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INTRODUCTION

Research Report 230-2 presented an analytical evaluation of Texas
bridge rails to contain buses and trucks. The objective of the 1978-79
research effort was to select an existing Texas bridge rail design and to
modify or strengthen it if necessary to give it the capability of redirecting
buses and/or trucks.

The basic rail selected was a concrete parapet Texas traffic rail
type T202. The T202 rail consists of a concrete beam element 10 fin.

(.25 m) wide and 14 in. (.36 m) deep mounted 27 in. (.69 m) high on con-
crete posts located at 10 ft (3 m) center-to-center spacing. The concrete
posts are actually 7 in. (.18 m) thick by 5 ft (1.5 m) long concrete walls
with 5 ft (1.5 m) openings. This rail has proven to be a very effective
and attractive rail in Texas. The 5 ft (1.5 m) openings in the concrete
parapet provide visibility and minimize the buildup of trash, dust or snow
behind the parapet. The beam element contains considerable reinforcing
steel and provides flexibility, thus minimizing cracking of the concrete
when the bridge flexes under heavy vehicle wheel loads. Consequently, this
concrete parapet does not require frequent joints as most all other concrete
rails do. It can be placed in long, continuous lengths giving good struc-
tural continuity and strength.

To increase the effective height of this bridge rail, a semi-elliptical
extruded aluminum rail was mounted on 15 in. (.38 m) high cast aluminum
posts. This particular aluminum rail is currently used on the Texas
traffic rail type T4 and is very popular along the Texas gulfcoast where

corrosion can be a problem.



DESCRIPTION OF BRIDGE RAIL

The T202 concrete parapet and T4 aluminum rail make a combination
bridge rail 42 in. (1.07 m) high with excellent strength and functional
properties as shown by Figures 1 and 2. A detailed description of this
modified T202 bridge rail is presented in Appendix A. A summary of
further modifications made to the T202 concrete and T4 aluminum rail are
given below.

The 1ongitudin§1 reinforcing in the beam of the T202 rail was‘in—
creased from six % in. diameter steel bars to eight 5/8 in. diameter
steel bars. The rectangular spiral reinforcing steel was doubled by
reducing the pitch from 6 in. (15 cm) to 3 in. (7.6 cm). The spacing of
the cast aluminum posts on the T4 rail was increased from 8 ft-3 in.

(2.51 m) to 10 ft (3.05 m) to match the spacing of the concrete posts
(wall segments) on the T202 concrete rail.

This modified T202 bridge rail, shown by Figures 1 and 2, was installed
on a typical Texas bridge slab which was designed and reinforced in accor-
dance with the AASHTO Standard Specifications for Highway Bridges (3)*.
This was considered important because previous research (1) and past
experience have indicated that bridge slabs designed in accordance with
AASHTO specifications are weaker than the bridge rail post. Failure or
serjous cracking will usually occur in the bridge slab and not in the post.
This usually creates a costly maintenance problem following serious vehicle

impacts.

*Numbers in parentheses, thus (3), refer to corresponding items in
reference list.



The reinforcing steel used in the concrete slab was grade 40. Tensile
tests on the steel indicated an average yield strength of 61 ksi (42.1 kN/cmz)
and an ultimate strength of 97 ksi (67 kN/cmZ). The reinforcing steel used
in the rail was grade 60 with a specified minimum yield strength of 60 ksi
(41.4 kN/cmg). The concrete for the deck and rail was 6 and 6.5 sacks per
cubic yard, respectively. Each had a compressive strength of 3900 psi
(2690 N/cm®) at the time of the crash test.

