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ABSTRACT

The recent multiple fatality anhydrous ammonia truck-bridge rail
accident in Houston, Texas, and the school bus-bridge rail accident near
Martinez, California, emphasize the need for a bridge rail to contain
heavy trucks and buses. Present bridge rails are only designed to
restrain and redirect passenger cars up to 4500 1b (2041 kg) in weight
traveling 60 mph (97 kph) and impacting the rail at a 25° angle. The
current bridge rails must be at least 27 in. (69 cm) high and be able to
resist a static load of 10,000 1b (4536 kg) without exceeding a specified
allowable working stress based on an elastic analysis.

Bridge rails designed in accordance with the present criteria have
in general performed well in restraining passenger cars. Recent truck
and Concrete Median Barrier (CMB) crash tests have indicated that some of
our traffic rails designed by the present criteria have considerable
reserve strength and are capable of redirecting heavy buses and trucks.

The objective of the report is to present an analytical evaluation
of the capabilities of six standard Texas bridge rails to contain auto-
mobiles, buses and trucks. This evaluation consisted of an analysis of
the-strength of the bridge rails to determine if they were strong enough
to resist the impact forces. In addition, an analysis was made to deter-
mine if they are high enough to prevent high center-of-gravity buses and
trucks from rolling over the rails.

This analytical evaluation considered four sizes or types of vehicles
as follows:

1. passenger cars up to 4500 1b (2041 kg) with a center of gravity

about 20 to 24 in. (51 to 61 cm) above the road;
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2. vans, recreational vehicles, and school buses up to 20,000 1b
(9702 kg) with a center of gravity of from 50 to 60 in. (127
to 153 cm);

3. large intercity buses up to 40,000 1b (18,144 kg) with a center

of gravity of from 52 to 64 in. (132 to 163 cm); and

4. large tractor-trailersup to 72,000 1b (32,659 kg) with a center

of gravity from 45 to 78 in. (114 to 198 cm).
A1l impact forces were based on a 60 mph (97 kph) impact at 15 degrees
for the heavy buses and trucks and 25 degrees for the passenger car.
One metal rail, the Texas T101 steel rail, three concrete parapet
rajls (Texas T201, T202, and T5), and two combination concrete parapet and
metal rails (Texas T4 steel and C4 steel) were evaluated. Since concrete
bridge decks in Texas vary in thickness from 6.75 in. (17.1 cm) to 8.75 fin.
(22.2 cm) and in amount of reinforcement, the deck was not considered at
this time to 1imit the capacity of the bridge rail.
From this analysis it appears that the following conclusions can be
drawn.
1. A1l six rails (T101, T201, T202, T5, T4, and C4) can restrain
and redirect 4500 1b (2041 kg) passenger cars at 60 mph
(97 kph) and 25 degree angle.

2. The combination metal rail and concrete parapet C4 and concrete
parapet T5 bridge rails should restrain and redirect a school
bus at 60 mph (97 kph) and 15 degrees. The weaker and lower
combination T4 rail and the T101 metal rail are also probably

capable of restraining and redirecting a school bus.



3. The combination C4 and concrete parapet T5 bridge rails have a
chance of redirecting a large intercity bus at 60 mph (97 kph)

and 15 degrees.

4. None of the six rails evaluated appear to have a chance of
redirecting a loaded, high center of gravity, HS20-44 tractor-

trailer at 60 mph (97 kph) and 15 degrees.
A1l of these conclusions should be confirmed by full-scale crash

tests since they are based on relatively simple theory applied to a very

complex problem.
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DISCLAIMER
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INTRODUCTION

The recent multiple fatality anhydrous ammonia truck-bridge rail
accident in Houston, Texas(])*, and the school bus-bridge rail accident
near Martinez, Californa (2), emphasizes the need for a bridge rail to
contain heavy trucks and buses. Present bridge rails are only designed
to restrain and redirect passenger cars up to 4500 1b (2041 kg) in
weight traveling 60 mph (97 kph) and impacting the rail at a 25° angle (3).
The current bridge rails must be at least 27 in. (69 cm) high and be able
to resist a static load of 10,000 1b (4536 kg) without exceeding a specified
allowable working stress based on an elastic analysis (4).

Bridge rails designed in accordance with the present criteria have in
general performed well in restraining passenger cars. Recent truck and
Concrete Median Barrier (CMB) crash tests (6) have indicated that some of
our traffic rails designed by the present criteria have considerable
reserve strength and are capable of redirecting heavy buses and trucks.

The objective of the report is to present an analytical evaluation of
the capabilities of standard Texas bridge rails to contain automobiles,
buses and trucks. This evaluation consists of an analysis of the strength
of the bridge rails to determine if they are strong enough to resist the
impact forces. In addition, an analysis was made to determine if they are
high enough to prevent high center of gravity buses and trucks from rolling
over the rails. After the bridge rail analytical evaluation is completed
State Department of Highway and Public Transportation (SDHPT) engineers

and Texas Transportation Institute (TTI) research engineers will select the

*Numbers in parentheses refer to corresponding item in Reference List.



most promising rail for potential modification and subject it to full-

scale crash tests with a bus and/or truck.

In order to analytically evaluate the Texas bridge rails, the

following tasks were performed and are reported herein:

1.

Select Typical Design Vehicles - Dimensions, Weight, Height
of Center of Gravity, etc.

Determine Barrier or Bridge Rail Impact Force Required to
Redirect the Selected Vehicles.

Determine Height of Barrier or Bridge Rail Required to
prevent Selected Vehicles from Rolling over during Redirec-
tion.

Determine Maximum Strength or Resisting Force Capability of
Selected Texas Bridge Rails and the Effective Height of these
Rails.

Compare Bridge Rail Capabilities of Item 4 to Requirements

of Items 2 and 3.



DESIGN VEHICLES

The "Recommended Procedures for Vehicle Crash Testing of Highway
Appurtenances" (3) recommends that a longitudinal traffic barrier or rail
be capable of redirecting a 4500 1b (2041 kg) automobile traveling at
60 mph (97 kph) and impacting at a 25° angle. Typical dimensions of such
a vehicle are shown on Figure 1. The center of gravity of full-size
American passenger cars is located about 20 to 24 in. (51 to 61 cm) above
the roadway and slightly forward of mid-length. As will be shown later,
these dimensions are required to compute the average impact force of a
vehicle striking a Tongitudinal traffic rail.

Figure 2 shows the typical dimensions of a typical American 66-
passenger school bus. Such buses weigh about 13,000 1b (5897 kg) empty
and about 20,000 1b (9702 kg) when loaded. The center of gravity of such
loaded vehicles will vary from 50 to 60 in. (127 to 153 cm) above the
roadway. An interesting characteristic of such buses is that the 66-
passengers or 7000 1b (3175 kg) of load is moveable and can shift during
violent vehicle impact. School bus crash tests have demonstrated this
behavior. The school bus was selected as a design vehicle because it is
quite numerous on our highways and has been involved in some spectacular
and widely publicized accidents with traffic rails (2).

The next heaviest and very common vehicle which has been selected
as a design vehicle is a large intercity bus. A typical large inter-
city bus is shown in Figure 3. They will weigh from 30,000 to 40,000 1b
(13,608 to 18,144 kg) when loaded with up to 45 passengers and baggage or
freight. The center of gravity of such vehicles will vary from 52 to

64 in. (132 to 163 cm).
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The heaviest design vehicle selected was a tractor-trailer with
weight distribution and dimensions similar to an AASHTO HS20-44 design
truck. This vehicle is shown by Figure 4 and is typical of such
72,000 1b (32,659 kg) vehicles operating on our highways. The height of
the center of gravity (c.g.) of these vehicles varies widely. The tractor
typically has a c.g. height of about 45 in. (114 cm) while trailer c.qg.
may go up to 78 in. (198 cm) or more.

In summary, this analytical evaluation will consider four sizes or
types of vehicles as follows:

1. passenger cars up to 4500 1b (2041 kg);

2. vans, recreational vehicles, and school buses up to

20,000 1b (9702 kg);
3. large intercity buses up to 40,000 1b (18,144 kg); and
4. Tlarge tractor-trailers up to 72,000 1b (32,659 kg).



l5'——-|

—1—--$- c.g. Trailer

40,000 1b TRACTOR OF SEMI-TRAILER

LENGTH 20ft. WIDTH 8ft.
LOCATION OF C.G. IS 14.2 ft. FROM FRONT
AASHTO HS 20-44 DESIGN TRUCK
NOTE. 11b = .4536 kg
lin.e 254 cm
| ft = 3048 m
Imph= 1.609 km/hr

FIGURE 4. BRIDGE RAIL DESIGN TRUCK

|3 " "

68 to78
30 5' -

v
32kips
{ o ]
|
c.qg.
l $Tractor :
| _ —
> AL =14.2' rs.e'——
20'



STRENGTH REQUIREMENTS OF BRIDGE RAILS

Now that the design vehicles and their characteristics have been
established, the impact forces that they impose on a bridge or traffic
rail can be predicted. The method used to predict the impact forces
are the equations presented in NCHRP Report 86 (7).

