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A LOW-MAINTENANCE, ENERGY-ABSORBING BRIDGE RAIL
ABSTRACT

A low-maintenance, energy-absorbing bridge rail has been developed for
use in high traffic volume situations where the cost of repairing
conventional bridge rails has become prohibitively expensive. The new
bridge rail is designed to meet or exceed current bridge rail design
guidelines. The new bridge rail incorporates structural steel tube
railings and posts and high strength rubber energy absorbers. The new
bridge rail is designed to be installed on new or existing standard bridge
decks. Results of crash teéts show that the bridge rail can smoothly
redirect a 4500 1b (2043 kg) automobile impacting with a velocity of 60
'mph (96.6 km/hr) and an angle of 25° and remain in service with no
maintenance. If exposed to a more severe impact, the bridge rail may have
to be repaired, but the bridge deck will remain undamaged. Finally, the
new energy-absarbing rail occupies less bridge deck area than conventional
bridge raits.
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A LOW-MAINTENANCE, ENERGY-ABSORBING BRIDGE RAIL

INTRODUCTION
Bridge rails currently in use are 'capab1e of smoothly redirecting
errant automobiles., However, virtually all types of bridge rails require
some type of repair when they are subjected to moderate-to-severe
impacts. The types of damage normally incurred include damage to the
bridge rail, bridge rail posts, and bridge deck. The damage is more
prevalent with metal bridge rails, but even concrete parapet bridge rails
are susceptible to damage when exposed to severe impacts. In many cases,
the costs associated with bridge rail repair can be greater than the
original installation costs. The repair and maintenance costs can become
overwhelming on high volume, multilane expressways where bridge rails are
- subjected to a greatly increased risk of impact. There is a need for an
alternative bridge rail which can redirect errant automobiles without
damage. . ' '
The research reported herein was directed toward development of a
low-maintenance, energy-absorbing bridge rail which meets or exceeds
current bridge rail design criteria. The bridge rail developed
incorporates structural steel tube railing and post members, and rubber
energy absorbers, Further, the bridge rail is designed to be installed on
‘standard Texas State Department of Highways and Public Transportation
(SDHPT) bridge decks. No special deck reinforcement 1is required.
Therefore, the bridge rail can be installed on either new or existing
bridge decks.



DEVELOPMENT OF THE ENERGY-ABSORBING BRIDGE RAIL

The objective of the research. presented in this report was to develop
an energy-absorbing bridge rail that conforms to current bridge rail
design standards and that can withstand the impact of a 4500 1b (2043 kg)
automobile traveling with a velocity of 60 mph (96.6 km/h) and impacting
at an angle of 25° with no damage to the rail. Further, it was desired to
develop a bridge rail that can be installed on either new or existing
bridge decks. Development of the energy-absorbing bridge rail involved a
study of related bridge rail test results, a conceptual design of the
bridge rail, and static testing of critical components.

Previous Research _ , '

Results of crash tests on different types of conventional bridge
rails show that current deck-to-post and deck-to-concrete parapet
connections are not capable of trahsferring the loads associated with
severe automobi]e impacts without significant damage to either the bridge
rail or the bridge deck (7,8). This was found to be the case with both

.steel and concrete bridge rails. Further, it was found that the
" accelerations associated with vehicles impacting the conventional bridge
rails often exceed the Timits set forth in NCHRP Report 230 (2).

One way to improve the performance of bridge rails is to incorporate
an energy-absorbing mechanism. Results of previous studies show that
‘vehicular accelerations during impact can be reduced and that the
magnitudes of the forces transferred to the bridge slab can be attenuated
through the use of an enérgyuabsorbing bridge rail (9,10,11,12). However,
the initial costs associated with the different types of energy-absorbing
bridge rails surveyed are much higher than the initial costs associated
with conventional bridge rails. In addition, ﬁone of the energy-absorbing
'bridgé rails surveyed were maintenance free foilowing the large automobile

“crash test., Finally, none of the energy-absorbing rails surveyed can be
attached to a standard bridge deck. Therefore, the previously developed
energy-absorbing bridge rails have not gained widespread acceptance.

New Bridge Rail ,

The decision was made early in this project to develop an energy-
absorbing bridge rail which employs a stiff rail that is supported at
regular intervals by flexible energy-absorbing supports. Figure 1




Energy Absorber

4 - Bridge Raii

Vehicle Trajectory

Figure 1. Idealized Energy-Absorbing Bridge Rail.



presents an idealized section of the proposed energy-absorbing bridge
rail. This arrangement allows impact forces to be spread over a greater
distance along the length of the bridge rail than conventional bridge rail
systems which employ flexible rail sections and stiff posts. Therefore,
more of the bridge deck is brought into action to resist impact forces.

Conceptually, . the brfdge rail could be made of either concrete or
steel. The researchers opted to use a bridge rail which is made of two
square structural steel tubes which are stacked one on top of the other
and skip welded along their length. This type of bridge rail is very
stable, and it is not susceptible to local crushing or buckling prior to
development of its full plastic flexural capacity. Similar rails have
been used in two other recent TTI projects (3,4).

In previously developed energy-absorbing bridge rails, the
energy-absorbing element has been a steel member which absorbs energy by
either crushing or deforming (9,10,11,12). The researchers chose to use
rubber energy absorbers in development of the bridge rail presented
herein. The rubber energy absorbers used are primarily manufactured to be
dock fenders in marine applications. Rubber energy absorbers of this type
are available from a wide variety of different manufacturers. The rubber
is highly resilient, it remains elastic when subjected to large strains,
and it is resistant to the elements of nature., Further, it is readily
available in a wide range of different geometries. A cylindrical rubber
energy absorber was chosen for the current application,

To complete the system, the energy absorbers have to be supported in a
manner that allows the impact loads to be transferred into the bridge
deck. There are several different ways 1in which this could be
éccomp1ished. One way would be to mount the energy absorbers to the face
of a concrete parapet. This option would be acceptable if the rail were
to be mounted on a new bridge, but this approach would be prohibitively
expensive for a retrofit operation. Therefore, the researchers chose to
support the rubber energy absorbers with steel posts.