The completed bridge rail installation is shown in Figure 3.
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VEHICLE CRASH TESTS

Previous structural analyses of this bridge rail (1) indicated that it
was capable of redirecting a typical 66-passenger, 20,000 1b (9,072 kg)
school bus, as shown in Figure 7. The research plan was to impact the
bridge rail with a 20,000 1b (9,072 kg) school bus at 60 mph (96.6 km/hr)
and 15°. If the rail survived this test, then it would be impacted with a
32,000 1b (14,515 kg) intercity bus at 60 mph (96.6 km/hr) and 15%.  The
Federal Highway Administration further recommended that the rail be impacted
with an 1800 1b (817 kg) minicar at 60 mph‘(96.6 km/hr) and 15°.

A summary of the three crash tests conducted on this bridge rail is
shown by Table 1. This table also presents a summary of the pertinent data
collected. Appendix A presents a detailed description of the bridge rail
installation. Appendix B presents a more detailed description of the buses
and car used in the tests. Appendix C presents sequential photographs of
the crash tests and also more detailed photographs of damage to the bridge
rail after test 5. Appendix D presents the more detailed electronic data
concerning accelerations, roll, pitch and yaw of the vehicles during the

crash tests.

Test No. 3 - School Bus

In test No. 3, a 1970 Ford, 66-passenger school bus weighing 19,690 1b
(8,931 kg) impacted the bridge rail at 54.4 mph (87.6 km/hr) at 15°.  The
bus was smoothly redirected and departed the rail at an angle of 3.59. The
bus was very stable during the test, with a maximum roll angle of 13%. No
passengers (simulated by sandbags placed unrestrained on the seats) were
ejected from the bus. The 1ight damage to the school bus is shown by

Figure 7. The very light damage to the bridge rail is shown by Figures 3, 4,



5 and 6. Note the Tocation of the school bus after the test in Figures 3

and 4. The residual deflection in the aluminum rail was only 2 in. (5.1 cm)
and nil in the concrete beam or parapet. The concrete bridge deck supporting
posts 4, 5, and 6 were cracked slightly as shown by Figure 6. The bridge
deck was repaired prior to test No. 4 by injection of epoxy glue. Figure 8
shows the repaired concrete deck and beam at post No. 4. Total cost of the

epoxy injection done by a subcontractor was $2400.

Test No. 4 - Honda Civic

In test No. 4 a 1974 Honda Civic weighing 1800 1b (817 kg) impacted the
bridge rail at 59.4 mph (95.6 km/hr) and 15°. The precise point of impact
was at midspan between posts No. 4 and 5 (see Figure 8). The purpose of this
test was to see if the 13 in. (33 cm) wheel with an overall diameter of
22 in. (56 cm) would penetrate the 13 in. (33 cm) clear opening between the
bridge deck and concrete beam and snag on a concrete post.

During impact the Honda was redirected and the right front wheel did
contact the concrete post. The wheel was bent back and jammed against the
front passenger compartment wall as shown in Figure 10. This metal wall had
a dent about 4 in. (10 cm) deep. Other damage to the vehicle was as shown
in Figure 10. Damage to the bridge rail or concrete deck was nil, and no

repairs were required (see Figure 9).

Test No. 5 - Intercity Bus

In test No. 5 a 1962 GM coach intercity bus weighing 32,080 1b (14,562 kg)
impacted the bridge rail at 61.1 mph (98.3 km/hr) and 15° angle. The inter-
city bus was restrained and smoothly redirected. The bus experienced a
maximum roll angle of 21° and departed the rail at an 8.5° angle, remaining

stable throughout the test. Damage to the bus can be seen in Figure 12.



simulated passengers (sandbags) were ejected through the bus side windows
(see Figure 12). It should be remembered that this was a 1962 intercity bus
and was not designed and constructed to the current Federal Motor Vehicle
Safety Standards (FMVSS Standard No. 205, Jan. 1, 1968, and FMVSS Standard
No. 217, Sept. 1, 1973).

Although damage to the bridge rail and concrete deck were substantial
(see Figure 13), the structural system held together to restrain and redirect
the bus. It appears that this impact was fairly close to the Timit of this

bridge rail-slab system.



Table 1. Summary and Results of Crash Tests.

