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FOREWORD

The purpose of this research project was to develop a series of
hardware modifications that will upgrade sub-standard bridge rails
and bridge rail/guardrail transitions to currently acceptable structural
and safety performance 1evel s. The project incl uded an in-depth survey
of bridge rail systems in use. Those designs that were deficient with
regard to safety and most predominant in actual use were identified
and considered for retrofit development. Several bridge rail retrofit
concepts were developed and tested under full scale passenger vehicle
impacts. The evaluation was limited to passenger vehicles only. Heavy
vehicle impact consideration was beyond the scope of this study. A new
type of rail element was developed and extensively utilized in the new
concepts (Tubular Thrie Beam). The new rail element is potentially
applicable to many other roadside barrier concepts.

This report is being distributed by FHWA Bulletin to insure proper
exposure of these new retrofit concepts to the highway engineering
profession. A limited number of additional copies are available from
the Structures and Applied Mechanics Division, Office of Research.

Copies may also be obtained from the National Technical Infor
mation Service (NTIS), Deparrnlent of Commerce, 5285 Port Royal Road,
Springfield, Virginia 22161. A small charge is imposed for copies
provided by NTIS.

,'-',;" t /;f;
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Charles F. Schefr~
Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Department
of Transportation in the interest of information exchange. The United
States Government assumes no liability for its contents or use thereof.

The contents of this report reflect the views of Southwest Research
Institute which is responsible for the facts and the accuracy of the data
presented herein. The contents do not necessarily reflect the official
views or policy of the Department of Transportation.

This report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manu
facturers. Trademarks or manufacturers' names appear herein only because
they are considered essential to the object of this document.
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I. INTRODUCTION

A. Background

Olson( 1) * showed that about one-third of all freeway fatal accidents during the period
1965-67 involved a vehicle running off the road and hitting a fixed object; furthermore he showed
that about 22 percent of these fixed objects were bridge barrier railing systems.t Hosei2) reported
that a bridge railing system element was the first object struck in 18 percent of fixed-object fatal
accidents on completed sections of the Interstate Highway System in 1968. An analysis of bridge
railing accidents by location in Figure 1 shows that 73 percent of errant vehicles impacted the
approach guardrail and bridge end and 27 percent collided with the bridge railing.(I) Performance
of the barrier systems in these accidents was judged inadequate as evidenced by the fact that
16 percent of the vehicles either vaulted or penetrated the installation and 52 percent pocketed or
snagged.

In 1967 AASHTO published the "yellow book" entitled, "Highway Design and Operational
Practices Related to Highway Safety." One of the safety improvements emphasized in this widely
distributed report was the need for a structurally sound transition between guardrails on bridge
approaches and the bridge rail. Several states, one of which was California, initiated intensive
programs to upgrade existing bridge railing installations per "yellow book" recommendations. Acci
dent statistics from California(3) as shown in Table 1 indicate that this effort has been most
successful as the freeway fatal accident rate per 100 million vehicle miles (MVM) for bridge railing
decreased in the period from 1965 to 1973 by about 50 percent and decreased even more signifi
cantly in 1974 and 1975 when the maximum 55 mph (24.6 m/s) speed limit was set. This improve
ment in highway safety, which has been confirmed by other states, may be partially attributable to
improvements that evolved in the same lO-year period in vehicle crashworthiness and occupant
restraint systems. Nevertheless, the California statistics indicate that effort used in upgrading bridge
railing installations has resulted in reduction of fatal accidents.

A promising approach for further reducing highway fatalities is to upgrade substandard bridge
railing installations with a cost-effective device or devices that can be easily retrofitted to existing
bridges. Such modifications should be readily amenable to a majority of existing bridges and be
quickly and economically adapted in the field.

B. Objective

The purpose of this program was to develop a series of standard modifications that will
upgrade substandard bridge rails and bridge rail/guardrail transitions to acceptable structural and
safety performance levels.

C. Scope

To achieve program objectives, it was first necessary to identify types and mileage of bridge
railing systems in use; this was performed by letter survey of 51 state highway agencies and project
staff visits to six of these agencies. Designs from 44 reporting agencies were assembled and classified
into four basic SwRl-defined categories according to profile geometry. Bridge railing designs within
a category present common retrofit constraints that are amenable to a common retrofit design.

*Number denotes references.
"\" Brid~e railing system includes approach guardrail, transition and the bridge railing.

1



FIGURE 1. ANALYSIS OF 350 SINGLE VEHICLE FATAL ACCIDENTS
INVOLVING BRIDGE RAILING
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Representative bridge railing designs from the four categories were appraised as to confor
mance to current safety performance standards in order to determine specific needs of safety
improvements. Modification concepts were formulated for upgrading the more predominant (as
measured by installed mileage), deficient bridge railing systems.

The more promising concepts were selected for final design. Five retrofit designs were installed
on typical installations and evaluated by vehicle crash tests. These five retrofit designs were judged
suitable for carefully monitored in-service use.
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II. BRIDGE RAILING MODIFICATION REQUIREMENTS

A. Current Inventory

Prior to 1965, the AASHTO specification provided only a broad bridge rail design load
scheme, and the designers were given wide latitude in devising railing configurations. Consequently,
the number of unique rail system installations designed during the earlier period are innumerable.
Beginning with the 1965 AASHTO Specifications, four basic traffic railing and three combination
traffic and pedestrian railing configurations were suggested, and although the designers were per
mitted latitude in specific geometries, the suggested shapes undoubtedly influenced a move toward
uniformity. Subsequently, aluminum and steel producers began producing and promoting stan
dardized railing components, especially rails. A further step toward standardization of bridge rail
systems is the work of the AASHTO-ARBA Task 13 Committee, which published recommen
dations( 4 ) in 1973 for standard bridge rail components. This movement toward standardization is
too recent to have significant effect on reducing the large number of different bridge rail systems in
service. Unfortunately, the large number of bridge rail systems in service complicates the develop
ment of a limited number of retrofit concepts that will suitably upgrade a majority of the bridge rail
systems.

B. Bridge Rail Design

In conventional structural design, structural strength is the basic design criterion. Design loads
are analytically imposed on a schematic of the structure, and the structural members are chosen so
that the stresses will not exceed those allowable. Effective bridge rail systems could be designed in a
similar manner if structural strength were the only criterion. However, safety of the occupants of
impacting vehicles and other traffic is also a primary service requirement, and these two factors (i.e.,
structural strength and occupant safety), being interdependent, must be considered simultaneously
in system design in order to achieve optimum bridge rail performance. For instance, it may be
necessary to reduce the rigidity of a system in order to lessen the abruptness and severity of an
impact, thereby improving safety.

Olson(l,5) and Viner( 6) concluded that specifications of AASHTO (1965) or BPR (1962)
were not sufficient to provide the design engineer with assurance of a bridge rail safety perfor
mance. Whereas the specifications may have been acceptable in sizing bridge rail members to sustain
vehicle impacts, the problems of vaulting and snagging of the vehicle were not properly accom
modated. (Full-scale vehicle testing of a barrier system is recognized in 1965, 1969 and 1973
AASHTO Specifications as an alternate to the analytical design approach; however, very few states
have used the testing approach.) Based on their experience in developing new traffic barrier designs
using both sophisticated computer simulation models as well as the simple static load design pro
cedures of AASHTO specifications, the authors conclude that dynamic behavior of the barrier and
vehicle during collision cannot be predicted with adequate assurance. Hence, full-scale dynamic
testing, as recommended by Viner and Olson, to fully explore and demonstrate bridge railing safety
performance is believed to be a necessary final step in the development of every bridge railing
system.

Considerable progress is being made to upgrade performance of bridge railing design standards,
and the resulting new designs are beginning to be introduced into the highway system. Moreover,
approach guardrail and the proper transition between approach guardrail and bridge railing have
been retrofitted to existing installations by several states, and this effort has reduced fatal accidents

5



occurring at the end of bridge railings.(S) On the other hand, older bridge railing installations that
do not perform satisfactorily according to today's standards remain in service. Two examples of
bridge railing failure are illustrated in Figure 2.

C. Retrofit Service Requirements

In developing modification schemes, a proper perspective must be maintained with regard to
service requirements. As with any traffic barrier, priority should be given first to safety perfor
mance, second to economics, and third to appearance.(7)

Safety performance of a modified bridge rail is directly related to its dynamic performance
during vehicle collision. In particular, a bridge rail must restrain a selected vehicle. (The selected
vehicle is one that is representative of a large majority of the vehicle population.) This implies that
when a vehicle of specified weight, dimensions, velocity, and approach angle strikes a bridge rail
system, it will not climb over, break through, or wedge under the installation. A barrier that is
impacted by a selected vehicle must redirect the vehicle in such a manner that passengers restrained
by seat belts can survive, preferably uninjured. A bridge rail system should redirect the selected
vehicle in such a manner as to minimize hazard to following or adjacent traffic. Ideally, the vehicle
should remain close to the barrier installation and not be directed back into the traffic stream.
During impact, the barrier must function in such a fashion that vehicle occupants and other traffic
are not likely to be endangered by vehicle or barrier fragments or barrier elements that could
intrude into the passenger compartment or be deposited on the traveled way. Recommended
properties of the selected vehicles and impact conditions are presented in NCHRP Report 153. (8)

For cost considerations, the modification scheme should be economical in construction, instal
lation, and maintenance. Incorporated in these costs is the general applicability of a scheme to
upgrade a variety of different existing bridge rail systems. Design performance of bridge rail systems
should minimize damage to impacting vehicles; this consideration includes not only the high-speed,
high-angle impacts, but also the more frequent minor "brush" accidents.