Conventional steel bridge posts are welded to a base plate which is
attached to the bridge deck with anchor bolts, Previous tests on



conventional bridge posts show that the bridge deck is severely cracked
and spalled before the post reaches its full potential (17). As a result,
severe damage is often done to the bridge deck in even moderate impacts.
As stated earlier, one of the major objectives of this project was to
prevent damage to the bridge deck. To accomplish this, a new bridge post
design was deve]opéd. .

Figure 2 represents a sketch of the new bridge post developed for this
project, The bridge post is attached to the deck with three bolts which
pass through the deck. The mounting holes in the bridge deck can be cast
during construction or they can be drilled after'constructfan. When the
post is subjected to a lateral force, both a shear force and a moment must
be transferred into the bridge deck. The post is designed so that the
bolt furthest from the edge of the slab transfers the shear into the
. deck. This is accomplished by control of the mounting hole tolerances.
The moment is transferred into the deck through a couple which develops
between the inboard contact force and the tensile forces in the two bolts
near the edge of the deck. The inboard force is transferred to the bottom
‘of the deck through a neoprene bearing pad. The outboard force is
transferred to the top of the deck through base plates which rest on
neoprene bearing pads. In both cases the load experienced by the bridge
deck is a compressive load as shown in Figure 3. The magnitudes of the
contact stresses are controlled by the sizes of the bearing areas. ’

The weight of the rail is supported by a rectangular tube which passes
through the center of the cylindrical energy absorber and through a
~ sleeved opening in the post as shown in Figure 2, During installation of
the bridge rail the energy absorber is compressed slightly and striker
plates are attached to the back side of the support tube with bolts. The
entire assembly is then held firmly in place by the compressive force
locked into the energy absorber. The sleeved opening is larger than the
support tube so that when the rail is subjected to an impact force with a
lateral component, the force is transferred to the post ‘through the energy
absorber as the support tube passes freely through the post.

In selecting the final member sizes for the energy-absorbing bridge
rail, the researchers relied on structural analysis techniques for beams
on elastic foundations, results generated using the BARRIER VII crash
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Figure 2. Energy-Absorbing Bridge Post.
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Bridge Deck

Bridge Post

Section A-A

Figure 2. Energy-Absorbing Bridge Post.
(continued) S



simulation progbam {(5), results of selected static tests, and ehgineering
judgment. Based upon these considerations, the bridge rail was fabricated
with 6 x 6 x 1/4 in, (152 x 152 x 6.4 mm) structural tubes, and the bridge
posts were fabricated with 7 x 7 x 1/4 in. (178 x 178 x 6.4 mm) structural
tubes. The cylindrical rubber energy absorbers chosen had 8 in, (203 mn)
outer diameters, 4 in. {102 mm) inner diameters, and were 10-1/2 in, (267
mm) long. Figure 4 presents a view of the prototype energy-absorbing
bridge rail. Complete fabrication details of the final enargy-absorbing
bridge rail are presented in Appendix A.

It is estimated that the energy absorbing bridge rajl incorporates
approximately 76 1b of steel per linear foot, This is about twice the
amount of steel that is normally used in standard metal bridge rails. The
cost associated with the steel fabrication will vary with the suppiier,
but it is reasonable to assume that the cost would be in proportion to the
weight of the steel. The actual cost of the energy absorbers used in the
prototype bridge rail was about $4,50 per linear foot of bridge rail. The
energy absorbing bridge rail requires 16 to 20 in. less bridge deck width
than standard metal rails, This could result in direct cost savings with
new installations., Further, if the energy absorbing rail is installed on
an existing bridge deck, 16 to 20 in. of usable bridge deck width will be
returned to service. It is difficult to quantify the savings associated
with using less bridge deck, but fhese savings should be taken into
account when evaluating the overall cost of an energy absorbing bridge
rail installation. Finally, discussions with SDHPT engineers suggest that
the maintenance costs associated with standard metal bridge rails can be
significantly more than the original installation costs. The enerqy
absorbing bridge rail is designed to reqdire no structural maintenance
unless it s subjected to a very severe impact. Even in an extreme
impact, the bridge deck will experience no damage. If the overall costs
of construction and maintenance are taken into account, the energy
absorbing bridge rail should be cost effective.
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Figure 4. Energy-Absorbing Bridge Rail
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ENERGY-ABSORBING BRIDGE RAIL TESTS
Because the energy absorbing bridge rail presented in this report is
such a departure from conventional bridge rails, a thorough series of
tests was performed on the bridge rail and bridge rail components to fully
document its performance. Three different types of tests were conducted:
1. static tests to determine the stiffness of the cylindrical rubber
energy absorbers, _
2. static tests to determine the performance of the energy-absorbing
'post, and . _ '
3. full-scale crash tests to determine the actual performance of a
prototype energy~absorbing bridge rail.
The first series of tests was conducted in the structural laboratory
.of the Engineering Research Center on the Texas A&M University campus in
College Station, Texas. The other two test series were conducted at the
Texas Transportation Institute Proving Grounds in Bryan, Texas. Results
of each group of tests are discussed below.
Static Rubber Energy Absorber Tests
The rubber dock fender material used as the energy absorber is usually
oriented so that its cross section is loaded in flexure. However, in the

“energy absorbing bridge rail presented herein, the energy absorber is
oriented so that it is loaded in uniaxial compression. This allows for a
more efficient storage of strain energy within the energy absorber.
‘However, most of the available design information is for the flexural
mode. Therefore, it was necessary to conduct a series of tests to study
the response of the rubber cylinders exposed to uniaxial compression.

Preliminary calculations using available information suggested that
tests should be conducted on two different rubber cylinder geometries: 8
in. outside diameter by 4 in. inside diameter and 7 in. outside diameter
by 3 in. inside diameter. The 8 x 4 in, cylinders were tested in Iengths
of 4, 8, and 17 in. The 7 x 3 in. cylinders were tested in lengths of 6
and 12 1in.