TEST NO. 3 4 5
VEHICLE DATA 1970 Ford 1974 Honda 1962 GM Coach
: Schaal Bus Civic Intercity Bus
66 Passenger PD4106
MASS - kg (1b) 8,931 (19,690) 817 (1800) 14,562 (32,080)
FILM DATA
Speed - km/hr (mph)
Initial 87.6 (54.4) 95.6 (59.4) 98.3 (61.1)
Parallel 84.2 (52.3) 76.3 (47.4) 85.8 ESB 5)
Departure 74.4 (46.2) 69.9 (43.4) 78.6 (48.8)
Angle - degrees
Impact 159 15° 159
Departure 3.59 6.50 8.5¢
Roll, max. 130 11¢ 210
Time - sec
to Parallel 0,408 0.103 0.322
of Contact 0.806 0.394 1.037
Barrier Displacement - cm {in.)
Dynamic {alum. rail only) 9.1 (3.6) nil 111 {(44)
Residual {alum. rail only) 5.1 {2.0) nil 64 (25)
Distance to Parallel - m (ft)
Longitudinal 9.4 (30.8) 2.33 (7.64) 11.2 (36.6)
Lateral 1.48 (4.86) 0.45 (1.47) 2.3 (7.6)
Deceleration, Avg. g's
Longitudinal 0,46 1.9 0.54
Lateral 1.4 5.4 1.1
Resultant 1.4 5.7 1.2
ACCELEROMETER DATA
100 hz lo-pass max. flat filter
Max. Avg. 0.050 Sec Deceleration
Longitudinal, g's 1.7 6.6 .96
Lateral, g's 4.9 12.2 3.3
Resultant, g's 5.0 13.9 3.4
Deceleration Avg. over Contact Time
Longitudinal, g's 0.42 2.2 .26
Lateral, g's 1.3 3.6 1.1
Resyltant, g's 1.4 4.2 1.1
Peak Deceleration
Longitudinal, g's 2.9 20.9 2.7
Lateral, g's 16.0 28.9 7.2
Resyltant, ¢’s 16.3 35.7 7.6
VEHICLE DAMAGE CLASSIFICATION
TAD 1-RFQ4 1-RFQ4 1-RFQ4
SAE O1RFEES Q1RFEE7
REMARKS Bus smoothly redirected. Honda redirected. Bus smoothly redirected.
Very stable; little roll Right front wheel Stable with moderate roll
angle. contacted post & angle.
bent back.



Figure 3.

Front View Before and After
of Bridge Rail for Test 3.
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Figure 4. End View Before and After Photographs
of Bridge Rail for Test 3.
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Figure 5. Closeup Before and After Photographs
of Bridge Rail for Test 3.
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Figure 6. Damage to Post 4 and Cracked Bridge Slab
at Post 4 After Test 3.
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Figure 7. Before and After Photographs of
20,000 1b School Bus for Test 3.
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Figure 8. Bridge Rail and Honda Before Test 4.
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Figure 9. Bridge Rail and Post No. 5
After Test 4.
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Vehicle Before and After Test 4.

Figure 10.
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Figure 11. Bridge Rail Before and After Test 5.
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Figure 12. Vehicle Before and After Test 5.
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Figure 13. Damaged Bridge Rail,
Test 5.
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DISCUSSION OF RESULTS

It will be noted that in the description of the vehicle crash tests and
the tabulated results in Table 1, no discussion of the vehicle acceleration
data was presented. The reason for this is that Transportation Research
Circular No. 191 (2) does not recommend using minicars or buses as crash
test vehicles. Consequently, no safety evaluation guidelines for accelera-
tions onminicars or buses are presented in TRC No. 191.