Figure 5 illustrates a vehicle impacting a longitudinal traffic
rail at an angle 6. From this illustration of the impact event it can
be shown that the average lateral vehicle deceleration (Glat) is

v %sin® (o)
lat = 2gTAL sin(e) - B[T-cos(e)] ¥ D Eq.

Avg G 1

If the stiffness of the vehicle and rail could be idealized as a
linear spring the impact force-time curve would be in the shape of a
sine curve thenthe peak or maximum lateral vehicle deceleration (max G]at)
would be

_m
max G]at = z-(avg G]at) Eq. 2

The Tateral impact force (F1at) on the traffic rail would then be equal

to the lateral vehicle deceleration times the vehicle weight, thus

avg Fi4 = (avg G]at)w Eq. 3

and

max Fy 4 = %{avg Flat) Eq. 4



INSTANT OF VEHICLE - BARRIER INSTANT VEHICLE BECOMES
RAILING  COLLISION PARALLEL TO UNDEFORMED
BARRIER RAILING

ZDISPLI)CE D BARRIER RAILING

FIGURE 5. MATHEMATICAL MODEL OF VEHICLE - BARRIER
RAILING COLLISION.{AFTER NCHRP 86, Ref 7).
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One could determine the Tongitudinal forces on the rail by multiplying
the lateral forces times the coefficient of friction (u) between the
vehicle and rail. The symbols used are defined as follows:
L
2B

vehicle length (ft);

vehicle width (ft);
D = lateral displacement of barrier railing (ft)

assumed as zero for rigid rail;

AL = distance from vehicle's front end to center of mass (ft);
Vp = vehicle impact velocity (fps);

Vp = vehicle exit velocity (fps);

o = vehicle impact angle (deg);

u = coefficient of friction between vehicle body and barrier railing;

a = vehicle deceleration (ft/secz);
g = acceleration due to gravity (ft/secz);
m = vehicle mass (1b-sec2/ft); and

W = vehicle weight (1b).

These equations express the average vehicle decelerations as a func-
tion of: (1) type of barrier railing -- rigid or flexible, (2) dimensions
of the vehicle, (3) Tocation of the center of mass of the vehicle
(4) impact speed of vehicle, (5) impact angle of the vehicle, and
(6) coefficient of friction between the vehicle body and barrier railing.
When computed deceleration values from these equations were compared with
full-scale vehicle crash test data, it was found that these equations
predict the behavior of standard size passenger vehicles to an accuracy
of *20 percent.

Such a comparison is remarkable when one considers the simplicity of

the model and the difficulties involved in acquiring and reducing data

11



obtained from full-scale dynamic tests (7).

In Appendix A these equations were used to compute the lateral impact
forces a vehicle would impose on a rigid traffic rail or bridge rail.

An estimate of the vehicle impact forces on a traffic rail was also
obtained from Bloom, Rudd and Labra (9). In addition to this, estimates.
were also obtained from Buth (10) using data obtained from an ongoing FHWA
sponsored research contract.

A tabulation of all these data is contained in Table 1 and summarized
for practical use in Figure 6. Bloom's maximum force data were determined
by using the BARRIER VII computer program and is the cumulative barrier
force over the impact area and not a single point load. Buth's impact force
was obtained experimentally by taking the maximum 50 msec lateral vehicle
deceleration and multiplying by the vehicle weight. This value was then
adjusted upward to account for barrier deformation in certain cases.

It is believed that the impact forces indicated by Bloom's and Buth's
data are an upper bound for perfectly rigid barriers, and that the forces
produced by Equation 4 is a lower bound. Consequently it is concluded that
to restrain and redirect a school bus at 60 mph (96.5 km/hr) and 15 degrees
a bridge rail must be able to resist an impact force of from 55 to 85 kips.
In order to redirect an intercity bus under similar conditions, a bridge
rail must be able to resist an impact force of from 90 to 150 kips. 1In
order to redirect a heavy HS20-44 truck-trailer under similar conditions a
rail must be able to resist an impact force of from 140 to 250 kips. These
estimates are for rigid rails which should be conservative since most such

structures will deform somewhat.
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TABLE 1.

TABULATION OF RIGID TRAFFIC RAIL LATERAL
IMPACT FORCES.
(A11 impacts at 60 mph (96.5 km/hr) and 15 degree angle)

AVERAGE FORCE

MAXIMUM FORCE

VEHICLE WEIGHT kips kips
1b Eq. 3 Eq. 4 Bloom (9) Buth (10)

20,000 School

Bus 35 55 70 84
40,000 Inter-

city Bus 58 91 150 150
70,000 Truck

Concrete - - 250 __
72,000 Truck

HS20-44 1 143 - -

13




14!

300

School Intercity Truck /////

ss0| Car Bus Bus ///,/’
\

< —
150[ +}df;1p// Pt

VEHICLE IMPACT FORCE - KIPS

VEHICLE WEIGHT - KIPS

FIGURE 6. SUMMARY OF RIGID TRAFFIC RAIL IMPACT FORCES
60mph (96.5 km/hr)- 15 degree angle



HEIGHT REQUIREMENTS OF BRIDGE RAILS

The previous chapter presented data on the magnitude of the lateral
impact forces that a bridge rail would be subjected to. While a bridge
must be strong enough to restrain and redirect a vehicle it must also be
high enough to prevent the vehicle from rolling over it.

Figure 7 shows a rear or front view of a vehicle impacting a longitu-

dinal rail. The force F is the resisting force of the rail which would

lat
be Tocated at the centroid of the rail member or top of a concrete parapet.
The height (H) of this resisting force is defined as the effective height
of the rail. For example the top of a standard 12 in. (30.5 cm) deep
W-beam guardrail is mounted 27 in. (69 cm) high in Texas; however, its
effective height (H) would only be 21 in. (53 cm).

In many cases the center of gravity (CG) of an impacting vehicle may
be much higher (C) than the effective height (H) of the rail. The vehicle
does not necessarily roll over the rail in this case because a stabilizing
moment equal to the weight of the vehicle (W) times one half the width of
the vehicle (B/2) is also acting on the vehicle. Equations 5 and 6 shown
on Figure 7 present equations which indicate the approximate effective
height required for a bridge rail to prevent a vehicle from rolling over
it. This effective height is a function of the Tateral impact deceleration .
of the vehicle, height of vehicle center of gravity, width of vehicle, and
pavement-tire friction in this simplified math model.

Figure 8 presents a comparison of the required effective height of a

longitudinal rail to the center of gravity height for four selected design

vehicles. From Figure 8 it can be seen that to prevent a large passenger

15



B/2

Point O
( )
H ] \ “ J [
i i

W = weight of vehicle

G,i= avg. latera! deceleration of vehicie from Eq. |
p =coef. of pavement friction= O t0 0.39

C = height to vehicle c.g., in.

H = effective height of barrier rail, in.

O = center of overturning rotation located at centroid of
of rail or top of concrete parapet

B = width of vehicle, in.

Fq= resisting railing force located at effective rail height

Mo= WG,(C-H) -WB/2-4#WH=0

He- GgC-B/2 (Eq. 5)
H + Gyqs.

NEGLECTING FRICTION,

He BatC-B/2 (Eq. 6)
Gt

FIGURE 7. APPROXIMATE ANALYSIS OF REQUIRED
BRIDGE RAIL EFFECTIVE HEIGHT TO

PREVENT VEHICLE FROM ROLLING OVER
RAIL. 16
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car with CG from 20 to 24 in. (41 to 61 cm) from rolling over the rail, an
effective height of 16 to 20 in. (41 to 51 cm) is required. As mentioned
previously, the standard guardrail in Texas has an effective height of
21 in. (53 cm). To prevent a school bus with CG of 50 to 60 in. (127 to
152 cm) from rolling over, the rail would require an effective height of
from 22 to 32 in. (56 to 81 cm). As can be seen, an intercity bus would
require rails of similar effective heights. A large tank truck similar to
the anhydrous ammonia truck in the Houston accident with a 78 in. (198 cm)
CG would require an effective height rail of around 57 in. (145 cm).
Effective barrier height requirements indicated by Figure 8 are
believed to be reasonable. Figure 9 shows similar data developed by
Bloom, Rudd and Labra (9) using a more sophisticated math model. These
data on Figure 9 indicate a truck with a 55 in. (140 cm) CG would require
a 29 in. (74 cm) effective barrier height. An intercity bus with a similar
CG would require 15 in. (38 cm) effective barrier height. These two data
points are presented on Figure 8 by triangles. Recent crash test results
from Buth (10) and others seem to indicate Figure 8 (or Egq. 6) yield more

reasonable results.
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The

STRUCTURAL STRENGTH EVALUATION
OF BRIDGE RAILS
strength and effective height requirements of bridge rails have
defined approximately. The next step is to determine the ultimate
capacity and effective height of various bridge rail designs used
At present there appear to be three different types of bridge

shown in Figure 10. The three types are as follows:

Metal Rail which consists of five basic structural elements

that work together to produce the ultimate strength of the
system -- rail, posts, base plate, anchor bolts and bridge
deck;

Concrete Parapet which consists of a reinforced concrete wall

mounted on the concrete bridge deck;

Combination Concrete Parapet and Metal Rail which consists

of six basic structural elements that work together to
produce the ultimate strength of the system -- rail, posts,
anchor bolts, concrete wall and concrete bridge deck.

general method of analyzing each of these rail types in order to

determine their ultimate strength will now be briefly described.

