandum on Contract

No. CPR-~11-5851, U. S. Dept. of Transporta-

tion, Federal Highway Administration, Bureau
of Public Roads

by

T. J. Hirsch, Research Engineer and Principal Investigator
Structural Research Department
Texas Transportation Institute
The opinions, findings, and conclusions expressed in this report are

those of the author and not necessarily those of the Bureau of Public
Roads.

July 31, 1968

On March 28, 1968, a very successful vehicle crash attenuation test
using 55-gallon drums as a barrier was conducted. This technical memo-
randum is being written to provide some of the technical information
and design details of this vehicle crash attenuation system. Also
included is a summary of the high-speed film data taken of this test
giving the vehicle impact velocity, average deceleration, peak decel-
eration, stopping distance, etc. This system, using 55-gallon tight-
head universal drums, appears to be a most effective, economical, and
practical vehicle crash attenuation device.

Figures 1 through 6 show the crash vehicle and barrel protective
barrier before and after the 60 mph vehicle impact. Table 1 presents

a summary of the high-speed film crash test data. The vehicle weighed



F.5

3,200 1bs. and was a 19064 Dodge four-door sedan. Its initial velocity
before impact was 60.2 mph. The vehicle penetrated the barrier 13.3 ft.
before coming to a complete stop. The average deceleration force on
the vehicle was 9.1 g's. The peak deceleration on the vehicle was
12.7 g's. As can be seen from the photographs, only minor damage was
inflicted on the vehicle. One of the four headlights was broken,
and the front bumper and grillwork were mashed in approximately 4 in.
The vehicle was in running condition immediately after the impact.
Table 3 presents a comparison of this barrel barrier crash test
with a "rigid" barrier crash test. If this vehicle had struck a "rigid"
barrier, the maximum deceleration would have been approximately 54.2 g's
and the average deceleration would have been approximately 34.6 g's.
Using these rigid barrier decelerations, the deceleration obtained
from the barrel barrier can be compared by taking a ratio which is
defined as an Attenuation Index. The Attenuation Index for this
barrel barrier test indicates that the impact was only 1/4 as severe
as a rigid barrier crash.
Table 2 presents a complete tabulation of the high-speed film
data showing time after impact in milliseconds, vehicle displacement,
vehicle velocity and deceleration. The total duration of the impact
was 0.346 seconds. Figure 7 shows a plan and side view of the barrier
as installed. The barrier was constructed as shown by Figure 7 with
the exception that only one 8WF17 backup beam was used instead of the
two shown on the drawing. The barrier consisted of twenty-nine 55—
gallon drums of 16-gage steel. There were 9 rows of three drums, with
two drums on the nose, making a total of 29 drums altogether. The
total length of the barrier was approximately 19 ft. The vehicle pene-
trated the barrier 13.3 ft. indicating approximately 70% of the

2



energy capacity of the barrier was used up. The vehicle had 387,000
ft.-1bs. of kinetic energy.

The dotted lines on the drawing indicate 1/2 in. cables which
were tied to the simulated bridge pier and threaded between the rows
of barrels, supported on the rolling hoops, and tied off to a
reinforced concrete anchor shaft located flush with the ground in
front of the nose of the barrier. The 1/2 in. cables were
designed to give the barrier lateral stability in case of an
angle hit by a vehicle. These cables also hold the barrels on
the ground during vehicle impact. The barrels must not be attached
to the cable in any manner. They must remain free to slide down
the cable during vehicle impact. Additional tests are needed on
this system in order to verify the lateral stability of this
barrier when struck by a vehicle at angles other than head on.

Figure 8 shows the detail of how the top and bottom of the
drums were welded together at all points of contact between ad-
jacent barrels. A piece of No. 5 reinforcing bar 2 in. long was
placed between the barrel rims and fillet welded to each barrel.
Figure 8 also shows how the tops and bottoms of the barrels were
cut and metal removed in order to reduce the crush strength of
a barrel down to the desired level. Four elliptical holes were
cut in the top and bottom of each barrel leaving an almost
square piece of metal in the top and bottom intact and joined to
the rim.

Figure 9 shows the static force-deformation curves for the

55-gallon l6-gage steel drums used to construct this barrier.

F.
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The top curve on this figure indicates a peak crush force of approxi-
mately 20,000 1bs. for a 55-gallon drum with the top and bottom

left intact. When the elliptical shape holes are cut in the top and
bottom as shown in Figure 8, the crush strength is shown by the

lower curve on Figure 9. A peak crush force of approximately

8,000 1bs. was developed under this static test. Figure 9

indicates the importance of removing some of the metal from the

top and bottom of the drum in order to reduce the crush strength

of the barrel. The uncut barrels will generate approximately

three times as much stopping force as the barrels cut as shown.

Figure 10 shows an idealized barrier force-deformation curve
under vehicle impact. From an analysis of the high-speed film
data it was apparent that the crush strength of the total barrel
system welded together was somewhat larger than that obtained from
the sum of the individual barrels. This increase in the total
barrier force can be attributed to cable friction, ground friction,
and lateral support provided to the barrels by adjacent barrels.
Additional laboratory tests on barrel crush strengths are now
being conducted in order to better establish the barrel strength
characteristics.

A descriptive appendix is included to show the American
Standard Specifications for 55-gallon tight-head universal drums
which were used to construct this barrel protective barrier,
Fifty-five-gallon drums can be fabricated with various gage metals
from gage No. 12 to gage No. 24. 1In the very near future,

laboratory tests will be conducted on barrels of 1&- through 24-gage
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metal. Such barrels will be much lighter in weight and could
feasibly have the desired crush strength without the requirement
of cutting and removing metal from the tops and bottoms.

Figure 11 shows some typical hazards where barrel protective
barriers could be effectively employed. Several locations in
the state of Texas of this type are now being considered for
possible employment of this protective system. Figures 17 and 13
show some other possible configurations which could be used in
the employment of 55-gallon drums as an energy abecrption barrier.

Summary and Conclusions

This barrel protective barrier appears to be a very effective,
economical and practical vehicle crash attenuation device. Based
on the single test conducted to date the impact behavior of the
system appears very good. The system appears very economical,
since the cost of barrels delivered from a barrel factory will
range from $6 to $7 each. Second hand barrels can be purchased
for as little as $2 each. The system fabricated and tested here
was made of second hand barrels costing a total of $58 ($2 each).
The cables, steel plates, 8 in. wide flange backup beam, etc. were
very minimum in cost.

The system can be fabricated and installed by semi-skilled
laborers. Maintenance and reliability of the system also appears
good, The system should behave satisfactorily under extremely
high or low temperature conditions in either a wet or dry condition.

After such a barrier is struck by a vehicle, it will probably



prove verv feasible to replace the whole barrel system with a
spare or replacement system which could be stored in a highway
department maintenance vard. Since the barrels are all welded
together and are tied down by the anchor cable it is believed the
system will behave satisfactorily under angle impact. The
stability of this system under angle impact, however, needs veri-
fication by further impact tests which are anticipated in the

near future.
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Figure 3. Side View of Barrel Protective Barrier in Front

of 30 in. Diam. Simulated Bridee Pier
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Figure 4, View of Barrel Protective Barrier and Test
After Impact. Initial Vehicle Velocity 60 mph. Stoppi
13.3 ft., Average Vehicle Deceleration 9.1 g's
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TABLE 2. HIGH-SPEED FILM DATA

TEST RF505-1E

55 Gal. Drums with Tops and Bottoms Cut
3 Drums Wide by 10 Drums Deep
High-Speed Film Data

Time Displacement Velocity Decelexation
Milliseconds £t ft/sec ft/sec” g's
0 0 0 0
6.3 0.57 0 0
88.3
16.8 1.50 0 0
Impact *27.3 *2.41 0 0
82.4
48.3 4,14 -271.4 -8.4
76.7
69.3 5.75 -409.5 -12.7
68.1
90.3 7.18 -247.6  -7.7
62.9
111.3 8.50 -295.2 -9.2
56.7
132.3 9.69 -319.0 -9.9
50.0
153.3 10.74 -295.2 -=9.2
43.8
174.3 11,66 -181.0 -5.6
40.0
195.3 12.50 -247.6 =T
34.8
216.3 13.23 -228.6 -7.1
30.0
237.3 13.86 -271.4  -8.4
24.3
258.3 14.37 -114.3  -3.5
21.9
279.3 14.83 -295.2  -9.2
15.7
300.3 15.16 -90.5 -2.8
13.8
321.3 15.45 -204.8 -6.4
9.5
342.3 15.65 -247.6  -7.7
4.3
363.3 15.74 -114.3 -=3.5
-1.9
384.3 15.70 -204.8 -6.4



Time
Milliseconds

405.3
426.3

447.3

Displacement
ft

15.65
15.54

15.43

Velocity
ft/sec

-5.2

-5.2

Deceleration
ft/sec? g's

-133.3

0

4

0
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TARLE 3. COMPARISON OF TEXAS BARREL PROTECTIVI
BARRTER CRASH TEST WITH RIGID BARRIEK
MPACT .

Barrel Barrier Impact Rigid
Test 505-1E

Vehicle VWelght

(v 3200 1b 3200

Vehicle Velocity (V) 60.2 mph peL 2 mph
Max. Deceleration 12.7 g's 54,2 ¢lan
Avg. Deceleration 9.1 ¢g's 3406 n

Attenuation Tadex

barrels)

AT
rigid)

L barrels)
rigid)

*Note: Lstimnted ligid Barrier Impact Deceleration
Determined by G(max.) = 0.9 V
Glavg.) = 0.574 V
Where V is in mph; from Fmori, Richard 1., "Analvtical Apareach
to Automobile Collisicns,'” SAE Paper 680016, Auto. Engr. Conuress,

Detroit, Januarvy 8, 1968,

13
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No.5 reinf. bar 2" long
fillet weld to both top

and bottom drum rims.

Al drums connected

thus both top and

o

VS

bottom.

Cut with torch and remove

metal both top and bottom

VLS

FIG. 8 Detail of Top or Bottom of 55 gal. Tight-Head Univ. Drum,

16 gage steel
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FORCE, (ib.)
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BARRIER FORCE, Ib

FIG.
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Test RF505-
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| Total Energy Capacity Approx. 435000  ft-ib
18,000 |-
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STANDARD SHIPPING CONTAINERS

TIGHT HEAD DRUMS

.25

Used for shipping or storing such products as chemi-
cals, paints, petroleum and food — for both domestic
and export markets. Extra and special openings will
be provided as requested. All ICC drums which are
displayed throughout this catalogue are manufac-
tured in accordance with government specifications
and are submitted to rigid testing and inspection.
Each drum receives a leakage test and there are
periodic drop and hydrostatic pressure tests of
drums selected at random from our production lines.

Each drum bearing the U.S.S. embossment along
with appropriate ICC markings can be filled with

maximum confidence.

Can be furnished: Painted—black or other stand-
ard colors * Decorated + Lined + Galvanized —
hot-dip + Tinned—hot-dip + Stainless « Emboss-
ing as requested — names, numbers, trademarks,

symbols.

Constructed of 16 to 20-gauge steel to meet all

legal requirements.

Diameter Approx. No.
16 Capacity Gauge “:::ifm Inside Inside Overall Over A.'}:::x' Ocean Per Carload
Spec. Ballens  Body Bottom Diameter Height Height Rolling Weight Cube

Hoops 40 50

- 57 “ 18 18 22.12 34-11/32 35-15/16 23-7/16 49.7 11/0 300 370
-—»| 17C 55 16 16 22:1/2 335/32 34.3/4 23-7/16 60.6 10/9 300 370
17 55 18 18 22-1:2 33-5/32 34.3/4 23-7/16 48.6 10/9 300 370
178 5 20 18 22-1/2 33-5/32 34.3/4 23.7/16 40.1 10/9 300 370
| 33 ¢ 19 18-1/4 30-1/32 31-5/8 19.3/16 312 6/8 430 540
o 33 } 18 18 18-1/4 30-1/32 31-5/8 19-3/16 356 6/8 430 540
7 30 20 20 1814 27-9/32 28-7/8 19-3/16 25.3 6/1 570 670
17t 30 19 19 18-1/4 279,32 28-7/8 19-3/16 29.3 6/1 570 670
e i 1R 18 18-1,4 27-9/32 28-7/8 19-3/16 335 6/1 570 670
s ] 18 16 18-1/4 27-9/32 28-7/8 193,16 417 6/1 570 670
1‘ 15 22 22 13-15/16 25-27/64 26-7/8 14-7/8 14.3 3/6 1040 | 1250
-6 2 20 13-1516 25-27./64 26-7/8 14-7/8 17.0 3/6 1040 | 1250

SECTION 2 puge 2




TECHNICAL MEMORANDUM 505-15

SUPPLEMENT TO 505-1

Texas Transportation Institute
Texas A&M Research Foundation

THE,_ MODULAR CRASH CUSHTON

A Tentative Progress Memorandum on Contract No. CPR-11-5851

U.S. Department of Transportation
Federal Highway Administration

T. J. Hirsch
Regearch Engineer

Gordon G. Haves
Physics Rescarch Associate

and

Don L. Ivey
Associlate Research fngineer

These crash tests and evaluations were conducted under the Office
of Research and Development, Structures and Applied Mechanics Divisgic
Research Prog.am

Program). The op

O N
H

taral Systems In Support of W

-
e

ay Safety (40
s, [indings, and conclusions expressed in this
reporlt are those of the authors and net necessarily those of the Federal
Highway Administraticn.

inic

August 1970
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INTRODUCTION

The Modular Crash Cushion was developed under a contract with the
Federal Highway Administration as an expedient measure to reduce the number

of fatal automobile collisions with rigid obstacles in or near highway

1 ES

rights~of-way. Additional modifications and tests were sponsored by

the Texas Highway Department in cooperation with the Federal Highway Admin-

istration.2

The crash test program and subsequent field experience indicated
that this system was more than an expedient measure and that it functioned
very well as an impact attenuator from both the performance and economic
points of View.3’4 As part of its program on Structural Syvstems in Support
of Highway Safety (4S Program), the Federal Highway Administration sponsored
further research to improve the basic Modular Crash Cushion design.

One constraint that is placed on most impact attenuators is the
geometry of the site. A crash cushion pretecting a rigid wall at an
elevated freeway gore, for example, cannot be much wider than the wall
itself without constricting the adjacent traffic lanes. Therefore, in
angled collisions toward the rear of the cushion (near the rigid wall)
the distance and energy absorbing materials are usually insufficient to
stop the vehicle safely before it contacts the rigid wall., 1In such
collisions it is usually better to cause the colliding vehicle to redirect,
thereby missing the rigid wall. The provisicns for redirection must be

”SOft”

such that the cushion has lateral stability, while maintaining the
characteristics during head-on impacts. The results of some of the

efforts to satisfy these conditions are presented in this report.

S B .
Superscript numerals refer to corresponding numbers in the Selected
References.



SYSTEMS TESTED

The three crash cushion designs which were tested used 20-gage steel
tight-head drums as the basic energy absorbing modules.

The first configuration is shown in Figure 1. The columns of modules
were separated by plywood inserts, and the two support cables ran between
the columns of drums in a path as shown in Figure 1. Overlapping redirec-
tion panels were attached to the sides of the crash cushion. These panels
were made of 3/4" plywood covered with fiber glass which was coated with
a polyester resin. This gel coat was used to give more smoothness to the
panel surfaces and to improve the appearance of the barrier. The front
edges of the panels were hinged so that the back edges could telescope or
swing out, allowing free crushing of the barrier during head-on collisions.

The second barrier which was tested is shown in Figure 2. The basic
drum arrangement was the same as before, but the support cables were moved
to run in a straight line between the outer modules and the redirection
panels to reduce vehicle pocketing. A "truss' composed of steel straps was
welded to the tops of the modules to increase the lateral strength and
stiffness of the crash cushion.

The final system constructed for testing is shown in Figure 3. Steel
angle spacers were used here, and the module arrangement was modified to
reduce the stopping force at the onset of the collision. This modification
is especially desirable when the colliding vehicle is small and lightweight.
Also, the rear of the barrier was widened to provide a cushion between the
end redirection panels and the rigid wall. Again, cables inside the re-
direction panels were used to give lateral stability without rigidity.

Photographs of each of the cushions accompany the individual test

descriptions.

.28
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TEST PROGRAM

Five full-scale crash tests were run in this series: one oblique
impact on the first barrier configuration, and both an oblique and a
head-on test on the other two conriigurations.

The tests were photographed using hish-speed motion picture cameras

and conventional documentary cameras. Time-displacement data was ohtained
from the high-speed films. The vehicles were equipped with electro-
mechanical accelevometers attached to the longitudinal frame members. In

addition, a mechanical Impact-O-Graph was mounted in the trunks as a
secondary source of acceleration data. In tests A and E, an anthropo-
metric dummy simulating a driver was secured with a seat belt attached

to a load cell for sensing seat belt force. The signals from these trans-
ducers were transmitted by multiconductor shielded cable to recording
devices. Tape switches activated by the wheels of the approaching vehicle
provided a means of checking the initial speeds obtained from the high-
speed films.

A typical-instrumentation summary is given in Table 1. Time-
displacement data from the high-speed films and reproductions of the
accelerometer traces and seat belt force curves are given in the Appendix.

Table 2 is a summary of pertinent test data. For the head-on tests,
the average decelerations from the high-speed film data are considered
more reliable because initial speed and stopping distance can be measured

accurately by this method. The average deceleration in G's is given by

"33

a = Vi2/2gS, where V5 1s the initial speed and S is the stopping distance.



The average deceleration from film data for tests in which the vehicle
wasg redirected is given by a = <V12 - sz)/2gS, where Vg is the speed
of the vehicle at loss of contact with the barrier.

The average decelerations from the accelerometer data are obtained
by integrating the area under the analog trace (Appendix) and dividing bv
the length (time). The deceleration times from the accelerometer traces
do not coincide with the times in contact from the films because loss of
contact with the barrier does not regquire that all forces go to zero,

even though the vehicle-barrier interaction is completed.
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VEHICLT CRASH TUEST INSTRUMENTATION

DEVICE

LOCATION

PURPOSE

CAMERAS:

1 Hvcam (500 frames per sec)

Hycam (500 fps)
Photosonics (500 fps)
Bell & Howell (128 fps)

[ e

Cine Special (64 fps)

ACCELEROMETERS:

%34

1 Statham* and 1 CEC

1 Statham™ and 1 CEC**
1 Impact-0O-Graph

OTHER:

1 Pair of Tape Switches

1 Tape Switch

1 Tape Switch and Flash Bulb

1 Seatr Belt Strain Gage

Perpendicular to initial
path of vehicle

Perpendicular to barrier
Directly above barrier
Oblique to barrier

Perpendicular to barrier

Right vehicle frame member

Left vehicle frame member

Trunk of vehicle

About 16 ft. before impact
At impact point on barrier
On vehicle

Attached to seat belt

Ti:itial speed

Entire event
Overhead view
Documentary

Documentary

Longitudinal and Transverse
acceleration

Longitudinal and Transverse
acceleration

Triaxial accelerations

Initial speed
Time of impact
Indicate impact visually

Seat belt force on Alderson
articulated anthropo-
metric dummy

train gage tvpe
““piezoelectric type
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TABLE 2

SUMMARY OF TEST DATA

TEST A B C D E
Barrier Type 1 2 2 3 3
Vehicle, Year 1963 1963 1960 1963 1959
Make Valiant Valiant Pontiac Buick Renault
Vehicle Weight, lbs 3000 3080 4180 4359 1500
Impact Angle, deg 20 20 0 20 0
FILM DATA
Initial Speed, mph 56.9 59.3 46.6 56.8 58.2
ft/sec 83.4 87.0 68.4 83.3 85.4
Average Longitudinal 6.8 7.4 6.2 4.0 9.1
Deceleration, g's
Distance 1n Contact™, ft 16.0 12.6 11.7 24.2 12.4
Time in Contact, sec .290 .210 .365 . 624 . 280
Final Speed, mph 0 26.7 0 19.0 0
ft/sec 0 39.1 0 27. 0
ACCELEROMETER DATA
Longitudinal
Max. Deceleration, g's 53.0 15.9 7.0 11.3 14.1
Avg. Deceleration, g's 10.8 8.0 3.7 4.6 7.6
Time, sec . 358 .226 414 .452 .403
Transverse
Max. Deceleration, g's 3.8 7.3 - 4.3 -—
Avg. Deceleration, g's 1.1 3.2 - 0.6 -
Time, sec . 360 .226 - 292 -

*For Tests A, C, and E, this is the stopping distance.

11



In this first test, a 1963 Valiant weighing 3000 lbs impacted the
Modular Crash Cushion at 56.9 mph. The vehicle centerline made a 20°
angle with the centerline of the barrier at impact. The barrier is shown
in ¥Figure 4. The redirection panels consisted of 3/4" plywood with two
layers of heavy fiber glass roving followed by one layer of gel coat.
These panels overlapped approximately 11 inches. Between the columns of
barrels were smaller sections of plywood.

After initial contact, the lateral stability of the redirection
panels was not sufficient to prevent the vehicle from "pocketing' and
crushing several barrels before impacting the edge of the rigid wall.
This was the reason for the high maximum longitudinal deceleration of
53 g's. Duration of this high deceleration was about 80 msec, as can be
scen from Figures Al and A2. Contact with the rigid wall occurred about
240 msec after impact, at which time the g level on the accelerometer
traces begins to rise sharply (see Figures Al and A2 in the Appendix).

Analysis of the accelerometer traces showed the average decelera-
tion to be 10.8 g's longitudinally and 1.1 g's laterally. Damage to the
vehicle was rather severe due to the impact with the rigid wall (see
Figure 6).

This redirection system did not perform as intended. The undesired
behavior was attributed to lack of lateral attenuation space at the rear
of the barrier adjacent to the edge of the rigid wall. 1In addition, the
barrier had insufficient lateral stability due to the anchor cable positions
and to insufficient overlapping of the redirection panels. Subsequent test
cushions incorporated design changes which resulted in better redirection
capabilities.

12
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Figure 6, Vehicle After Test 505 B-A.
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Figure 7, Sequential Thotographs of Test 505 B-A.
(Side View)
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In order to provide acceptable redirection capabilities, the basic
system previously tested was modified. Instead of the plywood spacers
between the barrels, metal straps were welded across the top of the
sz rrels as shown in Figure 12. 1In addition, the anchor cables were
placed just inside the deflection panels and were aligned straight and
taut. This was done to increase the lateral stability of the system
during angle hits for better vehicle redirection. Also, the redirection
panels were positioned to overlap each other 4 feet, creating a double
thickness of plvwood along the impact area.

A 3080 1b Valiant impacted the barrier about 11 ft in front of the
rigid wall. The vehicle at contact made an angle of 20° with the center-
line of the barrier, and was traveling at 59.3 mph. The vehicle was
redirected, leaving the barrier at 26.7 mph after 210 msec. The average
longitudinal deceleration during this time was 7.4 g's, and the average
transverse deceleration was 3.2 g's.

The left front end of the vehicle was permanently deformed about
1.5 ft. Damage to the barrier was slight. Since onlv a few barrels
were crushed, as seen in Figure 15, the barrier was easilyv repaired
before the next test. This test was considered successful in that the
vehicle was redirected as intended, with deceleration levels well within

acceptable human tolerances.”

18
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Figure 13, Sequential Photographs of Test 505 B-R.
(Side View)
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Vioure 4, Sequential Photegraphs of Test 505 B
{Overhend View)







After a few minor repairs were made, the same crash cushion used

in Test B was subjected to a head-on crash test.  The purpoese of this
test wag to evaluate the longitudinal resnorse of the wodificed barrier
to a head-on collision. Lateral strength and stiffness had been built
into the crash cushion for safe redirection of vehicles impacting at

vad been designed to

an angle. At the same time, however, thisg svaten
maintain its relatively soft, crushable characteristics for head-on
impacts.

The barrier stopped the 4180 1b Pontiac, whicli was traveling 46.6 mph

by & Pt
in 11.7 ft with an average longitudinal decelernticn of 6.2 g's. Decel-
eration levels were well within the limits considered tolerable to proverly
strained humans. >

restrained humans.

The system performed as designed. The vehlcle damage wvas very
minor as shown in Figure 17. Permanent vehicle front end deformation

cle vore not hroken.

was only 2 inches. The headlights ot
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! . o B —

- ‘rn‘a,x-

Ty
Pigure 17, Vehicle After Test 500 #-C.

b
(3]

e



Figure 18, Repaired Modular Crash Cushion
Before Test 505 B~C.
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Test 505 B-D

Two modifications were made in the crash cushion used for this test.
The rigid back-up wall was modified to simulate a tapered concrete retain-
ing wall at an elevated freeway gore. This type of retaining wall makes it
feasible to extend modules of the crash cushion along its sides. The con-
figuration which was tested had modules extending along only the side which
was hit, as modules along the opposite side would have been superfluous
for the purposes of these tests. The straight, taut cables and overlapping
plywood panels were believed to be sufficient for redirecting a vehicle

without the use of the metal "truss'

as used in tests B and C. 1In addition,
the barrel modules were arranged in a more triangular shape to provide a
softer nose for better head-on attenuation of small, lightweight vehicles.

A 20° angle side impact was conducted using a 1963 Buick which weighed
4350 1bs. The initial speed of the vehicle was 56.8 mph, and the vehicle
remained in contact with the barrier for 624 msec. The average longitu-
dinal deceleration from the accelerometer traces was 4.6 g's. Average
lateral deceleration was 0.6 g's from the same source. A '"ramping' ten-
dency wasg observed; that is, the vehicle climbed up the side of the cushion
to a height of about two feet due to a vertical component of force at the
left front of the vechicle. However, the test vehicle rem2ined upright
throughout the test. A possible cause of the ramping may have been that
the upper support cable, being longer than the lower cable, had more poten=-
tial to displace transversely, allowing the deflection panels to lean
slightly inward at the top.

During the time in contact, the cushion demonstrated sufficient
lateral stability to prevent 'pocketing' and to redirect the test vehicle.
The barrier was damaged moderately, and the left front end of the vehicle

was permanently deformed 3.25 ft (see Figures 23 and 27).
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he purpose of this test was to evalusite the effoectiveness of tfne

previcus barricr in head-on impacts with small vehicles. After miae:

repairs, the same cushion used ;oG
at 58,2 mph. This lightweight pped |

with an average longitudinal deceleration of 9.1 #7g.  The sheo
portion of the front end of the vehicle was severely buckled, which

would be expected in a lightweight, low froant profile, rear-«

r

vehicle. The vehicle was stopped smoothly, without tendencv to roli

The deceleration encountered by the lightweight vehicle /4.1 o

criteria of 12 ¢'s icr research

11 below the FHWA Progy

development testing“h
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DLISCUSSTION AND CONCLUSTONS

In wrder to redirect a vebicle which strikes the crash cushion at an
anvls zud nrevent it from contacting a rigid obstacle, the crash cushion

must have laterval stability, present a smooth side surface, and be rather

Lavd" 1o Lo tageral direction to prevent vehicle pocketing. The more

the cushion is allowed to deform, the greater the angular

ion musi he in order to prevent contact with the rigid backup wall.
o

At the same time, the attenuator must not be constrained in the longi-

-otion in order to be acceptable for head-on or near head—on

cie in which 21l the vehicle kinetic energy must be absorbed.