A new proposed "Recommended Procedures for Safety Evaluation of High-
way Appurtenances" (11) does recommend using minicars and intercity buses as
crash test vehicles. Impact severity criteria are presented for the minicar
such as the Honda Civic. These criteria are that the impact velocity of a
hypothetical front seat passenger against the vehicle interior, calculated
from vehicle accelerations and 24 in. (61 cm) forward and 12 in. (30 cm)
lateral displacement, shall be less than 40 ft/sec (12 m/sec) longitudinal
and 30 ft/sec (9 m/sec) lateral. Furthermore, the guidelines state that the
vehicle's highest 10 ms average acceleration subsequent to instant of hypo-
thetical passenger impact should be Tess than 20 g's longitudinal and 20 g's
lateral.

In crash test 4 with the Honda Civic, the hypothetical passenger impact
velocity with the vehicle interior was 23 ft/sec (7 m/sec) Tongitudinal and
22 ft/sec (6.7 m/sec) lateral. The vehicle's highest 10 ms accelerations
subsequent to passenger impact was 1 g longitudinal and 4 g's Tateral. All
of these values are well within the recommended gquidelines from reference 11.

While the acceleration measurements on the Honda Civic in test 4 appear
acceptable by the current guidelines, some concern still exists about the

significance of the front wheel snagging on the post under the 13 in. (33 cm)

21



clear opening. In this design (Figure 1) the concrete posts were set back
1.5 in. (3.8 cm) from the beam face. In future designs this post set-back
distance will be increased to minimize the amount of wheel snagging. Some
observers have suggested that the 13 in. (33 cm) clear opening also be
reduced. When heavy trucks and buses impact this bridge rail, it is believed
that the tires protrude under the 13 in. (33 cm) opening and this tends to
hold them down and prevents vehicle ramping or climbing tendency observed in
impacts with smooth vertical or near vertical walls.

It is believed that this front wheel snagging is more of a problem with
front wheel drive minicars than with other small vehicles. The rigid drive
shaft and engine 1iterally forces the front wheel to rotate and protrude

under the rail when the opening is higher than the center of the wheel.
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SUMMARY AND CONCLUSIONS

A standard Texas traffic rail Type T202 was strengthened and modified
so that it could restrain and redirect school and intercity buses under
60 mph (96.6 km/hr) 15° angle impacts. The T202 rail consists of a concrete
beam element 10 in. (.25 in.) wide by 14 in. (.36 m) deep mounted 27 1in.
(.69 in.) high on concrete posts located at 10 ft (3 m) center-to-center
spacing. The concrete posts are actually 7 in. (.18 in.) thick by 5 ft
(1.5 m) long concrete walls with 5 ft (1.5 m) openings. To increase the
effective height of the modified T202 bridge rail to 39.75 in. (1 m), a
semi-elliptical extruded aluminum rail was mounted on 15 in. (.38 1in.) high
cast aluminum posts.

Three crash tests were conducted on the bridge rail. The first test
was with a 66-passenger school bus weighing 19,690 1b (8,931 kg) and impacting
the rail at 54.4 mph (87.6 km/hr) at a 159 angle. The bus was smoothly re-
directed with minimal damage to the bus and rail.

The second test was with an 1800 1b (817 kg) minicar with front wheel
drive and impacting the rail at 59.4 mph (95.6 km/hr) at a 15° angle. The
vehicle was redirected but the small diameter right front wheel did penetrate
under the 13 in. (.33 m) clear opening between the deck and concrete beam and
snagged a concrete post. Damage to the vehicle was moderate and to the rail
nil.

The third test was with an intercity bus weighing 32,080 1b (14,562 kg)
and impacting the rail at 61.1 mph (98.3 km/hr) at a 15° angle. The intercity
bus was restrained and smoothly redirected. Damage to the bus was moderate

and damage to the rail severe.
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These tests have shown that a fairly simple and economical rail can
redirect school and intercity buses at speeds up to 60 mph (96.6 km/hr) and
15° angle impact. The cost of this rail is estimated at about $41 per foot

in 1980.
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F'¢=3600 psi
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. 8-#5 GRADE 60