METAL RAIL

The
the well

method of evaluating the ultimate strength of these rails utilized

known "Plastic Analysis Method" for the rail or beam element. The

maximum stress which could be developed in the rail was the yield strength

of the metal. For the post, anchor bolts and base plate, however, a modified

plastic analysis method was used whereby the ultimate strength of the metal
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FIGURE 10. THREE TYPES OF BRIDGE RAILS.
21




was used instead of the yield strength. Static load tests of welded bridge
rail posts indicated their ultimate moment capacity was the plastic section
modulus times the ultimate strength of the steel (11). This is possible

because at the point of maximum moment the post is welded to the base plate.

When a vehicle impacts a longitudinal traffic rail at an angle, the
sheet metal is crushed as shown in Figure 11. Crash tests have shown this
crush length £ to be about 3 to 4 ft (.91 to 1.22 m) for automobiles. If a
truck or bus impacts a rail, a similar crush takes place. In some cases
only the front tire of a school bus or truck will contact the rail. Since
these large tires are about 3.5 ft (1.07 m) in diameter, it is reasonable
to assume the load is distributed over a length £=3.5 ft (1.07 m). This
length will be used in the analysis of both metal and concrete rails.

In order to determine the total ultimate vehicle impact load (w&), a
bridge rail system can resist several possible failure modes which must be
considered, as shown in Figure 12. Failure modes similar to these have
been observed in actual crash tests. When a "weak beam-strong post"” system
is used, single or two span failure modes have been observed. When a
"strong beam-strong post" system is used, three span failure modes have

been observed. Al1 possibilities should be considered in the analysis.
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w = distributed load, Ib/ft or N/m
L= length of distributed load, ft or m
wl= total impact load, Ib or N

FIGURE Il. DISTRIBUTION OF IMPACT LOAD IN
COLLISION WITH LONGITUDINAL TRAFFIC
RAIL.
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CONCRETE PARAPET RAIL

The method of evaluating the ultimate strength of the concrete parapet
or wall systems was the "Yield Line Method" as described in advanced text-
books on reinforced concrete. The results of such an analysis on a typical
concrete parapet is shown by Figure 13 (see Appendix "B" for complete
development of the equations). 1In this analysis the total ultimate load
(we) was applied at the top of the concrete wall. This is the most
critical Tocation and also yields the maximum effective height (H). The
critical length (L) is the length which gives the minimum ultimate total
Toad (we).

It is interesting to note that the ultimate load capacity of the wall
is a function of the moment capacity of the beam at the top of the wall

(Mb), the moment capacity of the wall (M) and the cantilever moment capa-

)
city of the wall (MC). If the bridge deck is weak it may control or limit
the cantilever moment capacity (MC). However, these equations indicate
that the total load capacity of the wall can be increased by strengthening
the beam and wall by adding more horizontal steel, for example, and this
will increase the length (L) and bring more bridge deck into play.

A second type of concrete wall or parapet is shown by Figure 14.
This wall has openings or gaps of length (G) spaced at regular intervals
along it. This type wall was also evaluated by the "Yield Line Method"
and the results presented in Figure 14 and Appendix "B".

The analysis presented here does not consider impacts near open joints
(expansion or contraction) in the concrete walls. Such joints, which
frequently occur, can be evaluated by modifying the "Yield Line Analysis"
presented in Appendix "B". The ultimate strength of the concrete parapet
would be about one half the values computed here. To minimize the effect

of joints, it is recommended that their use be minimized and that
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(wl) = B8M, + B8MH +

M L2
L-4/2 L- £/2 H(L-4/2)

y £\ . BH(Mp+MyH)
L= 2 * (“z—)"“

Mc

H = height of wall, ft

L =critical length of wali failure, ft

wl= total ultimate load capacity of walls, kips

M= ultimate moment capacity of beam at top of wall, kip-ft

M,=ultimate moment capacity of wall per ft of wall height, kip-ft/ft

M¢ = ultimate moment capacity of wall cantilever up from bridge deck
per ft of length of wall, kip-ft/ft

£ =length of distributed impact load, ft

FIGURE [3. YIELD LINE ANALYSIS OF CONCRETE
PARAPET WALL
26



Mo

AN

I Me
o| Io;
1 S G
I ‘ e 6oP
4 He
gL
Wl - &M + McL(i-e
' (L-£/2) H(L-£/2)
£ A% BHM, G/
L = = + (—) + b
2 2 Mc 2
Z = length of distributed impact load, ft
w{ =total ultimate distributed load capacity of wall

= height of wall, ft
L =critical length of wall failure, ft

M, = ultimate moment capacity of beam attop of wall, kip-ft

Mc = ultimate moment capacity of wall cantilever up from bridge

deck per length of wall, kip-ft /ft
G = length of gap or wall opening, ft

FIGURE 4. YIELD LINE ANALYSIS OF OPEN

CONCRETE WALL OR PARAPET.
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reinforcing steel be continuous across such joints.

COMBINATION CONCRETE PARAPET AND METAL RATL

In order to determine the impact resistance capability of a combination
bridge rail, the strength of each of its components must be determined as
previously described. The bending strength of the rail must be determined

)

over one span (PR) and over two spans (Pé). The strength of the post (Pp
on top of the wall must be determined and this could be controlled by the
anchor bolts or post section modulus. In addition, the strength of the
concrete parapet or wall (Pw) must be determined as previously described
(see Appendix "B").

From Figures 15 and 16 there appear to be two possible critical impact
points for a combination bridge rail. Each of these must be evaluated and
the critical strength determined.

Figure 15 presents an evaluation when the vehicle impact is at mid-
span of the metal rail. The bending strength of the rail (PR) and the
maximum strength of the concrete wall (Pw) will add together to yield the
maximum resultant strength (R) as shown. The effective height (H) of this

resultant (R) is not the height of the rail (hR) or wall (h ) but somewhere

w)
in between as shown.

Figure 16 shows another possibility of an impact at a post. This is
usually the critical impact point which yields the smallest resultant (R).
Both cases must be investigated to make sure, however. At the centroid of

the metal rail there are two resisting forces, the post strength (P,) and

p)
the rail bending strength over two spans (Pé), as shown. At the top of
the concrete wall we have a reduced wall capacity (Pﬁ) since the post load
is transmitted to the bridge deck at this point also. Consequently, the

maximum resultant strength (R) is the sum of the post capacity (P.), the

p
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the rail strength (Pé) and the reduced wall strength (Pﬁ). The effective
height of this resultant is as shown in Figure 16. It should also be
recognized that a maximum effective height (H) equal to the centroid rail
height (hR) could be obtained but at a reduced resultant strength (R)
equal to the post capacity (Pp) and rail capacity (Pé) only.

Once again the analysis presented here does not consider impacts
near open joints in the concrete wall or parapet. The metal rail will
help distribute load across such joints. It is recommended that expansion
and contraction joints be minimized and that reinforcing steel be con-

tinuous across such joints.
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STRENGTH EVALUATION OF TEXAS BRIDGE RAILS

In this section one metal rail, the Texas T101 steel rail, three
concrete parapet rails (Texas T201, T202, and T5), and two combination
concrete parapet and metal rails (Texas T4 steel and C4 steel) were
evaluated. The steel rails were selected over the aluminum rails because
they have more toughness and reserve strength. Since concrete bridge
decks in Texas vary in thickness from 6.75 in. (17.1 cm) to 8.75 in.

(22.2 cm) and in amount of reinforcement, the deck will not be considered
at this time to 1imit the capacity of the bridge rail. The assumption is
that the bridge deck can be reinforced if necessary to develop the strength

of the rail.

METAL RAIL - T101 STEEL

Figure 17 shows the significant structural details of the T101 steel
rail. The 4 in. x 3 in. (10 cm x 7.6 cm) tube member can actually vary
in wall thickness from 3/16 in. to 1/4 in. to 5/16 in. (.48 cm to .64 cm
to .79 cm), permitting the use of different yield strength steels. The
3/16 in. (.48 cm) wall thickness with a yield strength of 50 ksi (345 MPa)
was used here because this design has been crash tested with school and
intercity buses.