The first arvvenuator testad in this series presented an acceptable

T ctional surtace, but because of the insufficient interjor support
Pyotieoan v cakies and because of the crushable plywood module spac

3 ! al d b or i r ble ply d module spacers,
Ptodid not provs “he necessary lateral strength or stability e—

T {0 t ' - - ‘LL ‘”711 n Ot]’ PR 1ty fof re

The second crash cughicn design tested had sufficient lateral sta-

and strength, as well as & smooth redirectional surface, and the
teat vehicle was redirected without contacting the rigid wall. The re-
direction over a short time interval causes siy ificant damage to the
vehicle, somewhat comparable to the damage which would result from a
guardvail or bricge ratl cellision. The forces measured were considered
tolerable or acceptable for properly restrained passengers.

The subsequent head-on test on the repaired cushion showed that a

relativelv =soft, crushable behavicr was retained for head-on collisions.
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The third crash cushion configuration also successfully redirected

the veliicie during the angle impact. However, the absence of the "truss'

fim

on barrier type 3 reduces the weight of the structure and permits easier

re economical construction and malintenance.

The head-on test of the third crash cushion prototype utilized a’

W+, rear—eugine vehicle. Although the damage to the vehicle's

s severe, 1t was expected in this case since the engine was
in the rear and only a light, sheetmetal luggage compartment protected
the front end. Actually, this crushing too is part of the attenuation

proce

he passenger compartment was not penetrated. The g levels
weve not excessive considering the weight and speed of the test vehicle.
The vehicle maintained a stable posture throughout the impact, with no

overturning tendency.

It sppears from this series of tests that for the Modular Crash

Cushion lateral support adeguate for vehicle redirecti can be accomp-

lished without sacrificing longitudinal attenuation. This can be achieved

by using well anchored cableg running in a straight line along the out-
side of the moduleg, with overlapping, hinged plywood panels outside
these cables to provide the required lateral strength and stability. A

similar redirectional system i3 in use on the HI-DRO Cushion and has

pecformed satisfacterily on that type of barrier.’
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TABLE Al
TEST 505 B-A

High~Speed Film Data

Time Displacement Time Displacement
(nilliseconds) (feet) (uilliscconds)  __ (feet)
~48.0 -4.,0 (continued)
~-36.0 -3.0 200.0 13.6
-24.0 ~-2.0 250.0 14.6
-12.0 -1.0 300.0 16.0
0 Impact 0 350.0 15.8
20.0 1.6 400.0 15.6
50.0 4.0 450.0 15.3
60.0 4.7 500.0 15.1
80.0 6.2 600.0 14.6
100.0 7.6 700.0 14.1
120.0 8.9 800.0 13.7
140.0 10.2 900.0 13.3
160.0 11.4 1000.0 13.1
180.0 12.6 1400.0 13.0
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TABLE A2
TEST 505 B-B

High-Speed Film Data

Time Displacement Time Displacement
(milliseconds) (feet) (milliseconds) (feet)
-30.0 -2.6 (continued)
-20.0 -1.7 160.0 10.9
-10.0 -0.9 180.0 11.7
0 Impact 0 200.0 12.3
10.0 0.9 220.0 13.0
20.0 1.8 240.0 13.7
30.0 2.6 260.0 14.5
40.0 3.4 280.0 15.2
50.0 4,2 300.0 16.0
60.0 5.0 320.0 16.8
70.0 5.7 340.0 17.6
80.0 6.4 360.0 18.4
90.0 7.1 380.0 19.2
100.0 7.7 400.0 20.0
120.0 8.9 420.0 20.9
140.0 10.0
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TABLE A3
TEST 505 B-C

High-Speed Film Data

Time Displacement Time Displacement
(milliseconds) (feet) (milliseconds) _ (feet)
-50.8 -3.4 (continued)
~-40.6 -2.8 101.5 6.0
~-30.4 -2.1 121.8 6.9
~-20.3 -1.4 142.1 7.8
-10.2 -0.7 162.4 8.5
0 Impact 0 182.7 9.1
10.2 0.7 203.0 9.7
20.3 1.4 223.3 10.2
30.4 2.0 243.6 10.6
40.6 2.7 263.9 11.0
50.8 3.3 284.2 11.2
60.9 3.9 304.5 11.5
71.0 4.4 324.8 11.6
81.2 5.0 345.1 11.7
91.4 5.5 365.4 11.7
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TAPLE A4
TEST 505 B-D

High-Speed Film Data

Time Displacement Time Displacement
{milliseconds) _(feet) (milliseconds) i (feet)
-49.7 -4.1 (continued)
~41.4 ~3.4 216.7 14.4
~33.2 -2.7 236.4 15.2
~24.9 -2.1 256.1 15.8
-16.6 -1.4 275.8 16.2
- 8.3 -0.7 295.5 16.7
0 Impact 0 315.2 17.2
9.8 0.8 334.9 17.6
19.7 1.5 354, 6 18.0
29.6 2.3 374.3 18.3
39.4 3.1 394.0 18.8
49.2 3.8 413.7 19.2
59.1 4.6 433.4 19.7
69.0 5.3 453.1 20.1
78.8 6.1 512.2 21.6
88.6 6.8 571.3 23.1
98.5 7.5 630.4 24.8
118.2 8.8 689.5 26.4
137.9 10.2 748.6 28.0
157.6 11.4 807.7 29.7
177.3 12.5 866.8 31.3
197.0 13.5 925.9 32.7
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TABLE A5
TEST 505 B-E

High-Speed Film Data

Time Displacement Time Displacement
~lliseconds) (feet) (milliseconds) (feet)
~48.6 -4.1 (continued)
~36.4 -3.1 97.2 7.2
~24.3 -2.1 121.5 8.6
-12.2 -1.0 145.8 9.7
0 Impact 0 170.1 10.6
12.2 1.0 194.4 11.2
24.3 2.0 218.7 11.7
36.4 3.0 243.0 12.1
48.6 3.9 267.3 12.3
60.8 4.7 291.6 12.4
72.9 5.6 315.9 12.3
85.1 6.4 340.2 12.2
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TECHNICAL MEMORANDUM 505-2

Texas Transportation Institute
Texas A&M Research Foundation

TOR-SHOK ENERGY ABSORBING PROTECTIVE BARRIER

A Tentative Progress Memorandum on Contract

No. CPR-11-5851, U. S. Dept. of Transporta-

tion, Federal Highway Administration, Bureau
of Public Roads

by
T. J. Hirsch, Research Engineer and Principal Investigator
Structural Research Department
Texas Transportation Institute
The opinions, findings, and conclusions expressed in this report are

those of the author and not necessarily those of the Bureau of Public
Roads.

July 31, 1968

INTRODUCTION

From November 14, 1967 to January 10, 1968, the Texas Transportation
Institute conducted four full-scale vehicle crash tests on the TOR-SHOK
energy absorbing highway protective system which was developed by Aero-
space Research Associates (ARA), Inc., of 2017 West Garvey Avenue, West
Covina, California. This Technical Memorandum is being written to provide
some of the technical information and crash performance of this vehicle
impact attenuation system.

Included are photographs of the vehicle and barrier before and after

each of the four crash tests. Also included is a summary of the high
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speed motion picture film data taken of the tests, giving the vehicle
impact velocity, average deceleration, peak deceleration, stopping
distance, etc. (see Appendix B). In addition, a summary of the
electromechanical instrumentation data which was collected during the

tests is included (see Appendix B).

BARRIER DESCRIPTION

The TOR-SHOK energy absorbing barrier was developed by ARA, Inc.
under a contract with the Bureau of Public Roads. The barrier was
fabricated, delivered, and installed by ARA, and the vehicle crash tests
were conducted by personnel of the Texas Transportation Institute. This
highway protective system (see Figure 1) is constructed of high strength,
lightweight steel tubes which are supported from the fixed object by a
number of TOR-SHOK attenuators (detailed description given in Appendix
A). At impact, the protective barrier tubes transmit the impact forces

axially to the cylindrical TOR-SHOK arms which contain a large number

' elements that are squeezed between two cylin-

of stainless steel 'torus'
drical tubes. At impact these ''torus' elements absorb the energy by
rolling between the cyvlinders. Eight of the twelve TOR-SHOK arms are
acting in tension while four others are zcting in compression. These
TOR-SHOK arms exert a stopping force on the vehicle as the barrier
deforms under the vehicle collision.

Supplementary data on the TOR-SHOK cnergy absorbing system is pre-
sented in Appendix A. This information was provided by ARA, Inc.

Drawings BL1450 and B1449 in Appendix & show the dimensions and confi-

guration of the barrier tested. Table 1 in Appendix A gives a summary

™o



of the characteristics of the TOR-SHOK barrier. The barrier tested by
TTI had 2 nose angle of 153°, a nose radius of 31 in., and the weight of

the tubular nose was 845 1bs.

TEST PROGRAM

A brief description of the four crash tests conducted is given in
Table 1. Test 2A was a head-on impact with a 4600 1b vehicle going

at a relatively slow speed, 34 mph. Tests 2B and 2C were both head-on
impactsat relatively high speeds, 54 mph and 60 mph, respectively. In
Test 2B, a lightweight vehicle weighing 2520 1bs was used, while in
Test 2C a heavy vehicle weighing 4940 1lbs was used. Test 20D was

impacted at an angle of 30° with the longitudinal axis of the barrier

with a heavy vehicle weighing 5000 1bs and traveling at a speed of

24 RESULTS

Figures 1 through 4 show the vehicle and barrier before and after
impact for Test 2A. Figure 5 shows an idealized stopping force which
thhe TOR-SHOKs will exert on the impacting vehicle during a head-on
collision for various barrier deformations. This force-~deformation
curve was developed using data presented in Appendix A. Table 2 pre-
sents a brief summary ot the test results for the head-on impact. It
can be seen that the 4600 1b vehicle in Test 2A deformed the barrier
4,48 ft. The maximum TOR-SHOK stopping force was thus approximately
48 kips. From Table 2, it can be seen that the TOR-SHOKs absorbed

163 kip~ft of the vehicle kinetic energy (approximately 91%). The

F.90



average deceleration during this impact was 6.6 g's, and the maximum
significant deceleration was approximately 13 to 14 g's. This average
deceleration was obtained from an analysis of the high speed movies.

A more complete summary of the crash test data gathered from the high
speed film and electromechanical devices is presented in Appendix B,
Table 1B.

An analysis of the crash test results and the photographs pre-
sented in Figures 1 through &4 indicate the following conclusions
concerning Test 2A:

1. The ARA TOR~SHOK barrier performed as designed.

2. The vehicle damage was relatively minor.

3. The barrier damage was relatively minor. Minor maintenance
was required; however, the barrier nose and TOR-SHOKs were
reusable.

4. The deceleration level was considered moderate.

Table 3 presents a comparison of the ARA TOR-SHOK impact performance
with a "rigid" barrier impact. TIf the 4600 1b vehicle used in Test 2A
had struck a '"rigid" wall, the estimated maximum deceleration would
have been 30.8 g's; and the estimated average deceleration, 19.6 g's.
Using these maximum and average decelerations of a 'rigid" barrier
impact, the maximum and average decelerations from the ARA TOR-SHOK
impact can be compared by taking a ratio which will be defined as
Attenuation Index (AI). From Table 3, it can be seen that the Attenua-
tion Index for Test 2A ranged from 0.34 to 0.44 for the average and

maximum deceleration, respectively. This Attenuation Index is presented



TABLE 1.

BRIEF DESCRIPTION OF TEST PROGRAM

ON ARA TORSHOK BARRIER

Test Number 2A 2B
Angle of Attack Head-on Head-on
Vehicle Weight (w) 4600 1b. 2520 1b.
Speed (V) 34,1 mph 53.5 mph
Kinetic Energy 179 Kip-ft 242 Kip-ft

of Vehicle (K.E.)

—_—

F.92

—
2C 2D

Head-on 30°

4940 1b. 5000 1b.

59.4 mph 49.9 mph

*

582" Kip-ft | 418 Kip-fY

N

*
Note:

traveling at 60 mph (88 fps).

thus 482 Kip-ft.

energy by 217.

The ARA Torshok Barrier was designed to stop a 4000 1b vehicle
The max. design kinetic energy was

The vehicle in test 2C exceeded this design
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for comparative purposes only. It in no way indicates whether the
vehicle crash was survivable or would inflict minor or severe injuries
to the occupants of the vehicle. This Index indicates that this col-

lision was about 34 to 447 as severe as a rigid barrier impact.

TEST 2B RESULTS

Figures 6 through 9 show the TOR-SHOK barrier and 2520 1b vehicle
before and after the 53.5 mph collision. The test results presented
in Table 2 show that the barrier deformed 5.33 ft. Referring to
Figure 5, it can be seen that the maximum TOR-SHOK stopping force
exerted on the vehicle was €9.6 kips. The total energv absorbed by
the TOR-SHOKs was approximately 210 kip-ft (87% of the vehicle kinetic
energy). The average deceleration during this impact was 12.3 g's.
The maximum significant deceleration on the vehicle was 26 to 27 g's
as shown in Table 2.

The conclusions which can be drawn from this test are as follows:

1. The ARA TOR-SHOK barrier performed as designed.

2. The vehicle damage was severe (note Figures 7 and 9).

3. The barrier damage was minor, and the nose element and TOR-

SHOKs were reusable.

4, The deceleration level produced on this lightweight vehicle

was considered severe.

Referring to Table 3, we can compare this ARA TOR-SHOK impact
performance with a rigid bavrier impact. If the vehicle in
had hit a rigid barrier, the maximum deceleration would have been

about 48.5 g's, and the average deceleration about 31.0 g's. Comparing



TABLE 2.

BRIEF SUMMARY OF TEST RESULTS

TEST NUMBER

Angle of Attack
Vehicle Weight (W)
Vehicle Velecity (V)
Vehicle Deformation
Barrier Deformation

Max. TOR-~-SHOK Stopping
Force (F)

Energy Absorbed by Torshoks

Max. Significant Decel-
eration

Avg. Deceleration (film)
(AV ¢ Tg)

Remarks: 1.

8%

2A ! 2B 2C pay
Head-on Head-on Head-on 30° Angle of Impact
4600 1b 2520 1b 4940 1b 5000 1b
50.0 fps 78.8 fps 87.1 fps 73.3 fps
1.42 ft 1.88 f¢t 1.75 ft 1.83 ft
4.48 ft | 5.33 ft 11.12 ft 12,13 ft
48 kips 69.6 kips 69.6 kips -
163 kip-ft (91%) ; 210 kip-ft (87%) i 361 kip-ft (62%) -~
13 to 14 g's 26 to 27 g's 20 to 21 g's 128 to 30 g's

i

6.6 g's 12.3 g's 9.9 g's 8.1 g's
Performed as { Performed as Performed as Unsatisfactory
Designed Designed Designed Performance

Vehicle Damage
Minor

Barrier Damage
Minor, Reusable

Deceleration
Level Moderate

Vehicle Damage
Severe

Barrier Damage
Minor, Reusable

Deceleration
Level Severe

Vehicle Damage
Moderate

Barrier Damage
Severe, Most
Torshoks not
Reusable, Major
Repairs Required

Deceleration
Level Moderate

Vehicle Damage Se-
vere

Barrier Damage
Severe, Almost
Total lLoss

Deceleration Lev-
el Severe

76



TABLE

PERFORMANCE WITH RIGID BARRIER IMPACT

3. COMPARISON OF ARA TORSHOK IMPACT

Test Number 24 2B 2C 2D
( A | —
| Vehicle Weight 4600 1b 2520 1b 4940 1b 5000 1b |

Vehicle Velocity 34.1 mph 53.5 mph 59.4 mph 49.9 mph
{ Comparative Rigid

Barrier Impact

&
Estimated Maximum 30.8 g's | 48.5 g's 53.5 g's 44,8 o's
Deceleration®™ (G )
max
Estimated Average 19.6 ¢'s 31.0 g's 34.1 g's 30.6 g's)|
Deceleration” (G )
avg

{ Attenuation Index
! '
| shok !
] AT _ G max Tgtfhoks Ll 55 58 65 a
i max G max Rigid
| ‘ .
| a1 - Eave Torshoks .34 .40 .29 .27
{ avg G avg Rigid
L g

*istimated Maximum Deceleration = 0.9 V

Estimated Average Deceleration = 0.574 V,

Reference:

where V is in mph.

1968,

Emori, Richard I., "Analytical Approach to Automotive
Collisions," SAE Paper 680016, Auto. Engr. Congress,
Detroit, January 8,



these figures with those obtained in Test 2B yield an Attenuation Index
of 0.55 considering the maximum g forces, and an Attenuation Index of
0.40 considering the average g forces. This comparison shown in Table 3
indicates that the impact forces in Test 2B were from 40 to 55% as
severe as those that would have been obtained if the vehicle had struck

a rigid barrier.

TEST 2C RESULTS

Test 2C was a head-on collision by a 4940 1b vehicle which was
traveling at 59.4 mph. 1In this test, the vehicle kinetic energy
exceeded the design energy of the ARA TOR-SHOK barrier by 217% (see
Table 1). Since the kinetic energy of the vehicle in Test 2C was 580
kip-ft, it was anticipated that the energy absorbing capacity of the
TOR-SHOK arms (361 kip-ft) would be used up; and consequently the arms
would be broken or buckled, and the vehicle would penetrate far into
the barrier. Figures 10 through 13 show the TOR-SHOK barrier and
vehicle before and after the collision.

From Table 2C, it can be seen that the barrier deformed 11.12 ft.
The maximum TOR-SHOK stopping force was 69.6 kips. The energy absorbed
by the TOR-SHOKs was 361 kip-ft (about 627 of the vehicle kinetic
energy). The additional energy of the vehicle was absorbed by breaking
and buckling the TOR-SHOK arms and by the vehicle deformation during
the collision. The maximum significant vehicle deceleration was

approximately 20 to 21 g's. The average vehicle deceleration was

9.9 g's.
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In summary, the following conclusions can be drawn concerning this

test:

1. The barrier performed as designed.

2. The vehicle damage was moderate (see Figures 11 and 13).

3. Damage to the TOR-SHOK barrier was considered severe. Most of
the TOR-SHOKs were buckled and bent, and consequently not
reusable. Major repairs and replacement of components were
required.

4. The deceleration level was considered moderate.

To compare this ARA TOR-SHOK impact performance with a rigid barrier

impact, refer once again to Table 3. If the vehicle used in Test 2C

had struck a rigid barrier, it can be seen that the estimated maximum
deceleration would have been 53.5 g's, and the average deceleration

35.1 g's. Computing the Attenuation Index vield 0.38 and 0.29, respec-
tively. This indicates that the severity of the TOR-SHOK barrier impact
was from 29 to 38% as severe as that which would have resulted from

striking a rigid barrier.

DISCUSSION OF HEAD-ON TESTS

To further analyze the head-on impact performance of the ARA TOR-
SHOK barrier, Figure 14 presents a comparison of the Attenuation Index
with the vehicle weight. From Figure 14, it can be seen that for heavy
vehicles around 5000 1bs the Attenuation Index varies from about 0.29
to 0.38. TFor a 2500 1b vehicle, a lightweight car, the Attenuation Index
is seen to vary from about 0.40 to 0.55. This comparison indicates that
the TOR-SHOK barrier is more effective as an impact attenuator for

heavy vehicles than it is for lightweight or compact vehicles.

10



TEST 2D RESULTS

In Test 2D, a 5000 1b vehicle struck the ARA TOR-SHOK barrier at an
angle of 30° from the longitudinal axis at a speed of 49.9 mph. Figures
15 through 19 show the vehicle and TOR-SHOK barrier before and after the
collision. Under this collision, the nose of the TOR-SIM barrier
rotated from the path of the vehicle and allowed the wehicle to strike
the vigid post. The TOR-SHOK arms were not activated properly, and
copseguently ticy aibcorbed very little of the vehicle kinetic erevpv.
The irpact with the backup post was extremely severe. The maximum
deceleration was approximatelvy 238 to 30 ¢'s (from the vehicle accelerc~
meter data, Arpendix 5). The averave deceleraticn, on the other hand,
was approximately 8.1 «'s., The vebicie traveted 14.0 f(t after striking
thie nose angle before coming to a completre sten against tie vertical
backup post.

The following couclusions caa be dvawn “rom the resuits of this

test:

o

. The barrier did not pexform in & zalisiactory mavner onder thils
30° angle of impact.
2. The vehicle damage was very severe (sec Tipures 16, 18, and 19).
3. Damage to the TOR-SHOK barrier was quite severe. Most ail the
TCR-SHOKs were damaged beyond repair and were not reuasan’e.
The TOP-5BOK nose¢ piece was almost totally destroyed.
4. The deceleration level was quite severe.

Table 3 compar=s tie rigld bavrier maximum deceleration of 44.8 g's

to the approximately 29 g's obrained in Test 29. 1t cavn be seen tiat

U8
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the Attenuation Index is about 0.65 when the maximum values are coaxpared.
The Attenuation Index based on the average g's is seen to be about 0.27.
This average g Attenuation Index may be misleading since an analysis of
the high speed film data shows that the vehicle was still traveling at
about 40 mph when the nose angle and vehicle bottomed out and collided
with the vertical backup post. This severe impact near the end of the
crash is what caused most of the damage to the vehicle and was very

severe (about 65% as severe as a rigid barrier collision).

SUMMARY AND CONCLUSTONS

The following general conclusions can be drawn from these four
rehicle crash tests:

Brad-On Collisions

(1) ¥or head-on collisions, the ARA TOR-SHOK barrier performed as
anticipated by the design. (2) Reasonable impact attenuation can be
realized when the barrier is struck by heavy vehicles (say 4000 1b or
more in weight). (3) Quite severe deceleration levels will be obtained
when the barrier is struck by lighter weight and compact vehicles.
(4) When the kinetic energy of the vehicle exceeds about 425,000 fr-1b,
considerable damage to the barrier and TOR-SHOKs can be anticipated.

Angle Collisions

(1) TFor the angle collision used in these tests, the performance
of the TOR-SHOK barrier was unsatisfactory. Modification of the barrier
design to minimize or correct this deficiency is being made by the
designers. Angle impact tests on the modified design arc anticipatcd

in the near future.
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FIGURE 3. VEHICLE BEFORE COLLISION, TEST Z2A.

EIGHT 4600 LE.

1857 OLDS, W

33 OBRE B9% BET EEY M
M

SHE BRE YEE ERY FER BER

FIGURE 4. VEHICLE DAMACE. TEST ZA.
VEHICLE DEFORMATTION 1.42 FT.,
BARRIER DEFORMATION 4,48 FTL.

14
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FIGURE 12. VEHICLE BEFORE COLLISION.
TEST 2C, 1960 BUICK,
WEIGHT 4940 LB.

FIGURE 13. VEHICLE DAMAGE. VEHICLE
DEFORMATION 1.75 FT.,
BARRIER DEFORMATION 11.12 FT,.

TEST 2C.
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FIGURE 15. TORSHOK BEFORE COLLISION.
TEST ZD.

#
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FIGURE 16. TORSHOK AND VEHICLE AFTER COLLISION.
INTTIAL VEHICLE VELOCITY 49.9 MPH,
STOPPING DISTANCE 14,0 FT.,
AVERAGE VEHICLE DECELERATTION 8.1 G'S.
TEST 2D, 30° ANGLE IMPACT.
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FIGURE 17. VEHICLE BEFORE COLLISION.
TEST 2D. 1957 CAD.,
WEIGHT 50G0 LB.

FIGURE 18. VEHICLE DAMAGE., VEHICLE DEFORMATION 1.83 FT.,
BARRIER DEFORMATION 12.13 FT.

= e

FIGURE 19 . BARRIER DAMAGE. BARRIER DEFORMA-
TION 12.13 FT., BARRIER ALMOST
TOTAL LOSS.
TEST 2D, 30° ANGLE IMPACT.
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APPENDIX A

Supplementary Data on TOR-SHOK
Reusable Energy Absorbing
Highway Protective System

Recently, ARA, Inc. has designed, fabricated, and crash tested an improved
TOR-SHOK barrier for the Bureau of Public Roads. In addition, a systematic para-
metric variation of TOR-SHOK dimensions to meet fixed object abutment dimensions
was also made. The purpose of this brief brochure is to provide you with the results
of this valuable study.

GENERAL DESCRIPTION OF TOR-SHOK BARRIER

A detailed design drawing of a typical TOR-SHOK barrier which has recently
been tested successfully at Texas A & M University is provided in Figures 1 and 2.
Basically, the barrier consists of a series of elliptical tubing (4" x 7") with a wall
thickness of .065". The barrier is connected with 4" round tubing which, as vertical
members, transmit the loads from the elliptical tubing to a set of TOR-SHOKSs that pro-
vide the principal source of energy absorption. For the configuration shown in Figures
land 2, twelve TOR-SHOKSs are used. Four are used in front (in compression) and
eight are used in the rear (in tension). This arrangement has been found to be desir-
able for reducing the bending moments in the elliptical guard-rail tubing as well as
providing rotational stability of the barrier when the impact is not head-on. Each
TOR-SHOK consists of four telescoping tubes which provide three different but suc-
cessive loading conditions. The lowest load experiences initial movement and strokes
until the stage is completely bottomed out at which time the next stage initiates its
stroke; finally, the barrier displaces until all three stages are completely bottomed
out,

In order to provide a smooth planing surface, the barrier is supported by three
skids as shown in Figures 1 and 2. These skids also make use of the TOR-SHOK
principle such that for relatively rough surfaces, the barrier strokes downward on the
skids rather than destroying the skids due to excessive bending moments caused by
the large coefficients of friction between the skid and the ground surface.

Although in Figures 1 and 2, use is made of four posts to simulate the fixed
abutment, the abutment itself can be used to react against the twelve TOR-SHOKSs.

The |oc0hon of the four posts consequently represent the critical ‘dimensions of fhe
abutment for determining the compatability of the TOR-SHOK barrier geometry.