The tests were conducted using a Materials Testing System 500,000 1b
-capacity load machine with Digital data processing equipment. In these
tests, the specimens were placed in the load machine and slowly Toaded in
axial compression until the Tength of the specimen was a specified

11



fraction of the uncompressed length. The spécimen was then slowly
unloaded.. Load deflection data was recorded at regular intervals
throughout the test.

Typically, the load-deflection response of the rubber cylinders was
Tinear until the strain in the cylinder exceeded 35%. At this point, the
cylinders would begin to stiffen. Twenty three separate tests were
conducted with strains of up to 50%. Load deflection curves for the
different rubber cylinders tested are presented in Appendix B, The
information presented in Appendix B is summarized in Table 1.

Energy Absorbing Post Tests _

Most structural steel designs incorporate a safety factor with respect

to yield at the design load. However, the energy absorbing post was
designed to reach yield when subjected to the deéign load. This design
philosophy increases the cost effectiveness of the energy absorbing rail.
However, there 1is little. margin for error with this design philosophy.
- Therefore, a series of static tests was conducted to insure that the
energy absorbing post performs as designed. The primary objectives of the
tests were:

1. to identify detail changes needed to assure that the posts are.
adequately stiffened so that full plastic hinges can develop at
the desigh load, ’ '

2. to assure that the rubber energy-absorber/plunger mechanism works
as desighed and that the load deformation characteristics of the
post are as designed, '

3. to assure that the energy-absorbing post'fai1s before the concrete

* bridge deck is damaged,

"To accomplish these tests, a short section of a standard 7.5 in. thick
bridge deck overhang was constructed as shown in Figure 5. The bridge
deck section was constructed using standard SDHPT bridge d9ck-

" reinforcement. This bridge deck section was similar to the bridge deck
sections previously used in tests of conventional bridge rail posts (7).
Mounting holes for the energy-absorbing posts and for a loading frame were
cast into the bridge deck section. The load was then applied to the
bridge post with a horizontally mounted hydrautlic cylinder mounted so that
the line of action of the load was 21 in., above the bridge deck (refer to

12



TABLE 1. SUMMARY OF RUBBER CYLINDER TESTS

No. ' Average Averaée
of Quter Inner Percent Apparent = Secant
Tests Diameter Diameter Length Strain  Stiffness Modulus
(in.)  (in.) (in.) (%) (K/in.)  (K/in.2)

a 8 4 8 50 4618 980

3 8 4 6 20 7511 1195

2 8 4 6 35 7560 1203

2 8 4 6 50 9725 1548

2 8 4 17 20 3028 1365

2 8 4 17 30 2888 1302
2 7 3 12 20 6095 2330

2 7 3 12 35 5513 2107

2 7 3 12 42 5389 2060

2 7 3 6 3 10813 2066

13
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Figure 6}, Further, as shown in Figure 6, a short section of bridge rail
-was attached to the post to hold the enérgy absorber 1in place.
Displacement transducers were mounted to point B on the plunger and point
- A on the post as shown in Figure 6 so that the displécements'of the post
and the traffic face of the rail could be independently measured. With
this information, the load deformation response of the rubber energy
absorber can be deduced. A total of four bridge post tests were conducted
with this arrangement. Results from these tests are reported below.
Static Test ST-1 _ ’

The energy-absorbing post used in test ST-1 employed the same
structural members used in the final post design with no stiffeners. This
was done because a significant cost savings could be realized if the
fabrication costs associated with the stiffeners could be eliminated.
Figure 6 shows a schematic of the post used in this test. Figure 7 shows
photographs taken during this test. The line of action of the load in
this test was 90 degrees to the rail face., Continuous load deflection
data was taken as the bridge post was slowly loaded to failure.

The ultimate Toad capacity of the post was 20,000 1b.  The
corresponding maximum deflection of the traffic face was 7.1 in. The
pebmanent deflection of the post was 1.5 in. Failure of the post occurred
when a crack formed at point C on the knee of the post member along the
diagonal weld as shown in Figure 6. In addition, the wings on either side
of the post member underneath the deck yielded (refer to Figure 6).
Complete load deformation relationships for this test are presented in
Appendix C. There was no visible cracking in the bridge deck,

Test §T-2 '

~ The second bridge post test involved a bridge post of the final design
with stiffeners as shown in Figure 8 and in the final design drawings
presented in Appendix A. These stiffeners were added to prevent crack
initiation in the diagonal weld and premature yielding of the post wings.
In this test the horizontal load was applied so that the angle between the
Tine of action of the applied force and the traffic rail face was 77
degrees. . This test was designed to simulate a Toad applied to the bridge
post with both z lateral and longitudinal component as would occur in a
real impact.

15



Plastic Yieid

Figure 6. Static Load Test ST-1
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Figure 7. Photographs of Static Test ST-]
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Figure 8. Static Load Test ST-2.
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The load was gradually increased to a Toad of 17,000 1b., Figure 9
presents photographs of this test, The 17,000 1b load is slightly less
than the maximum load predicted by the BARRIER VII analysis. The maximum
horizontal deflection of the traffic face of the rail was 4.5 in. The
plunger s1id smoothly through the sleeved opening in the post with no
snagging. The permanent deflection of the rail face was measured to be .3
in., most of which was judged to be the result of slack in the mounting
holes. The measure load deformation relationships for this test are
presented in Appendix C. There was no visible cracking in the concrete
bridge deck or yielding of the post.

Static Tests ST-3 and ST-4 '

The same post used in test STZ was used in tests ST-3 and ST-4. In
both of .these tests. the horizontal load was applied so that the angle
between the bridge rail face and the 1ine of action of the load was 90
degrees, . The purpose of these tests was to determ1ne the ultimate
strength of the energy- absorbing bridge posts.