The effective height (H) of the T101 from Figure 17 appears to be
21 in. (53 cm). Appendix "C" presents the detailed analysis of this rail.
The ultimate Toad that each post could resist (Pp) was controlled by the
anchor bolts and was found to be 38 kips (169 kN) each. The critical
failure load was computed on the basis of the failure mode shown by

Figure 12(c), the three-span, two-post mode. This failure mode was
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observed in vehicle and bus crash tests conducted by Buth (10). The beam
or rail in this failure mode will resist a load (PE) of 9 kips (40 kN).
Therefore, the total load capacity of this T101 system is estimated to be

equal to

PY + 2p

(We) ¢ = Pp * 2P,

9 kips + 2 x 38 kips

85 kips (378 kN)
with an effective height at this load capacity of
H =21 1in. (53 cm)
Since the Toad capacity evaluation was controlled by bending moment
capacity (of the anchor bolts,in this case), it would appear that the

actual load capacity of most rails would be a function of the height of

application of the load. Therefore the Timiting moment capacity of the

T101 is
ML = (wl) x H
ML = 85 kips x 21 in.
iy ML = 1785 kip-in. (201.7 kN-m)

If the load was applied at different heights, a new load capacity could
be determined so as not to exceed the limiting moment of 1785 kip-in.
(201.7 kN+m)

When the post is resisting its ultimate load of 38 kips (169 kN),
the moment being applied to the concrete deck slab is about 66.7 kip-ft

(90.4 kN'm). Present bridge slabs in Texas are only capable of resisting
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an ultimate moment of about 53 kip-ft (72 k'm) and would probably
have to be reinforced to develop the total rail capacity of 85 kips

(378 kN) or the post moment capacity computed here.

CONCRETE PARAPET RAIL-T201

Figure 18 shows the significant structural details of the type T201
concrete parapet bridge rail. This parapet consists essentially of a
7 in. (17.8 cm) thick concrete wall 27 in. (68.6 cm) high. The Toad
capacity of the parapet was evaluated by the "yield 1line analysis" shown
on Figure 13. The load capacity (wl) was found to be 48 kips (214 kN)
applied at the top of the wall with an effective height H = 27 in.

(68.6 cm).

Since this load was controlled by bending, the load capacity for
lower effective heights of application can be estimated. These loads can
be computed so as not to exceed the lTimiting moment of 48 kips {214 kN)
times the 27 in. (68.6 cm) height.

When resisting these loads the concrete parapet wall will place an
ultimate bending moment of 9.5 kip-ft (12.8 kN-m) to each foot of bridge
deck. Current bridge decks in Texas can resist a bending moment of about
10.2 kip-ft (13.8 kN'm) per foot of the bridge deck so they are adequate.

Reinforcement in the bridge rail as well as the deck could be increased
in order to increase the load capacity further. Detailed calculations
are presented in Appendix "C".

This analysis did not consider impacts near an open joint which are
currently required for the T201 at least every 33 ft (10 m). The strength
of this rail at a joint would be about one half the value computed here.

The use of such joints should be minimized and reinforcement should be

provided to distribute loads across them.
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CONCRETE PARAPET RAIL - T5

Figure 19 shows the significant structural details of the type T5
traffic rail barrier. This bridge barrier consists of a 32 in. (81 cm)
high concrete wall with the New Jersey type safety shape as used on concrete
median barriers. The load capacity of the parapet was evaluated by the
"yield 1ine analysis" shown by Figure 13. Detailed calculations are
presented in Appendix "C".

The Toad capacity (w&) was found to be 59 kips (262 kN) applied at the
top of the wall H = 32 in. (81 cm). Since this load was also controlled
by bending, the Toad capacity for lower effective heights of application
can be estimated. The loads can be computed so as not to exceed the
Timiting moment of 59 kips (262 kN) times the 32 in. (81 cm) height.

When resisting these loads the concrete parapet wall will place an
ultimate bending moment of 12.2 kip-ft (16.5 kN'm) to each foot of bridge
deck. Current bridge decks in Texas can resist an ultimate moment of about
10.2 kip-ft (13.8 kN'm) per foot of deck which is close to that needed.
Once again this analysis did not consider impact near an open joint which

is presently required at least every 33 ft (10 m).

CONCRETE PARAPET RAIL - T202

Figure 20 shows the significant structural details of the type T202
bridge rail or barrier. This bridge consists of a 10 in. (25.4 cm) wide
by 14 in. (35.6 cm) deep reinforced concrete beam 27 in. (68 cm) high
supported by concrete posts or 5 ft (1.5 m) long sections of concrete wall
as shown. The load capacity of this concrete parapet type rail was

evaluated by the "yield 1ine analysis" shown by Figure 14 and the three-span
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failure mode in Figure 12. Detailed calculations are presented in Appendix
"C". Results from the three-span failure mode are believed to be applicable.

The ultimate load capacity (w&) was found to be 57 kips (253 kN)
applied at the top of the wall 27 in. (68 cm) high. Since the load was
controlled by bending, the load capacity for Tower effective height of
application can be estimated by not exceeding the limiting moment of 57
kips (253 kN) times 27 in. (68 cm).

When resisting these ultimate loads, the concrete posts or wall
sections will impose a bending moment of 11.86 kip-ft (16.1 kN'm) to each
foot of bridge deck. Once again this analysis did not consider impact at
an open joint. This concrete rail uses joints only at deck expansion
joints. These joints are spaced much farther apart than those of the T201,

T5, etc.

COMBINATION CONCRETE PARAPET AND METAL RAIL - T4 STEEL

Figure 21 shows the significant structural details of type T4 combi-
nation rail. This rail consists of a 4.875 in. (12.4 cm) by 8 in. (20.3 cm)
elliptical steel tube mounted on 11.125 in. (28.3 cm) high steel posts which
sit on top of an 18 in. (45.6 cm) high concrete parapet. The ultimate load
capactty of the metal rail and posts were determined by the methods previ-
ously discussed except that the yield strength of the steel was used instead
of its ultimate strength. The ultimate strength of the anchor bolts was
used rather than yield strength. The load capacity of the concrete wall
was evaluated by the "yield 1line analysis" shown by Figure 13. The re-
sultant ultimate load capacity of this system of structural elements was
determined by the procedure shown on Figure 16. The critical impact point

was found to be at a post location.
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The post capacity (Pp) was controlled by the ultimate strength of the
anchor bolts and was found to be 38 kips (169 kN). The rail capacity over
two spans (Ph) was found to be 13 kips (58 kN). The reduced wall capacity
(PQ) remaining after supporting the post was 8 kips (36 kN). The sum of
these yielded a net resultant capacity of 59 kips (263 kN) located at an
effective height (H) of 29 in. (74 cm).

If one wants the maximum possible effective height H = 30.5 in.

(77.5 cm), the resultant capacity would simply be the sum of the post (Pp)
and rail (Pé) capacities or 51 kips (227 kN).

To obtain a Targer rail capacity one could take the maximum wall
capacity (P ) of 72 kips (320 kN) located at the top of the wall 18 in.

W
(46 cm) and the rail capacity over two spans (P.) of 13 kips (58 kN)

R
located at 30.5 in. (77.5 cm). This would yield a resultant load of 85
kips (378 kN) located at an effective height of 20 in. (51 cm). Details
of the analysis are presented in Appendix "C".

Once again when this rail is resisting these ultimate loads, the
concrete parapet wall js placing an ultimate bending momemnt of 9.82 kip-ft
(13.3 kN'm) on each foot of bridge deck. Present bridge decks in Texas
can resist an ultimate bending moment of 10.2 kip-ft (13.8 kN'm) per foot

of deck and thus are adequate.

COMBINATION CONCRETE PARAPET AND METAL RAIL - C4 STEEL

Figure 22 shows the significant structural details of the type C4 combi-
nation rail. This rail is similar to the type T4 except the elliptical tube
is mounted on 13.125 in. (33.3 cm) high steel posts which sit on top of a
21 in. (53 cm) high concrete parapet. The ultimate load capacity of this

system of structural elements was determined by the procedures used for the
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type T4 previously described. The detailed calculations are presented in
Appendix "C".

The post capacity (Pp) was controlled by its plastic bending moment
and was found to be 29 kips (192 kN). The rail capacity (P&) was the same
as the T4 and was 13 kips (58 kN). The reduced wall capacity (PQ) re-
maining after supporting the post was about 30 kips (133 kN). The sum
of these yielded a net resultant capacity of 72 kips (320 kN) Tocated
an effective height (H) of 27 in. (69 cm).

If one wants the maximum possible effective height H = 36.6 in. (93
cm) the resultant capacity would simply be the sum of the post (Pp) and
rail (P&) capacities or 42 kips (187 kN).