The main parameter of the abutment appears to be its width since its height
and length can invariably be accommodated by an adapter frame which must be re-
quired to transmit the loads from the TOR-SHOK's "ball joint" fittings to the fixed
abutment. Consequently, a detailed parameter analysis of TOR-SHOK barrier

Al
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configurations was made as a funciion of fixed abutment widsh for a given attachment
distance of 48" from the front of the fixed abutment,

%E_A_METR!C DESIGMN DATA FOR TOR-S5HCK

The configuration studies far the TOR-SHOK iairier were :'nodf»‘ bosed on sing
elliptical type tubing having a minimum > ield strencih of 100,000 psi. This matericl
i ight TOR-S H"‘* Cbharrier. Since
it is difficult to establish the types of chitments that are most applicable, ARA, inc.
has taken it upon itself to develop o detailed parametric analysis of the TOR-SHOK
barrier over a range of nose angles which weu

is availahle at low cost and prov'cnz for

|t y
e DCTeprtoie Aot oy trom oooo

figuration standpoint, but also from a manufaciuring soint of view. All of the
calculations for the preliminary analysis were based 0n a 31" nose radius which can
be manufactured readily and satisfies most configuration requirements. The details
of the calculations are not provided herzin, but their tesults are clemiy shown in
Figures 3A through 3F, inclusive, wherein nose angie variations were made from
0° to 259, For all of the cases considered, the numbier of tubes were varied from
the nose to the rear section of the guard-rail {as shovn in the figures) to accommo-
date the variation in bending moment such that the stresses remain reasonably con-
stant.  From an analysis of the results shown in Figures 3A to 3F, it is clear that
there are many factors to be considered in selecting the optimum design or the
optimum configuration for a particular application. = arder to provide addition-
al details of the performance characteristics of the TOR-SHOK harrier, TABLE !
was prepared. The calculations are made on the basis that the input energy is
equivalent to arresting a 4,000 pound vehicle impocting at 0 mph. |1 must

also be understood that for this conditicn a certain amount of energy witl be
absorbed by the vehicle since it cannot remein comsletely intact during the
impact. Based on the crash tests conducted under CFR-11-4629, the borrier
absorbed approximately 72% of the energy  The rasuits of TABLE | indicate

that variations in chutment width con best he occcemmodated by vorying the

nose angle for a given nose radius of 31 inches. 1t is also cleor that the energy
500

absorption remains fairly constant over the range o nose cngles from 07 to 259,
However, the weight of the barrier has a definite

dency te increase as the
nose angle is increased beyond 10 to 157, The primary recson for this require-
ment, is that as the nose angle is increased, the inertia loading hecomes greater
in a direction to cause severe bending moments in the nose section of the barrier

which must be accommodated by increasing the structural copability of the bar-
rier tubes and consequently the weight of the borrier. Review of TABLE | also
indicates that the loading in each of the TOR-SHOK Gftenumors are consistent
for the front, middle, and rear atteriuctors, as weli as for the first, second and
third stages. Note, howeveﬂr, that as the nose angie increases the
TOR-SHOKs for the middle and the recr become suite large ir order :
reasonable stresses in the nose section of fhe M!Epiicmi tubes, The additional
cost due to an increase in TOR-SHOK lengths is for less than the cost far higher
yield strength elliptical barrler tubes.
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In order to illustrate the significant results of the detailed information given
in TABLE |, Figure 4 was prepared to summarize the results of the parametric study
involving the to::| weight of the barrier, its relative cost, and the energy absorp-
tion capability ¢ the barrier. The results are shown in Figure 4 for the case of an
elliptical tubing with a yield strength of 100,000 psi, as well as for comparison
purposes, barrier tubes with a yield strength of 150,000 psi. (For the preliminary
design shown in Figures 1 and 2, the configuration is noted to be a high-stress
nose section which for this case corresponds to the yield stress of 150,000 psi. )
Examination of Figure 4 indicates that in general, the energy absorption capabil-
ity of the barrier remains fairly constant; however, the relative cost tends to in-
crease slightly up to approximately a 20° nose angle. Beyond this nose angle,
the weight and the relative cost start to increase rather rapidly. If the weight
is a problem beyond 25°, it is recommended that in order to keep the weight
below a prescribed value, say 800 pounds, then a high-stress material for the
barrier tubes must be used. To illustrate this effect, a weight comparison is
shown in Figure 4 at approximately 15° and 25° nose angles for the two yieid
strength barriers selected. Although the advantages of a high yield stress are
obvious, the addendant increase in cost is also obvious as shown in Figure 4.
Thus, it appears that up to 25° of nose angle, it is recommended that unless
unusual circumstances are warranted, the TOR-SHOK barriers can be designed
adequately with elliptical type tubing having a yield stress of approximately
100,000 psi.

A6
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TABLE | A

SUMMARY OF PERFORMANCE CHARACTERISTICS
FOR TOR-SHOK BARRIER (NOSE SECTION)

FOR 4000 LB, VEHICLE AT 60 MPH

F.116

( Gy = 100,000 psi ) lr“s‘;ﬁg‘ﬁ
i TESTED
NOSE ANGLE (DEGREE) 0 5 0 f s 20 25
ABUTMENT WIDTH (INCHES) 24 I 1 50 52 54
i
INITIAL Front 144,25 ) 143 —5 I 141.25 ﬂ+ 141.25 140.75 140.75
LENGTH v . i o
i 5 2 52. 5( | .0 1. .87
(INCHES) Middle 51.50 52.125 52.50 | 76.00 91.875 92.875
Rear 52.00 53.25 55.00 78.00 94,375 95.25
o Front 1600 1600 1500 1500 1500 1500
| FIRST
ol STAGE Middle 2600 2600 2500 2600 2500 2500
L Rear 2600 2600 2500 2600 2500 2500
L(E o Front 2600 2600 2500 2600 2500 2500
% STAGE Middle 4200 4400 4800 4700 4000 4500
Z Rear 4200 4400 4800 4700 4000 4500
D
= Front 4200 4400 4800 4700 4000 4500
(| THIRD
P—; STAGE Middle 5900 6700 | 7400 6350 6450 4800
< Rear 5900 &700 7400 6350 6450 4800
Front 33.00 32.00 32.00 31.00 30.00 30.00
FIRST
| STAGE Middle 31.00 28.625 31.125 _29.75 28.75 27.75
=
— Rear 31.25 29.50 30.125 29.25 28.375 27.50
" Front 32.00 32.00 32.00 31.00 31.00 31.00
SECOND
é STAGE Middle 31.50 32.50 30.75 29.875 28.875 25.375
E Rear 31.50 31.50 29.625 29.3/5 27.875 24,375
(V)]
Front 30.50 31.00 28.125 30.50 31.00 31.00
THIRD
STAGE Middle 29.375 31.00 _29.625 | 31.875 32.875 35.375
Rear 29.25 30.75 29.75 31.875 32.875 35.375
. Front 111.25 111.75 109.25 110.25 110.75 110.75
= | FRs
— | STAGE Middle 82.50 80.75 83.625 105.75 120. 625 120.625
" Rear 83.25 82.75 85.125 107.25 122.75 122.75
T
("5 Front 79.25 79.75 77.25 79.25 79.75 79.75
= | SECOND
| STAGE Middle 114.00 113.25 114.375 135.625 149.50 146.00
—J
Rear 114.75 114.25 114.75 136.625 150. 625 147.125
W _ W4.7s .
2 — Front 48.75 48.75 48.75 48.75 48.75 48.75
i ¥ ... S 42
'{5 STAGE Middle 143,375 144,25 144.00 167.50 182.375 181.375
Rear 144.00 145.00 144,50 168,50 183. 50 182.50
ENERGY ABSORPTION (%) 72.9 77.2 79 76.6 76.5 76.5
TOTAL WEIGHT (LB.) 798 794 | 794 845 897 1122




Total Weight (Lbs.)

Relative Cost

Energy Absorption (%)

Fig. (4 ) Parametric Study of TOR-SHOK Barrier (Nose Section)
for 4000 |b. Vehicle at 60 mph
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TABLE 1B.-

AACLL OF I“PACT

S —

FILM DA

Velocity (mph)

Velocity (fps)

Velocity Change {(mph)
Velociry Change (fps)
Average W&tele1ation (g's)
Peak Deceleration (g's)
Duration of Impact (sec.)
Stopping Distance (ft.)

ELECTROMECHANTICAL DATA

Peak Deceleraticn (g's)
Frame Accelerometer
Dummy Accelerometer

Peak Seatbelt Force (lbs.)
Duration of Impact (sec.)

e e e ———
OBSERVATIONS

Vehicle Deformation (ft.)
Barrier Deformation (ft.)
Vehicle Damage

TORESHOK Damage

TEST NUMBER o
VEHICLE

MMARY OF CRASH TEST DATA FROM HIGH-SPEED FILM AND ELECTROMECHANICAL
C S FOR ARA TORSHOK BARRIERS,

A

1957 )st

13-14 (long.
12-13 (long.
11-12 (vert.

2-3  {trans.)

No Data
0.257

1.42
4,48

Minor

Re-usable
U

|

26-27 (long

NN

~1I U~ Wi
L CC W
A 00 L

I~
~ O roro oo

J—”
o Lo L L

Nej
o

[N

|
i
[

33
10 ert

4=6 \trdns.

2000
0.242

1.38
5.33

Severe

Re-usable

I

RF505-24, 2B, 2C,

B 1
19 Xustln 4dr
Sgd °57O 1bb

(O

)

20-21 (long.
20 (long.
19 {vert.
4—-6 {trans.)

1400
0.343

1.75
1.12

Moderate
Severe

28-30

14-16

o 5 S
1960 Buick 4dr. 1937 Cad. 2 dr.
Sed 4940 . SOOO ‘bs

0” 30°
59.4 4.9
87.1 73.3
59.4 49.9
87.1 73.3

9.9 8.1
30.3 60.7
0.273 0.28¢C
12.9 14.0

|
}
|
[

No Data
0.306

1.83
12.13
Severe
Severe

4 XIANIJIJY

(long.)
28-30 (long.
8§ (vert.)
(trans.)

T
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CONDITIONS AXY

IICLE STRUCK BARRIER HEAD-ON)

TABLE 2B.
Summary of High-speed Film Crash Test Data

Hdtp.)

elocity =

Change in Velocity

D

celeration = 6.6 g¢'s

celeration = 29.4 g's (7.28 msec.)

Duration of Impact = 0.218 sec.

®

Remarks: Minor Da

to Vehicle, behavior was very good,

Vehicle Deformation 1.42 ft. Barrvier Deformation 4.48 ft.

B2
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TABLE 3B.
TEST RF 505-2A
ARA TORSHOK BARRIER 15° NOSE ANGLE
1957 OLDS., 4 DOOR HARDTOP, 4600 LB.

HIGH SPEED FILM DATA

Time Displacement Velocity Deceleration
Milliseconds ft _ft/sec ft/secZ g's
0 0 . 0 0
49.5T
7.28 0.36 0 0
49.5
14.56 0.72 0 0
49.5
21.84 1.08 50.9 0 0
s0.8| @V8-
36.40 Impact 1.82 ‘ 69 2.1
49.5
43.08 2.18 0 0
49.5
50.96 2.54 0 0
49.5
58.24 2.90 948 29.4
42.6
65.52 3.21 -179 -5.6
43.9
72.80 3.53 179 5.6
42.6
80.08 3.84 563 17.5
38.5
87.36 4.12 192 6.0
37.1
94,64 4.39 385 12.0
34.3
101.92 4.64 179 5.6
33.0
109.20 4.88 0 0
33.0
116.48 5.12 0 0
33.0
123.76 5.36 192 6.0
31.6
131.04 5.59 0 0
31.6
138.32 5.82 0 0
31.6
145.60 5.05 192 6.0
30.2
152.88 6.27 371 11.5
27.5

(continued on next page) -
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Milliseconds

16/,

174.

182.

186.

196,

203.

44

72

00

28

56

84

.CO

2.10

TEsT

RE

TABLE 38.

505-2A (continued)

Displacenent

ot
6.47
5.65
h 8D

i

(OS]

/0

Velocity

[
~d

17.

17.

11.

9.

ft/sec

£~

Deceleration
fe/sec g's
385 12.0
192 6.0
179 5.6
563 17.5
0 0
0 0
948 9.4
0 0
134 L2
0 8
604 18.8
361 11.2
121 3.8
483 5.1
0 4]
0 0

i~
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FIGURE 2B. TEST 505 2A FRAME
ACCELEROMETER DATA & SEAT BELT FORCE
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W

CONDITIONS AFTER TEST (VEHICLE STRUCK BARRIER HEAD-ON)

TABLE 4B.
Summary of High-speed Film Crash Test Data

Test 505-2B ARA Torshok Barrier 159 Nose Angle
Vehicle Weight = 2520 1b. (1960, Austin, 4-Door Sedan)
Vehicle Velocity = 53.5 mph oxr 78.5 fps
Change in Velocity = 53.5 wmph or 78.5 fps
Average Deceleration = 12.3 g's

Deceleration = 42,1 g's (9 msec.)

Peak
Duration of Impact = 0,198 sec.
Stopping Distance = 7,7 ft.

n

Remarks: Damage to Vehicle Severe, Vehicle Deformation 1.88 ft.

Barrier Deformation 5.33 ft.

B8



6d

VELCCITY(FT/SEC)

0

60

H
O

N
@]

DECELERATION G's)

DISPLACEMENT (FT)

IMPACT O DISPLACEMENT vs TIME
sod , [0 VELGCITY vs TIME

D{‘Cﬁ\j A DEGELERATION vs TIME
|
| TEST 505 28

0 50 100 150 200 250
TIME (MIL LISECONDS)

FIGURE 4B. DISPLACEMENT, VELOGITY, AND DECELERATION

VS. TIME FOR TEST 505-28B

9¢T 4



TEST RF

TABLE 5B,

505-2B

ARA TORSHOK BARRIER 15° NOSE ANGLE

1960 AUSTIN,

4 DOOR SEDAN,

HIGH SPEED FILM DATA

Time Displacement
Milliseconds ft
0 0
9.0 71
18.0 1.42
27.0 2.12
36.0 2.83
45.0 Impact 3.53
54.0 4.23
6h3.0 4.83
72.0 5.43
81.0 6.03
90.0 6.56¢
9.0 6.98
108.0 7.38
117.0 7.77
126.0 8.14
135.0 8.50
144.0 8.85
153.0 9.16
1e2.0 9.46
171.0 9.71
180.0 9.92
189.0 10.12
188.0 10.27

{continued

o onext pape)

510

Velocity

78.

78.

77

78.

77.

77.

66.

66.

66.

40.

38.

34,

33.

_ft/sec

o

2520 LB.

Deceleration

2
ft/sec” g's

867

1355

0

0

%)

15.

wn

S
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TABLE 5B.

TEST RF 505-2B (continued)

Time Displacement Velocity Deceleration
Milliseconds - ft ft/sec ft/sec2 g's

207.0 10.38 0 0
12.2

216.0 10.49 122 3.8
11.1

225.0 10.59 0 0
11.1

234.0 10.69 612 19.0
5.6

243.0 10.74 622 19.3
0

252.0 10.74 0 0



F.129

Ll
M N

WVVV . y "
FRAME BACK
VAUV NN ‘ - I L

IECAT

SEAT BELT FORCE

S A S P

|u= 4000 b
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FIGURE 6B. TEST 505 2B DUMMY ACCELEROMETER
DATA
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PONE AFTER CTERT (VEHICLE sSTRUCK

TABLE 6 B.
sumeary of Highe-speed Filw Crash Test Data
o e I

=20 ARA Torshob Barvier 15%

Vebhdiole Weight = 4940 1b. (1960 Buick, 4~Door Sedan)

in Velocivy

e Becelavation
Laalk Deeeley = G, 4 = (12.4 meec.)
(5 of Lmpact = U
Sroeppivg Dlstence = LF,9  ftr,
Rewmaris:  Duwmags o Vehido Vehicle Deformation 1,75 ft.

barvler Deformation 11.17 ft. Barrier Severely Damageq.
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TABLE 7 B.

TEST RF 505-2C

ARA TORSHOK BARRIER 15°

NOSE ANGLE

1960 BUICK, 4 DOOR SEDAN, 4940 LB.

HIGH SPEED FILM DATA

Time Displacement
Milliseconds fr
0 0
12.4 1.08
24.8 2.16
37.2 Impact 3.24
49.6 4.30
62.0 5.30
74,4 6.28
86.8 7.18
99.2 8.07
111.6 8§.92
124.0 9.72
136.4 10.48
148.8 11.23
161.20 11.92
173.60 12.60
186.0 13.12
198.4 13.59
210.8 14.03
223.2 14.45
235.6 14.85
248.0 15.15
260.4 15.42
272.8 15.62

(continued on next page)

Bl6

Velocity

87.1

85.4

85.4

74.2

72.6

71.8

68.6

64.5

61.3

60.5

55.7

54.8

42.0

37.9

35.5

33.9

32.3

24.2

21.8

16.1

Deceleration
ft/sec2 g's
0 0
0 0
9 o
137 4.3
0 0
902 28.0
129 4.0
65 2.0
177 5.5
331 10.°
258 8.0
65 2.0
387 12.0
73 2.3
226 7.0
331 10.3
194 6.0
129 4.0
129 4.0
653 20.3
194 6.0
460 14.3
129 4.0

F.133
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TABLE 7B.

TEST RF 505-2C (continued)

Time Displacement Velocity Deceleration
Milliseconds ft ft/sec ft/sec2 g's

14.5

285.2 15.80 129 4.0
12.9

297.6 15.96 65 2.0
12.1

310.0 16.11 975 30.3
0

322.4 16.11 0 0
0

334.8 16.11 0 0

B17
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CONDTTIONS AFTER TEST (ANGLE OF IMPACT = 30°%)

Table 83B.
Summary of High-speed Film Crash Test Data

WA Torshok Zarvier 15Y Hose Angle

k. {1957 Cadillac, 2 door hardtop)

Change in Velooloy = 73,3 fps or 49.9 mph

{Longitudinal movement of wehicle}

Vehicle Deformation 1.83 ft.

AT

Barrier Deformation 12.13 ft. Barrier Almost Total Loss.

£
o
@



Tzd

o
o
5 60 1
|—
<
o
~ 4 40t
O uw
52
2 A
- 20 +
IL P~
=~ =
'>_- W
s & ©
2
O w
-4 =
Wy
= o -20 ¢
=
-
a
0
o .40l
FIGURE |0B.

80 71 i 2
FD/‘/XI\/’ : TEST 505-2D

A

A

A

| TIME O DISPLACEMENT
i(MILLISECONDS) o VELOCITY
A DECELERATION

soy | |oo / l50 2ooy Y250 3oo 350
! A

DISPLAGEMENT, VELOCGITY, AND DECELERATION
VS. TIME FOR TFEST 5056-2D

RET 4



TABLE 9B.

TEST RF 505-2D

ARA TORSHOK BARRTER 15° NOSE ANGLE

1957 CADILLAC, 2-DOOR HARDTOP, 5000 LB.

HIGH SPEED FILM DATA

Time Displacement Velocity Deceleration
Milliseconds ft ft/sec ft/sec?' g's
70.6]
9.35 0.66 |
69.5]
18.70 1.31 i
69.5;
28.05 1.96 1 73.3
74.9) Avg.
37.40 2.66 !
82.5!
46.75 3.43 ! 0
72.83
56.10 Impact 4.11 514 16.
68.5
65.45 4.75 -460 -14.
72.8
74.80 5.43 1273 39.
60.9
84.15 6.00 -814 -25.
68.5
93.50 6.64 -1262 -39,
80.3
102.85 7.39 1262 39.
68.5
112.20 8.03 568 17.
63.2
121.55 8.62 -1134 -36.
73.8
130.90 9.31 1250 38.
62.1
140.25 9.89 -460 -14.
66.4
149.60 10.51 0
66.4
158.95 11.13 235 7.
64,2
168.30 11.73 0
64.2
177.65 12.33 460 14.
59.9

(continued on next page)

B22
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Time

Milliseconds

187.
196.
205.
215.
224.
233.
243,
252.
261.
271.
280.
289.
299.

308.

317

327.

336.

345.

355.

00

35

70

05

40

75

10

45

80

15

50

85

20

55

.90

25

60

95

30

TEST RF 505-2D

TABLE 9B.

(Continued)

Displacement Velocity Deceleration

ft ft/sec ft/sec2 g's

12.89 -353 -11.0
63.

13.48 128 4.0
62.

14.06 1145 35.6
51.

14.54 -578 -17.9
56.

15.07 342 10.6
53.

15.57 685 21.3
47.

16.01 -225 - 7.0
49.

16.47 578 17.9
43,

16.88 450 14.0
39.

17.25 685 21.3
33.

17.56 1950 60.7
15.

17.70 -107 -3.3
16.

17.85 -129 -4.,0
17.

18.01 1500 46.6
3.

18.04 0 0
3.

18.07 910 28.3
-5.

18.02 -568 -17.6
0.

18.02 0 0
0.

18.02 0 0

B23
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TECHNICAL MEMORANDUM 505-28S
SUPPLEMENT TO 505-2

Texas Transportation Institute
Texas A&M Research Foundation

TOR-SHOK AND ROTO-SHOK ENERGY ABSORBING

PROTECTIVE BARRIERS

A Tentative Progress Memorandum on Contract No. CPR-11-5851

U. S. Department of Transportation
Federal Highway Administration
Bureau of Public Roads

by

T. J. Hirsch
Research Engineer and Principal Investigator

Harry L. Smith
Engineering Research Associate

and

Don L. Ivey
Associate Research Engineer

Crash tests and evaluations were conducted under the Office of

Research and Development, Structures and Applied Mechanics Division's
Research Program on Structural Systems in Support of Highway Safety
(4S Program). The opinions, findings, and conclusions expressed in
this report are those of the authors and not necessarily those of the
Bureau of Public Roads.

January 31, 1969

F.143
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LNTRODUCTION
Technical Memorandum 505-2 (July 1968) described three full-scale
head~on vehicle crash tests with the ARA TOR-SHOK Energy Absorbing Protec-
tive Barrier and one vehicle crash test where the trajectory of the vehicle

was at a 30° angle with the barrier centerline. The three head-on crash
tests were successful in that the TOR-SHOK barrier performed as intended

by the designers. The 30° angle crash test was considered unsatisfactory.
The nose piece, that part of the TOR-SHOK barrier consisting of a radial
nose secticn and straight side elements, rotated away from the path of the
vehicle and allowed the vehicle to strike the rigid vertical support posts.
Since these tests were conducted, the TOR-SHOK barrier has been modified

to stabilize the nose piece and prevent it from rotating. In additicn to
this modification of the TOR-SHOK, a new ROTO-SHOK Fnergy Absorbing Barrier
has been developed.

From December 4, 1968 to December 6, 1968, the Highway Safety Research
Center of the Texas Transportation Institute conducted two full-scale
vehicle crash tests on the modified TOR-SHOK and new ROTO-SHCK Energy
Absorbing Highway Protective Barriers which were developed by Aerospace
Research Associates (ARA), Inc., of 2017 West Garvey Avenue, West Covina,
California. A detailed description of these tests is provided by this
memorandum. These tests and evaluations were conducted under the Office
of Research and Development, Structures and Applied Mechanics Division's,
Research Program on Structural Systems in Support of Highway Safety (4S
Program).

Integral to the evaluation of the two crash tests are photographs of

the vehicle and barrier before and after each test, a summary of the high-
speed motion picture film data taken of the tests, and a collection of the

electromechanical instrumentation data obtained during the tests (see

Appendix S-B).
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DESCRIPTION OF BARRILRS

The TOR-SHOK Energy Absorbing Barrier which was used in Test 505-2E
is detailed on pages B12 and B13 of ARA Report No. 9%, This barrier had

a nose angle of 15%, a nose radius of 31 in., and an elliptical tubnlar

nose weighing 845 1bs. The idealired function of svstem is described

in Report No. 96% and also in TTI Technical Memorandum 505-2%%,
The ROTO-SHOK Energy Absorbing Barrvier was developed by ARA, Inc.

under a contract with the Engineering Division, Office cf Traffic Operations,

Bureau of Public Roads. The barrier was fabricated and delivered by ARA

and was installed and tested bv perscmnel of the Texas Transportation

Institute. The ROTO-SHOK protective system is designed to perform as

shown in Figure S-i. It consists of a series of straight sections of

elliptical tubes rigidly supported from the ROTO-SHOKs by another svstem

given in

of elliptical tubes. Detailed drawings of this mechanism are g
Appendix S-A. Tigures S5-2 and 5-3 show the installation which was tested.
The ROTO-SHOKs are mounted by their inner drums on posts (Figure S-3).

When the vehicle impacts the series of straight sections (Figure S-2), the
protective barrier tubes transmit the impact forces to the elliptical tubes
which initiate the angulay dissipation of energy in the ROTO-SHOKs. The
ROTO-SHOKs contain small diameter tubes positioned with an interference

fit in the annulus of two concentric drums. At impact, the rotation of

the drums relative to one another provides the energy absorption mechanism

"A Reusable Energy Absorbing Highway Protective System for Median Areas”
Aerospace Resecarch Associates, Inc., ARA Report No. 96, June, 1968.

N

Protective Barrier', Technical
stitute, Texas A&M Research

** Hirsch, T. J., "TOR-S{OK Energy Absorbin
Memorandum 505-2, Texas Transportation Ir
Foundation, July 31, 1968.
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Figure S~2, ROTO-SHOK Viewed From The Line 0f Vehicle Trajectory

ool
o

ar

Figure S-3, Details Of ROTO-SHOK From
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in terms of cyclic bending strain around the circumference of the small
diameter tubes. The resistance to torque provided by the RCTO-SHOK exerts
a resisting force on the vehicle as the barrier deforms. This rotation of
the ROTO-SHOK arms, and resulting lateral translation of the impact section,

allows the vehicle to be redirected with nominal transverse decelerations.

TEST 2E RESULTS, TOR-SHOK BARRIER

Figures S-4 and S-5 show the vehicle and barrier at various stages
of Test 2E. The 3600 1b. vehicle struck the ARA TOR-SHOK barrier at an
angle of 25° with the barrier longitudinal axis at a speed of 53.0 mph.
The vehicle slid down the nose piece, finally pocketing and striking the
rigid vertical support post. The intended redirection of the vehicle was
not achieved and impact with the back-up post was extremely severe. The
maximum longitudinal deceleration was approximately 26 g's (from the vehicle
accelerometer data, Appendix S-B). The average longitudinal deceleration
was approximately 8.5 g's¥. The vehicle traveled 10.9 feet after striking
the nose angle before resting against the vertical back-up post.

The following conclusions can be drawn from Test 2F:

1. The barrier did not redirect the vehicle.

2. The vehicle damage was severe (see Figures S$-8 and $S-9).

* Average g values were calculated from the change in vehicle velocity
and the longitudinal movement of the vehicle c.g. from its position
at first contact with the barrier to its position at maximum penetra-
tion into the barrier.
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3. Damage to the TOR-SHOK barrier was severe. Many TOR-
SHOKs were damaged beyond repair.

4. The deceleration level was severe.

Comparing the rigid barrier maximum deceleration of 47.7 g's* to
the approximately 26 g's obtained in Test 2E, it can be seen that the

Attenuation Index is about .55.

G(max TOR-SHOK)

max G(max rigid)

Analysis of the high-speed film data shows, however, that the vehicle was
still traveling about 37 mph when collision with the rigid vertical support
post occurred. The severe impact with this post is what caused most of the
damage to the vehicle. 1In the last 1.5 feet of vehicle longitudinal move-
ment, the average deceleration (from photographic data, Table S-Bl) was

21.4 g's.

o
w

Estimated Maximum Rigid Barrier Deceleration = 0.9 V, where V is in mph.
Estimated Average Rigid Barrier Deceleration = 0.574 V, where V is in mph.

Emori, Richard I., "Analytical Approach to Automobile Collisions,"
SAE Paper 680016, Engineering Congress, Detroit, January 8, 1968.
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Summary, Test 2 &

- PR I ¢ . -y e X
Conditieoms after test {vehicle struck barvier ar angle of 257)

Table S-1

28 ARA TOR-SHOK Barrier 15° Nose Angle

Vehicle Weight = 3600 1bs. (1961 Ford, 4-dr.}
. e O

Impact Angle = 25

Vehicle Velocity = 53.0 mph or 77 fps.