. S BAR RECT. SPIRAL,

3" PITCH 0.207 NIRE

___,/ '—t

T ASTM AS2 b e -
POST-5'-0" LONG @ 10" c-c-ﬂ\\\“4~-1,

*To BARS,13-#4,GR.60 ——_ '

*Sp BARS,5-#4,GR.60——-~M%M:M*:%//j

2 1/4"

ALUM. RAIL ASTM B221-6061-T6, F,=35 ksi, S=7.94 in.3

*SEE FIG. A3 29
FOR SPACING P
ot

'Figu‘re

_CAST ALUM. POST ASTM B108  A44%4-T4
Fyie = 20 ksi, 20% ELONGATION
‘ A 7/16" FLANGES, 3/8" WEB
;C.Y') .
t
=
| y
| >
I A| o 5-#4. TOP STEEL CONT.
| = T #4010 1/2" &-¢
: 27 #5 0 5 1/4" c-c
iy ,\#4
=210 3- #5 BOTTOM STEEL CONT. 6x6 REINF.
MESH
b #3 STIRRUPS @ 12" c-c
= (L A _,,__,_..‘._._W.L*,-.L_qu.,
od v - it ™
=~ | | %Wfiié‘s M=iE M= 24
™~ \ ] - :.“
6\". {! #5 oy
216" B B 4r-gv
OVERHANG 3"CL| \ | o
WT% 24" DIA. x 10'-0" DEEP CONC.
== ?iﬁ = "»w‘ ‘ PIERS @ 10"-0" c-c (LOCATE
= - AT EA. CONC. POST)
|< c
| L________.:::,bxw\
o1 _g M\N\M\“\\\——-a#-s 11'-0" LONG REINF.
.207 WIRE SPIRAL 18" DIA.
| 2 g i | 6" PITCH.
Al Cross Section of Modified T202 Bridge Rail
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3'-Q"| 5'-0"Open'g. |

§-0" Post | 5'-0"Open'g. | 5'-0"Post

{ 5'-0"Open'g. | 3'~-0"

RAIL™ ‘.‘
SPLICE '
i
R —r - g{ - FEEE bt S ri —
‘. ; ‘;3 L I :
- e T I — -

10'- 0" ¢/¢c Post

X Splice may be at any location
but no more than one in any
four adjacent panels.

Figure A2 Eievation of the

Modified T202 Bridge Ralil
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Bars SR _{Back) %,‘ 13" . s 150 . 13" 7

5'- 0" Opening 2 15" Max, 2 15" Mox. 7

Bars TR (Fronl) 2'%" 10 Spcces & 5 32

5. 0* Opening 223; 5 Max, 39 2,3 5'Mox. 32

TYPICAL REINFORCING PLACEMENT

4
BARS TR

T iif two or more S bars gre used na ™

3
— t.ﬁﬁ%_:/'zo*!‘ Min. Dia.

]

B

««««« “

‘continusous panel length, they shali be
- lapped 1" within the center 3ft of g
rail post.

BARS 8

PR - vLme, . - b e sl e+ i 5 g
g %

3 Opening shall occur only at armour joint openings in slab,
Rail shall be continuous over all slab construction joints,

Figure A3.

Steel Reinforcing Details

(Ref: DHT Type T202 Traffic Rail)
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Figure A4. Aluminum. Top Rail



L€

Y “"4:::%.i

¢y

T
i v R
i Kingr Axss
END PLUG DETALLS
H
i 71(‘»
RTLTN 3l g

&

CLAMP

7
é—‘fz*»« 13 N.C.%Tap Thru. (2

BAR

Orive Fit

Axis

-#aior

1

Semy Eliipse

1ow
4

v

Senmt Eilipse

%“——llnnr Axis
RAIL EXTRUSION
RAIL MEMBER
23 n
“Y32
7' "
4
u-a--—l}..-
K W
N
i — w -
g B U A
1 F‘.z‘
CETAIL

Yinor |
AL 18 ]

["~Hajor Axis
“IS"
§

s

e B R A Typa)

1“' Sia.
steel pan (drive (et

SEC. THRU. SPLICE MEMBER

DETAILS

/.H,ivv Xin.