To obtain a larger rail capacity one could take the maximum wall
capacity (Pw) of 80 kips (356 kN) located at the top of the wall 21 in.
(53 cm) and the rail capacity over two spans (Pé) of 13 kips (58 kN) Tlocated
at 36.6 in. (93 cm) above the deck. This would yield a resultant load of
93 kips (414 kN) Tocated at an effective height of 23 in. (58 cm).

When this rail is resisting these ultimate loads, the concrete
parapet is placing an ultimate bending moment of 11.3 kip-ft (15.3 kN'm)

on each foot of the bridge deck.
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DISCUSSION OF RESULTS

From the previous strength evaluation of Texas bridge rails, it was
found that the load capacity of the rail depended on the height of appli-
cation of the load. In order to better compare these rails, the previous
results have been plotted on Figure 23 which summarized and compares the
strength and effective height of these bridge rails. The results on this
figure assume that the bridge deck will develop the cantilever moment
capacity of the concrete parapets or posts in the case of the T101. The
results on Figure 23 also assume impact is not near an open joint

From Figure 23 it appears that the C4 combination rail is the strongest
and highest. The T5 concrete parapet is close behind the C4 in strength
and height. The metal rail T101 is very close to the C4 and T5 in strength
but it has a Timited maximum effective:height of only about 25 in:- (64 cm),
the distance to the top corrugation of the W-beam. The combination rail T4
is also close to the top three rails. The two concrete parapet rails, the
T202 and T201, appear to lag behind the other four rails in strength and
height in this comparison.

For this strength evaluation, present analysis and design theory have
been extended to extreme T1imits. For example, the ultimate strength 69 ksi
(476 MN/mz) was used to compute the ultimate capacity of the A36 wide flange
post in the T101 rail. This was done because the flange and web of the
wide flange are welded to a base plate at the point where these high
stresses occur and therefore cannot buckle. A1l such assumptions have been
made with care and in most cases they are supported by test data. Full
scale crash test results on such rails have shown that they have considerable

reserve strength beyond what an elastic stress analysis would indicate.
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SUMMARY

Figure 6 presents the summary of the impact forces which various type
vehicles place on a rigid traffic rail when they impact it at 60 mph
(96.6 km/hr) and 15 degrees. Figure 8 presents a summary of the apparent
barrier effective heights required to prevent such vehicles from rolling
over rigid traffic rails. When these data are compared to the strength and
effective height of the six Texas bridge rails presented in Figure 23,

one can determine how effective these six bridge rails might be.

PASSENGER CAR

For example, a 4500 1b (2041 kg) vehicle impacting a rigid rail at
60 mph (97 kph) and 25 degrees will generate an impact force of about
50 kips (222 kN) (Figure 6)and require an effective height of 16 to 20 in.
(41 to 51 cm) (Figure 8) to prevent rollover. From Figure 23 it appears
that all six of these rails will easily meet these requirements. For some
confirmation of this conclusion the T101 has been successfully crash

tested under these conditions.

SCHOOL BUS

From Figure 6 it can be seen that a typical school bus of 20,000 1b
(9702 kg) impacting a rigid traffic rail at 60 mph (97 kph) and 15 degrees
will generate an impact force of from 55 to 85 kips (245 to 378 kN). From
Figure 8 the school bus will require an effective height of from 22 to
32 in. (56 to 81 cm) to prevent rollover. When these forces and heights
are compared to Figure 23 it can be seen that all of the rails meet the

minimum requirements of 55 kips (245 kN) and 22 in. (56 cm) but none meet
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the maximum requirements of 85 kips (378 kN) and 32 in. (81 cm). If the
average impact force and height of 70 kips (311 kN) and 27 in. (69 cm) are
used, the C4 and T5 bridge rails appear adequate and the T101 and T4 rails
are very close. For some confirmation of these conclusions, the T101
bridge rail has been successfully crash tested by two school buses under
these conditions by Buth (10). The two crash tests cited are not positive
confirmation of the height requirements because in both tests the front
axle was knocked from under the bus, quickly Towering its center of gravity
about 9 or 10 in. (23 to 25 cm). The two tests do posifive1y confirm the

strength capability of the T101 to redirect a school bus.

INTERCITY BUS

The next comparison will be for a 30,000 to 40,000 1b (13,608 to
18,144 kg) intercity bus impacting at 60 mph (97 kph) and 15 degrees.
From Figure 6 the rigid rail impact force will be from 75 to 150 kips
(334 to 667 kN) and from Figure 8 the required height will be from 19 to
31 in. (48 to 79 cm). From Figure 23 it can be seen that the C4, T5,
T101 and T4 would meet the minimum requirements but none would meet even
the average requirements of about 112 kips (498 kN) and 25 in. (64 cm).
It is interesting to note that the T101 rail has been crash tested by an
intercity bus under these impact conditions. The strength of the T101
was just barely able to redirect the bus, and the bus did roll over on
the bridge. The rail deflected laterally 3 ft (.9 m) or more and was
certainly not rigid. In the author's opinion the capacity of the T101

was exceeded in the test.
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TRACTOR-TRAILER

The Tast comparison will be for an HS20-44 tractor-trailer type
vehicle weighing from 60,000 to 72,000 1b (27,000 to 32,660 kg) impacting
at 60 mph (97 kph) and 15 degrees. From Figure 6 the impact force would
be from 125 to 250 kips (556 kN to 1112 kN) and from Figure 8 the effec-
tive rail height would have to be from 42 to 57 in. (107 to 145 cm). It
appears from this analysis that none of the existing Texas bridge rails

can redirect such heavy vehicles under these severe <impact conditions.
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CONCLUSIONS

From this analysis it appears that the following conclusions can be

drawﬁ:

1. A1l six rails (7101, T201, T202, T5, T4, and C4) can restrain
and redirect 4,500 1b (2,041 kg) passenger cars at 60 mph
(97 kph) and 25-degree angle.

2. The combination metal rail and concrete parapet C4 and concrete
parapet T5 bridge rails should restrain and redirect a school
bus at 60 mph (97 kph) and 15 degrees. The weaker and lower
combination T4 rail and the T101 metal rail are also probably
capable of restraining and redirecting a school bus.

3. The combination C4 and concrete parapet T5 bridge rails have a
chance of redirecting a large intercity bus at 60 mph (97 kph)
and 15 degrees.

4. None of the six rails evaluated appear to have a chance of
redirecting a loaded, high center-of-gravity, HS20-44 tractor-
trailer at 60 mph (97 kph) and 15 degrees.

A1l of these conclusions should be confirmed by full-scale crash tests

since they are based on relatively simple theory applied to a very complex
problem. This analytical exercise has served to emphasize the complexity

of the problem.
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APPENDIX "A"

COMPUTATION OF LATERAL IMPACT FORCES
(from Equations 1, 2, 3 and 4)
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TRAFFIC RAIL IMPACT FORCE - RIGID RAIL

HEAVY PASSENGER CAR, 4500 1b

L=17.5 ft 2B = 6.5 ft A = .454

60 mph - 25°
e i (88 ft/sec)? sin® 25°

2

13t av9 5 4 32.2 ft/sec® [7.95 ft sin 25° - 3.25 ft(1 - cos 25°)]

7744 x .1786
64.4 [7.95 x .423 - .304]

Giat avg - 7.03 g's

Flat avg = 4500 1b x 7.03

F]at avg = 32 kips

F1at max_ 32 kips x %

F1at max 50 kips

60 mph - 15°

Gy ot avg " 4.13 ¢'s

Flat avg 4.13 x 4500 1b = 18.6 kips
Flat avg = 18-6 X 5 = 29.2 kips
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RAIL IMPACT FORCE - RIGID RAIL

SCHoOL BUS, 20,000 1b

60 mph - 15°

2 2

88° sin“ 15°
G1at = 2 x 32.2 [18.5' sin 15% - 4'(1 - cos 15%)]

7744 x_.067
64.4 [18.5 x .259 - .136]

oD
"

lat 1.73 g's

-
|

lat = 20,000 1b x 1.73

-
1

lat = 35 kips (avg)

-
1i

35 kips x

OV E

Tat max

-
1]

Tat max 55 kips
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TRAFFIC RAIL IMPACT FORCE - RIGID RAIL

LARGE INTERCITY BUS, 40,000 1b

60 mph - 15°

V2 s1'n2 8

29 [AL sin o - B(1 - cos 8) + D]
(88 ft/sec)? sin® 15°
= 2 x 32.2 ft/sec” [22 ft sin 15° - 4 ft(1 - cos 15°)]

G1at -

7744 x_.067
" 64.4[22 x .259 - .136]

[ep)
1

= 1.45 g's (avg)

lat

Flat = 40,000 1b x 1.45
Fiat = 58 kips (avg)
F1at max F1at max * %
Flat max = 91 kips
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TRAFFIC RAIL IMPACT FORCE

72,000 1b AASHTO HS20-44 TRUCK-TRAILER

IF RAIL REDIRECTS TRACTOR, TRAILER WILL FOLLOW
THEREFORE MAX.