Average Ueceleration = 8.5 g's (longitudinal)
Peak Deceleration = 26 g's (30 msec) (longitudinal)
Puration of Impact = 0.212 sec

Stopping Distance = 10.9 ft.

Remarks: Damage to both the TOR-SHOK and vehicle was

severe.
Vehicle deformation, 3.5 ft.

- Barvier deformation, 3.1 fr.
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t = 800 msec

SHOK POSITION TIME DIAGRAM, TEST 505-2E

TOR-

FIGURE S$-4,



Figure S-5, Sequential Photographs 0f TOR-SHOK, Test 2E

10



Figure 5-6, TOR-SHOK Retfore Collision, Test 2E




Figure 5-8, Damage To Left Front Of Vehicle

Figure $-9, Intrusion Of Steering Column Into Passenger Compartment

12



TEST 2F RESULTS, ROTO-SHOK BARRIER

Test 2T was a 25° angle impact by a 4290 1b. vehicle traveling 46.0 mph.
The vehicle struck the ROTO-SHOK barrier as shown in Figures S-10 and S-11.
After impact, the vehicle was redirected with a velocity of 34.6 mph.
Total energy absorbed by the ROTO-SHOK was approximately 118 kip-ft (407 of
the vehicle kinetic energy). The maximum vehicle longitudinal deceleration
shown using the 10 HZ Filter, was approximately 5 g's. The average vehicle
longitudinal deceleration was 1.1 g's while in contact with the ROTO-SHOK.
In summary, the following conclusions can be drawn from Test 2F:
1. The barrier performed as designed.
2. The vehicle damage was superficial (Figures S-11 and S$-13).
3. Damage to the ROTO-SHOK was moderate. Much of the
elliptical tubing in the straight section needed to be
replaced. (Figure S-15).

4. The deceleration level was moderate.
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Figure S-11, Sequential Photographs ROTO-SHOK, Test 2F
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Figure S-14, ROTO-SHOK Before Collision, Test 2F

Figure $-15, ROTO~SHOK After Collision, Test 2F
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SUMMARY AND CONCLUSTONS

A full-scale vehicle crash test was performed on the modified ARA TOR-
SHOK Energy Absorbing Barrier. The nose piece was constructed of elliptical
tubes. For a detailed description see ARA Report No. 96%, pages B12 and B13.

The 3600 1b. vehicle struck the barrier at an angle of 25° with the
longitudinal barrier axis and at a speed of 53 mph. The barrier did not
redirect the vehicle as intended. Instead, the vehicle slid down the nose
piece, pocketed, and came to a sudden and severe stop. The designers are
now in the process of making further modifications.

Also included are the results of a full-scale vehicle crash test on
the ARA ROTO-SHOK Energy Absorbing Barrier system which is described in
ARA Report No. 96%, pages C2 and C3. The 4290 1b. vehicle struck the
barrier at an angle of 25° and at a speed of 46 mph. The barrier per-
formed as intended and redirected the vehicle with only superficial

damage to both.

* A Reusable Energy Absorbing Highway Protective System for Median Areas',
Aerospace Research Associates, Inc., ARA Report No. 96, June, 1968.
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APPENDIX S-A

DESIGN DRAWINGS OF

TOR~SHOK AND ROTO-SHOK



TSI

%D Y IC LS

HOHS-1OL

LISICHEIS

Lo

&e
kA

o
~eg

(\‘/ gog|-8 h" IWLNOZIMOH/ % B3NNy

T

-
-

L

V' — ad ‘\

(

ot

e

OMUAYEC FI1vD 1Ty oY

7

WSR2

Mwyl —
S b

ogat-¢f ,
o \ '
smOamh

S \\7/ i

T ee—
- S o o S
< - N
o)
< &
-, (e
//,

oy

1d0dd NS g% g

%

0851-Y

/

87 8 Mz @
97 603 & 3800 1yEs
REIEY
T j




ELLIPTICAL TUBES

AMT REQ. LGTH.

4 EA. 237"

4 EA 189"

D ——— " — e |
T el e =8 -7
N TV T pe— ¢ * - poda 04 s v
v 22.5" T4 |- B O SE— } 3’3;‘]/’//;
[ T —H
77
GROUND
SIDE VIEW

Fizure =-11

, nc.

- Weet Covira .. California

E 159 3R—100 K —

TORZSHOK BARRIER -

79174



ve

GROUND

t—“— e £ N —
. 58" ————=p—— - 60 — 60" ——
_CL-OF BARRIER soevoRT" oy — - . _
e T T L A\ SN— O .
TRANSITION - o -~
DIMEDETAILS — SEE DWG.

B-1530

TOR-SHOK BARRI

L'Wen Covina
EROTO-SHOK BAR
F_ INSTALLATION

Zaliforma

RIER |

G914



F.166

JHNISSY HOHS-01 0

oruso 107 DUIADY) IS8M

%\'ll\. 3901 7343NH NVA
——— 3A3315.98/'v

MIIA 30A1S o

R~

dv) ON3 4 052

gu Y3d
A&xm. ¥Y3IIvdS

ASSVY

MIIA 01 |

ASSV HOHS-0LOY 5|

R . - - . +

25



F.167

APPENDIX S-B

PHOTOGRAPHIC AND ACCELEROMETER DATA
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TABLE S-B1
Test 505-2E
Tor-Shok

High=Speed Film Data

Time Displacement Velocity
Milliseconds o fe _ft/sec
a 0 -
77.3
10.08 .779
79.1
20.16 1.376
80.2
30.24 2.384
791 77.2
40.32 3,111 AVE-
79.9
50.40 3.916
73.9
60.48 4.661
77.6
70.56 Impact 5.443 -
76.5
80.64 6.214
7407
100.80 7.720
72.3
120.96 9.177
68.9
141,12 10.567
64.0
161.28 11.857
64.9
181.44 13.166
56.8
201.60 14.312
48.4
221.76 15.287
34.7
241.92 15.987
14.9
262.08 16.288
2.8
282.24 16.344
4.6
302.40 16.251

28



Time Displacement
Milliseconds ft
342.72 16.169
383.04 16.002
423.36 15.825
463.68 15.665
504.00 15.503
544,32 15.255
584.64 15.177
624.96 14.970
665.28 14.710
705.60 14.550
745.92 14.524
786.24 14.379

TABLE S5-B1

Test 505-2E {(continued)

Vehicle is at rest

29

Velocity

ft/sec
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Time

High-Speed Film Data

Milliseconds

0

10

20

30

50

60

70

80

90

100

140

180

220

260

300

340

380

Impact

TABLE S-B2

Test 505-2F

Roto-Shok

Displacement
. ft

30

Q

11.

13.

16.

18.

20.

24.

26.

28.

.686

.389

.Q37

.740

.399

.119

.783

.398

024

.694

.303

853

971

261

390

514

.675

805

886

978

Velocity

_ft/sec

68.
70.
64.
70.
65.
72.
66.
61.
62.
67.
65.

63.

57.
53.
53.
54.

53.

52.

6

3

—

66.9
Avg,

170
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TABLE S=-8B2

Test 505-2F (continucd)

Time Displacenent Velocity
Milliseconds e _;‘:L‘/is e
50.8
540 31,010
51.0
580 33,052
48,4
620 34,920
51.6
660 37.055
50.9
700 39.091
47.9
740 41.007
51.2
780 43,055
52.3
820 45.147
49.4
860 47.124
50.0
300 49,122

Vehicle moves out of view
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TECHNICAL MEMORANDUM 505-3

Texas Transportation Institute
Texas A&M Research Toundation

ONE-WAY GUARDRATL INSTALLATION

A Tentative Progress Memorandum on

Contract No. CPR-11-5851, U.S. Dept.

of Transportation, Federal Highway

Administration, Bureau of Public
Roads

by

Don L. Ivey
Associate Research Engineer

and
T. J. Hirsch

Research Engineer
and Principal Investigator

The opinions, findings, and conclusions expressed in this report are
those of the author and nct necessarily those of the Bureau of Public
Roads.

January, 1969

INTRODUCTION

From January 18, 1968 to September 12, 1968 the Texas Transportation
Institute conducted four full-scale tests of the vehicle arresting svstem
proposed by the Martin Marietta Corporation, Baltimore, Maryland. This
arresting system, called the Cne-Way Guardrail, is a means of preventing

vahicies that go out of control [rom crossing a highway median by eatrap-

ping the vehicle in the median. This entrapment prevents them from

encountering onceming traffic or returning to the roadway from which they

came.
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iudec in this technical memorandum are photographs of the vehicle
and arrier at the various stages of each test. High-speed motion picture
Tilm was analyzed to give vehicle velocities and average decelerations as
each test transpired. The movement of the vehicle during each test is

shew v oa position—time diagram.

#aryier Description

The One-Way Guardrail vehicle arresting system was developed by the
Martin Marietta Corporation under a contract with the Bureau of Public
Rosads. The arresting system was fabricated and delivered by Martin
Marietta to the Highway Research Center of Texas Transportation Institute.
The svstem was installed on the A&M Research Annex and the vehicle crash
tests were conducted by personnel of the Texas Transportation Institute
Highway Research Center. The system consists of two continuous parallel
lengths of guardrail which would be installed approximately 12 feet apart
on a highway median. The function of the installation is shown by Figure 1.
The guardrail was composed of the standard W-section guardrail on the in-
ward side and a 12 gauge bumper plate on the outward side. These W-section
beams and bumper plates were bolted to 4~inch wide flange posts which were
installed so that the entire guardrail leaned at an angle of 15° toward
the middle of the median. The webb and outward flange of each post was
precut at the ground line so that it would bend inward under a rather
minimal force. Details of these components are given in Figures 2 and 3.
This allows a vehicle which is out of control to lay down the first guard-
rais it encounters when driving into the median. Once the vebhicle crosgses
che Tirst guardrail, it is trapped between the rigid faces of guardrail
on buth sides and cannot re—enter the highway it has left or cross the
median strip into the opposing traffic.

2
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Additional information and design data on this vehicle arvesting
system ig given by the Operation and Maintenance Manual provided by the

Martin Marietfa Corporation.



DESCRIPTION OF TESTS

General

Four guardrail crash tests were conducted in this phase of the pro-
gram. The vehicles ranged in weight from 1600 to 4400 1lbs. Angles of
attack® which were used on the One-Way Guardrail vehicle arresting system
varied from 10° to 30°. The desired vehicle test velocity was 60 mph.

Two Hycam high-speed motion picture cameras, operating at 500 framcs
per second, and several documentary cameras, running at approximately 110
frames per second, were used to record the tests. One Hycam was used to
nhotograph the vehicle during and immediately preceeding impact with the
first guardrail, while the other was positioned to record subsequent
vehicle movement. One documentary camera was mounted at one end of the
guardrail installation to record the entire test sequence transverse to
the arresting system.

Impact velocities were determined electronically as well as photo-
graphically. A pair of tape switches were placed so that they would be
crossed by the right front wheel of the vehicle just before impact with
the first guardrail. The time between actuation of the first and second
switch was measured electromechanically, permitting the speed to be

calculated.

*The angle of attack as used in this report is defined as the angle
between the initial trajectory of the vehicle and the line of the
guardrail. For example, 30 as shown in Figure 4.
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The description of each test includes photographs of the vehicle
and arresting system before the test, sequence photographs of the test
in progress, and photographs of the vehicle and system after the test.
A drawing of the path which the vehicle traveled in relation to the
arresting system provides a summarv of the test. Deceleration levels

are given in relation to the vehicle frame throughout this report.

Test 7A

A small vehicle, weighing 1600 1bs. was directed into the guardrail
arresting system at an attack angle of 30° and a velocity of 47 mph.
The arresting system performed as designed, redirecting and containing
the vehicle. A comparison of the vehicle and guardrail before and after
the test indicates that the damage to both was minor. Figure 10 shows
the point of impact with the first guardrail, and demonstrates proper
performance of the "one-way' design.

Calculated average decelerations in the longitudinal and trans-
verse directions were below 2.2 ¢'s throughout the test, an extremely

acceptable level.

Test 8A

A full-size automobile weighing 4300 1bs. impacted the guardrails
at an angle of 30° and a velocity of 61 mph. The arresting system
failed to contain the vehicle. This was the only test in which the
arresting system failed to perform as designed. The kinetic energy
of the vehicle perpendicular to the guardrail was 267 Kip-ft, the

largest value encountered in the four tests which were conducted.
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Guardrail was Laid Down As Desi
icted (505-A). Tread Mark Shows

of Vehicle Contact.

Figure
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‘he first guardrail collapsed inward as designed, but the vehicle

ramped on the second rail after deforming it severely. As shown in
vigure 17, the rail suffered heavy local damage. After striking the
cecond guardrail, the car became airborne for approximately 36 feet.
The vehicle came to rest upside down after rolling over one and one-
half times.

The deceleration levels were moderate but the vehicle sustained

heavy damage while rolling after the impact with the second rail.

Test 9A

In this test, the 4180 1b. vehicle, traveling at 64 mph, had
slightly more total kinetic energy than the vehicle used in Test 8A.
However, the impact angle was reduced to 200, which reduced the kinetic
energy perpendicular to the guardrail to 197 Kip-ft. and allowed the
vehicle to be successfully contained. The vehicle recontacted the

first guardrail from inside of the system after being redirected by

the second guardrail. The critical point was during contact with the
second guardrail. The sequence photographs of Figure 21 indicate that
the vehicle came very close to jumping the second guardrail. Consid-
erable damage was done to the vehicle suspension at that point.

The left front of the vehicle contacted the ground when the first
guardrail was recontacted. This probably contributed significantly to
the decelerations experienced at that point.

The average decelerations at the various contact points were all

betow 2.3 g's, which is a very moderate level.
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Guardrail After Test (505-8A)

17, Second Guardrail After Test (505-8A)
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Figure 21, Sequential Photographs, Front View (505-9A)
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Figure 22, Sequential Photographs, Rear View (505~9A)
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Figure 24, Damage To Second Suardrail (505-9A)
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The strength of the soil has a definite influence on these tests.
It is possible that if the soil was much softer or significantly stronger

than the condition tested, different results might have been obtained.

Test 10A

The arresting system performed as designed in this test, which was
conducted with a low (lOO) angle of attack. The 4400 1b. vehicle,
moving at 59 mph, was subjected to minor decelerations, the largest of
which was 1.7 g's. This deceleration occurred during contact with the
second guardrail and was in a transverse direction relative to the vehicle.
The car did not severely deflect the second guardrail as in the two
previous tests. During the test, the left front tire blew out, which
may have contributed to the vehicle damage. This damage was confined

to the left front suspension and fender area, as,shown in Figure 32.
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Figure 28, Vehicle Before Test (505-10A)

Figure 29, Guardrail Installation
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Figure 31, Sequential Photographs of Test (505~10A, Overhead Camera)
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SUMMARY

The [ull-scale tests which were conducted in this study are summarized
in Table 1. The vehicles ranged in weight from 1600 to 4400 lbs. Angles
of attack which were used on the One-Wav Guardrail vehicle arresting
system varied from 10° to 30°. The desired vehicle test velocity was 60
mph. In three of the four tests the actual velocity achieved ranged from
61 to 64 mph. 1In Test 7A of the compact vehicle, a velocity of only 47 mph
was achieved. In three of the four tests, the One-Wav Guardrail arresting
system performed as designed--redirecting the vehicle and containing it
within the two guardrails in the area which would be the median strip in
a highway or tunnel application. 1In Test 8A, that of a 4300 1b. vehicle
with a velocity of 61 mph and an attack angle of 300, containment was not
achieved. This was the test in which the vehicle had the maximum kinetic
energy in a direction perpendicular to the guardrail installation.

Table 2 summarizes the average g levels which were sustained by the
vehicle during contact with the Pirst and second guardrail. The maximum
average longitudinal g level, 2.2 g's, was encountered in Test 8A during
contact with the second guardrail. The maximum average transverse g level
encountered in these tests was the 2.2 g's in Test 9A. These deceleration
levels for vehicle arresting guardrails and median barrier systems could
easily be tolerated by a properly restrained passenger.* For vehicle
speeds slightly less than 60 mph or attack angles slightly less than 300,

the One-Way Guardrail vehicle arresting system would seem to be an effec-

tive or adequate device.

*The Human Body in Equipment Design, Damon, Albert; Stoudt, Howard W.;

and McFarland, Ross A. Harvard University Press, Cambridge, Mass., 1966.
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TABLE 1

Brief Description of Test Program

on One-Way Cuardrail

Test Number 7A 8A 9A 10A
Angle of Attack 30 30° 20° 10°
Vehicle Weight 1600 1hb. 4300 1b. 4180 1b. 4400 1b.
Impact Speed 47 mph 61 mph 64 mph 59 mph
Kinetic Energy 118 533 576 513
of Vehicle Kip-ft Kip-ft Kip-ft Kip~ft
e
e e s s
to Guardrail Kip-ft Kip-ft Kip-ft Kip-ft

.
13
e}



TABLE 2

Average Vehicle Decelerations®
(From Film)

Contact with Contact with Recontact with
First Guardrail Second Guardrail First Guardrail
Test 74
Longitudinal 2.1 g's 1.5 g's -
Transverse 0.6 g's 2.0 g's -—=
Test 8SA
Longitudinal 0.5 g's 2.2 g's ———
Transverse 0.0 g's 1.8 g's -
Test 9A
Longitudinal 0.3 g's 2.1 ¢g's 1.9 ¢'s
Transverse 0.0 ¢g's 2.2 g's 1.5 g's
Test 10A
Longitudinal 0.2 g's 0.7 g's -—
Transverse 0.0 g's 1.7 g's -

* Decelerations are given relative to the orientation
nf the vehicle's frame at impact.
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The importance of the soil in which this arresting system is
installed should be emphasized. The installations which were tested
at the A&M Rescarch Annex were placed in soil which had a cohesion of
approximately 2000 1bs. per square foot.* This allowed a significant
deflection of the guardrail support posts during the main collision
with the second guardrail. Had the soil been extremely hard, with a
very high cohesion, it is possible that test results could have been
significantly different. Differences in test results might also have
been obtained had the soil been significantly softer. 1In order to
illustrate the probable effect of variations in the physical properties
of the soil, the equations shown in Table 3 were derived from the
theory presented in Research Reports 105-1*% and 105-2%%*% and the W
post rotations which are shown in Figure 34. 1In deriving these
equations the following energy losses were accounted for: energy
required to accelerate guardrail mass; energy required to slip guard-
rail joints; and the energy required to bend bumper plate and W section
in torsion. The longitudinal strain energy that could be put into the
system after the W sections and bumper plates slip was neglected.

Examination of the coefficients of these equations will yield the

following conclusions, based on the assumption that the soil in the

* "Design Procedure Compared to Full Scale Tests of Drilled Shaft
Footings," TIvey, Don L. and Dunlap, Wayne A., Research Report
No. 105-3, Texas Transportation Institute, February, 1969.

*% "Theory, Resistance of a Drilled Shaft Footing to Overturning
Loads," 1Ivey, Don L., Research Report No. 105-1, Texas Trans-
portation Institute, August, 1967,

*%% "Registance of a Drilled Shaft Footing to Overturning Loads,
Model Tests and Correlation with Theory," Tvey, Don L.. Koch,
Kenneth J., and Raba, Carl F. Jr., Research Report No. 105-2,
Texas Transportation Institute, Julv, 1968.
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INDIVIDUAL POST ROTATIONS IN DEGREES
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FIGURE 34, INDIVIDUAL POST ROTATIONS FOR INDICATED TESTS
(FOR IMPACT WITH SECOND GUARDRAIL)
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Assumed *T Energy Dissipated, E
. P

Soil o

Condition Good for & > 57) (0 in Degrees)
|

c = 1000 pSF E = 1.03 4 0.34 (6 - 5°), Kip-ft
¢ =5 p
c = 2000 PSF E = 2.15 + 0.65 (8 - 5°), Kip-ft
¢ =5 P
¢ = 5000 ps¥ E = 6.19 + 1.85 (8 - 5°), Kip-ft
$ =5 P
Table 3, Equations for the Energy Dissipated by

Individual Posts for Different Soil Conditions
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test program had a cohesion, c, of 2000 PSF and an angle of shear
resistance, ¢, of 59,
(1) If the guardrail system was installed in a soil with

a cohesion of 5000 PSF, and an angle of shearing resistance of

50, the rotations of the posts in the second guardrail would
have decreased by a factor of approximately 3, resulting in a
corresponding increase in the average lateral g level.® This
increased lateral g level would still be within the tolerance
limits of restrained humans.

(2) 1If the guardrail system was installed in a soil with
a cohesion of 1000 PSF¥ and an angle of shearing resistance of
50, the rotations of the posts in the second guardrail would
have increased by a factor of approximately 2. Although the
equations would not be accurate in this range of excessive
rotations, it does illustrate that in the critical test of a
4000 1b. vehicle traveling 60 mph with an attack angle of 300,
the large rotations would almost certainly result in ramping
of the vehicle on the second guardrail. This situation could
be remedied by increasing the embedment length of the post or

increasing their bearing area by placing concrete around them.

*”Bridge Rail Service Requirements as a Basis for Design Criteria,"
Olson, Robert M., Discussion of Findings of NCHRP Project 12-8.
Paper presented at the Annual Meeting of the American Society of
State Highway Officials, Minneapolis, Minnesota, 1968.
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CONCLUSTIONS

The One-Way Guardrail vehicle arresting system performed as de-
signed in three of the four tests conducted. The system should be
effective for vehicle velocities somewhat less than 60 mph or angles

o)
of attack slightly less than 30 . All tests where the vehicle was con-
tained show deceleration levels well within the tolerance limits of re-
strained humans.

It should be emphasized that the functioning of this system is de-
pendent to some degree on the properties of the soil surrounding the
siardrail support posts. If a low cohesion soil is not avoidable in a
give, location, the guardrail system could be made to function properly
by increasing the imbedment length or the bearing area or by placing

concrete around the W support posts.
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MARTIN MARIETTA GUARDRAIL 30° INCIDENCE ANGLE

1955 RENAULT,

Time
Milliseconds

0

10.

20.

30.

41.

51.

61.

72.

82.

102.

123.

144,

164.

185.

205.

226.

246.

267.

308.

349.

391.

391.60%

87

16

45

03

32

90

48

06

64

22

80

38

96

54

70

86

02

HIGH-SPEED FTLM DATA

Impact

TABLE 1A

TEST RF 505-7A

Displacement

ft

2-DOOR SEDAN,

0

0.7

10

11.

12.

14.

15.

16.

18.

21.

23.

.40

.11

.83

.53

.11

.26

AT

63

90

06

42

83

19

68

1600 LB.

Velocitv
ft/sec

68.0 —1

68

69.

70.

68.

69.

68.

62.

61.

6l.

55.

58.

56.

61.

56.

57.

57.

58.

57.

60.

*Lost contact with first guardrail

41

.0

68.6

Avg.

F.229



Time
Milliseconds

432.

473.

514.

555.

596.

637.

679.

720.

761

802.
843.
884.
926.
967.

Vehicle moved out of view.

*Lost contact with second guardrail.

18

34

50

66

82

98

14

30

L46

62

78

94

10%

26

TEST RF 505-7A (continued)

Impact #2

TABLE

Displacement
it

42

25.

28.

30.

32.

34.

36.

38.

40.

42.2

LA

78

04

05

29

51

47

56

.97

.80

.67

.51

Velocity
ft/sec

51

01

54.

9

i~

52.3

Avg.
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Time
Milliseconds

405.

448,

576.
618.

640. 2

Further analysis not feasible.

46

14

.82

3.50

18

.00

TEST RF 505-8%A (continued)

Airborne

TABLE

24

Displacement

£

+

Velocity

it/sec

7

[

63.

61.

60.

A

~J

0~Final Velocity

.23



MARTTN MARTETTA GUARDRATL 20 INCIDENCE ANGLE

1959 DODCE

Time

TEST RF 505-9A

3

TARLE 3A

4-1OOR SEDAN,

4180 1LB.

HIGH-SPEED FILM DATA

Milliseconds

0

2.73

3.12

.51

3.90

4.68

Impact

Displacement

ft

0

.00

.89

.84

.83

Vehicle went out of view.

Velocity
_ft/sec

96.

90.

94.

96.

93.

91.

95.

91.

95.

95.

93.

93.

91.

90.

90.

92.

&8.

90.

87.

83.

2|

5

93.9
Avg.

F.233



MARTIN MARTIETTA

1957

7.

Time
Milliseconds

0

12,2

61.:

(R
Lri

.50

.75

.00

73.50

98.

343.

367.5

392.

TABLE 4A

TEST RF 505-10A

F.234

CUARDRATL 10° INCIDENCE ANGLE

BUTCK, 2-DOOR HARDTOP, 4400 LB.

HICH-SPEED FILM DATA

Impact

Displacement
ft

0

1.

10.

12.

15.

17.

19.

21.

30.

32.

34.

36.

00

.00

.05

.25

.34

.35

.60

69

89

08

23

35

50

.65

5. 69

.83

00

19

41

57

Velocity

81.
81.
85.
98.
89.

.A‘J

91.

82

85.

89.

89.

87.

86.

87.

87.

83.

87.

88.

89.

90.

88.

ft/sec

6 |
6
7
86.4
0 Avg.

0

Transferred to other camera film for remainder of tracking,
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Time Displacement
Milliseconds B 4 S

439.42 38.55
460.26 40.36
481.10 42.09
501.94 43 .84
522.78 45.51
543.62 47.26
564.46 48.99
585.30 50.63
606.14 52.46
626.98 54.17
647.82 55.86
668.60 57.67
689.50 59.27
710.34 60.92
731.18 62.63
752.02 64.33
772.86 66.09
793.70 67.75
814.54 69.44
823.50% -

835.38 71.13
856.22 Impact #2 72.83
877.06 74.51
897.90 76.14

*Lost contact with first guardrail.

TABLE 4A

TEST RF 505~10A (continued)

47

Velocity
ft/sec

86.

83.

84.

80.

84.

83.

78.

87.

82.

81.

86.

76.

79.

82.

81.

84.

79.

81.

81.

81.

80.

78.

9

1]

6 81.1

Avg.
6_]
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Time Displacement
Milliseconds ft
918.74 78.00
939.58 79.62
960.42 81.41
981.26 83.00
1002.10 84.78
1022.94 86.41
1043.78 88.06
1064.62 89.76
1085.46 91.46
1106.30 93.07
1127.14 94.66
1147.98 96.26
1168.82 97.90
1256.00%
*Lost

contact with second guardrail.

TABLE 4A

TEST RF 505-10A (continued)

48

Velocity
ft/sec

89.
77.
85.
76.
85.
78.
79.
81.
81.
77.
76.
76.

78.