@

1

......

Rad . Tension Flange —
NN Y

w
=
-
=
=
x

fllinse

Sem:

x 3»4" leng stairtless

Lj/\._—a
PARTIAL PLAN
OF UNDERSIDE

PERMISSIBLE RECESS 1IN

(Ref: DHT Type T4 Traffic Rail)

Figure AS.

Rail Details

i

SECT ON

Rin 1l

FOST BASE



APPENDIX B
VEHICLE DIMENSIONS AND PROPERTIES
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. o |7t0" 16'-3"

_5'-4"
H
= " CG.(EST) 13.86 B.
; W oagen  meso
o = 1y 7~
o ]
, 08 ' 0]
L, 1 "
2-¢ 21-7" a 9'-10"
r~ 1 '
- 34'- "
o — Y
—T_ p—— 9
0 ‘1 ™ :(P
0]t - T
- 0 ) N~
o
—— . y,

1970 FORD 66 PASSENGER ‘SCHOOL BUS

EMPTY WEIGHT = 12,800 LBS.

PASSENGERS(SAND BAGS UNRESTRAINED IN SEATS)=6,890 LBS,
TOTAL WEIGHT = 19,690 LBS.

CENTER OF GRAVITY HEIGHT LOADED = 50 IN.*(EST.)

FIGURE BIl. SCHOOL BUS PROPERTIES
FOR CRASH TEST 3.

ILB.=.4536 [IN.= 254 CM. |FT.=3048M.
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4I_ 3 1/2"

2!_ Ll st

n 4"

4'-

oy

1974 HONDA CIVIC
TOTAL WEIGHT = 1800 LB.

FIGURE B2. MINICAR = PROPERTIES
FOR CRASH TEST 4.
|LB.=.4536KG. . IIN.= 2.54 CM. IFT =.3048 M.
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———= I U bt
= =
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-t -l
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1962 GMC COAGH - PD4106

CENTER OF GRAVITY HEIGHT LOADED = 46 IN.+(EST)
UNLOADED WEIGHT =20,780 LB

PASSENGER WEIGHT * - 6,080 LB
BAGGAGE WEIGHT = 5220 LB.
TOTAL LOADED WEIGHT =32,080 LB.

FIGURE B3. INTERCITY BUS PROPERTIES
FOR CRASH TEST 5.

| LB.= 4536 KG. 1{IN.=254 CM. |FT=3048 M.
*(SAND BAGS UNRESTRAINED IN SEATS)
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APPENDIX C
SEQUENTIAL PHOTOGRAPHS OF CRASH TESTS
AND
PHOTOGRAPHS OF DAMAGE TO BRIDGE RAIL AFTER TEST 5
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0.654 se(;'

Figure C1. Sequential Photographs for Test 3. (con't)
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0.000 sec

0.103 sec

Figure C2. Sequential Photographs for Test 4.
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0.161 sec

Figure C2. Sequential Photographs for Test 4. (con't)
‘ 40 (om

w o




0.179 sec
Figure C3. Sequential Photographs for Test 5.
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0.498 sec

Figure C3. Sequential Photographs for Test 5. (con't)
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Back of Rail

Figure C4. Damage to Bridge Rail at Post No. 4,
Test 5.

43

Vb | AL




-3 et Arenoornh v g et M sl e tom iy o e S

Front of Rail

Figure C5. Damage to Bridge Rail at Post No. 5,
Test 5.
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Front of Rail

Back of Rail

Damage to Bridge Rail at Post No. 6,

Figure C6.
Test 5.
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Front of Rail

Back of Rail

Figure C7. Damage to Bridge Rail at Post No. 7,
Test 5.
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Front of Rail
(Post No. 3)

Back of Rail
(Post No. 8)

Figure C8. Damage to Bridge Rail at Post
Nos. 3 and 8, Test 5.
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APPENDIX D
ELECTRONIC ACCELEROMETER, ROLL, PITCH AND YAW DATA
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. ACCELERATION (G)

10

10

100 Hz Filter

0 0.1

Figure DI,

0.2 0.3 0.4
TIME (SECONDS)

Vehicle Longitudinal Acceleration Trace for Test 3.
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TRANSVERSE AECCELERATION (G)

20

15

10

100 Hz Filter

NS T

0 0.1

Figure D3.