Another consideration of a modification scheme is that it should be easily installed and
amenable to quick repairs when damaged. Also, it should exhibit weather durability, i.e., against
moisture, snow and ice, salt, sunlight, and temperature excursions. A final consideration is for the
modification scheme to have a pleasing and functional appearance.

D. Retrofit Design Constraints

From review of bridge rail design drawings and interviews with bridge design engineers, the
following constraints may be applicable to retrofit design in addition to the general bridge rail
service requirements:

• A majority of bridges of interest are narrow. Although pavements and shoulders have
been widened in recent years, highways have been left with narrow bridges because of the
expense and technical difficulty required for their modification. Intense accident fre
quency rates at bridge ends have been attributed to both the minimum width aspect and
the funnel effect of transitioning from a wide highway to a narrow bridge. Consequently,
a large part of bridges that may be candidates for a retrofit bridge railing design cannot
tolerate reduction of bridge deck width due to encroachment of a bridge railing con
cept. Accordingly, bridge railing retrofit designs should maintain present bridge deck
widths.

6



(a) Panel type bridge rail failure

(b) Failure mode of metal rails /concrete parapet system

FIGURE 2. FATAL ACCIDENTS INVOLVING PRE-1965 BRIDGE RAILINGS
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• Curbs and walks extending out from a bridge railing installation are only marginally
effective in redirecting errant vehicles. Furthermore, vehicles impacting curbs are caused
to jump and thereby may strike the backup structure in an unpredictable attitude. Cur
rent design standards have minimized use of curbs in front of longitudinal traffic barriers
for this reason. In reviewing the drawings from the states and discussing with state
highway personnel the possibility of removing curbs from existing bridges, it has become
evident that the curbs are an integral part of the bridge structure in a number of designs
and cannot be removed unless major redesign of the bridge is performed. Accordingly,
retrofit concepts should accommodate the existing curb conditions.

• A majority of bridges of interest have short spans; hence, addition of bridge railing
retrofit weight should have no effect on the load carrying capacity of the bridge. For
longer span bridges, i.e., 100 feet (30.5 m) or longer, the retrofit weight may have to be
considered.
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III. EXISTING BRIDGE RAILING SYSTEMS

A. Survey of Bridge Railing Installations

A letter survey of 51 state highway agencies was performed in September, 1974. The purpose
of the survey was to determine (a) the most predominant bridge railing systems that are currently in
existence, (b) the type of approach guardrail in use, and (c) accident experience with the bridge
railing designs.

A summary of the responses is presented in Table 2. A total of 44 state highway agencies
responded, at least in part, to the questionnaire. Ten states submitted drawings of bridge railing
systems that are in extensive use, whereas 27 states provided recent (1965 to 1971) standards; seven
states provided only current (1972 or later) standards. Twenty agencies reported a total installed
bridge railing length of 2,450 miles or about 15 to 20* percent of the estimated bridge railing in the
U.S.; this is considered a significant and meaningful sample. Twenty-two agencies reported per
centage of bridge railing that had approach guardrails. Apparently, accident statistics are not being
maintained for the bridge railing systems; only nine states reported accident information with their
designs, and even the reported information was inadequate to provide a basis for determining bridge
railing design performance.

As with most surveys, the data base is incomplete. It is surmised that the data are slightly
biased toward the more recent bridge railing designs. Although care should be exercised in analyzing
and interpreting the findings, the reported mileage (2,450 miles) is significant and provides a sound
base for estimating existing state-of-the-art bridge railing technology.

In Table 3, bridge railing designs collected from the 44 state agencies are grouped according to
four SwRI-defined categories. Category I is characterized as having no curb or walk; generally, the
railing is attached flush to the bridge deck or elevated on a low curb. Category II systems are
comprised of a concrete parapet with no curb or walk; one to four rails may be attached to the top
of the parapet. Category III systems feature a metal rail or concrete parapet set on a curb and walk;
one to three rails may be installed on the parapet. This category may be further described as IIIN,
where the walk is less than 2 ft (0.61 m) wide, and IIIW, where the walk is 2ft (0.61 m) or more in
width. The Category IV system uses a General Motors or New Jersey safety shape. These four
categories were established with the intended goal that a bridge railing modification concept devel
oped for any particular system in a category would be applicable to all other systems in that
category with, at most, minor modifications.

A further analysis of bridge railing usage is presented in Table 4. Each of the four categories
and subcategories are evaluated as to number of states using the general design and the reported
installed mileage. The objective of this analysis was to identify the most predominant systems and
categories in service so that development effort for retrofit designs could be appropriately directed.
Category II has the top ranking for retrofit development consideration based on both number of
states and installed mileage. Category III is ranked second based on installed mileage. The two
categories represent more than 81 percent of reported installed length of bridge railing. Category 1
represents about 13 percent of reported installed length of bridge railing and is ranked third.

*FIlWA (Office of Engineering, Bridge Div.) estimated in 1970 that there were 563,500 bridges in the U.S. with a combined
length of from 6,400 to 7,700 miles; length of bridge Jailing is assumed twice the bridge length. About 50 percent of these
bridges are on I:edcral Aid highway systems.
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TABLE 2

GENERAL SURVEY RESPONSE

Number of
Highway Agencies

1. Response

Surveyed
Responded

II. Predominate Bridge Railing De signs Reported

Existing Installations
Recent Standards
Current Standards

III. Bridge Railing Mileage

Reported
Unknown

IV. Installed Approach Guardrail

Existing Pe rcentage
Unknown

V. Accident Data Reported

Detailed
Minimum
None

10

51
44

10
27

7

20
24

22
22

o
9

35



TABLE 3

BRIDGE RAILING CATEGORIES BY STATE

CATEGORY I CATEGORY U CATEGORY W CATEGOR.Y, IV
(No Curb or Walk) (Parapet But No Curb) (Pan-pet and. Curb) (Safety Shape)

d d d dJ
STATE

l Raila 1 Rail.I Rail tRail. ) Rail. No Rail I Rail • aaU. No Rail 1 Rail Z Rail. 3 R.il. No Rail RaU 01' RaU.

Alab"ma

Al"'ak... ,SJ lSi
Arbona
Arkan••• IZ5(S/A) 891A) S(C)

C.Ufornia ..~O 5) 7~' 250'C'
Colorado 15.7(5) IS) (C) IS)
COftnecticut 7 (S/AI U(5)
Delaware A (A) (C)
Obtrict of Columbia (S) 151

:~~norida IC)
Gearli.
Hawaii IA) IA) (AI (C)
Idaho leAl O. SeA) S(C)
nUnois 15.I(S) ll.8(Al 14(5) O.7IA) (C)
Indiana A) A.- ) I. '(AI
Kan••• (S/A) (C)
Kentucky lA, (A) IC)

Louiai.". ,51 Ie) (C)

Maine lA) IA)
Mary and
M••••chu.eth
Michltlan 8'. liS) 107.7 53.t(A)
Minn._ota Ite) "(C) 1(5) 'IS)
Mbai••ippi ICI (CI (C)

w ••ouri IOSCA/SI ZJ(C) 10(A) l5(S)
Montana 12(5) '0151
Nebraaka '51 IS) IC)

Nevada o. {) '(S) 11,2.9 (SI l.26 IS)
7. "AINew Hampahire 21. SIS/AI

New Jeuey (A) (Ai
New Mexico (5) (S) (S)

New York l'(A) •• 6(AI 9. liS) 100(51

North Carolina IAI IAI (A) ICl
North Dakota IAI IAI
Ohio (S) (A) (C)
Oklahoma
Oreaon 7(S/A} 8(S/AI 'SIC)
Pennllylvania (C) (SiAl
Rhode bland
South Carolina

I
(C/AI (A) (A)

Sou~h Dakota

I

IS) '51
Tenne ••ee
Texall 11k.7(SI 54. (,

Utah C

Vermont I 0.9151 ~. 7ISIA) 7.5(AI
Virginia i .0IA)
Washinaton lSlC) 25(A)

Weat Viq~inia (SIA) IS/A)
Wisconsin I08.l:I(S/AI Z•• 8(S/A)

Wyominll: 80 IS)

States Reported Ulle

Steel 6 7 2 I B 7 1 I , 6 ,
Aluminum 2 2 9 9 0 7 B 1 ,
Concrele 2 • 1 , 2 IS -

Total 6 n 3 2 20 l' 7 I , 10 II 1 15 6

Reported Mileage 133.8 IS7.40 7 I 'no. Jq '58.26 20.4 9.3 123. ('l 54'5.8 314. S 25 98.'

- . _._-

Notr.e: S. A, C rl,'nnl" sl,·,'I. ,llunlinum or concrde r;\il ,'ll'ment; numbers rlenote mil('a~e reporled.