REDIRECTION OF 40,000 1b TRACTOR

60 mph

- 15°

(88 ft/sec)? sin® 15°

IMPACT FORCE WILL OCCUR DURING

lat =

2x32.2 ft/sec’ [14.2 £t sin 15% = 4 ft(1 - cos 15°)]

7744 x .067

64,4 [14.2 x .259 - .136 ]

56

G1at = 2.28 g's (avg)
F1at avg = 40,000 1b x 2.28 g's
F1at avg = 97 kips TRACTOR IMPACT
_ . T 40,000 1b
Frlat max = 91 kips x 7 65 in. avg CG
length 20 ft
F1at max - 143 kips
TRATLER G =2.15 g's Length
_ ) WB
Flat avg " 2.15 x 32,000 1b Weight
F1at avg = 69 kips
F1at max - 108 kips



APPENDIX "B"
YIELD LINE ANALYSIS OF
CONCRETE PARAPET WALL
AND
OPEN CONCRETE WALL
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YIELD LINE ANALYSIS OF CONCRETE PARAPET
WALL AS BRIDGE RAIL - "DISTRIBUTED LOAD"

Total Load = wi

External Work = Internal Energy Absorbed

I3
wi & (L - /2 _ A +MHx4x 4 +MLA
(——E———-) = My x 4 x /2 W 7z © 7
Wi {L _ R/Zl ) My . M H . !EE
L L L H
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2

8Mb 8M H ML
Q' = —— 4 W__ + c
W L2, L-3%, AT - 9;'/
2 2 2
What is L = ? Length L that gives min. (wg) is critical
g—év—ﬁﬂ = 0 defines L which gives min. (w2)
0= d(ws) - - M - A + M 2L - 1%
dL ( 2 2 H L -2
L-z) (L-Z) / L -2,
/5 /5 2 [ /
_ My am H L ML - ] _
2 2 L -2
- - % HiL - 2
(L 2/2) (L /2) ( /2) &
12 - - eH (Mb+MwH) = 0
Me
AT M+ M H)
L=5 +|[5 ]+ 8H\_b W
c
If 2= 0 then (wg),, = Pt @ concentrated Toad and this solution yield
previous one )
If 2 =1L then (W!L)u]t is distributed over length of failed wall, then
) i 16 Mb + 16 MwH + 2 MCL
WL utes L L ¥
and L =\I8H(Mb+MwH)
cr —

c
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YIELD LINE ANALYSIS OF OPEN CONCRETE RAIL

10" x 14" Concrete Beam on 7" Wall with 5' Tong openings at 10' centers

jl—— T ————>

DISTRIBUTED LOAD (wﬂ.)u.It

2
afe="2) . ™M & wam (6)a
(W) 14 L Lz 2 | H

2 8M M
o (L) LN

jr—
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we) = M + ML (L-6)

ult. -0 /L - 2.
(") ()

What is L = ? L is length that gives min. (wzh]t

dlwe) _ . . .
il 0 defines L that gives min. (wzh]t'
dw) M, L e |eL-a L{ -6)

(L 2/2)2 H (L - 2/2) B (L - 2/2)2

2 = length of distributed impact force =~ 3.5 ft
G = gap length of hole in wall =5 ft

H = height of wall = ft

Mb = beam ult. moment capacity = kip-ft

M. = wall cantilever moment capacity = kip-ft
ft. of wall
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YIELD LINE ANALYSIS OF CONCRETE PARAPET
WALL AS BRIDGE RAIL ~ "CONCENTRATED LOAD"

P aA=4M A + M _A + 4M A H
w b /2 ¢ ; v 77
L L H

What is L ? Length L that give min. Pu]t. is critical

dPyit. = 0 = defines L which gives min. P ;.
dL )

L = 8H (Mb+MwH)
M

c
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APPENDIX "C"
CALCULATIONS FOR STRENGTH EVALUATION
OF SIX TEXAS BRIDGE RAILS
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T101 BRIDGE RAIL
EVALUATION

€ =19

. ST B« Boksi* 8Lzl
B'x4' POST SFAANY g

, —
Wée XZO/Z_/_ \ & Ilgau W BEAM
(w2)= 85 kips
x7ll
H=2|"
I/2_II (a|/4" |
BASE. B /B T
g x10" -
Ll I A

- h

| I ;—2_ LLEAR.
[

|

(it DO

A225 U 1L o
24" DIAM. * P 7h. e o
ANCHOR BOCTS —————> @ 'L _ | _ E4010h e
i T T T ‘f“ W aese

FIGURE C1.
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BEAM 4" x 3" x 3/16 Fy = 50 ksi  8.14 1b/ft

S=2.234n° x1.19 Z = 2.65 in.°
M, = 2.65 in.3 x 50 ksi = 132.7 k-in or 11.06 k-ft
W Beam S = 1.37 My = 1.37 x 40 ksi = 54.8 k-in
£ =1.84 = 4,57 k-ft
Total Mp = 11.06 k-ft x 2 + 4.57 k-ft
Total Mp = 26.69 k-ft (2 Tubes + W-beam)
Total Load (wg) = M where 2 = 3.5 ft
E‘g‘I}' . L = 8.33 ft
2
(wg) = 2.3326:6?’75 = 32.4 kips one span
(wg) = $6f6§6;6$.75 = 14.3 kips two span
(wg) = g§¥—%§T§;§ = 9.2 kips three span

POST W6 x 20 Z = 15.0 in.>

M, = 15 in3 x 36 ksi = 540 k-in

P =540 k-in = 25.7 kips
in

Mult = 15 in°> x 69 ksi = 1035 k-in
P _(ult.) = 1035 k-in = 49.3 kips
P —21 in
" - . 2
ANCHOR BOLTS 3/4" A325 Atens. = ,3345 1in
= i = 0 i
Tult. 28';12 40 kips each
A1SC 5-195
Mu1t =40k x 2 x 7.5 in + 40k x 2 x 2.5 in.
Mult.= 800 k-in
P = 800 k-in = 38.1 kips = P
it =y P
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LPPOS? =38.1 kips

(WR)p gqn= 4.3 kips

I I
L Mpﬂb/—}/—\q\%
\ I
' P v
e >
(wl)

(W£L1t. =38.1 K+ 14.3 = 52.4 kips Two Spans - 16.7' rail

So Total (w‘)u1t. 2 Posts + 3 Span Beam

2 x 38.1 kips + 9.2 kips

85.4 kips 25 ft of rail 3 Spans

3-SPAN FAILURE MODE 2 post Failed



i%/’=‘4f:> ki

| 35 =40 |<5i
—§H, 25" —> Lr. = OO F%Q
Y | = b Wi =48 kips
o=
*s REEAR @ O
I — %4 gepAd @ 10
Q .25 [« Ixy
23 :&5+EL ﬁ?
. 2
QQ | il fl
.&" = |4 |5
-—)#255“19-
Vv v
A
=
-'!\ ]
| L 1

' \
«———— IO.D"J

TRAFFIC RAIL BARRIER TYPE T201
FIGURE C2.
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APPENDIX "C"

ANALYSIS OF TYPE T201 RAIL

S =2, (o kel
t?:lC?“q‘ 'S>’='4{> Ks|
A
dess u
: =7
_ /.)
- @ O o
Fes *tq.
A = |31+ .20 |5 .51 in?
P = .5] _
55 x10 ~ 0-003
Asfy = .85 fc' ba = ,9% steel
. By . 85 fc' 87,000
_ .51 x 40 = .66 in. P, = >
a =Xl b Ty 87,000 + fy
Maes ¢ A fy (d - ¥2) = .85 x .85 x 3600 x 87,000
: 70,000 187,000 + 40,000]
= .9 x .51 x 40 (5.5 -~ .33)
- 4.459
= 94.86 k-in. per 10 in
M = 113.83 k-in per ft of length = M_ = 9.49 k=ft
ult. c ft
p, = 1383k 42 kips/ft of rail
WALL MOMENT M d =5 in b =27 in. or 2.25 ft
- 2. x 40  _ .
3= g5 x36x 27 09 in.
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Mu]t = .9 x .2 x40 (5 - .043) = 35.7 k-in or 2.97 k-ft
My = 1.32 k-ft/ft

SHEAR CHECK Vu Vu ¢ bod

.12 x .85 x 12 x 5.5 = 6.73 k/ft of rail
Mb = ¢ AS fy (d - 9/2) TOP BEAM MOMENT

a = .2 x 40
.85 x 3.6 x 10

= .26 in.