The maximum load applied to the post in test ST3 was 25,000 1b.
Examination of the load-deformation relationships for this test (refer to
Appendix C)} show that yielding of the posf began at about 20,000 1b. The
maximum post deflection was 1.5 in. and the maximum deflection of the
traffic face was 7 in. When the load of 25,000 1b was reached, the
hydraulic cy]ﬁndeﬁ was fully extended. As a result, the test had to be
stopped before the ultimate strength was reached. Figure 10 presents
photographs taken during this test. The permanent deflection of the post
after the load was removed was 0.7 in.

In test ST-4, a steel pipe was substituted for the rubber energy
absorber so that the post could be loaded to fai]ure without making

'significant modifications to the test rig. In this test the load applied

to the post was gradually increased until the ultimate strength of the
post was reached. The post began to experience extensive yielding at a
load of 26,000 1b as shown—ih the Toad deformation relationships bresented
in Appendix C. Plastic hinges formed at point C above the knee brace and
at point B below the knee brace as shown in Figure 11, At the same time
the weld attaching the post wings to the horizontal post member developed
a crack, Figure 12 presents photographs taken during this test. No
cracking or other visible damage to the bridge deck was apparent.
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Figure 9. Photographs of Static Test ST-2
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Figure 10. Photographs of Static Test ST-3
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Figure 11. Static Load Tests $T-3 and ST-4
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Figure 12. Photographs of Static Test ST-4
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Full-Scale Crash Tests

Two full-scale crash tests were conducted on a prototype bridge rail
to evaluate the performance of the energy-absorbing bridge rail in terms
of structural adequacy, occupant risk, and vehicle exit trajectory. These
tests were conducted in accordance with NCHRP Report 230 (2). The first
test involved the impact of an 1800 1b subcompact automobile. The second
test 1nvo1ved a 4500 1b full-size automobile.

The tests were conducted using a 59 ft (18 m) sect1on of the
energy absorb1ng bridge rail, NCHRP,Report 230 specifies that a 75 ft
(22.9 m) section of the bridge rail should be tested (2); however, it was
the opinion of"thé researchers that the performance of the bridge rail is
not affected .by thig deviatian.' Further, fhe'acceptante of the shorter
section a]loWed the use of an existing Standard'SDHPT bridge deck.

The br1dge deck used is approximately 15 years old .and has been used
in at least three other TTI bridge rail tests. As a result, the bridge
deck has accumu]ated a significant amount of crack1ng and spalling, which
is typ1ca1 of actual br1dge deck damage. Figure 13 shows examples of the
bridge deck damage prior to testing., The energy-absorbing bridge rail was
mounted on the existing deck so that this worst area of spalling was
Tocated bétween ‘two posts, No attempt was made to repair any of the
cracked or spa]led areas 1in the br1dge deck. The necessary mounting holes
were drilled in the deck using a,cor1ng machine without regard for the
placement of internal reinforcement. This procedure Woqu be typical of a
retrofit operation.

The two tests were conducted in order of 1ncrea51ng severity on the
same section of bridge rail. The impact point for‘the subcompact test was
selected to coincide with a rail splice. This location was chosen to
provide the greatest opportunity for snagging and deéﬁabilizing the small
car. The impact point for the fu]]-size'autdmobi}e impact was centered in
the area of maximum bridge deck damage shown 1n¥Figuh§:13. This was done
to provide the bridge deck with the best oppbrtqnity to be damaged, thus
demonstrating the performance of the system in a retrofit operation, Test
'statistics for the two crash tests are presented in Table 2. Sequential
photographs of the tests are présented in Appendix D. Accelerometer
traces and plots of roll, pitch and yaw are presented in Appendix E.
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Figure 13.

Photographs of Brid
Tests
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TABLE 2,

Test No.

Vehicle Weight, 1b (kg)

Impact Speed, mph (km/hr) .
Impact Ang1e,'degrees

Exit Ang]e, -degrees

Dynam1c DiSplacement, in. (mm)
Permanent Displ., in. (mm)

Occupant Impact. Ve]oc1ty '
fps (m/sec)

: Long1tud1na1
: Lateral

Occupant Ridedown Acceleration .

g's

Longitudinal
Lateral

Vehicle Damage Classification

TAD
VDI

26

SUMMARY OF CRASH TEST RESULTS

2417-1

1800 (816.5)
62.56 (100.72)

16

0.5
4.56 (116)
0.60 (15)

11LD4
11LDES2

2417-2

4500 (2041.2)
- 61.0 (98.2)

25.5
2.0
7.2 (183)
0.96 (24)

10LD7
10LDES3



Test 2417-1 ,

In this test, an 1802 1b (818 kg) Honda Civic impécted the
energy-absorbing bridge rail with a velocity of 62.6 mph (101 km/hr) with
an angle of 16°. Figures 14 shows the test vehicle and rail before the
test. Figure 15 shows the vehicle and bridge rail after the test. Figure
16 presents a summary of the test results., The test vehicle was smoothly
redirected with an exit angle of only 0.5 degrees. The démage to the
impactihg automobile was considered to be moderate given the severity of
the impact. The maximum dynamic deflection of the bridge rail was 4.6
in. (117 mm) and the permanent deflection of the face of the rail was 0.6
in. (15.2 mm). This permanent deflection was the result of slack in the
~post-to-deck connections.  The bridge deck experienced no cracking or
spalling as a result of this test. '

Test 2417-2 , : _

In this test, a 4500 1b (2043 kg) Oldsmobile Delta 98 impacted the
bridge rail with a velocity of 61.0 mph (98.1 km/hr) with an impact angle
of 25.5°, The same bridge rail used in test 2417-1 was used in test
2417-2. Figure 17 shows the test vehicle and bridge rail before the
tests. Figure 18 shows the bridge rail after the test. Results of this
test are summarized in Figure 19, In this test the automobile was
smoothly redirected with an exit angle of only 2.0 degrees. In the
opinion of the researchers, the damage done to the vehicle was
significantly less than would be expected if the automobile impacted a
rigid bridge rail such as a concrete parapet. ‘The maximum dynamic
deflection of the energy-absorbing bridge rail was 7.2 1n.'(183 mm) and
the permanent deflection relative to the original face of the rail was
0.96 in. (24 mm). This permanent déflection was the result of connection
slack coupled with a slight amount of yielding in the bridge rail and
post. The bridge deck sustained no damage or cracking during the second
test. No maintenance would have been required to keep the bridge rail in
service following this impact.
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Figure 14.