3

7
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TECHNICAL MEMORANDUM 505-4

Texas Transportation Institute
Texas A&M Research Foundation

DRAGNET VEHICLE ARRESTING SYSTEM

A Tentative Progress Memcrandum on Contract No. CPR-11-5851

U. S. Department of Transportation
Federal Highway Administration
Bureau of Public Roads

by

T. J. Hirsch
Research Engineer and Principal Investigator

Gordon G. Hayes
Engineering Research Associate

and

Don L. Ivey
Associate Research Engineer

Crash tests and evaluations were conducted under the Office of
Research and Development, Structures and Applied Mechanics Division's,
Research Program on Structural Systems in Support of Highway Safety
(4S Program). The opinions, findings, and conclusions expressed in
this report are those of the authors and not necessarily those of the
Bureau of Public Roads.

Note: For the reader who is interested in gaining a general idea
of the value of this particular arresting system and not in the details
necessary to document the technical aspects of this study, the authors

recommend reading pages 2 and 5 and scanning the photographs in this
report.

February 28, 1969
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INTRODUCTION

Six crash tests of a "dragnet" vehicle arresting system were conducted
by the Texas Transportation Institute under a contract with the Bureau of
Public Roads as part of their program on Structural Systems in Support of
Highway Safety. This '"dragnet' system uses Metal Bender energy absorbing
devices developed by Van Zelm Associates, Inc., of 1475 Elmwood Avenue,
Providence, Rhode Island. Descriptions include photographs of the vehicle

and arresting system before, during and after each individual test.

DESCRIPTION OF ARRESTING SYSTEM

This system consists of a net made of steel cables attached at each
end to Metal Bender energy absorbing devices as shown in Figure Al. The
Metal Benders, which are supported on rigid steel posts, are steel boxes
containing a series of rollers around which the metal tape is bent back and
forth as it is pulled through the case. Fach end of the net is attached
to one end of the metal tape extending from a Metal Bender. The Metal
Benders are designed so that a specified force will be necessary to pull
the metal tape through the case. This force is relatively independent of
velocity and environmental conditions and depends on the size of the tape
used. By varying tape size a number of different tape forces are available.

Supplementary construction and installation data on this system were
provided by Van Zelm Associlates, Inc¥ and are presented in Appendix A,
Photographs of the arresting system used in these tests are shown in

Figures 2 and 3.

# Jackson, M. and Montanaro, L., "Arresting System for Snagging a Vehicle
Leaving the Roadwav Near Fixed Highway Obstacles,' Van Zelm Associates,
Inc., A Division of kEntwistle Mfg. Corp., May 8, 1967.
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CONCLUSIONS

The Van Zelm dragnet vehicle arresting system performed basically as
designed in all tests. The performance of the system was very good in four
of the six tests. 1In Test 4D the dragnet was engaged too low on the front
of the vehicle, which resulted in the vehicle's rear end vaulting the net
after most of the longitudinal deceleration had occurred. In Test 4F the
performance of the dragnet svstem was ideal until one of the tapes ran out.
Had this tape been long enough to continue applying load until the vehicle
was completely stopped, the performance probably would have been excellent.
Deceleration levels were reduced to a small fraction of those which would
be expected in rigid barrier impacts. Increasing design tape load results
in shortening the stopping distance, increasing the deceleration level and
increasing vehicle damage. For any given application of the dragnet system,
the longer the allowable stopping distance, the more desirable are the
deceleration characteristics of the system because a smaller tape load
can be used.

The height of the net was shown to be an important factor in the
performance of the system. The net should be positioned so that it com-
pletely entraps the front of the entering vehicle. TIf it is too low, a
less desirable performance may be expected, as was found in Test 4D. Good
performance was found when the lower main cable of the net was positioned
four inches above the ground.

No permanent damage was sustained by the dragnet system during any of
these tests. All major components were reusable except for the expendable
metal tapes. The system can be applied to a variety of situations by

varying the Metal Bender tape tension, the tape length, and the geometry
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of the installation. A variety of Metal Bender tape tensions are available,
some of which are given in Appendix A.

This series of tests has shown that reasonably agcurate predictions of
vehicle stopping distance and deceleration levels can be obtained using the

equations developed in Appendix B.

RECOMMENDATIONS

The "dragnet' vehicle arresting system is an effective, practical, and
economical system for safely stopping vehicles which are out of control at
certain highway sites. Some obvious sites for its employment are:

1. Protecting highway medians at bridge overpasses,

2. As a barrier at "dead ends" of highways or roads,

3. As a "dead-end'" barrier at ferry landings or as a barrier to

close off entrance and exit ramps of freeways,

4. As a barrier to protect certain rigid obstacles in highway

rights-of-way.

It is recommended that the height of the arresting net be increased
to approximately 4 ft. The net used in the tests was 3 ft. high, and in
several tests (notably Test 4D) failed to completely entrap the vehicle's
front end. It is desirable that the upper net cable clear the top of the
car hood in order to more securely entrap the vehicle,

The lowest Metal Bender tension force which is compatible with the
available stopping distance should be selected. 1In general, Metal Bender
tension forces of 12,500 1b. or less are recommended. The behavior of
these ''dragnet' systems can be predicted very well with the mathematical

analysis presented in Appendix B.
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1t ig the opinicn of the authors that with Metal Bender tension

forces of ¥,000 lbs. or less, acceptable stopping characteristics would

be achieved with the Metal Benders mounted flush with the ground, thus
removing the hazard of the protruding anchor post or pier. Metal Benders
of 4,000 1lbs. or less can be mounted on single 6 to 8 inch diameter timber
posts embedded 3 ft. or more in the ground unless the ground is extremely
soft. The top of the timber post should not extend over 20 inches above
the ground. These single timber posts would normally not be a significant

hazard if struck by a vehicle.



TEST PROGRAM

Six vehicle crash tests of the "dragnet” arresting system were con-

ducted during the period of December 19, 1967 to November 21, 1968, A
summary of this testing program is given by Table 1.  loth compact and
full-size vehicles were direccted into the system. Tests 4\ Lhrough 4D
employed Metal Benders with 25,000 pound tape Ioads. These tape loads
were reduced to 12,500 pounds fer Tests 47 and 4.

Fach test was recorded using high-speed motion picture cameras. This
film was analyzed to give detailed time-displacement data. Lower speed
motion picture cameras were placed at selected points to provide a quali-
tative record of the test in progress. Still photographs of the vehicle
before and after each test and photographs of various details of the
arresting svstem were obtained.

Accelerometer transducers were attached to the frames of the vehicles
to determine deceleration levels during cach test. Deceleration traces
are presented in Appendix C. Maximum decelerations under specified
filtering techniques were determined from these accelerometer traces,
while average decelerations were calculated on the basis of initial speed
and stopping distance.

An Alderson articulated anthropometric dummyv weighing 161 pounds was
used to simulate a human driver in each test. A seat belt securing the
dummy was equipped with strain guages which permitted the measurement of

seat belt force. Variation in this seat belt force during the progress

of each test is presented in Appendix C.



On Van Zelm '"Dragnet' Arresting System

TABLE 1

Summary of Test Program

F.245

‘ .
Test No. LA 4B 4C 1 4D ] 4LE 4F

"'*\
Angle of Attack | Head-On | Head-On 30° 30° Head-0On 30°
tape Arresting 25.0 25.0 25.0 25.0 12.5 12.5
Load (Kips)
Vehicle Weight 1460 4300 1620 4520 3760 3880
(1bs.)
Vehicle (mph) 42 60 48 54 56 62 !
Speed  (fps) 61.8 87.4 69.7 78.7 82.6 1.9 |
Vehicle Kinetic 87.1 513, 123. 437, 401 512,

Energy (Kip-ft)




TEST 44

A Renault Dauphine weighing 1460 pounds was directed head-on into
the dragnet at a speed of 42 mph. The tape force for each Metal Bender
was 25,000 pounds. All components of the system performed as designed
and the vehicle was stopped after penetrating 10.2 feet. Stopping
distance Is defined as the distance the center of gravity of the vehicle
travels after the car contacts the net. The Metal Bender strap pullout
accounted for 637 of the vehicle's initial kinetic energy of 87.1 kip-ft.
The remaining energy was expended in stretching the net, crushing the
vehicle (see Figure 5), and increasing the vehicle's potential energy
due to raising the center of gravity. The amount expended in increasing
gravitational potential energy was only about one kip-ft.

The damage to the front of the vehicle was severe. The maximum
longitudinal deceleration, shown in Figure Cl, was 16 g's. The average

deceleration was 5.8 g's over N.245 seconds.

10
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Figure 4, Sequential Photographs of Test 505-4A
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TEST 4B

A 4300 pound Mercury sedan traveling 60 mph was directed head-on
into the arresting system. The dragnet, which was equipped with 25,000
pound tape tension Metal Benders performed as designed. The vehicle was
brought to a stop in 19.4 feet and tape pullout expended 587 of the
vehicle's energv. The front of the vehicle was pulled down to the ground
which caused some frictional energyv losses. The change in potential
energy due to the elevation of the center of gravity was estimated to be
about 17 kip-ft, or 3.3%Z of the initial energy.

The damage to the front of the vehicle, shown in Figure 9, includes
a downward bending of the front of the vehicle's frame. This was due to
the net applying nressure to the lower portion of the vehicle's front end.
The maximum significant deceleration, shown by Figure C3, was 16 g's, and

the average deceleration was 6.1 g's.



sure 6, Vehicle Before Test 505-4B.

exg
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o

Figure 7, Arresting System Before Test 505-4B.
(Looking Along Path of Vehicle)

14
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Figure 8, Sequential Photographs of Test 505-4B.
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TEST 4C

A 1620 pound Volkswagen traveling at 48 mph entered the arresting
system at an angle of 30° with a perpendicular to the net. All subsequent
angle tests will be defined on this basis. The vehicle was stopped in
13.8 feet, and pulled a total of 3.4 foet of tape out of the 25,000 pound
Metal Benders. This tape pullout consumed 707 of the vehicle's kinetic
energy. The estimated energy necessary to impart a horizontal rotation,
or spin, to the vehicle and to elevate its center of gravity was about
3 kip-ft. These energy levels are defined at the time during the trest
when the tapes stop pulling out of the benders. The average decelera-

tion level was 5.5 g's while the maximum deceleration, shown by Figure

about 13 g's. The vehicle damage shown in Figure 12 was moderate.

17
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Figure 13, Sequential Photographs of Test 505~4C.
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TEST 4D

In Test 4D a 4520 pound Oldswmobile sedan, traveling 54 mph, impacted
the net on an initial trajectory of 30°. The high-speed films show a
maximum travel of 23.5 feet after impact. The 25,000 pound Metal Benders
allowed 8.6 feet of metal tape to be pulled through, accounting for 50%
of the initial kinetic emergy. Vhen the maximum tape pullout had occurred,
the vehicle was estimatec to have 36 kip-ft of rotational energy and 11
kip-ft of gravitational potential energy. The net entrapped only the
lower portion of the frort of the vehicle. As the front pulled down below
the vehicle center of gravity, the unbalanced inertia force resulted in
the vehicle's rotation abtout the restrained point (see Figure 17). The
vehicle was completely off the ground and the rear end went over and out-
side of the restraining ret after the tapes had stopped pulling out. When
the vehicle fell back to the ground, it came very close to rolling. The
average and maximum significant longitudinal decelerations were 4.1 and
8 g's respectively. Figure C7 shows the accelerometer trace used to

determine this maximum deceleration.
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Figure 16, Sequential Photographs of Test 505-4D.
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Figure 17, Sequential Photographs of Test 505-4D
Showing Behavior of Net During Arrestment.
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TEST 4F

This test was similar to Test 4B in that a heavy car, a 3760 1b.
bodge sedan, was directed head-on into the dragnet at a velocity of 56 mph.
However, in this and the following test the Metal Bender tape load was
decreased to 12,500 1bs. and the net was raised about 4 Inches off the
ground to better entrap the front of the vehicles.

The vehicle was stopped in 26.3 feet and pulled out a total of 30.7
feet of tape, which is equivalent to 384 kip-ft, or 967 of the vehicle's
kinetic energy. The vehicle had no significant rotational energy at
maximum penetration, but had gained about 7 kip-ft of gravitational
potential energy.

The vehicle damage was minor,as would be expected since the maximum

deceleration was only 7.0 g's, and the average deceleratiocn was 4.0 g's.
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Figure 22, Sequential Photographs of Test 505-4E.
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TEST 4F

As the final test in this series a 3880 pound Ford sedan traveling
62 mph cellided with the dragnet at an impact angle of 30°. As in the
previous test, 12,500 pound Metal Bender tapes were used.

The tape on the right side was expended and pulled free of the Metal
Bender before the vehicle had been brought to a stop. The system performed
as designed up to the point of tape pullout. The net, which was still
attached to one Metal Bender, caused the car to spin through an angle of
about 120 degrees after pulling out the right tape before coming to rest.

The total tape pullout when the right tape pulled free was 32.9 feet,
which accounts for 89% of the kinetic energy lost up to that point. The
high-spced films indicate that the vehicle had lost about 917 of its
initial energv at this point and that the speed was down to about 17 mph.

The total tape pullout of 38.5 feet at full stop accounts for 947 of
the vehicle's initial energv. Comparisons of actual and theoretical
values are made up to the poeint of tape expenditure.

The decelerarion levels of 5.0 g's (maximum) and 4.1 g's (average)

are tolerable to restrained humans.*

* Damon, Albert; Stoudt, Howard W.:; and McFarland, Ross A., The Human
Body in Equipment Design, larvard University Press, Cambridge,

Massachusetts, 1966.
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The complete test series which was conducted on the Van Zelm dragnet
is summarized by Table 2. The vehicles used ranged in weight from 1460
1bs to 4520 1bs. All test vehicles impacted the dragnet at its center.
Tests 4A, 4B, and 4FE were head-on tests, while Tests 4C, 4D, and 4F were
30° angle tests. This means that the initial trajectory of the vehicle
made an angle of 30° with a perpendicular to the original position of
the dragnet. Tapes producing a 25 kip pull were used in Tests 4A through
4D, while in Tests 4FE and 4F this tape force was reduced to 12.5 kips.

The energy absorbed by the Metal Benders ranged from 507 to 707 of
the vehicle's initial kinetic energy for the first four tests which used
the 25 kip tape loads. In Tests 4E and 4F the percent of energy absorbed
by the Metal Benders ranged from 897 to 967. Inspection of Table 3 will
show several reasons for this difference. At the end of Metal Bender
tape pullout, which corresponds approximately to zero longitudinal velocity,
significant amounts of energy may remain in the form of gravitational
potential energy and rotational kinetic energy. In most impacts there 1is
some gravitational potential energy gain due to the tendency of the net to
pull the vehicle down in front and for the rear end to rise. This results
in an increase in the elevation of the vehicle's center of gravity. The
total vehicle weight times this increase in elevation, Ep, is designated
the gravitational potential energy at the end of tape travel. 1In the
case of angle tests, there may be present a significant amount of hori-
zontal rotational energy, Epy, which is equal to one-half the product of
the vehicle mass moment of inertia (about the vertical axis through the

vehicle's center of gravity) times the square of the vehicle's angular
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TEST NO.

Angle of Impact
Vehicle Weight (lhs)
Vehicle Velocity (mph)
Metal Bender
Tape Load (kip)
Vehicle Deformation (ft)
Vehicle Stopping
Distance (ft)
Total Metal Bender
Tape Pullout (ft)

I'nergy Absorbed by
Metal Bender (kip-ft)

Max. Significant Decel-
eration (g's) (Elec-
tromechanical curves)

Avg. Deceleration (g's)
0 _ 72
(Film - V4/2gX )

* Up to point tape expended.

4A 4B | 4e 4D 4E | 4F
- — 1 - e
Head-On Head-0n 30° 30° : Head-On 30°
1460 4300 ‘ 1620 4520 | 3760 | 3880
v 60 | 48 54 56 | 62
| | ‘
25.0 25.0 25.0 25.0 12.5 | 12.5
1.8 1.0 0.9 1.5 0.3 0.5
10.2 19.4 13.8 23.5 26.3 29.5%
2.2 11.8 3.4 8.6 30.7 32.9
54.8 296 86 214 384 | 411 %
(63%) ? (58%) (70%) (50%) i (967) ! (89%)
‘ |
i i
16 16 13 8 7.0 } 5.0 |
| i ' i
| ! | |
| é i |
5.8 i 6.1 ! 5.5 4.1 4.0 ‘ 4.1% |
| | ; s
e % | | . |
TABLE 2. SUMMARY OF TEST RESULTS

6974



TABLE

2

a I ] ]
| i ! | |
| TEST NO. 4N B L 4c | 4D KE 4T J
| ; | |
| % 87 | 513 T 123 i 4537 401 [ S ) i
3 L | | { : !
| | 1 ! % |
| | 1 ; |
‘ B j 55 i 296 3 86 | 214 384 - 481
i | | 3
! { ! |
! f i | i
- ! ‘ - ! , ] .
Ep : 1 | 17 | 2 ‘ 11 7 f 0
J‘ ‘ i i |
\ : * ‘
Epy 0 0 1 34 0 0
Epp i 0 0 j J 2 i 0 0
i ! i 1 |
1 | ! |
Eing J 31 200 | 34 e | 10 |3
i i 1 ! !
| ! ! | |
; : i | ! !
| i i ‘ | |
Egxp = Tnitial vehicle kinetic energy
Eyp = Energy expended in Metal Bender tape pullout
Ep = Gravitational potential energy at end of tape travel

Egy = Horizontal rotational energy (around vertical axis)
at end of tape travel

Epp = Transverse rotational energy (around longitudinal

axis) at end of tape travel

Ey = Miscellaneous energy expenditure (cable stretch,
vehicle deformation, contact with ground, etc.)

* Note the fact that these energy levels are up to the

point of tape pullout only.
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velocity about this axis. Also present may be transverse rotational
energy, Epp, which is defined in the same way as the horizontal rotational
energy except that the mass moment of inertia and angular velocity is
about the longitudinal vehicle axis. Other energy expenditures, Fy, may
be accounted for by the axial strain energy which goes into the cable and
tapes, the vehicle deformation, and frictional losses such as contact of
rigid portions of the vehicle with the ground. This last energy expendi-
ture was prevalent in Test 4B. It can be concluded, at least within the
range of tape forces tested, that the lower the tape force the greater

the percentage of energy dissipated in the Metal Benders. If the extreme
example of a tape with infinite load capacity is considered,almost all

of the kinetic energy of the vehicle would be expended in vehicle deforma-
tion, rolling, etc.

A convenient way of indicating the relative desirability of dragnet
arrestments is to compare the deceleration levels determined by these
tests with the decelerations that would be encountered during a collision
with a rigid barrier. The Attenuation Index is defined as the ratio of
decelerations during an attenuated arrestment (for example by dragnet)
with those estimated decelerations during a rigid barrier impact.* Both
maximum and average Attenuation Indices (AIma and AT ), which compare

X avg

maximumn and average deceleration levels, are presented in Table 4.

Tests 4E and 4F, using 12,500 pound Metal Benders, have smaller
Attenuation Indices than the first four tests. This is the obvious
result of cutting the stopping force in half. This reduction in stopping
force significantly reduces the vehicle damage. The relatively large

* Emori, Richard I., "Analytical Approach to Automobile Collisioms,"
SAE Paper 680016, Engineering Congress, Detroit, January 8, 1968.



TABLE & .

COMPARISON OF VAN ZELM "DRAGNET'" PERFORMANCE

WITH RIGID BARRIER TIMPACT

T 1
Test No. [ﬁ A B l C D E F
Metal Bender Tape 1 ; | l
| Load (Kip) 25.0 25.0 | 25.0 25.0 12.5 { 12.5 |
Vehicle Weight (1b.) 1460 r 4300 1620 4520 3760 i 3880
o — S S ]
Vehicle Velocity (mph) 42 ] 60 ’ 48 541 56 62
{ " ——
*Maximum Deceleration ‘ ‘
(Gmax) i ; |
Dragnet 16 16 [ 13 8 \ 7.0 5.0
Rigid Barrier 37.8 54,0 | 43.2 { 48.6 . 50.4 55.8
**Average Deceleration T" 1 .
(Gavg) I }
Dragnet 5.8 6.1 5.5 4.1 } 4.0 4.1
Rigid Barrier 24,1 34.4 27.6 31.0 l 32.1 35.6
- —r T
Attenuation Index |
G Dragnet |
max .
AT = 0.42 0.30 0.30 0.17 0.14 0.09
max G Rigid ’
Gav Dragnet ] ‘
AT = ATE 0.24 0.18 0.20 0.13 | 0.12 | 0.12
avg G Rigid ‘ J
avg ’ |

=G Dragnet
max

is from frame accelerometer data.

G Rigid = 0.9 (vehicle velocity in mph) ¥
max

v2

fl

*EG Dragnet
avg

2gX

avg

“**Emori, Richard I., "Analytical Approach to Automobile Collisions,"
SAE Paper 680016, Ingineering Congress, Detroit, Januarv 8§,

max
G Rigid = 0.574 (Vehicle velocity in mph)

from film data.
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energy differences between tape energy and initial kinetic energy in
Tests 4A through 4D are the result of large energy expenditures on
vehicle deformation.

In Appendix B is a theoretical treatment which algebraically
relates vehicle weight, velocity, tape force and stopping distance.

The error induced by considering the vehicle to have no finite width is
approximately compensated for by the fact that after impact the "spreaders"
at the ends of the net buckle, increasing the effective length of the net.
Due to the fact that the main net cables loop over and under the front of
the vehicles, and that the vehicles are deformed differently, some in-
accuracy is expected, especially in arrestments with short stopping
distances. It is also assumed in the calculations that the vehicle
continues along its original path during arrestment, which is only a

rough approximation in angled or non-centric hits.

Figure 27 is a plot of dragnet force on the vehicles against distance
traveled after contact. The data used for this plot is taken from the
theoretical calculations in Appendix B. A comparison of the calculated
energy expenditures is shown in Table 5. The theoretical Metal Bender
energy expenditures are obtained using the equations presented in
Appendix B. As expected, the theory shows the greatest percent error
for Test 4A, which had the shortest stopping distance and greatest
relative deformation.

From the theoretical treatment a plot of total Metal Bender tape

pullout against X the theoretical stopping distance, was made for

max?
head-on 30° angled impacts. Neglecting other energy dissipation modes,

the initial vehicle kinetic energy divided by the Metal Bender tape
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DRAGNET FORCE ON VEHICLE IN UNITS OF T, METAL BENDER TENSION

2.0

VEHICLE TRAVEL AFTER IMPACT, X, FEET

|
LIMITING FORCE (2T) ]
L= 33
® — HEAD-ON IMPACTS |
A — 30° IMPACT ANGLE
] i
|
. |
1
' - BOTH METAL BENDERS
; BECOME EFFECTIVE HERE
]
i
|
o} 10 20 30 40

FIGURE 27, THEORETICAL STOPPING FORCE — DISPLACEMENT CURVES FOR CENTRIC IMPACTS
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TARLY 5

Comparison of Vehicle Kinetic Energies

with Calculated Energy Expenditures

(in Fip-ft)

o~
o2

4B 4G 4D

Initial Kinetic
Inergy of Vehicle

. e

87.1 513 123

P~
"
~d

Leh*

Energy Expended by
Metal Benders (frem
measured tape opullout)

54.8

tnergy from area under
Force-Digplacement
curve in Figure 27.
{Stopping distance
from nigh speed films)

* To expendicure of

411%

450 ! 105 440 \
\

330%

tape in right hand Metal Bender.
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tension should equal the total tape pullout. By taking the initial
velocity, determined from the high-speed films, and cnlculating initial

kinetic energy, and by knowing the Metal Bender tape tensions, we can

calculate the theoretical toral tape pullout. sing this value and

Figure 28, we can determine thcoretical stupping distance. The theoretical
stopping distances so determined are compared with actual stopping distances
from the high-speed film data in Table 6. In this comparison, the measured
stopping distance is the measured stopping distance of the vehicle's
center of gravity minus the vehicle's deformation. (This isg the distance
traveled by the vehicle's front end aflter contacting the not.)

Again the percentage difference between actual and theoretical
values is greater for short stopping distances (high Metal Bender tensions).
An examination of the high-speced films indicates that in Test 4C the
combination of the low, narrow front end of the vehicle and the collapse
of the end net spreaders, which occurrced in every test, delays application
of the main stopping force until the vehicle has traveled about four feet
beyond initial contact. This is a considerable portion of the total
stopping distance, and explains the large difference between measured and
calculated stopping distance. For this vehicle's initial energy, the
calculated total tape pullout is 4.9 feet. This compares lfavorably with

the actual measured tape pullout of 3.4 feet. The theoretical calculations

are applied to an example design problem in Appendix B.
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VEHICLE STOPPING DISTANCE, Xpqx (ft)

40.

30.

20—

L = 33
@ — HEAD-ON IMPACTS
A — 30° IMPACT ANGLE

BOTH METAL BENDERS
BECOME EFFECTIVE
HERE

|

TOTAL TAPE

CALCULATED FROM EQUATIONS
IN APPENDIX B, L= 33ft

2
R, + R, = WV° . KINETIC ENERGY

PULLOUT T2 g7 TAPE TENSION
% | |
| l |
| | |
i
0 10. 20. 30. 40. 50.
KE v2
¥ = 5= = (R+Rp) = TOTAL TAPE PULLOUT, ft.
29T

FIGURE 28, STOPPING DISTANCE VS. TOTAL TAPE PULLOUT



TABLE 6

Comparison of Computed Stopping Distances

with Measured Stopping Distances

! I A [ I _’“*}
| Test No - l AB A E 4D z 4% ] AR j
b e I 44~~»——irrw~f\»+—\4~—~-fg~44—f e
‘ - ;
x50 D sa o184 | o12.9 | 22.0 | 26,0 | 29,0 ’
| max’ M | \ | i i
| i \ \
b I | h,J[_-,,, S S— .
i ;’ T ‘ %
LY C(fE) A 7.8 ‘4 21.0 | 7.6 | 20.2 ‘ 27.7 | 29.5%
’ max” C ' i i | i
e S ) I S

— —— —— e ——— - __{
‘ o] + | | | | |
LX) Kooy | (Fo) ) <06 l +2.6 } -5.3 i -1.8 | +1. ; +0.5 '

% Calculated up to point metal tape was expended.

** Mecasured stopping distance from film minus vehicle deformation.

o s
and theoretical treatment in appendix.

42

#% Calculated stopping distance from initial vehicle velocity
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Desiegn and Installation
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VAN LELM 7V ddocrezles .

1475 ELMWOOD AVENUE
PROVIDENCE, RHODE ISLAND 02907
TEL. 401 781-3500

May 13, 1963
Serial Number S-305

Mr. T. J. Hirsch

Head, Stiructural Resecarch Department
Texas A&LM University

College of Engineering

College Station, Texas 77843

Dear Mr. Hirsch:

This letter supplements the previous information transmitted to you by our
letter of April 29, 1968 and answers your telephone request of May 1.