Metric Converaion: Multiply miles bv I. f,O') to oDta.in kilometers.
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Category IV is the safety shape and is one of the newer designs; based on current infor-,
mation, collision performance of this design has been satisfactory and hence should not entail
safety performance upgrading. However, a suitable transition from an approach guardrail other
than a safety shape is required.

B. Analysis of Existing Bridge Railing Designs

1. Conformance to AASHTO Specifications.

From information assembled in the survey of state highway agencies, fourteen represen
tative bridge rail designs, with reported length of 1655.6 miles, were evaluated with respect to
(a) their conformance to the 1973 AASHTO Bridge Specifications and (b) their predicted (or ob
served) performance during vehicle crash tests. It is recognized that all of the systems were designed
prior to the adoption of the 1973 Specifications and, hence, one should not expect conformance.
However. the 1973 Specifications are used as a current safety performance reference. Dynamic
(safety) performance of a bridge rail installation is a most complex phenomenon, and at present the
authors believe the only effective method of assuring acceptable performance is by means of
full-scale crash tests. Improvement in bridge rail designs has been achieved through changes in the
AASHTO Bridge Specifications in recent years. However, it is believed that conformance with even
the latest (1973) AASHTO Bridge Specification does not necessarily assure proper dynamic perfor
mance of a system. Accordingly, full-scale crash testing is recommended for every design.

Table 5 summarizes findings of the evaluation of 14 typical bridge rail systems. Selection
of the examples was based on those systems with 35 or more installation miles and with sufficient
design information, The combined mileage of the 14 examples is 67 percent (l,655.6 out of
2,454.3 miles) of all that was reported in the survey. Examples were selected from all categories
with exception of Category IV. In Section I of Table 5, each railing is appraised according to
conformance with the 1973 AASHTO Bridge Specifications. In Section II, the railing design is
appraised as to its probable dynamic performance. Full-scale vehicle crash test results are available
for SwRI Cases 1, 5,9, and 14; for other cases, a subjective judgment was made by the authors. An
overall appraisal is presented in Section III and is made in reference to available technology.

A further summary of the 14 cases is presented in Table 6 with respect to conformance
with the 1973 AASHTO Bridge Specifications. *

• Only one system conforms.

• One system is considered marginal.

• Twelve out of the 14 designs do not conform with one or more provisions of the
specifications.

On the basis of mileage, 68 percent of the installations analyzed did not conform. and another
27 percent of the installations were determined to be marginal.

*Doe:; not take inlo consideration vehicle redirection performance,
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2. Computer Simulation Studies.

Zobef») theoretically investigated redirective performance of curbs and curb/guardrail
combinations and concluded that properly designed curbs can redirect a large percentage
en percent) of vehicles accidentally leaving the road. Moreover, Zobel concluded that there was no
evidence of vaulting over a guardrail that was set behind a curb; however, a recommendation was
made to adjust the height of a guardrail based on setback distance. Two aspects of the vehicle-curb
interaction not discussed by Zobel were (I) influence of curb on redirection severity and (2) hazard
of vehicle striking end of a curb.

Deleys( 10) stated:

"The idea that the redirection effectiveness of curbs justifies their use as a means for increasing the level
of safety of traversal on moderate· and high-speed urban expressways is controversial. The fact that
curbs represent a continuous roadside vertical discontinuity which can easily be struck with a conse·
quent high potential for producing loss of control, vehicle damage or a reduction of the effectiveness of
more positive safety barriers must be weighed against their limited ability to contain vehicles on the
roadway. Furthermore, their functions of serving to delineate the edge of the road and to aid drainage
control could probably be provided with greater safety and at lesser cost by use of small reflectorized
markers and gutter type drainage systems."

Moreover, Deleys stated that the practice of using a curb in conjunction with a safety barrier should
be avoided whenever possible.

From data collected from state highway agencies, it is found that approximately
32 percent of existing bridge railing systems incorporate a barrier curb. These curbs vary in height,
width, and batter. To examine the effect of a curb in combination with a safety barrier and parapet
on vehicle redirection severity, a series of computer simulations was performed using the HVOSM
(Texas Transportation Institute modified version of V-3). HVOSM is an II degree-of-freedom repre
sentation of a passenger vehicle developed over a period of years by Calspan.(IO) It is recognizfd
that the program is limited in projecting accurate vehicle dynamics for certain interactions. Zobel(9)
et aI, stated:

"The actual mechanics of curb mounting, e.g., the tire sidewall/curb face friction interactions, are not
well represented [by HVOSM] . The tire is represented as a thin disc with springs emanating radially
outward from its center. Friction forces on the sidewall are not calculated, since the program was not
developed for that purpose. Situations where the tire strikes the curb at a high enough angle and where
scrubbing is not a factor are well simulated, however. This kind of situation (i.e., where the impact angle
is 10 deg or more) is the type which was examined in these exercises."

A number of HVOSM cases were performed to examine curb height and batter and walk
width. Findings from this effort are presented in Appendix C. The reader should exercise caution in
appraising these findings as the HVOSM program has not been verified by experimentation for these
conditions. Moreover, the predicted vehicle behavior is most sensitive to input parameters that must be
estimated, that range widely between vehicles, and that change during the vehicle life (i.e., suspension,
deterioration ).

The findings indicate that the curb is not an effective barrier and can easily be mounted at
moderate speeds and angles. The curb and walk, besides introducing high accelerations and causihg
severe damage to the vehicle undercarriage, cause the vehicle to pitch upward and strike the parapet or
rail in an unstable attitude.
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A comparison of vehicle behavior, when impacting a vertical wall and General Motors
"saktyshape. indicates that:

• The vehicle has a lower change in speeds during contact with the GM safety shape.

• Less friction work is expended with the GM safety shape.

• Vehicle exit angle for the GM shape is about 50 percent of the values predicted for
the vertical wall.

These findings confirm the fact that the GM or NJ shapes are safer barriers than a vertical wall, even
though the three barriers satisfy AASHTO specifications.

C. Approach Guatdrail/Transitidn

Historically, traffic barriers have been designed and specified by at least two highway groups:
bridge departments have designed bridge fails, and roadway design departments have had responsi
bility for shoulder guardrails. This compartmentalization of responsibilities has resulted in many
cases with discontinuity or incompatibility of barrier structures at the interface. The hazard of the
exposed bridge rail ends was not recognized by AASHTO Bridge Specifications until 1965. In
Section 1.1.9 (Railings), the designer was alerted to the newly revealed hazard:

"Careful attention should be given to the treatment of railing at the bridge ends. Exposed rail ends and sharp
changes in the geometry of the railing should be avoided."

In the subsequent (1969) AASHTO Specifications, the following sentence was added:

"A smooth transition by means of a continuation of the bridge barrier, guard rail anchored to the bridge end,
or other effective means shall be provided to protect the traffic from direct collision with the bridge rail ends."

Hence, it is seen that highway engineers have been given a minimum of guidance for approach
guardrail design, and these guidelines have Been established only in recent years.

In surveying state highway departments for existing installations, it is evident that there are
numerous approach guardrail designs. lfi recent years there has been a concerted effort by federal
and rrYtItly state highway agencies to upgrade the designs. A summary of current state design practice
is shown in Table 1; unfortunately, tfIis practice has been utilized only in the past few years and
mostly on neW construction. Older installations are categorized by the following features:

• Bridge without approach guardrails; the ends of bridge railing are exposed to traffic.

• Approach guardrail design iil.<idequate; basic system will not safely redirect impacting
vehicle.

• Approach guardrail terminals hazardous; blunt endswill spear and ramped ends will upset
impacting vehicles.

• Improper layout of approach guardrail; horizontal fl~res, topography of vehicle approach,
proximity of curbs and dikes were not property considered.

18



TABLE 7

SUMMARY OF STATE PRACTICE':'

W-BEAM APPROACH TO CONCRETE BRIDGE PARAPET

Item

1. Rail bolted to parapet

2. Metal spacer used

3. Transition post spacing

6 @ 3'-1-1/2"
4 @ 3'-1-1/2"
8 @ 3' - 1- 1 /2"
All othe rs

4. Transition post

W6x8.5
8x8 wood
6x8 wood
10x10 wood
W6x15.5
All others

5. Special features

Rub rail used in approach
Special offsets from parapet used
Transition posts set in concrete

footings

% of States
(Based on 35 states)

100

6

31
14
11
44

32
20
17
12

7
12

9
11

3

';'Current design practice and does not represent actual installations.

Metric Conversions:
Multiply inches by 25.4 to obtain millimeters
Multiply feet by 0.305 to obtain meters
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• Connection between approach and bridge rails inadequate; the joint lacks tensile
strength and/or a gradual lateral stiffness transition property.

There are numerous unique approach guardrail designs presently in service, and only a limited
number of these have been evaluated for safety performance. However, accident experience has
clearly indicated deficient performance. Two examples are shown in Figure 3. In Figure 3a, the
approach guardrail is mounted directly to the posts without offset; there is no transition of lateral
stiffness (Le., decreasing post spacing toward the bridge); and the rail is not connected to the bridge
railing. In Figure 3b, some improvement is noted as the rail is attached to the concrete end struc
ture, and post spacing is appropriately varied; however, this design lacks acceptable performance for
a large portion of highway traffic. Two fatal accidents occurred at bridge ends as shown in Figures 4
and 5. The approach rail was mounted to a post behind the end structure in Figure 5; excessive
lateral deformation of the unattached beam caused the vehicle to pocket and spin out.