Bridge Rail and Vehicle
Prior to Test 2417-1
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Figure 15.

Bridge Rail and Vehicle
After Test 2417-1
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Figure 17. Bridge Rail and Vehicle
Prior to Test 2417-2
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Figure 18. Bridge Rail and Vehicle
After Test 2417-2
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CONCLUSIONS .

A low-maintenance, energy-absorbing bridge rail has been developed for
Vuse_ in high traffic volume situations where the cost of repairing
conventional bridge rails has become prohibitively expensive. The new
bridge rail is designed to meet or exceed all current bridge rail design
guidelines for safety and structural capacity. The bridge rail is
- designed to smoothly redirect a 4500 1b (2043 kg) autombile traveling at
60 mph (96.6 km/hr) with an impact angle of 25° with no damage done to
either the bridge rail or the bridge deck. If the bridge rail is
subjected to a more severe impact it is anticipated that it would perform
at teast as well as a conventional bridge rail. Under extfeme impact
conditions, the bridge rail and posts would have to be repaired or
replaced; however, the system is designed to inflict no damage to the
bridge deck under any level of impact as demonstrated by the results of
the bridge post tests.

_ A prototype bridge rail has been subjected to two full-scale crash
tests involving an 1800 1b (817 kg) automobile and a 4500 1b (2043 kg)
automobile as prescribed in NCHRP Report 230 (2). Results from both of
these tests were within the acceptable 1limits for roll, pitch, yaw,
acceleration, and velocity changes. The vehicles were smoothly redirected
throughout the collisions with extremely shallow exit angles. The final
vehicle trajectory after dimpact was parallel to the barrier face.
Fo]1owing the large automobile impact the bridge rail had less than 1 in,
(25.4 mn) of permanent lateral deformation, the bridge deck was undamaged,
and no maintenance would have been required to keep the bridge rail in
service.
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APPENDIX A.
FABRICATION DETAILS FOR ENERGY-ABSORBING
' BRIDGE RAIL
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6"x6'x 14" STEEL TUBE f -
RAIL § ©
174" THICK - 24” LONG <,
FABRICATED SLEEVE. g =
TACK WELDED ON EACH | .
SIDE TO THE DOWN - i =
STREAM TUBE. SLIP INTO |
UPSTREAM RAIL TUBE. |
-
4
o 6 12
' SCALE 3% ro

Fabr}cation Drawings of Energy-Absorbing

20.
Figure Bridge Rail (continued)
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APPENDIX B.
LOAD-DEFLECTION RESULTS
FOR RUBBER CYLINDER TESTS

43



UKRJIS %0G ‘4opuL|A) daqgny UL 8 X § X 8 :| 9591 °|Z unbLy

Ty suotaoetgeq

8vE6L "E _ £6818 2 6EVEB "1 esRISe * mhmom«.l
- : - + - 4 $ é a
+ g€28
. : .
.
g
™
+ 2Lyt m.
=
: + 80461
2 UL LELL = 5y
) Juauedd
UL/ v2eg = . qv_
< sre02

15vag




ULRJIS %0G “USpULLA) MBGQNY ‘UL 8§ X p X § iz 3531 ‘7z BunbLg

e e T Py e S o
]
e - —y “
lm.mmmw.m B NNmD. e 8926} " BL6YYE™ GE00E0"
A
—/
7 -
, \.J\\.\.
o ,
Pt Y
: — —QLeg——
: — o T
: — — \s\l .
_ e -
.,. .\.' — m
— : H..,Hm:_,ﬂm, (-
. " S
— L
\\w =
wi ——
-
\ : -
: ECL¥T-
7 . 5
\ UL gs0L = 53
: ‘
- .
= uL/y popy = uededdyy —]
7 .
1
: : ﬂmWﬂﬁl.
] .

25v3g

45



ULRAIS %06 “4BpuL|f) 4aqany Ul g X b X 8 € 1s9L °gZ aunbry

2B0BL "E

CVESL ¢

ug ;coﬂpuoﬁman

26564 *1 S2Yess

€LO66T -

2 UL/ 888 = 53
"UL/Y ggLy - FUIdeddy,

ESY34

0

F YL1Y

- 8rga

F 22621

- 86991

~

:ql ¢ poon

46



utedis %05 “Jopul(A) J4aqan§ ‘ul 8 X § X 8 iy 1SdL ‘p2 3unbLg

UL uorzomlgeq

8,896 "€

L1VL6 2 Qs186 "1 LYSE86 * ED-306E89 "E-
4 + + o
1 E56E
-
1 LB6L a
[« %
o
4 08611
I3
Nucw\x 88 = 13
. uaaeddy
“uL/y 66 = ¥ vy
4 ¥2651

YsSvaa

47



ULRUIS %02 “JopuLlA) 48qqNYy UL 9 X X 8 :G 388 *GZ @unbLy

.:w ‘uoT1081 480

B0OYT °1 2HiEYE " orrive* getice "

1881590 *-

*+

2 UL/ sp2

58v38

s
= 1

ULy o289/ = Yus.eddy,

cee

r 16v2

- OSLY

- 0104

[ —

-- 6926

48

3y ¢ prod



evsei 1

ULRAIS %02 “JOPULLAD JAGGNY ‘UL 9 X b X § 19 353l 92 3unblg

g mc0uvoaﬁmua_

1.0tv8 " ri1.ce6* leeiee ” |
} . 4 F Q
+ 2112
+ SC2Y
+ BEER
2 UL/ 2L0L = 53
ur/ gerg = URIRAMYy

osy3ag

- 15v68

qt/* poey

49



82L21 "1

-

ULRAIS %07 “4SPULIA) JOGqNY UL § X § X g

‘UL ncnuuumHmWD

*

Y60EB * ECBVES "

L 1s9]

SOEgeZ *

*£Z d4nBL4

4110880 *~

2 UL/ 6921

UL/ SL6L

45y38

_ 3uauedd

= mu
Y.