0.2 0.3 0.4 0.5
TIME (SECONDS)

Vehicle Transverse Acceleration Trace for Test 3.



100 Hz Filter

N — A JASN e ff\f\wx;§f9i

LS

ACCELERATION (G)

VERTICAL

0.1 0.2 0.3 0.4 0.5
TIME (SECONDS)

Figure D3. Vehicle Vertical Acceleration Trace for Test 3.



2230-3 ROLL 30 HZ 8/30/73 LCZ 6800

15.00 18.00

12.00

LLJD
Loy

(DEGR
§.00

ROLL

3.00

00 0.20 0.u0 0.60
TIME (SECONDS)

8. 00

-3.00

Figure D4. Roll versus Time for Test 3.
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2230-3 PITCH 30 HZ 8/30/79 LCZ 6800

1?.00

15.00

12.00

!

9.00

(DEGREES)

PITCH
6.00

0aQ

3.

/’—“—“‘*(
0.60

00 Ne.20 040
TI ONDS)

5. 00

-3.00

Figure D5. Pitch versus Time for Test 3,
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2230-3 YAHW 30 HZ 8/30/79 LCZ 6800

12.00 15.00 18.00

(DEGREES)
9.00

THNW
6

3.00

00 0.20 0.0 0. 50
TIME (SECCONDS)

0.00

-3.00

Figure D6. Yaw versus Time for Test 3,
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LONGITUDINAL ACCELERATION (@)

10

(]

i
d
(o)

i
™
(]

100 Hz Filter

I\

avdava A;Jf\vﬁf ~
U \f‘fﬂ\f/ Vi :

0.00 0.05 0.10 0.15 0.20 0.25
TIME (SECONDS)

Figure D7. Longitudinal Accelerometer Trace for Test 4.
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40 ) 100 Hz Filter

20

TRANSVERSE ACCELERATION (G)

0
20 o ; L
0.00 0.05 0.10 0.15 0.20 0.25
. TIME (SECONDS)
0 : -

VERTICAL ACCELERATION (G)

-40 L

0.00 0.05 0.10 0.15  0.20  0.25
TIME (SECONDS)

Figure D8. Transverse and Vertical Accelerometer Traces for Test 4.
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20.00 2?.00 39.

15.00

(DEGREES)

ROLL
0.00

1

.00

. 00

Figure D9.

0.20 0. 10

IME  (SECONDS)

Roll Versus Time for Test 4.
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(DEGREES)

PITCH
10.00

30.00

00

25.

20.00

{

15.00

]

{

5.00

[am]

O.V/‘-/ T 1

“0. 00 0.20 0.U40
TIME (SECONDS)

Figure D10. Pitch Versus Time for Test 4.
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i 29-00 2::—).00 3;0-.00

(DEGREES)
15.00

!

YEW.
10.00

5.00

.00 0.20 0. 40
‘NTIME (SECTONDS)

.00

Figure DI1T. Yaw Versus Time for Test 4.
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LONGITUDINAL ACCELERATION (6)

0} A m%ﬂvﬂ\

™S

9 - - 100 Hz Filter

20 |
0.00 0.20 0.40 0.60 0.80 1.00

TIME (SECONDS)

Figure D12. Vehicle Longitudinal Acceleration for Test 5.
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VERTICAL ACCELERATION (G)

4 ‘ e 100 Hz Filter

0.00 0.20 0.40 0.60 0.80 1.00
TIME (SECONDS)

Figure D13. Vehicle Vertical Acceleration for Test 5.
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TRANSVERSE ACCELERATION (G)

10 = 190 Hz Filter

0.00 0.20 0.40 0.60 0.80 1.00
TIME (SECONDS)

Figure D14. Vehicle Transverse Acceleration for Test 5.
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RESULTANT ACCELERATION (G)

8 _ 100 Hz Filter
: . |

0.00  0.20 T 020  0.60  0.80 T.00
TIME (SECONDS)

Figure D15. Vehicle Resultant Acceleration for Test 5.