In recent years, there has been a strong movement in the state highway departments to
standardize on usage of a few well-proven barrier systems. These barrier systems were first recog
nized in NCHRP Report 54 and later revised in NCHRP Report 118. Whereas other designs may
perform in a safe manner, a decision was made to limit the scope of the program to four approach
guardrail designs: G2, G3, G4S/W and MB5/6.

In 1971, NCHRP Report 118 presented the latest traffic barrier technology. Included in this
document are recommended approach guardrail systems with suggested layouts, terminals, and
connections to bridges. However, recent innovations in traffic barrier technology have outdated
considerable material that was presented. For instance, the BCT (Breakaway Cable Terminal)( 11) is
an improvement over the ramped end or anchored upright end; the thrie beam appears to have a
greater performance range as compared to the standard W-beam;(l2) and new bridge railing systems
such as the collapsing ring concept have been developed.(I 3) These improved elements can be easily
combined into a generally applicable barrier system.

The critical point of the approach guardrail-bridge rail transition is the connection. From the
survey of states, the most predominant bridge railing is the concrete parapet with and without a
walk. Presently, the standard W-beam is hard mounted to the concrete parapet by means of a
Michigan end shoe. Whereas sufficient tensile force in the W-beam is developed, and reduced post
spacing in proximity of the bridge end stiffens the approach guardrail, greatly reducing vehicle
pocketing tendency, redirection of a vehicle impacting at the connection may be severe. A con
nection with energy absorbing capacity might lessen the severity of the vehicle redirection although
specific needs of such a device have not been identified.

20



(a) Unattached

(b) Attached

FIGURE 3. EXISTING APPROACH GUARDRAIL INSTALLATIONS (1974)
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IV. DESIGN AND EVALUATION OF RETROFIT MODIFICATIONS

Existing bridge railing designs, regard less of their safety performance capability, can be placed
in one of four categories which are illustrated and described in Figure 6. The definitions of these
four SwRI categories are based on bridge railing profile geometry and were specifically delineated so
that all bridge railings within a category that are determined to lack adequate safety performance
capability are amenable to a common retrofit modification. The fact that a specific bridge railing is
exactly or only remotely similar to one of the four categories is not intended to imply its level of
safety performance. The purpose of the four categories is to reduce the number of retrofit modifi
cation designs whereby a retrofit design developed for one category is applicable to all bridge
railings in that category.

In developing retrofit modifications for the four categories, a majority of program effort was
directed to Category II and Category III for the following reasons:

• Category I represents less than 14 percent by mileage of existing bridge railing instal
lations; moreover, it is considered that these designs can be upgraded by simple pro
cedures such as a rail replacement or may be economically replaced by a conforming
design. (While least prevalent, some Category I barriers may be the most hazardous and
may warrant high priority for upgrading where exposure is high.)

• About 82 percent of existing bridge railing installations .are either Category II (42 per
cent) or Category III (40 percent).

• Category IV represents less than 6 percent of existing bridge railing installations; more
important, most Category IV designs will satisfy 1973 AASHTO requirements and per
form satisfactorily during vehicle crash tests.

In this program, bridge railing system includes (l) approach guardrail and terminal, (2) bridge
railing, and (3) transition from approach guardrail to the bridge railing; it is important for safety
collision performance for these elements to behave in an integral manner. Hence, the full extent of a
bridge railing system should be considered during the design phase. In this program, research
emphasis was directed to the bridge railing and transition elements, and less consideration was given
to the approach guardrail and terminal. The transition elements in the retrofit designs do include a
portion of the approach guardrail, but no upstream guardrail terminals were evaluated in the test
phase. Suitable terminals have been developed and evaluated in other programs.(ll)

A. Category I Retrofit Designs

Characteristics of a Category I bridge railing are a metal rail and metal posts mounted flush to
a bridge deck. A curb or walk, if present, does not project more than 6 inches (0.15 m) above the
bridge deck In cases where the curb and/or walk is more than 6 inches (0.15 m), the installation
would be considered a Category II or Category III design.

It is possible that upon analyzing an existing bridge railing installation, the engineer will
identify a simple and economical modification that will bring the installation into conformance
with current AASHTO specifications. This may entail the addition or replacement of a rail member,
the strengthening of connections, or the providing of continuity throughout the installations. This
approach should be investigated for all Category I installations to provide a reference cost.
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Cha racte r istic s of a Cate go ry II bridge ra iii ng ,H ,. a
concrete baluster rail or a.concrete narapl:t with up

to four metal rails. The installation has no curl or

walk that projects into the traffic lane beyond lh,
faCe of the rail.

Characteristics of a Category I bridg"-' railing are
a metal rail and metal posts mounted flush to a
bridge deck. A curb and/or walk, If present, does
not project more than 6 in. (0. 15ml above the bridgc'
deck. In cases where the curb and/or walk is ITl0re

than 6 In. (0. 15m) the installation wculd be a Category
II or III design.

I 19 '

[J~I
I --

i- t. .. \
L· . . . \... -------_.~-

ICA' CCOH,

I
i
I

I

I CA'::" U

I
I

•L--------------+-----------------------i

CAT LGORY III:"

~
I'

b:·····~',.;·A .

. J- '.... .6-

..... " . .... '

Characteristics of a Category IIIN br;dge railing ar,
the concrete parapet with a walk and curb; one to
three metal rails may be attached to the top of 1h.

parapet. To further delineate this category, only
walks with a width less than 2 ft (0.6 :m) are con·
sidered narrow.

CA1 £GOR Y IIIW

, .

Characteristics of a Category IIIW b"idge railmg are
the concrete parapet with a walk and ~urb; o nt' to three
metal rails may be attached to the top of the pa rap,·t
To further delineate this category, only walks with a
width of 2 ft (0. 101m) or more are considered wide

CATEGORY IV Characteristics of a Category IV bridge railing are
the concrete safety shape with or without one to two
metal rails. A number of barrier shapes are clas
sified as a safety shape. Findings have adopted the
New Jersey (MB5) or General Motors (MB!') shapes
or a modification of one of these.

FIGURE 6. SwRI CATEGORIES FOR EXISTING
BRIDGE RAILING CLASSIFICATION

25



Several candidate bridge railing designs are shown in Table 8; this group is not intended to be
exclusive. These systems were designed and evaluated in other programs, and the specific design.
details can be found in the cited references.

B. Category II Retrofit Design

Characteristics of a Category II bridge railing are a concrete baluster rail or a concrete parapet
with up to four metal rails. The installation has no curb or walk that projects into the traffic lane
beyond the face of the rail.

A re presentative Category II bridge railing design is shown in Figure 7. The design, a current
state standard, conforms with the 1969 AASHTO Specifications but does not conform to the 1973
AASHTO Specification provision that requires the rail to be centered between 15 and 20 in. (0.38
to 0.51 m).

1. System R(II )-1 Features

Primary element of the R(II)-I design is a new beam rail element known as the tubular
thrie beam. It is fabricated by welding two thrie (or triple corrugated) beams together as shown in
Figure 8. The beam is joined to and blocked out from the concrete baluster rail by 6-in. (0.15 m)
dia collapsing tubes spaced at 8.33 ft (2.5 m); no attempt was made to space the tube supports to
the concrete post in the test installation. Dimensions of the 6-in. (0.15 m) dia, 0.125-in. (3.2 mm)
thick by 22-in. (0.56 m) long tubes were established by the equation

Dynamic Tube Energy Absorbed =4.8 00 Lt2 (1)

that was empirically established from another FHWA program.( 17) In this equation a design energy
of 60,000 in.-lbs (6,780 joule) [IO,OOO-lb (4536 kg) crush force X 6-in.(0.15 m) stroke] was used
with a static initial yield stress (°

0
) of 36,000 psi (2.48 X 108 Pa) and tube length (L) of 22 in.

(0.56 m); required tube thickness t (in.) was determined. Equation (1) is independent of tube
diameter with the condition that the tube is fully collapsed during the dynamic loading.

The tubular thrie beam was extended 8.33 ft (2.5 m) upstream from the bridge end and
transitioned to a single thrie beam. As shown in Figure 9, the approach railing was structurally
anchored but did not have an acceptable terminal as the terminal evaluation was beyond the
program scope. Engineering drawings of the installation are contained in Appendix A.

Principal attributes of the retrofit design are the following:

• The 20-in. (0.51 m) wide tubular thrie section provides a large contact area with the
impacting vehicle, thereby assuring probable contact with the vehicle hard points
and minimizing knifing of the beam into the car structure and snagging potential.
Also, mounting height for optimum contact with a range of vehicles is less critical.

• The collapsing tubes and relatively stiff beam reduce the intensity and distribute
impact forces over an increased length of existing bridge railing, thereby permitting
upgrading of otherwise understrength installations.

• The design is somewhat flexible in its adaptation to existing installations.
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TABLE 8

REPLACEMENT CANDIDATES FOR CATEGORY I INSTALLATIONS

~~ IE~21 11

~ '~2~'1 ~I--=r --
12l!

Metric Conversions: f3 34" ~l_14" [(:.
19' D .' ~ .