My = .9 x .2 x40 (6.625 - .26)

2
Mb = 45,8 k-in or 3.82 k-ft

YIELD LINE ANALYSIS - CONCENTRATED LOAD

L. \]SH (Mb + MWH)
M

c

_ 3.82 + 1.32 x 2.25
—\JS x 2.25 ( 949 )

Lo, = 3.59 ft
gt L A
_8x3.8 , 8x1.32x2.25 , 9.49 x 3.59
3.59 3.59 2.25

"= 8.51 + 6.62 + 15.14

P = 30.3 kips

ult. Concentrated Load at Top of wall

7.2 ft is too conservative
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YIELD LINE ANALYSIS - "DISTRIBUTED LOAD"

2
_2 5 BH /M _+ MH
Ly =% \](2) - (%)
C
= 3.5 §L§_2 , 8x2.25 (3.82+1.32x2.25
2 2 9.49
= 1.75 + \J 3.06 + 12.88
= 1.75 + 4.00
L = 5.75 ft
2
8, 8, 1 ML
2 2 2
8 x 3.82 , B8x1.32x22 .  9.49 x 5.75
5.75 - 1.75 5.75 - 1.75 2.25 (5.75 - 1.75)
= 7.64 + 5.94 + 34.86
(wWe) 1, = 48.44 kips

ult.
Total Length of Wall resisting Toad is

48.44 kips

7.7 Kips/ft = 11.53 ft

70



< T >
— ] 3 —" 75—

v kPG Kip

—‘: _f\' r\_E’F" \;_ ~ BN
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TRAFFIC RAIL BARRIER TYPE T5
FIGURE C3
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ANALYSIS OF TYPE

b:a“

>

T5 RAIL

| - »
fc— 3.6 ksi

fy = 40 ksi

()

d=7.25" o { ©

o
O

Ag= 3l in.

o

O #5at8"c-c

Asfy = .85 fc' ba

_ Ay _ .62 x 40
.85 fc' b .85 x 3.6 x 8

1.01 in

o7
]

[}
1l

Mult

¢ Afy (d - 1/2)

Mult

_ 146.5 kip-in
c 32 in.

M. =12.2 k-ft

C —

ft
SHEAR Vu

8.87 kips/ft of rail

72

MC = 146.5 kip-in per foot of rail

.9 x .31 x 40 (7.25 - .5) + .9 x .31
75.33 + 22.32 = 97.7 kip-in per 8 in.

.62 in.2
7.75 x 8

1.068% steel
4.45%

x 40 (2.5 -

= 4,58 kips/ft of rail

u¢ bod = .12 x .85 x 12 x 7.25

.5)

.00534



Evaluation of Top Beam Moment Mb approximately assume b = 13.5 in. min.

d=3.54n A =2x.20 = .40 in-2

S
A _fy
- S _ .40 x 40 _ .
8= B F'b ~ .85 x3.6x 7135 ~ 387 1in.
Mult = ¢ A_fy (d - a/2)
S ~N
= .9x .4 x40 (3.5-.2) = 47.5 kip in. Use Avg.
Mult = .9 x .4 x 40 (5.1 - .2) = 70.6 kip-in. s Mb = 59 kip-in 4.92 kip-ft
_ . 6 k-ft k-ft
Assume MW = 72 k-in. or m 2.25 _f't— )
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YIELD LINE ANALYSIS - "DISTRIBUTED LOAD"
2 S8¥/M +MH
L b W L
NGRS

= 1.75 +\J1.752 + 8 x 2.67 ( 4.92 + 2.25 x 2.67 )

3.5'

I_
n
N

12.2

L=1.75+4.71 = 6.46
(W) aM 8M H M L2
V‘u-lt.= b + W + C _
2 2 2
_ 8x4.92 |, 8x2.25x2.67 , 12.2x6.46
= T 3.7 7.67 x 471
= 8.4 + 10.2 +40.5
(WE)u1t. = 59 kips
59
7.58 K/ 12.9 ft
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- wl =57 Kips
N\ ]
FEAM ﬂ - T
5" SPAN Ve > by ) | _
<
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=ite e "“7"_:’1 L JL , :i
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B4 BARS L W4 ¢
A2 e R
[ A T
: ' —T 7” ]
| L ¥ 1; o9 SLAD
A

TRAFFIC RAIL TYPE T202
FIGURE C4



M

ANALYSIS OF

WALL MOMENT CAPACITY

_ .2 X

60

8 =785 x 3.6 x 4.67

= .85 in

TYPE T202 RAIL

for b
d

4.62"
5.5

Mu= .9 x 60 x .2 (5.5 - .425) = 54.81 k-in/4.62"
Mc = 142.4 k-in/ft
Mc = 11.86 k-ft/ft 5.27 kips/ft of wall
BEAM MOMENT CAPACITY b=14" d=8"
- Asfy _ As _ .6
a4 %785 fc' b P = bd T 8x 14
.60 x 60 Pmax = .0192
. 8 x 3.6 x 14
a = .84"
= fyAs (d - a/2
b(u1t_) ¢ TyAs ( )
= .9 x 60 x .6 (8 - .42) = 245.6 k-in
Mb = 20.47 kip-ft
SHEAR IN BEAM
VuH = 2 fc' bd
= .11 x 14 x 8.25

12.71 kips x 2 = 25.42
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YIELD LINE ULTIMATE "DISTRIBUTED LOAD"

. k-t )
M. = 11.86 *t M, = 20.47 k-ft

G=5ft 2=3.5ft H=2.25"ft

2
g 3 8H M
lep = 2 ¥ (f) * b - &
M 2
C
_ 2 8 x 2.25 x 20.47
= 1.75 + \J(1.75) + £ L
- 1.75-+\J3.06 +31.07 - 8.75
= 1.75 + 5.04
L =6.79 ft
cr
M M L (L-G)
(w) - 2 P
ult L - z/ H /L - z/ )
2 2
8 x 2047 ,  11.86 x 6.79 (6.79 - 50)
5.04 2.25 X 5.00
= 32.5 kips + 12.7 kips
(wg)u1t. = 45 kips
45 kips

5.27 k/ft wall

77

8.54 ft of wall
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T202 ULTIMATE LOAD USING THREE
SPAN FAILURE MODE (FIG. 12)

Z.=25.6 Kips B =320 kips 20"

l

Mp=20.5 k-f+ ,
y %
A i

I

e =
P = 11.86 k—;:—t- x 5 ft x 1—{“—5 - 35.6 kips at H = 20" or 1.67"
8 M 8 x 20.5 . .
(we) = b = = 5.8 kips at 20 in.
— 30 - 7.75
2

Tot. (we) = 35.6 + 35.6 + 5.8
at

77 kips = 22 H = 20 in.
ML = 77 k x 20 in. = 1540 k-in.

for H = 27 in.
wi = 57 kips
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TRAFFIC RAIL BARRIER TYPE T4
FIGURE C5
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ANALYSIS OF TYPE T4 RAIL

fl =20 ksl
fy=40 kel

62 = .00369

P =
_ .62 x 40 _ . 206
as 85 x 3.6 X 0.5 = .77 in. 8 x 10.5
M ( ) P=.74%
.= ¢ Asfy (d - a/2
ult P, = 4.45%

.9 x .31 x 40 (8 - .38) + .9 x .31 x 40(2- .38) b

85.0 k-in. + 18.1 = 103.1 k-in per 10 1/2"
My1t.= 117.8 kip-in per ft of rail = M_ = 9.82 k-ft/ft

.8 k-in/f . .
Pe = ]]733.561?£.t = 3.85 kips/ft of rail

POST 2-1 ip. R 5 in. wide A36 steel - 10ft centers

5 bd?2 2 x 52 _ .3
'u E] ZX:T = '—4——"]25 in.

O My = ZFy = 12.5 in.3 x 36 k/inZ = 450 k=-in. per 10 ft

X
M_ =45 kip-in per ft of rail
p S %%!gﬁg = 39 kips
P =45 k-in - 3.9 kips/ft of rail POs .
C 756 in. - 3. ips of rai
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2

ANCHOR BOLTS 2-3/4 in. diam A .3345 in. Tult = 40 kips

ten

Mult = 80 kips x 6 in. 480 k-in per 10 ft of rail

P = 48 k-in/12.56 in. = 3.82 kips/ft of rail Fp - 38-2 Kkips

c

RAIL 4 7/8 in. x 8 in. E11ipse with .188 in. wall
Use properties of 4 in. x 8 in. x .188 in. rectangular tube

A=4.244n.2 s =8.71in.2 s =5.96 in.3
assume f = 1.14 y

My = 36 ksi x 8.71 in.3 x 1.14 = 357 k-in. or 29.8 k-ft
P = Eﬁg - 8x29.8 k-ft = 24 kips Con. Load for 10 ft rail span
T 10 ft
hﬂF) Uh.jgll;;;:%ﬁﬂ M o)
7
1 Mp
2 M
W= —>=2 = 12 x fg'itk'ft = 36 kips distributed load for 10 ft

rail span

w = 3.6 kips/ft of rail
Distributed Load over 3.5 ft of Rail - 42 in. tire diameter

g = 3.5 ft
8M

(w JuH = p _ 8 x 29.8
—_— - 70 - 1.75
L -2
. /o
RAIL (wz)u1t. = 29 kips = PR
distributed over ¢ = 3.5 ft one span