20.00 25.00

1?.00

(DEGREES)

IP,UU

ROLL

.00

0.20 0.ug 0. 50 0.80 1. 00
TIME (SECONDS)

Figure D16. Vehicle Roll for Test 5.
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SP.OO

0.

aao

0.20 0. 40 0. 50 0.80 1.00
TIME (SECUONDS)

Figure D17. Vehicle Pitch for Test 5.

65



.00

0

0.

00

0.20  0.40  0.60 0.80 1.00
TIME [SECUONDS)

Figure D18. Vehicle Yaw for Test 5.
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APPENDIX E

STRUCTURAL ANALYSIS OF BRIDGE RAIL
(After Ref. 1)
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T4 CAST ALUM. POST - ASTM B108 Ad44 T-4

FuH = 20 Ksi 20% elong.

6.75" 2
N =] Z=6.75 x .4375 (8 - .4375) + 32X 1.375
4375 —
B ) = 22.33 + 5.10
8 : 3
¢ Z =27.43 in
M = Zo, = 27.43 x 20 = 548.6 K-in
o - 548.6 K-in = 45.7 Kips
p 12 -

Anchor Bolts  A325  3/4" Z%.: 40 Kips each

80 Kips

8 72" x .85 x 3.6 - 218 1N

M, = 80 Kips (6.75 - 1.09) = 452.8 K-in
452.8 K-in .
p = 4228 KN 355 kips = p
P IZTS T T i post P

Anchor Bolts weak link

EXTRUDED ALUM. RAIL - ASTM B221 - 6061 - T6

y _ . 4 _ .
] 3433" | Iy = 27.02 in Fy 35 Ksi
DL A = 4.896 in?
‘ I
g}l_\ _ y 3 . 3
13J1,,”,,L////// y 3.444 .85 n
| Sh L .
| ape Factor 35 = 1.25
' 1.27
L =10 ft
Z=1.259S5 = 9.8] 1n3 Assume 1.25 for this shape

Mp = GyZ = 35 x 9.81 = 343.4 K-in = 28.6 K-ft = MR
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T202 CONCRETE POST

13-4 A =13x.2=2.6 in?
A f
_ s Yy _ 2.6 x 60 - .
3= B5 T F - 85 x 3.6 x60 o2 n
Mp = ,9 x 2.6 x 60 (5.5 ~.4 2) = 713 K~in
M = 59,4 K-ft Post Moment
P Concrete
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T202 BEAM with 8 - #5 Bars Grade 60

A f
_ s 'y _ (4 x .31) 60 - "
a=—grrcr 5 S8 x36xT18 - 74

Mb = .9 x 60 x 1.24 (8 - .67) = 490.8 K-in
Mb = 40.9 K-ft
P P. = M: 7.9 ki
P P~ 3975" JKIpS
My, = 40.9 kips
——
Conc. Beam
8 M
(o) = —2—— = 82802 - 6.4 kips
L - 8&/2 25' - 10/2
Al. Beam
_ 8 x 28.6 _ .
(we) H = 55 - T1072 - 114 Kips
R=17.9 +17.9 + 16.4 + 11.4 = 63.6 Kips
H o= 35.8" x 39.75" + 16.4 x 20" + 11.4 x 39.75" _ 34 70
63.6
R=17.9 +17.9 + 11.4 = 47.2 Kips H = 39.75"
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