.
I it = 0.305 m .• r--',- 14"

r
l'-4• • 17'

1 in. = 25.4 mm 32 11

7j.. VI mph = 0.447 mls I--
27" 1--7- b •

lib = 0.454 kg 10' 18" 10 1
I'

10" ~___r " "" " ;\1" "I- yt-A', ~ i> .f,

t3'
, , A , .

.". "8 f~" , <: .. , . .
: b . . tJ,.. 12 1 !?>

. , b' . ~

~ .. •.• ~ • ,A

System BRI BR2 BR3

Barrier Description
Post Spacing Continuously poured, reinforced, 6" x 2" x 12.02 lb/ft steel rail 8' 9"
Post Type sloped face concrete section. mounted on a reinforced, sloped Fabricated steel
Beam Type Shape of system similar to MBS. face concrete section similar to Two TS 5 1lx3 1lxl/4 1t steel
Offset Brackets Barrier anchored to bridge deck MB5 shape. Bar rie r anchored to None
Mountings with appropriate reinforcing steel. bridge deck with appropriate rein- UNAV
Footings forcing steel. Bridge deck

Impact Performance Impact Impact Impact Impact IInpact Impact
Angle::: 15 0 Angle = 25 0 Angle = 15 0 Angle = 25 0 Angle::: 15 11 Angle = 25 0

Impact Conditions
Speed (mph) No test No test 64.0 66.0 No test 55.0
Vehicle Weight (Ib) (see remarks (see remarks 4900 4900 3500

below) helow)
Barrier

Dynamic Deflection (it) 0 0 0

Vehicle Accelerations (G'o)1
Lateral 4.8 9. I UNAV
Longitudinal <1.0 14.8 UNAV
Total UNAV UNAV 12.3

Vehicle Trajectory
Exit Angle (deg) 10 3 I
Roll Angle (deg) UNAV UNAV ",0
Pitch Angle (deg) UNAV UNAV "'0

Barrier Damage Negligible Slight Slight

References , ,
14 14 ,Ir 15

Remarks Safety aspects of barrier shape California Highway Department Tested with 10Ir curb. Curb
have been evaluated by full scale bridge rail Type 20. severely damaged the steering.
crash tests. Structural adequacy Subsequent studies have shown
has not been evaluated by crash that curb should not be used.
te ats.

UNA V • unavailable

150 millisecond average unless otherwise noted
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TABLE 8 (Cont'd)

REPLACEMENT CANDIDATES FOR CATEGORY I INSTALLATIONS

,----------,---------------,-------------r---------------------

Metric Conversions:

1m
27"

59"

11"

1-

0.305 m

25.4 mm
0.447 mls
0.454 kg

1ft
1 in.
1 mph =:

lib

System BR4 BR5 BR6

Barrier Description
Post Spacing
Post Type
Beam Type

aHa et Braekets
Mountings
Footings

6' 3"
WF6x25 steel
Two TS 3_1/2 11 X 3_1/2" X 0.251! (steel)

None
3/4 11 diameter steel stud bolts
Bridge deck

6' 6"
Fabricated aluminum
Two aluminum extrusions

None
UNAV
Bridge deck

8t 1011

WIOxZl steel
Two TS6 11x6 ttxO. 187 1t (steel)
One TS8 11x6 I1xO. 250" (steel)
One TS6"x2 t,xO. 187" (steel)
One 18"0. D. x 6 11 wide x 0.5" dia ring
l/Z" base plate (steel)
WIZ x 72 stub beam embedded in bridge deck

i

Impact Pe rio rmance

Impact Conditions
Speed (mph)
Vehicle Weight (lb)

Barrier
Dynamic Deflection (rt)

Vehicle Accelerations (Gls)l
Lateral
Longitudinal
Total

Vehicle Trajectory
Exit Angle (deg)
Roll Angle (deg)
Pitch Angle (deg)

Bar rie r Datnage

References

Impact
Angle =: 12"

64.0
4550

0.21

9.0
4.7

UNAV

IS' of rail
section and
3 posts

16

Itnpact
Angle := 25 0

No test

,

Impact
Angle =: 15 0

No test

Impact
Angle =: 27"

58.0
1956 Plymouth

1.4

UNAV
UNAV
UNAV

~O

UNAV
UNAV

UNAV

Impact Impact
Angle =: 24° Angle =: 24"

55.7 56.1
2090 3910

6.0 16.5

12. Z 6.6
6.2 5.6

UNAV UNAV

13 12
UNAV UNAV
UNAV UNAV

3 rings and 3 rings and
one 24-ft one 24-rt
rail section rail section

13 13

Retnarks This bridge rail was designed for
use on secondary highways with
maximum bridge widths of 32 ft.

This system is similar to
many state standards.

This bridge rail has been evaluated under a
series of 14 crash tests. Vehicles ranged
from subcompact to 70, OOO-ib tractor /
trailer truck.

UNAV - unavailable

ISO millisecond average unies s otherwise noted
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Metric Conversion:
Multiply inches by 0.0254 to obtain meters.

FIGURE 7. REPRESENTATIVE CATEGORY II BRIDGE RAILING
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___*--

x

y

~---x 20"

(0.51ml

Section Properties:

~x = 296 in. 4 (1. 23 x 10 - 4 m 4 )

lyy = 23. 3 5 in. 4 (9. 72 x 10 - 6 m 4 )
Sxx = 29. (; j n. 3 (4. 8 5 x 10 - 4 m 3 )
Syy = 7. 7Kin. 3 (1. 27 x 10 - 4 rn 3 )
Area = 7.80 in. 2 (5.03 x 10- 3 m 2 )
Weight =: 2t). 5(; Ib/ft (39.53 kg/ml

32"
(0.8101)

(a) eros s Section of Tubula r Thrie Ream

Tubular Thrie Beam

Collapsing Tube

4'

Cone rete Baluste r
Bridge Rail

'.4 . 4 ..... 4 '

(b) Retrofit of Concrete Baluster Bridge Rail

FIGURE 8. FEATURES OF THE R(II)-l DESIGN
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FIGURE 9. TYPICAL CATEGORY II BRIDGE RAILING INSTALLATION
MODIFIED WITH R(II)-1 RETROFIT DESIGN
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• The design encroaches only 12 in. (0.30 m) into existing bridge deck space, a most
important consideration for narrow bridges.

Although an upstream terminal was not evaluated, the tubular thrie beam design is
considered an integrated bridge railing that is comprised of terminal, approach railing, transition and
bridge railing.

2. Crash Test Evaluation

The program was comprised of two baseline tests and three system evaluation experi
ments. Procedures and test conditions were based on guidelines presented in NCHRP Report 153. A
summary of crash test findings is presented in Table 9. A brief description of each test is contained
in the following paragraphs.

Two baseline tests (RF-3 and RF-4) were performed on a representative Category II
bridge railing installation. The R(lI)-1 design was then installed and two tests (RF-5 and RF-6) were
performed using the same test conditions of RF-3 and RF-4. Test RF-7 was a test of the transition
from the tubular thrie beam to a single thrie beam, which was used as the approach guardrail to the
bridge.

Test RF-3. The 4500-lb (2041 kg) 1972 Ford Galaxie impacted the concrete baluster rail
at 60.3 mph (27.0 m/s) and 30.0-deg angle. As shown in Figure 10, the vehicle impacted the
installation approximately 14 ft (4.3 m) upstream of the end post, broke posts 8 and 9 (posts are
numbered consecutively beginning at the upstream end) and caused the rail member downstream of
posts 7 and 8 to form a plastic hinge allowing partial penetration of the vehicle through the rail.
Maximum 50-ms average vehicle accelerations determined from high-speed cine data were -1O.7-g
longitudinal. and - I2.3-g lateral. * Installation and vehicle damage is shown in Figures I I and 12.

Test RF-4. The 2130-lb (966 kg) Toyota Corona impacted the concrete baluster rail at
57.0 mph (25.5 m/s) and 15.5-deg angle. As shown in Figure 13, the vehicle impacted the instal
lation 23 ft (7.0 m) upstream of the end post and was smoothly redirected. Maximum 50-ms
average vehicle accelerations determined from high-speed cine data were -4.1-g longitudinal and
- 7.l-g lateral. Installation and vehicle damage is shown in Figure 14.

Test RF-5. This was the initial test of the R(lI)-1 retrofit system. The vehicle used was a
2250-lb (1021 kg) 1971 Ford Pinto, and impact conditions were 58.0 mph (25.9 m/s) and 17.I-deg
angle. As shown in Figure 15, the vehicle impacted midway between tubes 5 and 6 (tubes are
numbered consecutively beginning at the upstream end) and was smoothly redirected. Maximum
50-ms average vehicle accelerations determined from accelerometer data were -4. I-g longitudinal
and -8.4-g lateral; maximum permanent rail deflection was 0.5 in. (12.7 mm). Installation and
vehicle damage is shown in Figure 16. The vehicle was driven back to the impact area following the
test.