Van Zelm has scveral Metal Bender Units which have been developed and

and are adaptable for highway use. yese units, with their pertinent
tested and are adaptable for highway us Tt ts, with the 1 t
physical and operational characteristics are presented below,

Torture Chamber Tape Tape Tape Max,
Mod, No, Size Load Nominal Runout
lunout Possible
Std.Dragnet-MBDP-1 1-1/4X, 050 25004 200 I't, 500 Ft,
" " ~-MBP-2 2" X 050 20004 or 100 I't, 1000 It,
1000%
Texas A&M Config, 2" X 3/8 25, 000% 12,3 Ft. 3.7 Tt.
" " " 1—1/2"X3/’d 18,5004 18,7 Ft. 157 It,
" " " 1 X 3/8 12,500% 18.7 Ft, 18,7 Tl.*

Units may be combined to produce a desired tape load which {alls between
the loads produced by the basic units. For example two 4000 1b, units may be
combined to produce an 8000 lb. load or a 4000 Ib, unit and a2 2500 b, unit a
6500 Ib, load,

Also attached is one copy of Van Zcelm drawing 1E-2909 detailing the dragnet
test installation at T.T.I,

Very truly vours,

L. Montanaro
LM:I1t

© The tapes used in Tests 4F and 4F
were 25 feet in length.

SUBSIDIARY OF ENTWISTLE MANUFACTURING CORPORATION
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APPENDTIX B

Theory and Design

Example
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EQUATIONS FOR ANALYSIS OF VAN ZELM METAL BENDER DRAGNET SYSTEM

HEAD-ON CENTRIC VEHICLE COLLISION

Metal
Bender

Metal
Bender

Figure Bl

L = length of net, ft.
T = metal bender tape tension force, 1b.

R = Ry = Ry = run out of metal bender tape (assuming all energy

is absorbed by tape), ft.
X = travel distance of vehicle after engaging net, ft.

Xpax = stopping distance, ft.

F = stopping force component on vehicle, 1b.
W = weight of vehicle, 1b.
V = initial velocity of vehicle, ft/sec.

g = acceleration due to gravity, 32.2 ft/sec?.
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Relatively simple equations will now be developed which will aid in
selecting a desirable metal bending tape tension force (T) and length
(Rmax) in order to stop a given vehicle of weight (W) and speed (V).

Van Zelm now has available metal tapes and metal benders (sometimes
called "torture chambers') which provide tape tension forces (T) of
2,500 1b., 4,000 1b., 12,500 1b., 18,750 1b., and 25,000 1b. Two of the
4,000 1b. metal benders can be stacked on top of each other to provide a
tape tension force of 8,000 1b.

For these tape tension forces, we can compute the minimum required

length of tape (R), the stopping distance required (X the maximum

max) s

and average g forces on the vehicle as follows:

2
2g

Kinetic Energy of Vehicle =

Assuming all energy is absorbed by metal tape will yield the energy

absorbed by metal bender tape = 2TR
Because of symmetry R =R; = R)
wv2
50 2TRpax = 70

The maximum tape run out is then

WV2
(1 Rnax = 4Tg and  Rpax = Ripax = Ropax

since system is symmetrical in this case.

From Figure B1,

o Vet - 4]

48



(2b)

(3)

(3b)

(4)

(5)

(6)

The

The

The

o
Amax

Where ¥ i o stoppi
P Where X . 1is the stepping
distance required for head-on

collision.

stopping force component on the vehicle 1is,

Cox
P 2T |t
] ,
! R+ ; ]
L - )
; ¥ y
e “‘max / 3 . A
Frax = 21 "’“*LBLET' ‘ Maximum vehicle stopping
) . o+ = R _ ..
| Rax 20 fForce for head-on collision.

maximum G force on the vehicle is,

o - Fmax_
max "~ W

average G force on the vehicle would be,

avg — 2g¥

i A |
F= 2T | —
R+
x 2
From Equation 2,
T B SIS L
R = “é‘ VLo 44X - 2*
50
3
F = 2T | 7= |
o Lye
e T
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Stopping Force on Vehicle,

F.286

’//’fF can never be larger than 2T
2T br————_————_——— e —— e e
¥
max
N
\\\\B
AU\ ST Vehicle Stops
RRRNN
OO
0 —
0 X
max.

Vehicle Penetration, X, ft.

Figure B2, Idealized Vehicle Stopping Force vs.
Stopping Distance

The preceding analysis applied to the special case of the "Dragnet"
system being struck by a vehicle head-on and in the center. When the
vehicle strikes the 'Dragnet' at an angle, the mathematics becomes a
little more complicated. An analysis of this problem will now be

presented.

50



Idealized analysis of Van Zelm Metal Bender Dragnet Arresting
System for centric vehicle collisions at any angle 0.

D:N
METAL __—1" ~ - -7 77T T T T T T T T T T T
— BENDER
— S
FIGURE B3.

L

Initial length of net and tape between Metal Benders, ft.

T

1

Metal Bender tape tension, Kip.

R; and R, = Metal Bender tape runouts, ft.

X = Travel of vehicle along original path after contacting the net, ft.

Xmax = Stopping distance after contacting net, ft.

Fx = Stopping force componet along X, Kip.

W = Weight of vehicle, Kip.

V = Speed of vehicle at impact, ft/sec.

g = Acceleration due to gravity, 32.2 ft/sec2.
6 = Impact angle, degrees.

L1287

Note: It is assumed that R, = O for X ¢ L sin 8. (Derived from Law of Sines.)
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Referring to Figure B3, the Pythagorean Theorem gives:

( L |2 L RK RE
LRI + —2 = -§-+)(31n6 + |Xcos®
This reduces to:
( L2 ]/2 L
= 2 41, iné T
(7) R, W + X LX sin } 5
Similarly,
L2 1/2 L
(8) Ry = |-+ X? -1 Xsin® -5 (for X >L sin8)
R, =0 (for X <L sin®)

Equations 7 and 8 can be solved for X in terms of R, or Rj:

2 1/2 L
(9) X = [%sin?—e + R, ? +LR1] - —— sind
1.2 ) 1/2 L
or X = |——sin“0 + R, +LR, + —— sing (for X > L sin®)

The vehicle kinetic energy is related to the theoretical total strap

pullout by:
wvz
(10) KE = 28 = T (leax + Rzmax) (when ¢ not equal to zero)
WV~ I
or KE = —Eg—- = 2TR oy (for 6 = 0°)
i = R = R
since leax 2max Pmax because of symmetry of the

system when ¢ = 0°
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(11)

(12)

(13)

(14)

The component

F.289

of Metal Bender stopping force along X due to Ry is:

X+L~sin6 X+£sin6 ]
F = T_ﬁ—z_—_—_ = T 2
Rl R +L 2 ,
L) + X7 +LXsin0 |
L oYa J
Similarly,
X—Lsine X—Lsinﬁ
F,o=T|—2 | = T 2
R2 R, + L L2 0
272 { ; T X?-LXsins

The total stopping force along X is:

(for X > L sing),

X+%sin6 X—-%sin@

F.= F. +F = T +
T Ry Rz 12 ; — 12 A

\/Z + X2+ LX sin6 {Z+X2-LXsin9

X + % sing
F =F = T (for X ¢ L sin®)
T Ry T )
UZ + X2 + L X sino J

If all the vehicle's kinetic energy is absorbed by the Metal Bender

tape pullout, then

2 Xmax
WV
= = F
KE 2% T dx
0
Xmax
X + % sing
=T
L? A

\JZ + X? + L Xsins

0

(for X > L sinf)

53
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L” 2 . L? 2 .
Let % + X +L Xsint] = u, and Z + X< - L Xsint| = v
Then du = (2X + L sin0)dx, and dv = (2X - L sinf)dx
Therefore,
u Vg
Wy? T -1/2 T -1/2
= — = = du + = d
KE oy 5 5 v v
Ui Vi
final
- I {2u1/? + 2v1/2}
2 P
initial
2 — | %nax 2 — | *max
=T \Z + X7 + L Xsino +12+X2—LXSin6
0 sind
127 an +irme oime + 15+ —
=T A + Xmax + LXpax sind + % + Xpax — L Xpax sint - 5~
\
Or,
Wv?Z ( L2 2 Y . L 2 - o
(15) KE = 2% = Tt'{z»+ Xpax T L Xpgxsine + % + Xpax — L Xpgx sind
(for X > L sin®)
max
wv? | L? 2 S L
(16) = T -+ + LXax sine - 2
2g 4 Xmax max S0 2 (for X < L sinsg)
max
Note that the expression for total energy obtained by integration of

Fde (Equation 15)1is equal to T(R; + R,)

54

using Equations 7 and 8.
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For 8 = 30° (Tests 4C, 4D and 4F), Equations 7, 8, 9,15 and 16 become,

respectively,

, (L2, ., Lx|¥2 1
- i < 4+ P—
(a7 Ri= | oFX 5 J >
L2 Lx)1/2 g
1 - =+ 2 25 - =
(18) R, [ i X 5 J 5
. 1/2
19) {L 2 2 / L ) £ Ry)
( X = { 71t R ALR; - (in terms of Ry
\
1/2
2 L
or ¥ = Pﬂ + R22 + R, L +% (in terms of Ry if X > E)
. [’ T — L A
. Wy <2 L2 2 Xmax 1{ L2 2 Xmax
(20 —Tg— = T VZ + X_max + — > + Z + Xmax - 2 - L
(for X > I-é)
([ X
Wwv2 | ALZ 2 max L L
2 = T il —F - = Yy
(21) 2g = \‘\' A t Xpax * 2 2 (for X < 2)

For 6 = 0° (Tests 4A, 4B and 4E), Equations 7 and 8 become,

[ 1,2 L /2 L
4 T2

, Wwv? ( 1?2 z L ]
23 = Loy _L
(23) e 2T ¥ Xnax 2 |
From Equation 23,
2 (KE 2 L KE|? KE
e (53 -8 - [y
wv? ) w2 ]‘
(24) Xnax = { 4T l\ hoT + L}

For head-on impacts, theoretical Xpay can be determined from Equation 24,

For 30° angled impacts, see Figure 27,
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AN EXAMPLE OF HOW THESE LQUATLONS CAN BE APPLIED TO
THE DES_GN OF AN ARRESTING SYSTEM USING

VAN ZELM METAL BENDER ENERCY ABSOREING DEVICES

Given: Design factors dictate that the arrvesting system must stop
vehicles with weights up to 4500 pounds and speeds up to
60 mph after en ering the svstem at angles of up to 20° with
the perpendicular to the net. Geometric factors limit the
distance between the end anchor posts to 30 feet and the

maximum stopping distance to 30 feet.

Problem: What is the required minimum Metal Bender tape tension and

tape lengths.

Solution: (See formulas on pages 51 through 54). “The total tape
pullout, for a particular energy and tension, is about the
same regardless of the angle of impact. However, a preliminary

calculation, using Equations 7, 8, and 9, shows that the stop-

ping distance is greatest for 4 = 20°. Therefore use 0 = Unax =

20° as a limiting case.

The critical design factors are:

= 20°  (sin Oy, = 0.342)

{i
max

Xpax = 30 feet

L = 30 feet



Using these values in Equations 7 and 8:

Lo oY
Rimax = | 7% 7 X'max + D¥payx sint ] R
( V1/2
= L 225 + 900 + 308 J - 15
= 37.9 - 15 = 22.9 feet
L’/) 5 . o \l 1/? 1
R'/max = 4 + X max -L Amax sine g - ——2
J
Y1/2
= [ 225 + 900 - 308 - 15
= 28.6 - 15 = 13.6 feet
The minimum tape length is Ry,,, = 23 feet, (approximately)
Total tape pullout = (22.9 + 13.6)feet = 36.5 feet.
The maximum vehicle kinetic energy is:
2 ?
ik *£629924£§§2*—<foot—pounds = 542,000 foot-pounds

2g 64. 4

From Equation 10,

ro= [’_,Wii S T
min. 2g l Rigax ¥ Ropax ]
542,000
- §6j5 pounds = 14,850 pounds

F.293

Theoretically the minimum Metal Bender tape tension is 14,850 pounds and

the minimum length of tape required for runout in each Metal Bender is about

23 feet. The Metal Bender tape tension should now be chosen on the basis

of the available tape tensions, including some excess tape length as a

safety factor.
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APPENDTIX 19

Photographic and Electromechanical

Test Data



1958 RENAULT, 4 DOOR SEDAN, 1460 LB.

Time
Milliseconds

0

11.

23.

35.

46.

58.

70.

81.

93.

105.

117.

140.

152.

163.

175.

187.

198.

70

40

10

80

50

20

90

60

30

00

.70

40

10

80

50

20

90

.60

2.30

VAN ZELM METAL BENDER, HEAD-ON

Impact

TABLE C1

TEST RF 505-4A

HICH SPEED FILM DATA

Displacement

59

0

0.

10.

10.

11.

11.

70

.37

.17

.86

.60

.34

.99

.69

.35

.00

.65

.30

.82

.38

.93

37

21

50

Velocity

68.4
59.0
63.3
63.3
55.6
59.8
56.4

55.6

55.6
444
47.8
47.1
37.6
38.5
33.4

24.8
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Time

Milliseconds

.00

.70

.40

.10

.80

.50

TABLE C1

TEST RF 505-4A (continued)

Displacement

60

12.]

12.

12.

12.

Velocity
ft/sec

25.6
18.8

11.1
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1960 MERCURY, 4 DOOR SEDAN, 4300 LB.

Time
Milliseconds

0

13.

26.

39.

52.

65.

78.

91.

104,

117.

130.

143.

156.

169.

182.

195.

208.

221.

234,

247.

260.

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

VAN ZELM METAL BENDER, HEAD-ON

HIGH SPEED FILM DATA

Impact

TABLE C2

TEST RF 505-4B

Displacement

61

ft

0

1.

10.

11.

12.

13.

14,

15.

16.

17.

17.

18.

19.

12

.29

41

.63

.72

.84

.89

.91

93

88

83

74

60

44

29

02

76

47

07

Velocity

ft/sec

86.2

90.0

86.2

83.0

87.7

83.9

86.2

80.7

78.5

78.5

73.1

73.1

70.0

66.1

64.6

65.4

56.2

57.0

46.2
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Time

Milliseconds

273.
286.
299.
312.
325.
338.
351.
364.
377.
390.
403.
416.
429.

442,

00

00

00

00

00

00

00

00

00

00

00

00

00

00

TABLE C2

TEST RF 505-4B (continued)

Digplacement

62

21.

21.

21.

22.

22.

22.

22.

22.

22.

22.

22

18

55

85

12

33

49

65

73

78

81

.81

Velocity
_fr/sec

46,
43.
38.
33.
28.
23.
20.
16.
12.

12.

2

9

F.298



Time
Milliseconds

0

12.

24,

36.

48.

60.

72.

84.

96.

108.

120.

132.

144,

156.

168.

180.

192.

204.

216.

228.

240.

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

00

VAN ZELM METAL BENDER, 30° ANGLE
1955 VOLKSWAGEN, 2 DOOR, 1620 LB.

HIGH SPEED FILM DATA

Impact

TABLE C3

TEST RF 505-4C

Displacement

63

ft

0

0.

10.

11.

11.

12.

13.

13.

14.

14,

85

.68

.51

.30

.15

.98

.77

.56

.38

.19

.96

.75

52

23

96

52

06

62

15

65

Velocity

ft/sec

70.8

69.2

69.2

65.8

70.8

69.2

65.8

65.8

68.2

67.4

64.1

65.8

64.1

59.1

60.8

46.6

45.0

46.6

44.2

41.6
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Time

Milliseconds

252.
264.
276.
288.
300.
312.
324,

336.

00

00

00

00

00

00

20

30

TABLE C

TEST RF 505-4C (continued)

Displacement

64

15.

15.

16.

16.

16.

16.

3

42

74

92

13

23

30

30

Velocity

26.6
15.0

17.5
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Time
Milliseconds

0

11.

71.

83.

95.

107.

119.

130.

154,

166.

178.

190.

202.

90

.80

.70

.60

40

30

20

10

00

90

.80

70

60

50

40

30

.20

.10

.00

TABLE C4

TEST RF 505-4D

VAN ZELM METAL BENDER, 300 ANGLE

1958 OLDSMOBILE,

4

DOOR, 4520 LB,

HIGH SPEED FILM DATA

Impact

Displacement

ft

65

0

0.

10.

11.

11.

12.

13.

14.

15.

16.

17.

17.

93

.91

.80

.68

.64

.58

18

11

96

91

73

60

44

27

05

77

Velocity

ft/sec

78.2

82.4

74.8

82.4

75.6

80.7

79.0

77.3

74.8

77.3

73.1

78.1

71.5

79.8

68.8

73.1

70.6

69.8

65.6

60.5

F.301



TEST RF 505-40 (vcontinued)

Time Displacement Velocity
Milliseconds N R ft/sen

68.1
249.90 18.538

55.5
261.80 19.24

57.2
273.74 19.92

54.6
285.60 20.57

530.4
297.50 21.17

51.2
309.40 21.78

42.8
321.30 22.29

46.3
3335.20 22.84

34,5
345.10 23.25

40.3
357.00 23.73

31.9
368.90 24.11

37.8
380.80 24.56

21.0
392.70 24.81

31.1
404,60 25.18

23.5
416.50 25.46

29.4
428.40 25.81

26.9
440.30 26.13

25.2
452,20 20.43

18.5
464.10 26.65

26.1
476.00 26.96

23.5
487.90 27.24

23.5
499 .30 27.52

515}
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TABLE C4

TEST RF 505-4D (continued)

Time Displacement Velocity
Milliseconds fr ft/sec
16.8
511.70 27.72
28.6
523.60 28.06
10.9
535.50 28.19
0.0
547.40 28.19

67



Time
Milliseconds

0

12.

25.

37.

50.

62.

75.

88.

100.

125.

151.

201.

251.

302.

352.

402.

453.

503.

553.

604,

59

18

77

36

95

54

13

72

90

08

44

80

16

52

38

24

60

96

32

VAN ZELM METAL BENDER, HEAD-ON
1961 DODGE, 4 DOOR, 3760 LB.

HIGH SPEED FILM DATA

Impact

TABLE C5

TEST RF 505-4E

Displacement
. ft

68

0

1.

10.

12.

16.

19.

22.

25.

27,

29,

31.

32.

33.

143

.184

.296

.276

.225

.256

.276

.286

189

168

050

443

616

443

846

734

230

317

078

Velocity

ft/sec

90.8

82.7

88.3

77.8

75.4

81.9

81.0

80.2

75.6

78.6

77.1

67.4

63.0

56.1

47.7

37.5

29.7

21.6

15.1
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Time

Milliseconds

654.
705.
755.
805.
856.
906.
956.
1007.
1057.
1107.
1158.
1208.
1259.
1309.
1359.
1410.
1460.
1510.

1561.

68

04

40

76

12

48

84

20

56

92

28

64

00

36

72

08

44

80

16

TABLE C5

TEST RF 505-4E (continued)

Displacement

69

ft

33.

33.

33.

33.

33.

33.

33.

32.

32.

32.

32.

32.

31.

31.

31.

31.

30.

30.

30.

512

619

634

501

404

241

063

901

748

544

315

142

958

637

438

178

908

755

755

Velocity
ft/sec

8.

2.

6

1
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Time
Milliseconds

0

10.

20.

40.

60.

80.

100.

120.

140.

160.

181.

201.

221.

241

261.

281.

301.

321.

342,

362.

382.

06

12

.18

24

36

48

60

72

84

96

08

20

32

A4

56

68

80

92

04

16

28

TABLE Cé6

TEST RF 505~4F

HIGH SPEED FILM DATA

Impact

Displacement

70

ft

0

.910

10.

12.

13.

15.

16.

18.

19.

20.

22.

23.

24,

25.

26.

27.

.832

.738

.700

.456

.236

.952

572

220

795

355

863

245

643

981

235

481

615

705

779

753

Velocity
_ft/sec
90.
91.
90.
95.
87.
88.
85.
80.
81.
78.
77.
75.
68.
69.
66.
62.
61.
56.
54.
53.

48.

5

F.306



TABLE Co

TEST REF E05-4F {eontinued’

Time Velncity

fr/s

Milliseconds

45,8
402,40 28.095

4104

422,52
40.8
L447.64 3. 35:2
37.5
L6276 L1050
12.5
31,759
3401
32,0445

(W]

2
jae]
~i

o
o
O
o
w
o)
Uit
b

as s
o
2 37,332
18.5

moved out of viaew

Ve

71
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+10
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20

|
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TECHNICAL MEMORANDUM 505-5

Texas Transportation Institute
Texas A&M Research Foundation

TIMBER POST ENERGY ABSORBING

PROTECTIVE BARRIER

A Tentative Progress Memorandum on Contract No. CPR-11-5851
U.S. Department of Transportation
Federal Highway Administration
Bureau of Public Roads

by

T. J. Hirsch
Research Engineer

Harry L. Smith
Engineering Research Associate

and

Don L. Ivey
Associate Research Engineer

This crash test ard evaluation was conducted under the Office of
Research and Developmert, Structures and Applied Mechanics Division's
Research Program on Structural Systems in Support of Highway Safety
(4S Program). The opinions, findings, and conclusions expressed in
this report are those of the authors and not necessarily those of the
Bureau of Public Roads.

April 30, 1969
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INTRODUCTION

On March 15, 1968, the Texas Transportation Institute conducted a
full-scale vehicle crash test of a timber post energy absorbing protec-—
tive barrier. The purpose of the timber post barrier was to stop
vehicles at low levels of deceleration. Included are photographs of the
vehicle and barrier before and after the test and a summary of the high

speed motion picture film data.

BARRIER DESCRIPTION AND FUNCTION

The timber post barrier was proposed in the final report of Project
HPR-2(104), Contract No. CPR-11-3550 concerning Highway Sign Support
Research. This barrier was designated System IIT in Volume 3 of the final
report entitled "A Feasibility Study of Impact Attenuation or Protective
Devices for Fixed Highway Obstacles.”

The timber post energy absorbing protective barrier consisted of
49 creosoted timber posts, 6 inches in diameter by 6 feet long. The
posts were embedded 3 feet in clayey soil. Behind the array of posts was
a 2 foot diameter concrete post surrounded by a 3 foot thick shell of
polyurethane foam. Figure 1 gives a description of the barrier which was
tested, and Appendix A shows a proposed application of this protective
barrier. At impact, the bending over of successive posts in the soil is
intended to absorb the kinetic energy of the vehicle. The resistance
provided by each timber post bending over in the soil exerts a stopping
force on the vehicle. The cumulative effect of these forces provided by
the posts was intended to decelerate the vehicle to the final condition

of zero velocity.
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TEST RESULTS

Figure 2 shows the vehicle and barrier at various stages of their
interaction. The 3880 1b. vehicle struck the timber post barrier head-
on at a speed of 54.5 mph. The vehicle ramped on the posts and became
airborne approximately 350 milliseconds after initial contact. The
change in velocity at this time was 41.7 mph. The average longitudinal
deceleration over the initial 352 millisecond interval was 5.4 g's;
the peak longitudinal deceleration was 20 g's. The vehicle remained
airborne for 960 milliseconds (0.96 seconds), coming to rest on top of
the posts.

The following conclusions can be drawn from Test 505-5A:

1. The barrier did not function as intended.

2. The vehicle damage was severe (see Figures 5 and 6).

3. Daumige to the timber post barrier was moderate. The first

three rows of posts were pushed over.

4. The deceleration level was severe,
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10

Figure 2 (continued).
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TABLE 1. COMPARISON OF POST BARRIER IMPACT PERFORMANCE
WITH RIGID BARRIER IMPACT

TEST NUMBER S5A
VEHICLE WEIGHT (1b) 3880
VEHICLE VELOCITY (mph) 54.5
MAXIMUM DECELERATION (G max)
POST BARRIER 20 g's
RIGID BARRIER™ 49.1 g's
AVERAGE DECELERATION (G avg.)
(over first 352 msec after
POST BARRIER impact) 5.4 g's
RIGID BARRIER* 31.3 g's
ATTENUATION INDEX
AI(ma ) = Gmax Post 0.41
*) -G Rigid
max
AI(avg_) = EEXE_ESEE_ 0.17
G Rigid
avg
* Estimated Maximum Deceleration = 0.9V, where V is in mph.

Estimated Average Deceleration 0.574V, where V is in mph.
Emori, Richard I., "Analytical Avproach to Automobile
Collisions," SAE Paper 680016, Engineering Congress,
Detroit, January 8, 1968.
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TABLE 2.

FOR CREOSOTED TIMBER POSTS.
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SUMMARY OF CRASH TEST DATA FROM HIGH-SPEED FILM

RF 505-5A

TEST NUMBER

VEHICLE

FILM DATA

Velocity (mph)

Velocity (fps)

Velocity Change (mph)
Velocity Change (fps)
Average Deceleration (g's)

Peak Deceleration (g's)
Duration of Impact (sec.)
Stopping Distance (ft.)

5A !
1961 Ford, 2 Dr. Sed., W
3880 1b. i

54.5
79.9 |
54.5 {
79.9

5.4 (over first

352 msec following
contact)
20
1.313
27.3

OBSERVATIONS
Vehicle Deformation (ft.)
Barrier Penetration (ft.)

Vehicle Damage
Barrier Damage

1.37

8.39
Severe
Moderate
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DISCUSSION AND SUMMARY

A full-scale vehicle crash test was corducted on a timber post energy
absorbing protective barrier. The objective of the timber post barrier
was to stop the vehicle at low levels of deceleration. The barrier con-
sisted of 49 crcosoted timber posts, 6 inches in diameter and 6 feet long.
Behind the array of posts was a 2 foot 1 inch diameter simulated bridge
pier surrounded by a 3 foot thick cushion of polvurethane foam.

The results of Test 505-0A show that low decelerations were not
achieved. From the photographic analysis, 1t appears that impact with
the front three rows of timber posts resulted in an energy transfer of
larger magnitude than anticipated. Previous reszcarch work by Deleys

and McHenry, "Highway Guardreils - & Review of Current Practice," Cornell

Aeronautical Laboratory, indicated su posts would absorl approximately

15,000 ft.lbs. of energy. The posts in this instaliation which were over-—

orbed about three times this much

turned by the vehicle apparent i
energy. Analysis of the high speed films reveals that the front rows of
posts were pushed over as intended, but these "pushed-over' posts formed
a ramp which resulted in the vehicle becoming airborne. The soil sur-
rounding the timber posts and the depth of embedment has a great effect
on the mode of energy transfer and also con the magnitude of the decelera-
tions. The post spacing also appears to be a significant factor.
Additional information is needed to establish the proper post embed-
ment and post spacing for different types of soils so that the vehicle
ramping problem can be overcome. Reducing the post cross-section so it

will break is not desirable because the energy absorption characteristic

10
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will also be greatly reduced. Consequently a very large number of posts
would be required. The importance of the soil in the post-soil interaction
was digscussed at length in Technical Memorandum 505-3%. Dynamic tests
whnich may aid significantly in the design of this type of barrier are now
being conducted by the Texas Transportation Institute as part of Research
Studv 4105, sponsored by the Texas Highway Department and the Bureau of
Public Roads. The authors believe that additional research on the applica-
tion of these principles to the design of protective barriers could result

in a workable system.

CONCLUS TON

The full-scale vehicle crash test on a timber post energy absorbing
protective barrier revecaled that the embedment of the timber post, the
spacing and the soil condition are decisive factors in the proper opera-
tion of the barrier as a vehicle attenuation device.