)

cl

- CLEC

- EELY

- 2602

[ —

145

qt ‘pooq

50



UILBAIS %SE ‘4opULIAD vaqqny *uL 9 X p X 8 :g 353] ‘gz aunbiy

*ul ‘uorzomigeq

ﬁmhjo.m EBY2S "1 S5E900 *1 gLicey”

LOBYEQ "-

UL 9zzL = 53

‘UL/Y 907/ = p:&m&f

Bsvag

/ 852

+ vo2¢y

+ €518

3

- G012t

<+ Lr091

gt “pooqy

51



ULRUIS %GE “wapULIAD J3qqny ‘UL 9 X p x g

'6 159]

62 danbL4

*Uub fuoigomigen
_ — il Petbl st msiodt I tonts weteetdl] T S e o =
TBeSYD 2 TOYes I ,.-mmco..,."wl...”uﬂfa:hwmmm,NHHrHH.Hw...H.;H j1LvBED = ]
* t JE6€
Jom Al
Y
r.”.,lWI:
i S f
= =t | =|
_ : - T8 8l
A 1 , B ‘
Fi ; _-\\ .
A == 5
i z. 3 .
u___ : \\ L qb g
f i - __’
i ol ; 1
1 7 I
f 0981+
i
]
I . -
{ 2 ur/y ogit = 71
I
. uaJedd
UL/ sipL = LN =
Vi
i
y P -
BYPS1—
e e I oL Tl ISl et R SRSt ey R et et g
; i Faha Minden i P

52



ULRJIAS %0G ‘JOPULLAD MBGQNY UL 9 X § X g :0L 3591 Q¢ 8unbiy

, ..E fuoigomy 480 )
m e o e e s e e e
TBYERE 2 BSST2 e LRV T T T YOBBT L nnrll,...“rln..“ 868080~ |
A ST SR W ST Y Dmmo—— " ' sonary WL 3
_ h
T e |
. o _
—t o =
= :
- __
e
- ]
) 7
L 7 ;
i i —
1 Fa - L— o
] o FEEHY -
M T
] R
i 1 L% ! "
_. s . =
] 7 0
] vd : :
I pd
1 i
1 pd
—OFBa1e
rd
- 5
N.E.\v_ pesl = 73
. uadedd
uL/y 2626 = ¥ %
“Be1G¢:
; ] N oﬂmmmeHu-uu.uw Pt Rt ol Kol Mingenir inghosa e

53



Uled3s %0G 49pULIA) Joqqny ‘uL 9 X ¢ ¥ g

UL ¢ Uo13081] ._mD

‘Ll 3s9)

‘L dunbyy

!

 ——

66256 2 12072 2 mqmmm-..ﬂ.
. .
i._s...l
[T
i
Z -
rd
Fi
i P -
xﬁ _— 1
1 i -
v - — —
f F T . i {60 -
] i M LT i -
¥ A - *
T st "y SUNERL] N M
I e S : =
I i Fi e "
i Fi b T
1 z [ L
1 Fi
1 1
—1F
— | —teiLle
{ / . S
f H =m\x 9pGl = 73
Fd
- . :mguaa
7 uL/y N_hm 1 Yy
30> 8 S o am— —
o B AL T e R IREtis SR Rty e g pepe
S ol Wil (ameelt o bl ot Sl el Runctots Satesths el

54



ULed3s %0z “Joput|A) 13qqNY UL /L X ¥ X 8 121 1S9 Z¢ ounblq .

*u wco.npuad 18 :
t ) il ! Seevuant iosssrmet ST ot B s oy sy ISl ) P Wiy
LESREET ] WCﬂmN.qN [eL2189 11—~ 19¥ 1647 g126620" =
— ! [ U LY ST Somim U
- ! \ RO ‘.l\ll\l\ A
| P et A )
. A o
T 7
- \|.\\\\\ _ L
z
e ; , . i
1 —— f
Vi , - + RE
4 prd
y it 71
P £ : :
p A
prd W
et \\ .
\... \\ -
\I\ \L\w .
)d y R .....
2 : S— B0Z g
7 - : ya =
- s — S =
7 = e =
L : g ,. =1
I - : : — - : .
F, . v q
rd T : -
7 : T - - .
F : - 3
/ , A :
f 7 €514~
i - .
7 e e o LtuL/y gogl = S
-ﬁh  — - ¢ = 3
] = UL/ gopz - FUB4RAdY,
i-l\‘ s
P . "
d HBESH ]
- h .
L EISVIA et o e e
| J— et b P P, — e ——

55



ULBAIS %02 ‘USPULIAY 43qANY UL /L X § X 8 :€] 158] °gp anbiy

_ : , ‘U) fuotgoeygen
— ol i ST Rl IR C R st SR B tetil Rt Pt s
;L:;udﬂn._vmmmmh.ﬂ TR B00L820= | ——
TE

T—lZesErE “ISBE18T

= 1= g

A= e

} , !
k\\\

56

o)

1t

=
- - -B26/

[
N

'N._‘_‘.
i,

7 ) ’ _
UL 128l = 53

v
¥

\.\
f— Ut/ gsle =

e
"""'-._._.
=
o
. oy

\.\L ——
-
= |
= _ E - B
4-geedt
; O O e ) R TP ey et s
e g e RPN (EE T Ieetorll Rt e




ULRAIS KOE JBPULLA JBQQNY ‘UL £ X b X § :p| 3531 ‘¢ Sdnbld

57

‘U) € uoigom jen
_ el Y A e Seiostl S o LS RUCH SN Stibutes e
- 26086y ‘5902LE eroey e o igRovR i O
—
— _
= —= +-099g
= B S
P o
e ] i
. s
i A :
= o :
\\ ™ -....W!.l.\ \.\. - 1 ql
7 P . "
4 — T $-EEB4——— 8-
+ —7 R SOR, e
ri 7 "
T a7 : T ard
Fali L
__‘___. rde i
L i
{ rd
F o
i
7 v : .
f 7 i -DOBTE
I Pan
I e .
g —m .\\ ‘ . . W
1 e : 2 UL/Y £€€l = 73
] .
: . uaJdedd
= uL/y 196z = FU4RAy
e
\\1
- e B A2
- - A RSV AU — :
- pumssctatn Wt 4 411 - B Mttt Meiatel RO Tl RS St e il :
Il SNSRI WS V. PO i S S T L R et VA UV S