Test RF-6. The 4500-lb (2041 kg) 1973 Mercury Monterrey impacted the R(II)-l instal
lation at 60.6 mph (27.1 m/s) and 25-deg angle. As shown in Figure 17, the vehicle impacted
midway between tubes 5 and 6, partially collapsed those tubes, and was smoothly redirected. Maxi
mum 50-ms average vehicle accelerations determined from accelerometer data were -5 .9-g longitudi
nal and - I 1.7-g lateral; maximum permanent rail deflection was 5.0 in. (127 mm). Installation and ve
hicle damage is shown in Figure 18. The vehicle was driven back to the impact area following the test.

*As defined for this program, a positive acceleration occurred when the vehicle eenter-<Jf-mass increased in velocity in the forward.
right, or upward directions with respect to the driver's attitude.
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Test RF-7. The 4700-lb (2132 kg) 1969 Cadillac Sedan deVille impacted the single thrie
beam rail in the transition area at 60.1 mph (26.9 m/s) and 25-deg angle. As shown in Figure 19, the
vehicle impacted the rail 4.6 ft (1.4 m) upstream of the second guardrail post off the bridge deck
and was smoothly redirected. Maximum 50-ms average vehicle accelerations determined from
accelerometer data were -4.0-g longitudinal and -7.5-g lateral; maximum permanent rail set was
1.8 ft (0.55 m) after reaching a maximum dynamic deflection of 3.65 ft (1.1 I m). Installation and
vehicle damage is shown in Figure 20. The vehicle was driven back to the impact area following the
test.

3. Appraisal of R(II)-1 Design

Analysis of data taken from these tests revealed the following:

.. The tubular thrie beam increases the strength of the bridge rail.

• Damage to the vehicle is greatly reduced; all three vehicles tested with the R(ll)-l
system (Tests RF-5, RF-6, and RF-7) were driveable following the tests.

• The single thrie beam to tubular thrie beam provides a continuous effective guardrail
to bridge rail transition.

• The R(lI)-1 design is an effective retrofit system that has minimal encroachment to
the bridge deck.

From these findings and results, the authors believe the R(lI)- I design is suitable for
in-service performance demonstration.

C. Category III Narrow Walk

The distinguishing features of this category are the concrete parapet with a walk and curb; one
to three metal rails may be attached to the top of the parapet. This category is further delineated
according to the walk width: narrow (IIIN) and wide (IIIW), where walks less than 2 ft (0.61 m) are
considered narrow.

For Category IIIN, it was decided in the program that the walk would be sacrificed rather than
permitting the retrofit installation to encroach on the bridge deck. This approach is consistent with
current AASHTO specification trends in eliminating safety walks. In contrast, functional use of the
walk was considered important for Category IIIW installations as many of these installations exist in
urban areas and carry heavy pedestrian traffic.

1. Baseline Tests

A representative Category I1IN installation is shown in Figure 21. Essentially, the IIIN
installation has a 10-in. (0.25 m) high curb and 16-in. (0.4 I m) wide walk. On top of the IS-in.
(0.38 m) parapet, a single 4-in. (0.10 m) O.D. aluminum rail is supported by brackets spaced at 8-ft
(2.4 m) centers. Two baseline tests were performed on this installation: small car redirection
severity and standard car structural adequacy tests. Views of the installation before Test RF-8 are
shown in Figure 22.
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FIGURE 20. TEST RF-7 VEHICLE AND INSTALLATION DAMAGE
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FiGURE 21. REPRESENTATIVE CATEGORY IIIN INSTALLATION
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Test RF-B. Impact conditions for the 2140-lb (971 kg) car were 62.7 mph (28.0 mls) and
a 15.9-deg angle. The right front wheel of the vehicle mounted the to-in. (0.25 m) safety curb
although the wheel was severely crushed rearward. As the right side of the car rode up on the safety
walk and partially on the baluster, a rolling action away from the barrier was imparted to the car.
Some scuffing of the aluminum railing was detected after the test. The vehicle continued along the
barrier with the right front and rear wheels riding atop one edge of the parapet (see photographs in
Figure 23); the vehicle appeared to be rolling away from the barrier and may have completely rolled
had the installation been extended farther downstream.* However, after passing the end of the
installation, the vehicle quickly rolled to an upright attitude, decelerated to a stop approximately
200 ft (61 m) downstream from the system.

A summary of test data is presented in Figure 23; vehicle redirection was smooth. Maxi
mum 50-ms average vehicle accelerations were -5.3-g lateral and -3.7-g longitudinal, as determined
from high-speed cine.

Installation and vehicle damage is shown in Figure 24. Bridge rail damage was minor and
consisted of scuffing of concrete safety walk and aluminum railing. One aluminum bracket was
displaced slightly. Damage to the right front panel, wheel, and suspension system disabled the
vehicle. The right front wheel assembly was deformed rearward approximately 12 in. (0.3 m).

Test RF-9. Impact conditions for the 4723-lb (2142 kg) car were 58.3 mph (26.1 m/s)
and 29.4-deg angle. The vehicle was contained and was redirected with an exit angle of 11.2 deg.

A summary of test information is presented in Figure 25. Maximum 50 ms average vehicle
accelerations were -4.2-g lateral and -9.6-g longitudinal, as determined from high-speed cine. The
longitudinal value is moderately high but not unexpected with the 29-deg impact angle. Vehicle and
installation damage are shown in Figures 26 and 27, respectively.

2. Appraisal of Category IIIN Performance

Actual vehicle accelerations, which were measured by two independent experimental
methods, are lower than the predicted values, especially for the lateral direction. HVOSM predicted
rollover for the small car (i.e., 380 deg at the end of 1.0 s), which did not occur in the crash test.
However, the car may have rolled had the bridge rail been longer.

Although extensive damage was sustained by the bridge rail, Test RF-9 clearly showed that the
system is structurally adequate to redirect a large percentage of traffic and will serve as excellent
support for a retrofit design.

In several accidents on the baseline IIIN design it was reported that the vehicle vaulted
over the installation. This vaulting tendency was not exhibited in either baseline test which indicates
that the standard impact conditions, 4500-lb (2041 kg) car at 60 mph (26.8 mls) and 25 deg and
2250-lb (1021 kg) car at 60 mph (26.8 m/s) and 15 deg, did not approximate critical values of the
reported accidents. Since actual in-service experience has precedence over crash test results, the BIN
design was judged lacking in safety performance and in need of retrofit upgrading.

*HVOSM computer simulations of this test predict vehicle rollover.
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D. Category IIIN Retrofit-R (!IIN)-1 Design

1. Design Features

Sectional view of the RIIIN-l design is shown in Figure 28, and installation details are
contained in Appendix A. Essential features of the design are the tubular thrie beam that is blocked
out from the concrete parapet by brackets spaced at 8.33-ft (2.5 m) centers.* A relatively stiff TS 6
X 6 X 3/16 (152 X 152 X 4.8 mm) box section and a 6-in. (152 mm) diameter tube section with a
1/8-in. (3.2 mm) wall comprise the bracket. Engineering properties of the tubular thrie beam are
presented in Figure 8. The traffic face of the tubular thrie beam is in line with the curb, and
therefore, does not encroach on existing bridge deck. Obviously, the retrofit system eliminates use
of the walkway. The collapsing tubes provide 6 in. (152 mm) of dynamic deflection, thus attenu
ating lateral redirection forces on the car. Whereas a larger deflection would further soften the
vehicle redirection, the stiff box sections are used in the brackets to minimize exposure of the curb
and walk to the car, to about 6 in. (152 mm); otherwise, a more exposed walk and curb could
interfere with the vehicle redirection.

To effect a gradual stiffness transition, the tubular thrie beam extends upstream from the
bridge deck 12.3 ft (3.75 m), where it changes to a single thrie beam.. Although a crashworthy
terminal was not used, the single thrie beam was anchored 40 ft (12.2 m) from the bridge deck.
Views of the test installation are shown in Figure 29.

2. Crash Test Evaluation

Test RF-1. Impact conditions for the 2140-lb (971 kg) car were 63.6 mph (28.4 m/s) and
16.8-deg angle. The bumper contacted the barrier 16 ft (4.9 m) from the upstream end of the bridge
deck at the third collapsing tube/blockout bracket. The vehicle remained in contact with the
tubular thrie beam for a distance of 10.8 ft (3.3 m) and was smoothly redirected parallel to the
installation. Views from high-speed cine showed that the vehicle front pitched upward slightly
during redirection; this was probably caused by the right front tire climbing the exposed face of the
concrete curb. Vehicle roll was not evident during redirection; the rear wheels remained in contact
with the bridge deck throughout the impact events. After redirection, the vehicle proceeded almost
parallel to the installation, coming to a stop 443 ft (135 m) from the impact point.

A summary of test data is presented in Figure 30. Maximum 50-ms average vehicle accel
erations calculated from high-speed cine data were -6.1-g lateral, -3.7-g longitudinal and 6.3-g
resultant.

Installation damage was slight and consisted of permanent deformation of two tubes and
scuffing of the tubular thrie beam and curb (see lower left view of Figure 29). Subsequent safety per
formance of the bridge rail would not be impaired by this damage. Damage to the vehicle is shown in
Figure 31. Although the vehicle was driveable after the test, the frame was bent, resulting in the rela
tively high damage indices.