Although the crash test did not yield the desirable feature of low
deceleration levels, modifications of this timber post barrier design
and an awareness of the soil influence on the failure mode and magnitude

ol energy absorption mav result in an effective timber post energy

absorbing protective barrier.

® "One-Way Guardrail Installation”, Don L. Ivey and T. J. Hirsch. Texas
Transportation Institute, Technical Memorandum 505-3, January, 1969.

11
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TABLE 3.

SUMMARY OF CRASH TEST DATA

Test 505-5A 6 in. diam. creosoted Timber Posts 6 ft. long, embedded
3 ft. in clayey soil. All posts spaced 2 ft. center to
center. 14 rows of 3, 4, 3, 4, etc., posts in each row.

Vehicle Weight = 3880 1b. (1961 Ford, 2 door)

Vehicle Velocity = 54.5 mph or 79.9 fps

Change in Velocity = 54.5 mph or 79.9 fps

Average Deceleration = 5.4 g's (over initial post contact time
interval, 352 msec)

Peak Deceleration = 20 g's

Duration of Impact - 1.313 sec.

Stopping Distance = 27.3 ft.

Remarks: Severe damage to vehicle. Vehicle ramped on posts and was
launched into the air 352 milliseconds after impact. The
change in velocity at this time after impact was 61.1 fps.

The average deceleration over this 352 milliseconds was
S.4¢'s. The peak deceleration was 20 g's.

12



FIGURE 5. VEHICLE BEFORE COLLISION.
1961 FORD, WEIGHT 3880 LB.

4y 45 4,

.:;4'3;4";

‘,4;4'154 A
505-54 s

FIGURE 6. VEHICLE DAMAGE.
VEHICLE DEFORMATION 1.37 FT.
BARRIER DEFORMATION 8.39 FT. (measured
in terms of rows of damaged posts) .

13
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APPENDTIZX A

Design Drawing of Timber Post

Energy Absorbing Protective Barrier
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APPENDIX B

Photographic Data
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TEST RF505-5A

6 in. Diam. Creosoted Timber Posts 6 Ft Long, Embedded
3 Ft in Clavey Soil. All Posts Spaced 2 rt Center to
Center. 14 Rows of 3, 4, 3, 4, etc., Posts in Each Row.

Time Displacement Velocity
Milliseconds B 5 SR ft/sec
0 0
79.2
20.20 1.60
79.2 79.9 avg.
40.40 3.20
81.1
*60 .60 *4, 84
72.8
80.80 6.31
73.3
101.00 7.79
60.3
121.20 9.01
52.0
141.20 10.06
44,1
161.60 10.95
31.7
181.80 11.59
31.2
202.00 12.22
23.8
222.20 12.70
26.2
242.40 13.23
19.8
262.60 13.63
16.8
282.80 13.97
24.2
303.00 14.46
14.9
323.20 14.76
19.3
343.40 15.15
20.3
363.60 15.56
19.3
383.80 15.95
21.3

18



Time

4ak,

464,

484,

505.

525.

545.

565.

585.

606.

626.

646

666.

686.

707

727

747

767.

787.

808.

848.

868.

888.

.00

.20

40

60

80

00

20

40

60

80

00

20

.40

60

80

.00

.20

.40

60

80

00

40

60

80

Displacement

19

ft

16.

16.

17.

17.

17.

18.

18.

19.

19.

19.

20.

20.

21.

38

76

16

60

30

71

14

55

60

01

naa

.83

.13

Velocity
_ft/sec
18.
19.
21.
16.
18.
20.
21.
20.
18.
17.
15.
20.
21.
13.
13.
23.
16.
15.
10.
21.
17.
16.
17.
14,

19.
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Time

Milliseconds
909.
929.
949,
969.
989.

1010.
1030.
1050.
1070.
1090.

1111.

1131

1151

1171

1191.

1212

1232,

1252.

1272.

1292.

1313.

1333.

1353.

00

20

40

60

80

00

20

46

60

80

00

.20

.40

.60

80

.00

20

60

80

00

40

.60

.00

Displacement

20

_ft
25.
25.
26.
26.
26.

27.

29.
29.
29.
30.
30.°
30.
31.
31.

31.

31

53

79

12

48

76

11

.39

.78

.07

.40

.65

.94

36

66

.87

.04

.04

Velocity
_ft/sec
12.
16.
17.
13.
17.
13.
19.
14.
16.
12.
L4,
20.

12,

15.
14.
12.
16.
12.
15.

10.
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Time Displacement
it

494,80 31.5¢

.‘AhAIT
i 535,20 31.31

~4.,9
1575.60 1170

=30
1616.00 3, a9

-H.2
1656.40 30.73

-5.9
1696.80 30,54

~-1.2

Y737.20 30.49

[

1777 .60 30,40

Ampact .

At

**Vehicle launched into air vel. approx. 20

*%%Vehicle stops on posis.

21
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TECHNICAL MEMORANDUM 505-6

Texas Transportation Institute
Texas A&M Research Foundation

POLYURETHANE FOAM IMPACT ATTENUATION BARRIFR

A Tentative Progress Memorandum on Contract No. CPR-11-5851

U. S. Department of Transportation
Federal Highway Administration
Bureau of Public Roads

by
T. J. Hirsch
Research Engineer

Gordon G. Hayes
Engineering Research Associate

and

Don L. Ivey
Associate Research Engineer

This crash test and evaluation was conducted under the Office of
Research and Development, Structures and Applied Mechanics Division's
Research Program on Structural Systems in Support of Highway Safety
(4S8 Program). The opinions, findings, and conclusions expressed in
this report are those of the authors and not necessarily those of the
Bureau of Public Roads.

July 1969



INTRODUCTION
On May 7, 1968, a vehicle crash test was conducted by the Texas
Transportation Institute to evaluate a polyurethane foam impact attenua-
tion barrier. This report, which describes the results of that test,
includes photographs of the vehicle and barrier before and after the
test, sequential photographs of the test in progress, and data from

electromechanical instrumentation.

DESCRIPTION OF BARRIER

The polyurethane foam barrier was proposed in the final report of
Project HPR-2(104), Contract No. CPR-11-3550 concerning Highwav Sign
Support Research. This barrier was designated System I in Volume 3
of the final report entitled "A Feasibility Study of Impact Attenuation
or Protective Devices for Fixed Highway Obstacles."

The barrier, which was used to protect a simulated rigid concrete
pier, consisted of a mass of polyurethane foam surrounded by a sheet of
16 gage sheet steel (see Figure 1A, Appendix A, for details). The
barrier was held in place by four-inch diameter wood posts. The entire
barrier rested flush with the ground. Blocks of polyurethane foam
were placed in the sheet steel form, and the upper surface was coated
with water-proof mastic. The density of the foam in the front half of
the barrier was approximately two pounds per cubic foot, while that of
the foam in the rear half was approximately three pounds per cubic foot.

Figure 2 is a photograph of the barrier prior to the crash test.
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Figure 1, Vehicle Before Test 505-6A.

1959 Simca, Weight 2060 pounds.
(Note Cable Guidance System and Stadia Board)

Figure 2, Polvurethane Barrier Before Test 505-6A.

Polyurethane Foam - Nose, 1.94 lbs/ft}; Crush Strength approx.
Rear, 2.72 1bs/ft3; Crush Strength approx.
Barrier - 36" high x 66" wide x 20' long
Surrounded by 16 gage Sheet Steel

20 psi
35 psi
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4

8

A

#es
Sy

nas

R

e




A3, s
/."" TR Al
N A s

e vy
sug i ,
~

Figure 4, Vehiele Aft

Vehicle Deformarion - .74 ¢
Stopping Distance - 4.0 £y,

T TEXAS TRANSPORTATION mmm"“’“‘”
CAEST-505607

Fgn v .

i B4 BHE BBE 2P SUF BER MO0 gEM M
P Hon Fuv whw 6R% BhE ey pua med

G
M % L
K 55
:;4'43A,A;A'Ag\A,A;,l,‘}‘,-‘ﬁ‘r‘»‘v‘»‘ ‘V'
i_g\ , % 58564 g -
£ A k= o . . )J

ot
.
o
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DESCRIPTION OF TEST

A 1959 Simca 4-door sedan weighing 2060 pounds was directed into
the barrier head on (along the barrier's longitudinal axis) with an
initial speed of 48.1 mph. The vehicle was accelerated under its own
power, and directional control was by means of a cable guidance device
attached to the left front wheel (see Figure 1).

Two Hycam high speed cameras, operated at 500 frames per second,
recorded the test for subsequent time-displacement analysis (Table 1B).
In addition, a 128 frame per second Bell & Howell camera and a Bolex
24 frame per second camera provided qualitative photographic data.

Longitudinal vehicle deceleration was recorded from two CEC accel-
erometer transducers attached to the vehicle's frame, one in front of
and one behind the transverse vertical plane through the center of mass.
Figure 2B is a reproduction of the traces obtained from these devices.

An Alderson articulated anthropometric dummy weighing 161 pounds
was used to simulate a human driver. The dummy, which was secured by
a seat belt anchored to a Strainsert strain gage, was equipped inter-
nally with three Statham accelerometers mounted orthogonally. Due to
an equipment malfunction, the only interpretable data was from the
accelerometer mounted sternumward in the dummy. This data is shown in
Figure 3B.

A stadia board was mounted on the vehicle to facilitate photographic

displacement measurements.



DISCUSSION
A summary of test data is shown in Table 1. The initial energy of
the vehicle was 159 kip-ft. The vehicle was stopped four feet after

impact, resulting in an average deceleration of 19.4 g's.

The barrier was deformed about 2.75 feet, while the vehicle deformed
about 1.25 feet. Precise measurement of the magnitude of deformation in
the two bodies was difficult because the deformations were not confined
to a plane perpendicular to the direction of motion. However, the damage
to the front of the vehicle, as shown in Figure 4, is considered severe.
‘he vehicle's steering wheel was bent by the upper portion of the dummy.

During the collision the vehicle's wheels lost contact with the
ground, and the front portion of the barrier was slightly lifted. The
wooden post in the barrier at the point of impact was completely severed,
while four other posts were displaced by varying amounts. During the
test, several large pieces of the polyurethane foam were propelled up
and out of the barrier (see Figure 3). The high speed films show that
this disintegration occurred just hefore the vehicle had been brought
to a stop, and therefore it is unlikely that it had a significant effect
on the outcome of this test.

Figure 6 shows a comparison of the force-displacement curve obtained
experimentally from the high speed films with that from the theoretical
treatment in Appendix C. A theoretical stopping distance of 4.15 feet

compares favorably with the actual stopping distance of 4,0 feet. The



F.347

theory is an idealized treatment which neglects the effect of the posts

in the barrier. This may partly account for the high estimate. However,
in view of the assumptions made in the theoretical treatment, more tests
would be required to establish the accuracy of predictions made from the

theory.
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TABLE 1

SUMMARY OF TEST DATA

T B
Test Number 505-6A
Vehicle Weight 2060 lbs.
D F i i :
ata From High Speed Films 70.6 ft/sec
Initial Velocity (48.1 mph)
Initial Kinetic Energy 159 Kip-ft
Stopping Distance® 4.0 ft
Stopping Time 0.119 sec
Average Deceleration 19.4 g's
Vehicle Deformation 1.24 ft
Barrier Deformation 2.75 ft
Data From Electromechanical Devices:
Average Deceleration 16.0 g's
Stopping Time 0.120 sec

* Defined as the distance the undamaged portions of the
vehicle travel forward after impact.
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CONCLUSIONS

This particular barrier design was not satisfactory, especially
for light vehicles, due to the excessive stopping force and consequentiy
high deceleration levels that it produces. The post at the nose of the
barrier seems to contribute significantly to the damage sustained by
the vehicle, since the force exerted by the post is concentrated on a
small avea of the vehicle's front end.

The authers believe that certain modifications to this type of
barrier could result in an adequate impact attenuator. The following
modifications should be considered:

1. Decrease the strength of the barrier by decreasing the strength
of the polyurethane foam, reducing frontal areca of the foam, or
by incorporating voids in the barrier. The latter approach has
been used on masonry attenuators by dinserting vertical oylin-
drical cardboard tubes of appropriate diameters to form the voids.

2. Omit the stabilizing posts and use a cable anchorage system.
This would remove the semi-rigid areas from the periphery of
the barrier. The cable system should provide the barrier with
lateral stability for side or angled impacts, but have little
effect on the longitudinal properties of the barrier.

3. Pour the polyurethane foam continuously using the sheet stcel
covering as the form. This should reduce or eliminate the
tendency for large blocks to fly out during impact.

4. Elevate the barrier, or increase itz overall height, to voduzc

1

the tendency of the vehicle to "ramp" during head-on cecllisions.

11
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The following are possible advantages of using this type of barrier:

1. The barrier could be simply and quickly fabricated or repaired
in situ; or it could be fabricated elsewhere and then moved to
the desired site in one or more pieces.

2. The barrier would be very light (2 lbs/ft3 or less) which
decreases the initial deceleration of the vehicle due to
barrier inertia.

3. The sides of the barrier are flat, reducing the tendency of a
glancing vehicle to pocket into the barrier.

4.  The barrier could be easily molded into any shape consistent
with the geometrical limitations of the site.

5. The polyurethane foam is not subject to corrosion.

12
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APPENDIX A

Design Data For Polyurethane Foam

Impact Attenuation Barrier

13
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APPENDIZX B

Photographic and Electromechanical

Test Data

17



TABLE 1B

HIGH SPEED FILM DATA

Time Displacement
milliseconds ft
-39.8 -2.81
-29.8 -2.11
-19.9 -1.40
-10.0 -0.71
0 Impact 0
+10.0 +0.68
19.9 1.33
29.8 1.90
39.8 2.38
49.8 2.78
59.7 3.13
69.6 3.42
79.6 3.64
89.6 3.78
99.5 3.89
109.4 3.98
119.4 3.99
129.4 3.99
139.3 3.94
149.2 3.89
169.2 3.75
179.1 3.67
189.0 3.58
199.0 3.49

(Rebounds total of 7.5 feet)

18

Average Velocity

ft/sec

70.

70.

69.

71.

68.

65.

57.

48,

39.

35.

29.

21.

14.

11.

6|

70.6
Avg.
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APPENDIX C

Idealized Theory
Used in Predicting Stopping Distance

For Head-On Impact

23
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IDEALIZED THEORETICAL CALCULATIONS

FOR HEAD-ON COLLISIONS WITH

POLYURETHANT. FOAM IMPACT ATTENUATION BARRIER

First, some approximations will be made to simplify the calculations.

Keep in mind that these apoproximations do not represent real events, but

may permit predictions of acceptable accuracy.

Simplifying approximations:

1.

The vehicle-barrier interface is a plane rectangle of height, h,
perpendicular to the direction of motion.

The rectangular interface attains a maximum width, d, the width
of the vehicle.

The crush strength of the barrier is the average stress of the
polyurethane foam up to a strain of about 50%, taken from

Figure 2A. (Assuming the foam is deformed 50% or less.)

The sheet steel covering and the stabilizing posts are neglected
in the calculations.

The inertia forces required to accelerate and decelerate the

foam and covering are neglected.

24



RIGID PIER

VEHICLE BARRIER

d = Width of vehicle, ft.
r = Radius of curvature of barrier nose. ft
h = Height of barrier, ft.
X = Penetration from ititial contact, ft.
X1= Penetration when barrier contacts all of vehicle's nose, ft.
X max = Maximum penetration (stopping distance), ft.
S = Crush strength of polyurethane foam being crushed, Kips/ftz.
Fy = Restraining force on vehicle, Kips.
Ey = Energy absorbed up to penetration of Xj, Kip-ft.
E» = Energy absorbed from Xj to X, Kip - ft.
E =E] + Ezmax = Total energy absorbed, Kip-ft.
W = Weight of vehicle, Kip.
V = Initial velocity of vehicle, ft/sec.

g = Acceleration due to gravity, 32.2 ft/sec?.

25
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—_—— —

Area of interface = A = 2h\r? - (r - X)2 = 2h VZrX - %7

When X > X,

A = dh
Force = (stress)(area) = SA
2
(1) F, = 2Sh Vorx - x2 for X <r - {r? - %—
T\
dZ
= Shd , for X » r - {r? - Z_

If Xpax > X1 > the energy absorbed is:

(2) E=E + &

where r -\l r4 -
X1

Il
]

(3) Ey

and

(4) Ey

2
F, X -X;) = shd [x -r+\r? - %— ]

(We have assumed that 2r > d.)

26
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Integrating the right side of Equation 3,

X4 X,
1/ [ Y1/2
n, = 2Sh (2rx - x9)12 ax = 23h r? - (X - r)ZJ dx
UO 0
X
(\-\ e /‘{ \?\‘1/7
= 2hr | ll - {‘mi-—rvﬂ ¢
! i ;o
N | { J
0
, ” . 2\1/2
[X - X -
Let —\——-*5} = cos ©, then |1 - >L¥£} = sin 0O
. I o T
and X =71 (cos 8 + 1), dX = - r sin 0 d&
Putting these values in the equation,
VK X
B, = -2Shr? sin” 6 d8 = -Shr? (1 - cos 2 0) do
0 ]
i ) VX1 }X1
= B’ 49 - o sin 2 4] =  Shr? |sin 6 cos 6 - 9)
)O 0
= - T \
(x - r] . _W[rz - X - 1n? _ y2rx - x?
But cos 0 = |——— and sin 6 = ————"— = T
Lot r r
So
S|
. X - 1 — -1 -
By = Shr? HK-}—QL} N 2rx - x2 - cos {X - rJ
— 0
2
]'_ ar - r? - %—
-1 /X -~

= Sh

% - ) V25X T 52 - £ cos {

. | £

27
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Putting in the limits and simplifying,

L : A

Combining Equations 4 and 5, we have an expression for the total energy

[y

- - <
absorbed as a function of X. (for X > r - sz - %’ )
- - s ) < b ’ |
(8) E=E, +E, = Sh |2 cos L \‘—*—4—] _d 1/;" -4 + d \‘X~r+41jr2 - 40 |
1 2 ‘ L r J 2 4 L 4 l
|
The energy absorbed for X € r - ﬂz D as a function of X, isg:
| s, 1 (v |
N E = Sh | (X - 1) ”\erX - X* - r® cos 7 }

The theoretical stopping distance of a vehicle in head-on impact can be

calculated from the initial kinetic energy as follows (for Xp,y > T - vr/ -

Wy 7 B ( N -1 ‘(‘/\{rQ - I ) a A‘"'; E{? !
2 KE=E=E +E_ = Sh ir' cos l\___r ------- S L : +
r- !
: g 4’ )
Shd {Xmax -t + ir2 - J
or, solving for Xy« »
T AN 1
[ a2 o
W , -1 V- a2
Soen T | ¥ cos ‘Lv;—— ! - e - -/~—J F 4
_ gon . A L < T _ A2
(8) Xpax = - .

d
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For Test 505-64A,

W= 2.06 kips
V = 70.6 ft/sec

S = 3.88 kip/ft?

I".367

— + 2.75 - 1.14

r=2.75 ft
d = 5.0 ft
h = 3.0 ft
. 2 [ -
(2.06)(70.6)° 2 -1
e T e 2 s . 5 - . .
552 (268 (309 LS_.75) cos (0.415) - 2.5(1 144
Xmax = T, B
5.0
18.4 - 8.62 + 2.85
= S T b 161 = 415 ft.

5.0

The stopping distance determined experimentally is

Xax (Experimental) = 3.99 ft.

The barrier itself did not deform 3.99 ft., but rather 3.99 ft.

minus

vehicle deformation. However, the barrier is assumed to exert its

estimated force during vehicle deformation. For large penetrations, the

vehicle deformation should become a much smaller fraction of the total

travel.
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ALUMINUM ROADSIDE SIGN STRUCTURES MOUNTED

ON FRANGIBLE BASES
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This memorandum presents the results of the mathematical simulation
of vehicle collision with aluminum roadside sign structures mounted on
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Program on Structural Systems in Support of Highway Safety (4S Program).
The opinions, findings, and conclusions expressed in this report are

those of the authors and not necessarily those of the Bureau of Public
Roads.

January 9, 1970
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THE EFFECT OF VEHICLE COLLISION WITH ALUMINUM

ROADSIDE SIGN STRUCTURES MOUNTED ON FRANGIBLE BASES

INTRODUCTTION

An efficient modern highway requires having roadway signs that
relay information to the motorist in a clear and concise manner, and
current highway design concepts for multilane facilities have resulted
in the installation of sign supports near the edge of the traffic lane.
Due to their location, these signs constitute a safety hazard, and
collisions with these signs have caused serious injury and fatalities.

An obvious solution to the problem is relocation of the support.
This approach is sometimes not feasible, and the engineer must resort to
other means to alleviate the dilemma. A design that has already shown
considerable merit is the slip base type breakaway support that, upon
impact, disengages the post from the foundation. This generally accepted
design limits impact forces, but regard must be given to the possibility
of the structure falling on the vehicle and creating a hazardous secondary
situation for the vehicle occupants.

The purpose of this investigation was to evaluate the crash-dynamic
behavior of various aluminum sign post structure configurations mounted
on frangible bases having different impact characteristics. The base
force-deformation behavior was obtained from laboratory pendulum tests
performed by the Texas Transportation Institute, and the results used in
the study are presented in the Appendix. The dynamic response of the
vehicle and the structure was obtained with the aid of a mathematical

model.
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DESCRIPTION OF SIGN POST STRUCTURE

The aluminum signs and sign support configurations evaluated in
this study are typical of roadside sign structures proposed by the
State of Maine. These structures are depicted in Figs. 1 and 2 and
the complete post and sign description is given in Table 1.

In the mathematical simulation it was assumed that the frangible
bases deform by the amounts indicated in Figs. 3-6. These deformations
were obtained from accelerometer test data and represent the distance
the impacting ram used in the base fracture test moved after initial
contact with the base. This force-deformation idealization makes the
peak forces encountered in the larger bases quite great since the energy
for all bases must be dissipated for a relatively small value of base
deformation. The idealized curves also shown in Figs. 3-6 represent
the same base fracture energy as the experimental curves and were
necessary to obtain the input to the computer coding which assumes a

piecewise linear variation of base shear force.

GATHEMATICAL SIMULATION

Two mathematical models were employed in the study. The model
that yields the dynamic response of the single support structure assumes
four degrees of freedom and is basically a planer version of the three-
dimensional model that was employed in the analysis of luminaire support
structures. (1) This more recent model was coded in order to reduce the
computer time associated with the solution of a problem. A Runge-Kutta
aumerical integration scheme(Z) has also been added, making the program

more efficient.



The o del used to predict the behavior of the dual support structure

sumes two deg

ceg of fr

and idealizes tiie structure as being

hivgad at the center of the sign and capable of having only a rotation

effects of the sign and the support that is not

o

about this point. 1

impacted are lLumped inte & torsional spring constant as shown in Fig. 2.

t=

The vehicle is represented as a single-degree-of-freedom spring-mass

tem having a sprin fable stiffness. The rigid mass and its

velneity simulate the momentum of the vehicle and the energy absorbed
{s determined from the snring torce-deformation relationship. 1In the
study it was assumed that the spring constant was a function of the
vehiicle weight.  The collisions were considered to take place for a

vehicle approach angle of zevo.

"TON OF MATHEMATICAL MODEL

o order to verify the mathematical models, a full-scale crash

test was performed at the Texas Transportation Institute Research Anmez.

Tie test employed a sedan weighing 3550 lbs and the sign 1A.

-

the impact velocity was 29 mph. Additional data is given on page 37.

Table 2 and

results and indica ft is anticipated that the model

story results for wmost cases where the peak

will predict very salis

force encounterad in fracturing the base is not extremely large.

3
w

PISCUSSTION OF RESULT

The study revealed that for impacting velocities up to 45 mph, the

does not clear the vehicle. The sign 1B, being

3

single support structur
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taller and having a higher mass—center position than the sign 1A, has a
greater tendency to clear the vehicle and will probably do so at the
higher velocities. Figure 8 shows the response of sign 1B when it is
subjected to a 45 mph collision. Collisions by the lightweight (2500
1bs) vehicles traveling at slow speeds (15 mph or less) may be considered
hazardous as they cause the support structure to strike the windshield
area of the vehicle in a majority of the cases. This is duc to the fact
that at the slower speeds the post has a greater tendency to translate
and ride the front of the vehicle before falling on it. The effect is
more pronounced for collisions with the supports mounted on bases having
a high base fracture energy.

The results further revealed that a lightweight vehicle traveling
at speeds below 15 mph may be stopped when it collides with supports
mounted on bases having fracture energies of 10 ft-kips or greater.

This large change in velocity may have a severe effect on the vehicle
occupants, and such collisions could be interpreted as hazardous.

Collisions that cause the sign post to strike the top of the
vehicle will normally not be hazardous unless the structure is quite
massive or the contact is made near the windshield arca. 1If contact
is initially made in the windshield area, then it 1s conceivable that,
depending upon the rotation of the post, a secondary impact with the

hood or windshield by some other point on the post could occur.

Dual Support Structures
The results of the study of dual support structures disclose that,

for the cases investigated, only the slow moving vehicle encounters a
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secondary collision with the post. This secondary collision occurs in
the area of the windshield of the vehicle and may be interpreted as
hazardous. The deceleration rates and velocity changes at these slow
speeds are less than those obtained for the single support structures
impacted at the same velocity. This is due to the dual support structure
idealization and the high position of the assumed center or rotation.
Collisions at the higher vehicle velocities cause the post to
clear the vehicle. This is due to the large angular velocity that is
acquired by the relatively light support as a result of the vehicular
impact. The response of sign post structure 1C following impact by a

medium size vehicle at various velocities is depicted in Fig. 9.

Comparison

The results presented in the tables in the Appendix show that
the impact behavior of signs 1A and 1B is very similar. The higher
center of mass of sign 1A gives it more of a tendency to rotate and,
as a result, the rotation angle of the structure is greater when it
rotates and strikes the vehicle. 1In general, it can be said that
lowering of the center of mass of the structure will give the support
more of a tendency to translate horizontally and will increase the
vehicular change in velocity.

Signs 1C and 1D behave in much the same manner. The stiffer
torsional spring employed for sign 1C gives the structure a greater
rotational stiffness and its effect becomes more pronounced for
collisions of light vehicles with supports requiring the larger base

fracture energies. 1In the case of a heavier vehicle impacting at a
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Tow velocity the stiffer torsional spring of sign 1C causes the
support to encounter a secondary collision in the hood or windshield
arca, whercas sign 1D has its support strike the top of the vehicle.

A comparison of the single and dual support structures indicates
that greater vehicular velocity changes and deceleration rates will
be experienced when similar collisions involve the sign employing the
single support. This can partially be attributed to the different
sign geometric and inertia properties and the constraints imposed on
the idealized structure. They produce the effect of causing the single
support to stayv in longer contact with the vehicle, thus accounting for

the larger velocity changes.

GENERAL CONCLUSIONS

The genecral conclusions stated here will be based on the cases
investigated and a criteria that uses a vehicular velocity change of
11 mph as one that causes passenger injury.(3)

The conclusions may be summarized as follows:

Single Support Structures

1. Collisions by vehicles traveling up to 45 mph cause the

supports investigated to strike the vehicle.