ULedIS Z0E ‘4opULLAY daqqny ‘UL 7| X 4 X g

'L 159)

“GE 24nbl4

urmgwmgwii

1

‘UL fuotaomien _
— — el g Bl R el BEEEETey
TO9S6Y VAT e T T 2EBLY B[ T T IQ1BER ] | -
.\\Ln.f. T 267 E
el —
]
e el
: \I\\ ] A o [ o0
. por Py —-. L
ol
o O
: 4 \.\\u‘\ - . rl..im....
7 7 D oIl o] M——
. : — : : —
=z —L
- n
el
i 1
2z .
7~ . E uL/ , S _
\\ N . v— —.NN_. - m
y . uasedd
— ui/y plgg = R =
- :
m 41 L6E 1=
o L STeVER | T e e e e




ULBAIS %0z 4opulLihd asqany *uL gl x ¢ X £ 19| 1531 ‘gg eunbiy

: , UL ‘ugigoetden
: * U N B Tl e R T ]
IR 1 : e T e e et — ey T R P It B fvahuuis famm
[me < : PBESLT] : 88981 Tt VE1BBRST f i vamhmou.un. R
i ‘ —— _ - g
.\_J\\.\ —— S T P I l — Y :
. 1 - - L.
\ B - e b ——it e e
——-
- = 0

1 - : ;
: —+-8E7

wh

=
£BL4(

I
nﬁ

]

]

= _

7 . 3 .

= =

1 e

] e : s
“ = ,"UL/ 6822 = 53
I

; ‘UL/y gr6g = YURJRddyy

\I‘J\N
o
- \N.
3 .l\\\\l.
—— —

—r— j—

1= + L.nﬁmﬁ
.:E.”.pm._.H.m..u_<mmh..H_r._...r.i.nu_.. ,:..:.-w. e el Mo T et P !r

59



UIBAIS %02 “4opullf) uaqany *up z| x ¢ x 4

*Ll 1s9)

*[€ d4nbLy

L:_ ‘uoigoB1 4o
% b T T e oy bemmmioms S
) A o ‘8668521 =121k A o Mgty Il B P <~ = ol i LLVYSEQ ST
r et B R e S T e
— i i s i R
o L p— | I J—— [~ 1,
P : - [ e f -
|\l\ - .I.“.HIlN.._ —" ] -
ot - Y st
o - -
= \\\t\ 471
7z e 1
O \ _
>
rd .
y .
/- = i r=
Dl ..._‘ nDn| -6y
h\ .f.l-\-n . ..T.».. v g . i s
I . 3 T - 1 .‘ ]
i T P - N o]
i " - )
! o
Fi rd
{ il
J I P
[ i
i e |
__ - ; -
_ 7 vigt
{ e
f 7 . s
f A 2 UL/ b1g2 = °3
i P
| rd
—— UL/ glzg - FUBARddy,
v [ -€98#1
. o ATeVEE e e e e
e e ._qn.l!.'- mniial ESETESCIEY [peuuup e SO A e e Iy I DR

60



‘8L IS8l 8¢ aunb4

ULRSIS %5E “4BpuULLAD Jaqgny "uL Zp X £ X ¢

61

- "1l .coﬂpuu~+mn
A Tt maseaste i) BRIy sty o B e s S
Y Y e — Nmﬁo.mﬁﬂ....- T BBEBOT AT e mo«mms. Sovutdl e —
. e foee ey w——rw - U
e e e I et vt et \u Pt v
SSbnbui! et Mseetd vcor e R
- | Se7e
-vacyy
b= Y 4

' [ 1 21

i 1 v
‘ 5
: A

1 L] M
T ..“ ” [} -
ol
e Ly
s - LUl d
— —9/
el
—=" : . s
- : =w\x LLe = 73
=
ol
: Uadedd
—=" UL/ owmm f
I o a. BRTELS
! B15VIE o T -




t6l 3S3L g€ aunbiy

ULRALS %GE ‘adpuLlhD) Jaqany UL ZL X £ X /

‘U] ‘upiaoeisEn
] ” | —— |_ S _ IRSTA A S AN I _...“.....‘ I Suta: S
-CEDQ 1Y T mﬁm._; TET .ﬂmmhosm-w R — meﬂmo Haml e wcmhmm i I
I I -.‘...... YA I Y S . mh
m : _:zs;qurpr;!; T =
ity e i 1 it o
\ul.\\ r.wauq

~
Fd

i

s
\
i

I
,L

\
44 b

1.
B i
. e

. T

; _
A _ =
— . 2 U/ 9602
— a:m;mgaqx

L\.
\\ 1 TUL/% 98K =
\. at ~—-1/20822
. - B I -Wm.le.{mm._..n SR l..w [ I B S N SN Hvutu R

62



102 1591 *Op aunbLy

ULRJIS %2h ‘UOpULLA) daqany UL Z| X £ X /

- J.....-|.|.|_ .uI.I

'IIII"I.: ——

.z_._ ¢ coﬂuoma Nt-Tal
B IR N _.Hu...l.kn_.“u_
,-if,-.;mumvm #

Nﬁmwum.i

OV I i
S v

— mBmh;m|

}
"SEVLE Y

e

—7*
"
rid
r
7
J i
4 : Pl
A
f g T - v
f T
Fil ) .
f . a — T : I
F =L + 1683 N
] -2 o LL
¥ 3 yrd i Pl at i - e
I - [ v by [SERE] | T o
¥ T TR = L T T —
I 7 T vt
I 7 n
] 11 SR T
! I 4 N ' (] il -
1 7 T T
] y —— = —
__ 7 : : — ————— =
f — - £5602
v , 8
7 : N N.E.\V_. e = 73 —
v
- ASN— N o uaae
=~ — oty fleg - YuRuRddy
\.,\ - !
\\ ]
2. . : }
g BYBAS
— - fe e 3
J0esy3d_ ¢ R oot ISt o mescioets et Mitsneet el