Test RF-2. The installation was used without repair to the minimum damage sustained in
Test RF-l. Impact conditions for the 4300-lb (1950 kg) car were 66.6 mph (29.8 m/s) and 23.9-deg
angle. The vehicle contacted the barrier 14.7 ft (4.5 m) from the upstream end of the bridge deck

*It is believed that the spacing may range from 6 to 9 ft (1.8 to 4.6 m) in order to suit local conditions without affect
ting barrier collision performance.
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FIG URE 29. VIEWS OF CRASH TEST RF -1 INSTALLATION
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and 2.2 ft (0.7 m) upstream from the third collapsing tube/blockout bracket. The vehicle remained
in hard contact with the barrier for a distance of 14.2 ft (4.3 m) and was smoothly redirected; exit
angle was -2.9 deg. Views of the redirection from high-speed cine show that the vehicle was stable
throughout redirection and exhibited little tendency to roll or pitch. Maximum roll angle of the
vehicle while in contact with the system was 6 deg away from the barrier. After redirection, the
vehicle continued for a distance of 192 ft (58.5 m) from the point of contact.

A summary of test data is presented in Figure 32. Maximum 50-ms average vehicle accel
erations calculated from high-speed cine data were -8.2-g lateral, -8.2-g longitudinal, and II.O-g
resultant.

Installation damage is shown in Figure 33. As shown in the figure, two tubes were
entirely collapsed, and two tubes were partially collapsed. A maximum permanent set of 5.75 in.
(0.15 m) was sustained by the beam. The installation maintained its structural integrity and could
sustain additional collisions in the impact zone although the cushioning stroke was expended. There
was no damage to the concrete parapet and curb with the exception of curb scuffing. Damage to the
vehicle, as shown in Figure 34, was severe, although typical of a 25-deg test. Front end damage
disabled the driveability of the car.

Test RF-13. Test RF-13 was performed on the installation without repairs to damage
sustained in Tests RF-l and RF-2. Views of the installation and car before test are shown in
Figure 35. Impact conditions for the 4500-lb (2041 kg) car were 65.1 mph (29.1 m/s) and 26.I-deg
angle. The vehicle contacted the barrier 14.25 ft (4.34 m) upstream from the bridge deck and at the
third soil-mounted post from the bridge deck. The vehicle remained in hard contact with the barrier
for a distance of 24.25 ft (7.39 m) and was redirected at a near O-deg angle. During redirection, the
vehicle reached a maximum roll angle of 3 deg away from the barrier. Maximum dynamic deflection
of the beam was 2.75 ft (0.84 m) in the transition section. As the beam deflected laterally, the curb
end was exposed and caused severe damage to the vehicle right side suspension. Also, when the first
tube was fully collapsed, a force concentration on the parapet corner caused a local failure. After
leaving the impact zone, the vehicle traveled 184 ft (56.1 m) to its final position. A summary of test
data is presented in Figure 36. Maximum 50-ms average vehicle accelerations determined from
accelerometer data were -8.7-g lateral, -7.2-g longitudinal, and I0.7-g resultant.

Installation damage is shown in Figure 37. Three soil-mounted posts were pushed back in
the foundation, and two tubes that were not previously damaged in Tests RF-I and RF-2 were fully
collapsed. The corner of the concrete parapet was broken, although held together by reinforcing
steel. The installation maintained its structural integrity for this severe impact; however, repairs to
the system would be required.

Damage to the vehicle, as shown in Figure 38, was severe. A major portion of this damage
was caused by the curb end that was exposed for direct impact when the beam deflected laterally.
The car was disabled by the damage.

For an application of this retrofit design, it is recommended that the curb end be flared
back from the traffic to prevent end-on impacts.

3. Appraisal of R(IIIN)-l Design

Structural Adequacy. Vehicles impacting in the bridge rail section (Tests RF-I and RF-2)
were contained and smoothly redirected. The installation remained intact during the collisions and
could have sustained additional hits prior to damage repair.
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FIGURE 33. VIEWS OF TEST RF -2 INSTALLATION DAMAGE
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FIGURE 37. VIEWS OF TEST RF-13 INSTALLATION DAMAGE
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Redirection Severity. Vehicle accelerations were about equal to the baseline case. How
ever, the small car in RF-I was very stable throughout the redirection, whereas the vehicle in RF-8
(baseline) was unstable and appeared at the verge of rolling over.

Transition. The installation performed in an acceptable ma.nner as the vehicle was con
tained and smoothly redirected. The walk end, which was left unmodified, became exposed as the
barrier deflected and caused extensive damage to the car. It is recommended that for field instal
lations, the curb be flared away from the pavement to prevent possible vehicle snagging.

E. Category IIIN Retrofit-ROIIN)-2 Design

1. Design Features

The design, as shown in Figure 39, consists of two 6-7/8-in. (0.17 m) deep, semi-elliptical
aluminum rails with mounting heights of IS and 27 inches (0.38 and 0.69 m). The rails are blocked
out from the concrete parapet with rigid brackets spaced at 8~ft (2.4 m) centers. Engineering
properties of the rail sections are contained in Figure 39. The traffic face of the rail is about on the
curb line; for walks of other widths, the bracket geometry would require adjustment in order to
maintain the approximate alignment of the rails and curb. Attachment of the brackets to the
Category IIIN installation is provided by six, 3/4-in. (19.0 mm) dia anchor bolts embedded 6 in.
(0.15 m) into the concrete parapet and walk.

The transition from the approach guardrail to the bridge railing is effected by a stepped
reduction in soil-mounted post spacing from 8 to 3 ft (2.4 to 0.9 m) and the use of posts with soil
bearing plates.

Engineering details of the R(IIIN)-2 design are contained in Appendix A; views of the
installation prior to testing are contained in Figure 40.

2. Crash Test Evaluation

Test RF-10. Impact conditions for the 4352-lb (1974 kg) car were 60.0 mph (26.8 m/s)
and 21.7-deg angle. Point of impact was 11ft (3.4 m) from bridge rail end. The vehicle remained in
hard contact with the aluminum rails for approximately 13 ft (4.0 m) and then exited from the
installation at an angle of 3.5 deg. During redirection, the vehicle appeared stable, exhibiting little
tendency to pitch or roll. After leaving the rail, the vehicle continued in a tra.jectory parallel to the
bridge rail, with a rebound distance of IS ft (4.6 m).

A summary of test results is contained in Figure 41. Vehicle redirection was smooth.
Maximum 50-ms average vehicle accelerations determined from high-speed cine data were --5.9-g
lateral and --4.2-g longitudinal.

Vehicle and installation damage is shown in Figure 42. Bridge rail damage was minor
and consisted of scuffing concrete curb and aluminum ra.ils; no permanent deformation of aluminum
rails or support brackets was detected. Damage to the right front panel and wheel ;lssembly disabled
the vehicle.

Test RF-11. No repairs were made to the installation after Test RF-IO. Impa.ct conditions
for the 2050-lb (930 kg) car were 64.5 mph (28.8 m/s) and IS .I-deg angle; the point of impact was
23.5 ft (7.2 m) from the upstream end of the bridge. The vehicle was smoothly redirected and
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FIGURE 42. VEHICLE AND INSTALLATION DAMAGE
SUSTAINED IN TEST RF-10
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showed no tendency to roll or pitch. As evidenced by rail and curb scuff marks, the vehicle was in
hard contact with the installation for a distance of 9.5 ft (2.9 m). After the vehicle exited at an
angle of 9.0 deg, it traveled in a trajectory nearly parallel to the test installation with a maximum
rebound distance of 10 ft (3 m). Maximum 50-ms average vehicle accelerations were -5.9 and
-1 0.5-g lateral for high-speed cine and electronic data, respectively, and -3.8 and
-6.2-g longitudinal for cine and electronic data, respectively; maximum resultant was 12.2 g. A
summary of RF-ll test results is presented in Figure 43.

Installation and vehicle damage is shown in Figure 44. Bridge rail damage was minor and
consisted of scuffing of concrete curb and the two aluminum rails. No permanent deformation of
the rails was detected. Vehicle damage was confined to the right front panel. After sheet metal was
bent away from wheel contact, the vehicle was operable and could have been driven at least a short
distance from the collision site.

Test RF-12. No repairs to the installation were made after lest RF-11; views of the
installation and car are shown in Figure 45. Impact conditions for the 4423-lb (2006 kg) car were
79.6 mph (35.6 m/s) and 19.9-deg angle. Point of impact was 27 ft (8.2 m) upstream from the
bridge and between posts 5 and 6 (posts are numbered consecutively from the upstream end). The
vehicle remained in hard contact with the installation for a distance of 25.0 ft (7.6 m), as deter
mined by scuff marks on the rails, and then departed the installation at an angle of 8.1 deg. The
vehicle right front wheel was trapped under the lower rail at post 2 and was stripped from the car. A
peak longitudinal acceleration of 25.6 g occurred at 0.27 s after initial impact, and this peak
probably corresponds with the wheel snagging event. After leaving the rail, the vehicle veered in a
long are, coming to a stop with a rebound distance of 105 ft (32 m).

A summary of test results is presented in Figure 46. Maximum 50-ms average vehicle
accelerations were -8.2/--9.I-g lateral and --5.9/-7.6-g longitudinal for high-speed cine and elec
tronic data, respectively. Even though wheel snagging occurred, with attendant high instantaneous
vehicle acceleration, the 50-ms average values were not overly affected. Moreover, the vehicle
redirection appeared smooth, as evidenced by the gradual variation in longitudinal acceleration
throughout the impact sequence.