1R

Collisions of a light weight vehicle traveling at speeds of

. S .1
approximately 15 mph may cause a hazardous condition™ when
they impact the large diameter support posts. This is based
on vehicular velocity changes of approximately 11 mph.

3. Medium and high speed collisions will cause the support to

1 A .
A hazardous condition is interpreted as one that could cause
assenger injury.

]
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strike the top or trunk areas of the vehicle. These cases

are not usually hazardous.

Dual Support Structures

1.

For the cases investigated, velocity changes remain below the
criteria established for a hazardous condition.

Low speed collisions (15-20 mph) will normally give rise to a
secondary collision in the vicinity of the hood or windshield
area. However, these collisions are not necessarily hazardous
as the post will not come through the windshield after the
secondary collision takes place.

Medium and high speed collisions cause the post to clear the
vehicle and the vehicular velocity changes remain within

tolerable limits.

Tt should be emphasized that the assumption of the post and sign

remaining fastened together during impact has been made. If the

connections are not rigid enough, it is possible for the post and the

sign to detach and possibly create an additional hazard as secondary

collisions with both the post and sign would be encountered.
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FIGURE I. SIGN CONFIGURATIONS USED IN STUDY
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* | : RAD.
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1
by
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SIGN ID

FIGURE 2. IDEALIZATIONS OF SIGNS IC AND ID
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initial Reference line

VEHICLE VELOCITY= 29 mph
289 ft.—~kips Base

------ Model
Test

SIGN 1A -

FIGURE 7. COMPARISON OF MODEL AND CRASH
TEST RESULTS
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INITIAL REFERENCE LINE VEHICLE VELOCITY = 45 mph

2.89 ft-kips BASE
BASE
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g

X

FIGURE 8. TYPICAL IMPACT RESPONSE OF SIGN POST STRUCTURE
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»
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I

.
VvV =30 MPH ﬁ POST HITS TOP OF VEHICLE
<3
Vi=45 MPH POST CLEARS VEHICLE
] L

/

*
INITIAL VEHICLE VELOCITY

FIGURE 9. TYPICAL IMPACT RESPONSE OF SIGN POST
STRUCTURE
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|

SIGN 1A
Post 6" x 3/16"T 8" x 1/4" | 10" x 1/4" | 12" x 1/4"
Post Height (ft) 12.0 12.0 12.0 12.0
Post Weight (1lbs) 52.5 93.1 110.3 132.9
K* (ft) 8.2 7.7 7.6 7.4
Base Fracture Fnergv (ft-kip) 2,89 5.25 8.6 9.7
SIGN 1B
| Post 6" x 3/16" 8" x 1/4" 10" x 1/4" 12" x 1/4"
Pogt Height (ft) 16.0 16.0 16.0 16.0
;ﬁost Veight (1bs) 70.0 124.1 147.1 177.2
K# (fr) 9.9 9.5 9.4 9.2
Base Fracture Energy (ft-kip) 2.89 5.25 8.6 9.7
SIGN 1C
| Post 6" x 3/16" 8" x 1/4" 10" x 1/4" 12" x 1/4"
| J——
iPost Height (ft) 16.0 16.0 16.0 16.0
'Post Weight (1bs) 70.0 124.1 147.1 177.2
LK (FE) 11.5 11.5 11.5 11.5
i Base Fracture Fnergy (ft-kip) 2.89 5.25 8.6 9.7
SIGN 1D
|
Post 6" x 3/16" 8" x 1/4"™ | 10" x 1/4" 12" x 1/4"
Post Height (ft) 13.0 13.0 13.0 13.0
Post Weight (1bs) 56.9 101.0 119.5 144 .0
PR (FE) 10.0 10.0 10.0 10.0
§t1?€ Fracture Energv (ft-kip) 2.89 5.25 8.6 9.7
*Tor center of gravity of post and sign (Fig.1l)
+¥nr assumed center of rotation of idealized structure (Fig. 2)

+Pipe diameter and wall thickness, respectively

TABL®

1.

POST PROPERTIES FOR SIGNS
USED IN STUDY

19
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Average

Initial Change in Post-Vehicle Vehicle
Velocity Velocity Contact Time Deceleration
(mph) (mph) (sec) (g's) Remarks
Sign post rotates 105°
and hits top of wvehicle
TEST 29.0 2.7 0.084 1.47 10.75 ft from front
bumper. Total time of
the event is .338 sec.
Sign post rotates 105°
and hits top of vehicle
MODEL 29.0 2.5 0.084 1.33 10.25 ft from front
bumper. Total time of
the event is .318 sec.
Table 2. Comparison of Model and Crash Test Results

88E "
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Change

Initial in Duration Average

chicie Vehiicle Venicle of Venicle

feloh Velocity Velocity Collision Deceleration Remarks

{ibs (mph) (mph (sec) (G's)

2500 15 5.0 0.121 1.9 Post hits top of -
vehicle L= 0.8 {t

2500 30 2.9 G.091 1.4 Post hits top of
vehicle. L = 10.9 ft

2500 45 2.3 0.080 1.3 Post hiits top of
vehicle. L = 12.6 ft

3500 i5 3.4 0.124 1.3 Post hits top of
vehicle. L = 7 ft

3500 30 2.5 0.084 1.3 Post hits top of
vehicle. L = 10.4 {t

3500 45 2.1 0.069 1.4 Post hits top of
veliicle., L = 12.2 ft

5000 15 1.9 0.098 0.9 Post hits top of
vehicle., L = 7.3 ft

5000 30 1.3 0.072 0.8 Post hits top of
vehicle. L = 10.5 1t

5000 45 1.1 0.066 0.7 Post hits top of
venicle., L = 12.4 ft

(a)

1
i

ESULTS FOR SIGN 1A WITH BASE

T
E ENERGY OF 2.89 FT-KIPS

FOR 6 INCH POST

is the distance f{rom front bumper of venicle to point where support hits

68€ "4
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Change
Initial in Duration Average
Vehicle Vehicle Vehicle of Vehicle
Weight Velocity Veliocity Collision Deceleration Remarks

(1bs) (mph) (mph) (sec) (G's)

2500 15 5.7 0.199 1.3 Post hits windshield
area of vehicle.

2500 30 4,7 0.053 4.0 Post hits top of a
vehicle., L = 9.5 ft

2500 45 4.4 0.039 5.2 Post hits top of
vehicle. L = 10 ft

3500 15 3.7 0.146 1.2 Post hits top of
vehicle. L = 7 ft

3500 30 3.5 0.099 1.6 Post hits top of
vehicle. L = 10 ft

3500 45 3.6 0.037 4.4 Post hits top of
vehicle. L = 11.5 ft

5000 15 3.4 0.132 1.2 Post hits top of
vehicle. L = 7.5 ft

5000 30 2.3 0.094 1.1 Post hits top of
vehicle. 1L = 10.2 ft

5000 45 2.6 0.036 3.3 Post hits top of
vehicle. L = 12 ft

(a) L is the distance from front bumper of vehicle to point where support hits

TABLE 4.

FOR 8 INCH POST

RESULTS FOR SIGN 1A WITH BASE
FRACTURE ENERGY OF 5.25 FT-KIPS

06€ 4
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Change

Initial in Duration Average
Vehicle Vehicle Vehicle of Vehicle
Weight Velocity Velocity Collision Deceleration Remarks

(1bs) (mph) (mph) (sec) (G's)

2500 15 8.8 0.130 3wl Post hits windshield
area of vehicle.

2500 30 5.0 0.111 2.0 Post hits top of A
vehicle. L = 9 ft

2500 45 5.9 0.048 5.6 Post hits top of
vehicle. L = 9 ft

3500 15 7.4 0.127 2.6 Post hits top of
vehicle. L = 6.8 ft

3500 30 4.4 0.098 2.0 Post hits top of
vehicle. L = 10 ft

3500 45 3.5 0.099 1.6 Post hits top of
vehicle. L = 11 ft

5000 15 5.4 0.140 1.8 Post hits top of

' vehicle. L = 7 ft

5000 30 345 0.091 1.7 Post hits top of
vehicle. L = 10 ft

5000 45 2.9 0.086 1.5 Post hics top of
vehicle. L = 11.8 ft

(a) L is the distance from front bumper of vehicle to point where support hits

TABLE 5.

FOR 10 INCH.POST

RESULTS FOR SIGN 1A WITH BASE
FRACTURE ENERGY OF 8.6 FT-KIPS

T6€"d
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Change
Initial in Duration Average
Vehicle Vehicle Venicle of Vehicle
Weight Velocity Velocity Collision Deceleration Remarks
(1bs) (mph) (mph) (sec) (G's)
2500 15 9.2 0.153 2.7 Post hits windshield
area of vehicle.
2500 30 7.0 0.057 5.6 Post hits windshield
area of vehicle.
2500 45 6.8 0.044 7.0 Post hits top of a
vehicle. L = 7.0 ft
3500 i5 7.7 0.136 2.6 Post hits windshield
area of vehicle.
3500 30 5.1 0.057 4.0 Post hits top of
vehicle., L = 7.0 ft
3500 45 4.7 0.040 5.4 Post hits top of
vehicle. L = 7.6 ft
5000 15 6.0 0.150 1.8 Post hits top of
vehicle. L = 7.0 ft
5000 30 3.7 0.058 2.9 Post hits top of
vehicle. L = 9.0 ft
5000 45 3.8 0.038 4.6 Post hits top of
vehicle. L = 10.0 ft
(a) L is the distance from front bumper of vehicle to point where support hits

TABL

E 6. RESULTS FOR SIGN 1A WITH BASE

FRACTURE ENERGY OF 9.7 FT-KIPS

FOR 12 INCH POST

z6¢"



Change

Initial in Duration Average
Vehicle Vehicle Vehicle of Vehicle
eight Velocity Velocity Collision Deceleration Remarks
(ibs) (raph) (wmph) (sec) (G's)
2500 15 5.5 0.129 1.9 Post hits top of
. . N a
vehicle., L = 9.8 ft
2500 30 3.1 0.086 1.7 Post hits trunk
area ol venicle.
2500 45 2.6 0.084 1.4 Post hits trunk
arca of venicle.
3500 15 3.8 0.13% 1.2 Post hits top of
vehicle L = 10.2 ft
3500 30 2.7 (G.092 1.3 Post hilts trunk
area of vehicle.
3500 45 2.1 0.079 1.2 Post hits trunk
arca of vehicle.
5000 15 1.9 0.104 0.8 Post hits top of
vehicle., L = 10.7 ft
5000 30 1.3 0.076 0.7 Post hits trunk
area of vehicle.
5000 45 1.2 0.074 0.7 Post nhits trunk
area of venhicle.

(a) 1L is the distance from front bumper of vehicle to point where support hits

TABLE 7. RESULTS TOR SICN 1B WITH BASE
FRACTURE ENERGY OF 2.89 FT-KIPS
FOR 6 INCH POST

|
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Change

Initial in Duration Average
Vehicle Vehicle Vehicle of Vehicle
Weight Velocity Velocity Collision Deceleration Remarks

{1bs) (mph) (mph) (sec) {G's)

2500 15 6.4 0.140 2.1 Post hits top of N
vehicle., L = 9.0 ft

25C0 30 5.0 0.055 4.1 Post hits top of
vehicle. L = 12.0 ft

2500 45 4.7 0.040 5.4 Post hits trunk
arca of vehicle.

3500 15 4.0 0.153 1.2 Post hits top of
vehicle. L = 10.0 ft

3500 30 3.9 0.062 2.9 Post hits trunk
area of wvehicle.

3500 45 3.9 0.038 4.6 Post hits trunk
arca of wvehicle.

5000 15 3.8 0.137 1.3 Post nits top of
veniele. L = 10.0 1t

5000 30 2.4 0.093 1.2 Post hits trunk
area of vehicle.

5000 45 2.6 0.038 3.1 Post hits trunk
area of vehicle.

(a) L is the distance from front bumper of vehicle to point where support hits

TABLE &. RESULTS FOR SIGN 1B WITH
FRACTURE ENERGY OF 5.25 FT-KIPS

FOR

3 INCH POST

s
i

BASE
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Change
Initial in Duration Average
Vehicle Vehicle Vehicle of Vehicle
Weight Velocity Velocity Collision Deceleration Remarks
(ibs) (mph) (mph) (sec) (G's)
2500 15 9.7 0.162 1.6 Post hits windshield
area of vehicle.
2500 30 6.4 0.073 4.0 Post hits top of
<. a
vehicle. L = 10.3 ft
2500 45 6.5 0.050 5.9 Post hits top of
vehicle. L = 10.5 ft
3500 15 8.1 0.162 1.2 Post hits top of
vehicle, L = 9.0 ft
3500 30 4.7 0.106 2.0 Post hits trunk
S area of vehicle.
3500 45 5.0 0.049 4.7 Post hits trunk
area of vehicle.
5000 15 5.5 0.157 1.6 Post nits top of
vehicle., L = 10.0 ft
_ 5000 30 3.6 0.105 1.6 . Post hits trunk area
of vehicle.
5000 45 3.6 0.055 3.0 Post hits trunk area
of wvehicle.
(a) L 1is the distance from front bumper of vehicle to point where support hits

TABLE
F

g
RA

. RESULTS FOR SIGN 1B WITH BASE
CTURE ENERGY OF 8.6 TFT-KIPS
FOR 10 INCH POST
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Change

Initial in Duration Average
Vehicle Vehicle Vehicle of Vehicle
Weight Velocity Velocity Collision Deceleration Remarks

(1bs) (mph) (mph) (sec) (G's)

2500 15 10.0 0.168 2.7 Post hits windshield
area of vehicle.

2500 30 7.5 0.059 5.8 Post hits top of
vehicle. L = 7.5 ft°

2500 45 7.4 0.046 7.4 Post hits top of
vehicle. L = 8.5 ft

3500 15 8.5 0.162 2.4 Post hits windshield
area of wvehicle.

3500 30 5.8 0.058 4.5 Post hits top of
vehicle. L = 11.0 ft

3500 45 5.3 0.042 5.8 Post hite top of
vehicle. L = 12.0 ft

5000 15 6.2 0.157 1.8 Post hits top of
vehicle. L = 8.0 ft

5000 30 4.2 0.065 2.9 Post hits trunk
area of vehicle.

5000 45 4.1 0.040 4.7 Post hits trunk

area of vehicle.

(a) L is the distance from front bumper of vehicle to point where support hits

TABLE 10. RESULTS FOR SIGN 1B WITH BASE
FRACTURE ENERGY OF 9.7 FI-KIPS
FOR 12 INCH POST

96¢€ "4



-

6

Change

Ty :

LTS U100 Avas)

AOLAT RS

r
st

IS

L
<
2]
(@]
<
<
Y]
w1
b
N

[\
L
<
<
s
i
[
[
O
o
~
o
it
I~

3500 15 2.3 2,120 0.9 aits hood area
or vehicle.

35090 30 1.5 U.5 Post hits top of
venicle.

3500 45 1.7 0.071 1.1 Post has cleared
thae veniaole.

5000 15 1.6 C.uu4 0.8 Pogit hits hood
of wvendicle.

5000 30 1.1 0.0069 0.7 Post hits top
vehicle.

5000 45 1.2 0.067 0.8 Post has

ared
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TABLE 11. RESULTS FOR SIGN 1C WITiI BASE
FRACTURE ENDRGY OF 2.89 FI-KIPS
FOR 6 INCH POST
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Chauge

Initial in buration Averagze
Vehicle Vehicle Vehicle of Vehicle
Weight Velocity Velocity Collision Deceleraticn Remarks

(1bs) (mph) (mph) (sec) (G's)

2500 15 4ok 0.126 1.6 Post hits hood area
of vehicle.

2500 30 2.6 0.050 2.4 Post has cleared
the wvehicle,

2500 45 3.2 G.046 3.7 Post has cleared
the vehicle.

3500 15 3.0 0.134 1.0 Post hits hood area
of vehicle.

3560 30 1.9 0.056 1.5 Post has cleared
the vehicle.

3500 45 2.3 0.038 2.7 Post has cleared
the vehicle.

5000 15 2.2 0.127 1.0 Post hits hood area
of vehicle.

5000 30 1.3 0.085 1.0 Post has cleared
the vehicle.

5000 45 1.6 0.038 1.9 Post has cleared

the venhicle.

TABLE 12. RESULTS FOR SIGN 1C WITH BASE
FRACTURE ENZRGY OF 5.25
8 INCH POST

FOR

~KIPS

-3
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Change

Initial in Duration Average
Vehicle Vehicle Vehicle of Vehicle
Weight Velocity Velocity Collision Deceleracion Remarks
(1bs) (mph) (mph) (sec) (G's)
2500 15 5.7 0.150 1.7 Post hits hood area
of vehicle.
2500 30 3.6 0.065 2.5 Post has cleared
the vehicle.
2500 45 4.1 0.045 4.2 Post has cleared
the vehicle.
3500 15 4.0 0.145 1.3 Post hits hood area
of vehicle.
3500 30 2.6 0.090 1.3 Post has cleared
the vehicle.
3500 45 3.0 0.044 3.1 Post has cleared
the vehicle.
5000 15 2.8 0.142 1.0 Post hits hood area
of vehicle.
5000 30 1.8 0.091 1.0 Post has cleared
. the vehicle.
5000 45 2.1 0.050 2.0 Post has cleared

the vehicle.

TABLE 13. RESULTS FOR SIGN 1C WITH BASE

FRACTURE ENERGY OF 8.6 FT-KIPS
FOR 10 INCH POST

66€°d
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Change

Initial in Duration Average
Vehicle Vehicle Vehicle of Vehicle
Weight Velocity Velocity Collision Dececleration Kemarks
(1bs) (mph) (mph) (sec) (G's)
2500 15 9.5 0.152 2.5 Post hits hood area
of vechicle.
250C 30 5.2 0.055 4.3 Post has cleared
the vehicle.
2506 45 5.2 0.045 5.3 Post has cleared
the vehicle.
3500 15 5.2 0.156 1.5 Tost nits hood srea

of venicie.

3500 30 3.8 0.052 3.3 Post has cleared

the vchiclie.

3500 45 3.8 0.040 4.3 Post has cleared
the vehiicle.
5000 15 3.6 C.144 1.1 Post hits windshield
area of wchicle,
5000 30 2.7 0.060 2.0 Post has cleared
thie vehiclie.
5000 45 2.7 0.040 3.1 Post has cleared

the vehicle.

TABLE 14. RESULTS FOR SIGN 1C WITH BASE
FRACTURE ENERGY OF 9.7 FT-KIPS
FOR 12 INCH POST
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Change

Initial in

Vehicle Vehicle

Velocity Velocity
{(mph) (mph)

Deceleration

R
MArKSs

o
©

15 2.9

30 J1.¢

1.7

I~
wr

hits windshield

area of wvenicle.
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15 1.5

30 0.9

45 0.9

its windshield
of vehicle.

has cleared

tie vehicle.

ost has cleared
the vehicle.

TABDLE 15

FRACTURE ENERGY

RESULTS FOR SIGN 1D WITH BASE
.89 FT-KIPS

Tow®
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initisl . Duration Averags
Vehic Venicle Vehicie of Vehicle
Weigh Velocity Velocity Collision Deceleration Remarke

{1bs {(mph) (mph) {sec) (G's)

2500 15 4.7 0.179 1.2 Post hits hood area
of vehicle.

250C 30 1.9 0.050 1.7 Post has cleared
the vehicle.

2500 45 1.8 0.038 2.2 Post has cleared
the vehicle.

3500 15 3.2 0.130 1.1 Post hits windshield
area of vehicle.

3500 30 1.4 0.090 1.0 Post has cleared
the vehicle.

3500 45 1.3 0.037 1.6 Post has cleared
the vehicle.

5000 15 2.3 0.119 1.0 Post hits windshield
area oi vehicle.

5000 30 1.0 0.086 0.5 Post has cleared
the vehicle.

5000 45 1.0 0.036 1.2 Post has cleared

the vehicle.

TABLE

16. RESULTS FOR SIGN 1D WITH BASE
FRACTURE ENERGY OF 5.25 FT-KIPS
FOR 8 INCH POST
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Vehicle
Weight

\( 1bs )

nitial

Vehicle

Velocity
(mph)

Duration

o1

LENAYa)

2500 15 5.9 0.115 2.3 Post nhits hood ares
of vehicle.

2500 30 2.9 G.100 1.3 Post has clearved
the vehicle.

2500 45 2.5 0.042 2.7 Post has cleared
the venicle.

3500 15 4.1 0.112 1.7 Post hits hood area
of vehicleoe.

3500 30 2.1 0.085 1.1 i eared

0.082 0.8

0.077 0.7

Post has cleared
the vehicle.

TABLE

1.7 RESULTS TOR SIGN 1D Wi
B J ENERGY ¢F 8.6 FT-RIPS

FOR

BASE



2500 13 )
00 30

2500 45

3500 15

3500 30
00 45

=

Post has ¢l

the wvehicle.

Post

area of veniclc.

Post basg clearved
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TEST 505 SS-A

This test of a frangible aluminum sign support was conducted on November 25,
1969. A 1959 Ford weighing 3550 1lbs impacted the sign head on. The sign
rotated through approximately 105° before striking the top of the vehicle.
The following data has been compiled:

Vehicle Data
1959 Ford sedan

Make and model

Weight = 3550 1lbs
Residual deformation
Front = 8 in.
Top = 2 in. 6
Pole diameter = 6 in. T P
Pole height = 12 ft 5
Sign width = 6 ft l 12.17
Sign height = 5 ft
Overall height = 12.1 ft |
Location of cg = 4.1 ft from top of sign i
Overall weight = 148 1bs
TFilm Data
Initial speed = 29.0 mph
Final speed = 26.3 mph
Time in contact = 0.084 sec
Distance in contact = 3.32 ft
Energy lost during contact = 17.9 Kip-Tt
Pole horizontal 2 feet above roof, 0.304 105°

seconds and 11.7 feet after impact.

Pole recontacts vehicle (roof), 0.338
seconds and 13.0 feet aftrer impact
(after rotating through 105°).

Accelerometer Data

Peak deceleration

Left frame 4.1 g's

Right frame = 4.8 g's
Average deceleration

(over 0.071 seconds)

Left frame = 2.0 g's

Right frame = 2.1 g's

37
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TECHNICAL MEMORANDUM 505-8

Texas Transportation Institute
Texas A&M Research Foundation

ENERGY-ABSORBING BRIDGE RAIL

(FRAGMENTING TUBE)

A Tentative Progress Memorandum on Contract No. CPR-11-5851

U. S. Department of Transportation
Federal Highway Administration
Bureau of Public Roads

By
T. J. Hirsch
Research Engineer and Principal Investigator
Arthur J. Stocker
Assistant Research Engineer
and

Don L. Ivey
Associate Research Engineer

Crash tests and evaluations were conducted under the Office of

Research and Development, Structures and Applied Mechanics Division's
Research Program on Structural Systems in Support of Highway Safety
(4S8 Program). The opinions, findings, and conclusions expressed in
this report are those of the authors and not necessarily those of the
Bureau of Public Roads.

February 1970
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INTRODUCTION

Personnel of the Texas Transportation Institute conducted a series
of four vehicle crash tests to evaluate an energy-absorbing bridge rail
which was designed in a joint effort by engineers of the Bureau of
Public Roads and those of the Southwest Research Institute. It is pos-
sible to design a backup rail to retain a selected heavy vehicle. How-
ever, this was not attempted in the bridgerail which was constructed
and, for convenience, the basic components of the Texas Tl bridgerail
were used for the backup rail.

This energy-absorbing system is a blocked-out six by six box beam
guardrail, attached to 6 W 25 support posts as shown in Figures 1 and
3. The blocking out of the box beam is accomplished at each W support
point by a guide tube and a fragmenting (energy-absorbing) tubel. The
thin aluminum fragmenting tube is rigidly connected to the six by six
box beam. It is not rigidly connected to the W post, but fits into a
die which is attached to the post. Under lateral load, the fragmenting
tube is forced onto the die and progressively breaks into small segments
at a predictable load level. The bridge guide tube acts to prevent
movement of the box beam in a longitudinal and vertical direction, but
s1ips through its support on the W post to allow lateral movement of
the box beam. The box beam is then capable of lateral deformation {up
to a distance of approximately 18 inches) under the loads imposed by
an impacting vehicle. After 18 inches of lateral movement, the box
beam comes into contact with the rigid W support posts which develop

a high level of lateral restraint.

1 . . .
Superscript numbers refer to corresponding numbers in Selected References.
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TEST PROGRAM
General

Four tests were conducted to determine the capabilities of this
bridge rail-guardrail system. Three of the tests were against the
box beam rail at a post point or between posts with vehicles varying
in weight from 1560 1lbs to 4720 1bs. A fourth crash was made at a
point in the guardrail section to test the transition area between the
guardrail and bridge rail. Vehicle weight for the fourth test was
3270 1bs. A plan view of the test installation and summary of the
four tests are given by Figure 2,

For the purpose of documentation and data reduction, a total of
seven (7) cameras was used. One Hycam motion picture camera, operating
at 500 frames per second, photographed the impact point perpendicular
to the vehicle line of approach; while a second, similar camera was
focused on the impact point perpendicular to the bridge rail. A Fastax
camera, operating at 500 frames per second, was positioned in line with
the rail at one end to record vehicle deflection parallel to the rail
and to record rail deformation. An overhead, high-speed Photosonics
camera gave a view of the vehicle movement at impact on tests A and D.
Documentary cameras, operating at from 32 to 128 frames per second,
provided documentary coverage of each test.

Impact velocities were determined electronically as well as photo-
graphically. A pair of tape switches was placed so that they would be
crossed by the right front wheel of the vehicle just before impact with
the bridge rail. The time between actuation of the first and second
switch was measured electromechanically, permitting the speed to be

calculated.
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Accelervmeter data and time-displacement tables from the high-speed
films ¢an be found in the Appendix. The accelerometer traces shown were
obtained through a 20 HYZ low-pass filter to eliminate the effects of

"ringing" and other noise, he unfiltered data is available.

Figure 1 shows a ¢resz-soction through the bridge deck. The
following is o parts Tisting of the hardwsre in the system, with basic

dimensions of each, 2ad overall bridge vail dimensions.

Bridge Rail

Box beam rail 3/16" x 6" x 6"
Fragmenting tube (2024T3 aluminum) 3" 0.D. x 0.120 wall
Guide tube /4" x 2" =% 3"
Post 6 W 25

Post base plate 1" ox 9-1/2" x 10"
Post to slab bolts 7/8"

Plate under slab 1/4" % 8" x 9"
Top of post channe! 8"-11.5 1b

Rub rait 4" SCHD 40 pipe
Bridge deck to top of box beam 27"

Bridge deck cto tep of channel on post 29-9/16"

Front of post to front of box heam 26"

Fragmenting tube length 19"

Guardrail

Box beam rail 3/16" x 6" x 6"
Line post 3" 1 5.7 1b
Line post stabiliring plate 1/4™ x 8" % 24"
tround to top of box bean 27"
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The first test i<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>