63



ULBAIS %2p ‘UBPULLAD OGQNY UL 2L X € X £ {1z 1591 “lp 3unb 4

:..:." ‘uo139871480

- Bl i L A
!

e e o e

TEQBEY 1EC02L E:

19108y 2—|

[ S Pt
BGOYS 1. |z ) ISNCUN -

ef———_

e
I__
e —-
e 1 —
16622 %
= —
[BBT6
7 = S UL/ 26l = 53
FA - : '
7= = ul/y 191G = HURRddyy
ya ’
\., - e . .
| liesgsk
e ..“.Hmww.m.mm.. _ ) TR el el et st e

64



‘2 24nBLy

65

ULBJIS 2GE “UBpuUL[AD Jaqqny ‘ulL 9 X ¢ X L 22 15391
: .‘r‘.rOQunaA;a:
e e e s
Bi1ees™ 2EDTO T JeyiBr — YA 84
\I.\||.
i
7 >
= e —
~ —A 114"
rd 1 - ,
v .
.
_ el
1 1 F N.\,,
_,” ;“ﬁ d___. — ! i) : \u\\
T | T H T L S q\‘\s - M
: it : _ N M W B _
1 N ! 1 T} [ L .
] V ] I I EL A
) - [
1 1 [ ; \‘
_ s Rt S S
Z
] il \I.\,.
= .,.\\.L..
T .\\\ —
1 . .\. “ .l m
an — \«\\\ T , . 2 uL/y 5002 = "3
. T L o . " -
e = — - . ‘ usaedd
s e uL/y gepeoL = vy
\L.\._
——] : ‘CESYIG
> “ — h




ULRLYS %GE “uapULLA] 4aqqny ‘UL g X € X £ €2 3331 “Ch SJnbid

66

‘Ul ‘uoigomtjmn ! _
1 . i
_ , m m y f——
B1a )0 FeLes 1 FA=1 00 0 el § EQE1IBY mal s
L -\”ﬂ‘x — m
s \u\ll\l.\l.\\.l..\ :
o
\l“
\l-‘
ot =
| \\‘\ .\-\ll\‘
— Rl
— Wl
L J——
" l\ ;
h ¢ .
m —
n =
__ : :
] . . . “I
1= A - n
f N A e = u,.
I =c = . . .ll
I 7 = £ 3 . _. _r
__ A T _ _ S
I W > . ==
1 .
1 - _ ,._
T s :
T \. , .._
pu
7
~ 8Sy 4t
L
7
7
7. m _
7 | -
:_.\v__mm“.ﬁ_._. =7
” S BLCER
= - £25Y38
I




APPENDIX C.r
LOAD-DEFLECTION RESULTS
FOR ENERGY-ABSORBING POSTS
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APPENDIX D.
SEQUENTIAL PHOTOGRAPHS OF CRASH TESTS
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0,083 =
Fiqure 43.  Sequential photographs for test 2417-1.



0.192 s
Figure 49. Sequential photographs for test 2417-1 {continued).
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G.039 s

0.081 s

0.121 s

Sequential photographs for test 2417-2.

igure 50.

F
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0.288 s
Figure 51. Sequential photographs for test 2417-2 {continued).
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APPENDIX E,
ACCELEROMETER TRACES AND PLOTS OF
ROLL, PITCH, AND YAW RATES
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LONGITUDINAL ACCELERATION (G)

5 I I T
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|<——>|<—;‘—Max1‘mum_§ 0.050-secon§d average = 5-4.2 g
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-]0 ! . : H - :
0.00 0.10 0.20 0.30 0.40 0.50

TIME (SECONDS)

Figure 52, Vehicle longitudinal accelerometer
trace for test 2417-1.
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LATERAL ACCELERATION (G)
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]Fi {4
) Ll el *'“,m,ni/w ol
TR
ity

13 +

1
(3]

0.20 0.30 0.40 0.50
TIME  (SECONDS)

- Figure 3. Vehicle lateral accelerometer
trace for test 2417.1.
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VERTICAL ACCELERATION (G)
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Figure 54. Vehicle vertical accelerometer
trace for test 2417-1.
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rl Axes are vehicle fixed.
Sequence for determining
orientation is:

P10

\@d_})

. S 1. Yaw
’ géigéi?égb _ 2. Pitch
ROV :

] \\/

(DEGREES
-5, 00

.00

[

CEMENT
~10

UISPLA
~15.00

i

co

-20.
C

Figure 55. Vehicle angular displacements for test 2417-1.
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LONGITUDINAL ACCELERATION (6)
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Figure 56, Vehicle ldngitudina1 accelerometer
trace for test 2417-2.
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LATERAL ACCELERATION (6)

20 T
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I
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Figure'57. Vehicle lateral accelerometer trace

for test 2417-2,
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VERTICAL ACCELERATION (G)

20

-
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le——}e——— Maximum 0.050-sncond average =
-l i C L
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Figure 58. Vehicle vertical accelerometer trace
for test 2417-2. h
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Y4 .
I Axes are vehicle fixed.
spiTCH AW Sequence for determining

\\Zﬂ\ i} «_ Orientation is:
(§§§> ) é;%ﬁ”” 1. Yaw
@5’ “w . 2. Pitch
Y o 3. Roll
o _ I ~
g
Rotl

o TAMB (SECONDS)
00 Dl.\f:un/}/f_’__ﬂ'.'zu 0, 60

v ~ " Pitch
A
e L

0.00

1

“5- OU

(DEGREES)
-10.00

MENT
5.00

Yaw

‘Figure58. Vehicle angular displacements for test 2417-2.
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