28.9 kips

Find Pé when post yields when impacted and rail covers two spans--

8M
Pl="Tp _ 8x29.8 _ fre = DY
R 1. 2/ = 39 -1.75 ° 13 kips PR two span

2
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f<}]

As = .62

_ .62 x 40
- .85 x 3.6 x 18

= .45"

.9 x .31 x 40 (7.25 - .22) + .9 x .31 x 40 (2.94 - .22)
78.5 k-in + 30.4 k-in = 108.9 k-in
9.07 k-ft
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YIELD LINE ANALYSIS OF WALL - "DISTRIBUTED LOAD"

2 84H/M + MH
L 2 b W
NG ()

2 9.07
75 +\j1.75 +8x 1.5 (gfgf)

1]
—_

= 1.75 + 3.76
L = 5.51 ft
2
(W) = ?TQ____ + ?TH____ + ﬂEE___ﬁ_,
Mt T - y -, Iy
2 2 2
_8x9.07 . 9.82 x 5.51°
5.5] - 1.75 7.5 (5.51 - 1.75)
= 19.3 kips + 52.9 kips
(wz)u1t_ = 72.2 kips = Pw WALL h, = 18 in.
Pyrt, RAIL = 29 kips RAIL hg = 30.56 in.
PR' = 13 kips
P = 38 ki
D 1ps
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COMBINED ANALYSIS OF COMPOSITE T4 RAIL IMPACT AT POST

M -P_h

! = L R = = k " =

Pw "__F;"E""" ML Pw hw 72" x 18 1296
_ 1296 - 38 kips x 30.56 . 1296 - 1161 = 7.5=0p"
18 18 ) W
Rmax = P_ + P’ + P = 385 + 13K + 7.5% = 59 kips = R
p R W * *L___
H =29 in.
H = 38 x 30.56" + 13 x 30.56 + 7.5 x 18
58.5

_ 1161 + 397 + 135 _

- 58.5 - 28.94
roR=P + PRl = 38 + 13 = 51 kips = R

P 30.5 in = H

Impact at Mid-Snan

R = PR + Pw

= 29k + 72k = 101 kips

_ 29 x 30.56 + 72 x 18 _ 866 + 1296 _ "
H= R = 107 21.4
for H=27" R =198 2 72 kips

_ _ 1948 _ .

for H=30.6 R = 0.6 63.7 kips
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R

= 72 +13 =85 kips
13K x 30.5% + 72K + 18"
85k
396.5 + 1296 _
o = 19.9
say H = 20 in.
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Ty =HE K
Fe =20 el

eo'x 46875 Em%‘:;’%

N
Z:10" e >
ez T

wl=72 kips,

a

L <4 C‘.-7 = ct; EOLTE
BB NG, (229

~ ¥ J
>
Xy
s
: =rgeese—1 |
9 & o
™ v,
—a—LSH‘__
) J
| N
o~
=
] o) |
| ‘_|OC'I—>

TRAFFIC RAIL BARRIER TYPE C4
FIGURE C6.
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ANALYSIS OF TYPE C4 RAIL

A zd
ST e
O- o} o} o)
+
Ag=2" %
_ Asfy . .62 x 40 ) .
8= 785 T b * B5X3.6x70 -90 in.
Mult = .9 x .31 x 40 (8 - .45) + .9 x .31 x 40 (2 - .45)
= 84.3 k-in. +17.3 = 101.6 k=in/9 in.
Mult = 135.5 kip-in. per foot = Mc = 11.3 k-ft/ft
Concrete
P = 135.5 k-in _ . Parapet
[ §'6.—58_i—n.— = 3.70 k'lpS/ft
POSTS * - 2-1 in. R 5 in. wide A36 = 10ft centers
““Eﬁ = Z Fy = 12.5 in3 x 36 ksi = 450 k-in. per 10 ft
_ . _ 450 k-in - .
Mp = 45 k-in per ft Pp = TEEg 28.9 kips
P = 45 k-in = 3.09 kips/ft of rail P =29 kips
14.56 in P
IL "Same as T4" Pult - 24 kips for 10 ft span
Pé = 13 kips 3.6 kips per ft if distributed load
two span (wL)uH = 36 kip distributed load on 10 ft span

(We)uH - 29 kips = Pr

¢= 3.5' distributed load one span hR = 36.58 in.
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ANCHOR BOLTS Same as T4 Rail

_ 480 k-in _ .
Pp = T5.56 3in = 30.8 kips
Post Controls Pp = 29 kips
BEAM
- .93 x 40 _ I
a° gEx36x2r - o8
Mb = .9 x .31 x 40 (7.25 - .29) + .9 x .37 x 40(2.94 - .29)

+ .9 x .31 x 40(5 - .29)

77.7 k-in + 29.6 + 52.6

=
"

b 160 k-in = 13.3 k-ft
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YIELD LINE ANALYSIS OF WALL - "DISTRIBUTED LOAD"

2
L=% +\/(%) 4+ 8H (Mb+MwH )
MC
= 1.75 + 1.75% + 8 x 1.75 x 13.3
1.3
= 1.75 + 4.42
L=6.17
8M 8M H 2
(W,Q) = b + W + MCL
ult. -2 L -2 '
/ /2 ( - 'Q/)
2 2
_8x13.3  , 11.3x6.17°
4.42 1.75 x 4.42
= 24.1 kips + 55.6 kips
(wz)u1t. = 80 kips = Pw WALL hw =21 1in.
PR = 29 kips = PR RAIL hR = 36.58 in. one span

PR' = 13 kips two span

P. = 29 ki
. ips
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COMBINED ANALYSIS OF COMPOSITE C4

_ _ onk w o )
Impact at Post ML = Pw X hw = 80" x 21" = 1680 k-in.
Pw' = Pwhw - P hr
h
W
p 1 = 80K x 21" - 29K x 36.58" 1680 - 1061 Kips
w m - = ——m = 29,5
21 21
R = Pp + Pw' + PRI =29 +29.5+ 13 =71.5 kips
H = Pth + Pw' hw + PR' hR
R
=29 x 36.58 + 29.5 x 13" + 13 x 36.58 - 1921 - 26.9"
71.5 71.5 - )
If we assume H = 36.5$u
R = Pp + Py = 29 + 13 = 42 kips
or R = Pw + PR =80+ 13 = 93 kips H = 23 1in.
H=280x21+ 13 x 36.6 - 1680 + 476 = 23.2
93 93 :
If H = 36.6" R = 42
= L =
R Pp +PR 29 + 13 = 42
IMPACT AT MID-SPAN
R = PR + Pw
=29 + 80 = 109 kips
_ P, hy + P h
H=_R RR W W Does Not Control
= 29 x 36.58 + 80 X 21 = 1061 + 1680 = 25.1"
109 109 :
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TYPAL 6LA5| OVERHANY
I'=1bg!

1ROV Ne—Face oF AL s
>t RINGS)
12 ceae Pk |
E \
hd A ~____ s .
€ 1 e DFED) T(&Ldr? ﬂ;a!fi-f%%
N GAERY 7 x
I
, -
ON 5EH i
OVERAANG: ?_'-75" .7* A7 |
z_5|l — 5“ (NE\'\D
’ Bl (2o NEY .@it_s_\, -
B, C and A Bars
Standard Roadways t Max Bar Spacing Overhang
26 h 8 3/4" 12" 2' -7 1/2"
34 HS 40HS 7 1/2" 10 1/2"
44 HS 7 1/4" "
48 HS 7 1/2" 10 1/72"
Others Max Overhang
6 3/4" 12" 2' -1
7" 11 172" 3' -0 1/2"
7 1/4" 1" 3' =2 1/2"
7 1/2" 10 1/2" 3' - 41/2"
7 3/4" 10" 3' -7
8” 9 1/2" 3I - 'loll

Rail types T101 and T301 have added anchorage plates at level of top
slab reinforcement

FIGURE C7. TEXAS BRIDGE DECKS



BRIDGE DECK or SLAB ANALYSIS

5 25"

’Wz'/y_"x /"= 5 F AT TN FEES oMLY

/ d=21675" [

_ .31 x 40 _ |

8= g5 x3.6x5.25 /7
.77 _ ) )

Miae, -9 % .31 x40 519 - =71 =53.6 k-in per 5.25" M .. = 10.2 k-ft EEXBft

SLAB MOMENT AT T101 POST
Cp 3 C-)Il Gf

-
A
A
\

/
A= 4x DI+ 05
=2.24"% . //

4 x .31 +2 x .5
2.24 in

_2.24 x 40 .
2= g x3.6x27 I°

Mat. = -9 x 2.24 x 40 (5.19 - .7) = 362 k-in per 21" = 30.2 k-ft

If Steel Achieves 91t. Str570 ksi
- 10 = 53 k-ft max.
Mg = 30-2 g
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