Vehicle and installation damage is shown in Figures 47 and 48. Two rail sections, one
each top and bottom, were severely bent and would require replacement. In addition, five posts
were damaged to the extent that they would require replacement for a similar in-service collision.
Vehicle damage to the right front panel was considerable, with the wheel being stripped from the
suspension system. No passenger compartment intrusion was noted. This damage is considered
typical in view of the high impact speed.

3. Appraisal of R(IIIN)-2 Design

Structural Adequacy. In comparing test RF-IO to the baseline test, RF-9, both vehicles
were contained and smoothly redirected by the installation. Considerable damage was sustained by
the baseline installation (see Section IV.C), whereas only minor scuffing of the curb and rails
occurred in the retrofit case.

Redirection Severity. Vehicle accelerations were higher for the retrofit design (RF-ll)
than for the baseline case (RF-8), and the lateral acceleration of -10.5 g exceeds the acce-ptable
value recommended in NCHRP Report] 53. On the other hand, redirection of the small car was
smooth and the vehicle was stable throughout redirection, exhibiting little tendency to roll or pitch.
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FIGURE 48. INSTALLATION DAMAGE SUSTAINED IN TEST RF-12
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[n contrast, the vehicle in RF-8 climbed high on the parapet and reached a most unstable attitude
during redirection and may have rolled over had the impact conditions been slightly changed or had
the installation been longer.

Vehicle and installation damage was minimum for both cases and comparable.

Transition. Since the test is essentially a structural adequacy experiment, the installation
performed in an acceptable manner as the vehicle was contained and smoothly redirected even
though the impact speed was nearly 80 mph (35.8 m/s). The vehicle was stable throughout the
impact and redirection sequence, although the right front wheel was stripped from the car; the loss
of the wheel is attributed to the excessive impact speed. Installation damage consisted of two
deformed rails and five posts that would require replacement. Vehicle damage was severe but is
considered representative for this type of test.

In summary, the R(IIIN)-2 design increases the redirection severity because of its rigidity
and thus may increase hazard for the small car type of accident. However, the retrofit improves the
vehicle containment capability of the baseline structure and should eliminate vehicle vaulting
accidents with the Category IIIN installations that have been reported. The retrofit transition design
performed in an acceptable manner.

The upstream terminal for the approach rail has not been tested according to guidelines
of NCHRP Report 153. These tests were beyond the program scope.

F. Category IIIN Retrofit-ROIIN)-3 Design*

1. Design Features

In establishing profile geometry of the R(I1IN)-3 design, four candidate profiles were
formulated and evaluated with the use of the HVOSM computer program. Profiles of the four
candidates are shown in Figure 49.

HVOSM predicts the trajectory and dynamics of a vehicle during and after impact with a
highway barrier. These results will vary with vehicle size and properties and impact speed and angle.
In accord with recommendations of NCHRP Report 153(8), two vehicle types were used: 2250- and
4500-lb (1021- and 2041-kg) cars. Four concepts and 21 HVOSM cases were performed; the
HVOSM case matrix is shown in Table 10.

Results of computer simulations are presented in Table 11. Although the HVOSM pro
duces extensive documentation on the vehicle dynamics and kinematics, the three most important
performance factors are (1) vehicle lateral accelerations, (2) vehicle longitudinal accelerations, and
(3) vehicle roll angle. Presently, the goal of barrier designers is to keep the maximum vehicle
accelerations under 5-g lateral and lO-g longitudinal and to maintain the vehicle in an upright and
stable condition, i.e., minimum roll.

Concept A subjects the small car to high lateral accelerations, 11.9 g; a second run with
minor modifications to the profile resulted in higher lateral acceleration (-13.7 g). Both lateral and
longitudinal accelerations are low for Concept B; however, the roll angle is high for the 15-deg
impacts. Concept C would probably roll a large number of small cars. Concept D produces
minimum roll in all vehicles, although lateral acceleration i.l the small-car impact is somewhat high
(-·8.1 g).

*Design. analysis and crash test evaluation of this design was funded by the Louisiana Department of Highways.
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TABLE 10

CASE MATRIX FOR HVOSM STUDIES

Case Barrier Weight Speed Angle
No. Concept (lb) (mph) (deg) Remarks

I A 2250 60 7
2 A 2250 60 15
3 A 2250 60 15 Adjust profile geometry
4 A 4500 60 7
5 A 4500 60 15
6 A 4500 60 IS Adjust profile geometry
7 B 2250 60 7
8 B 2250 60 15

9 B 4500 60 7
10 B 4500 60 15
11 B 4500 60 15 Adjust profile geometry
12 C 2250 60 7
13 C 2250 60 15
14 C 4500 60 7
15 C 4500 60 15
16 D 2250 60 7
17 D 2250 60 15
18 D 4500 60 7
19 D 4500 60 15
20 Baseline 2250 62.7 15.9 Compare to Crash Test RF-8
21 Baseline 4500 60 15

Metric Conversions:
Multiply lb by 0.454 to obtain kg
Multiply mph by 0.447 to obtain mls
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From these findings, Concept D was selected for evaluation by full-scale vehicle crash
tests and subsequently identified as R(IIlN)-3.

Concrete beams with sectional dimensions shown in Figure 49, Concept D, were cast at
the test installation using concrete with 3000 psi (2.07 X 107 Pa), 28-day compressive strength.
Reinforcing consisted of a No.4 bar in each corner, and that was continuous for the length of the
beam (27.875 ft [8.50 m]); tie bars were No.4 size and spaced at 26 in. (0.66 m) along the beam.
Anchor bolts, I-in. (25 mm) diameter, were cast into the rear side of the beams 3 in. (76 mm) from
the base on typical 8.0-ft (2.4 m) spacings and projected horizontally 12 in. (0.30 m). After a
28-day field cure, the beams were lifted into place on the 16-in. (0.41 m) wide walk and set in a
leveling grout with the following design:

Component

Sand
Cement
Water
Sika Latex

Parts

3
1

1 to 2
4 gal.

(0.015m 3 )

During setting the beam, the anchor bolts were inserted through a l-l/2-in. (38 mm) drilled hole
in the parapet and locked into place. Details of the test installation are shown in Appendix A.

2. Crash Test Evaluation

Five crash tests were performed to evaluate R(IIIN)-3 performance; test conditions and
findings are summarized in Table 12.

Test RF-18. Impact conditions for the 4423-lb (2006 kg) car were 65.3 mph (29.2 m/s)
and 7.5-deg angle. The right front wheel of the vehicle scuffed the protruding part of the 10-in.
(0.25 m) high curb and mounted it. The right front fender panel then contacted the concrete beam
retrofit, and the vehicle was redirected nearly parallel to the installation. After departing the 75-ft
(22.9 m) long installation, the vehicle came to rest about 600 ft (183 m) from the point of impact.
During redirection, the vehicle was stable, exhibiting little tendency for rolling.

A summary of test data is presented in Figure 50. Maximum 50-ms average vehicle
accelerations, calculated from high-speed cine data, were -5.6-g lateral, -6.5-g longitudinal, and
7.9-g resultant.

Installation and vehicle damage are shown in Figure 51. Bridge rail damage was minor and
consisted of scuffing of concrete curb and retrofit beam. Subsequent safety performance of the
bridge rail would not be impaired by this damage. Damage to the right front panel was minimum and
did not affect the driveability of the vehicle.

Test RF-19. The test installation is the same as described in Test RF-18 report. No repairs
were performed on the installation after Test RF-18.

Impact conditions for the 4423-lb (2006 kg) car were 60.6 mph (27.1 m/s) and II .5-deg
angle. The right front fender panel contacted the precast beam 16 ft (4.9 m) from the downstream
end. As the vehicle was redirected, the right front tire came in contact with the protruding portion
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FIGURE 51. VIEWS OF BARRIER AND VEHICLE
BEFORE AND AFTER TEST RF-18
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of the 10-in. (0.25 Ill) high curb, and the wheel climbed the curb; these actions are evidenced by
scuff marks on the barrier shown in Figure 52. After departing the 75-ft (22.9 m) long installation,
the vehicle traveled about 400 ft (122 m) downstream and toward the traffic side of the barrier
126 ft (38.3 m). During redirection, the vehicle was stable and exhibited little tendency to roll.

A summary of test data is presented in Figure 53. Maximum 50-ms average vehicle accel
erations, calculated from accelerometer data, were -4.9-g lateral, -4.4-g longitudinal, and 6.3-g
resultan t.

Installation and vehicle damage is shown in Figure 52. Bridge rail damage was minor and
consisted of scuffing of concrete curb and retrofit beam. Subsequent safety performance of the
bridge rail installation would not be impaired by this damage. Damage to the right front panel was
moderate, although the vehicle was driveable from the impact site.

Test RF-20. The test installation is the same as described in Test RF-18 report. No repairs
were performed on the installation after Test RF-19, although the curb was painted white to
highlight vehicle contact marks. Impact conditions for the 2140-lb (971 kg) car were 55.4 mph
(24.8 mjs) and 9.2-deg angle. The right end of the front bumper and right front tire contacted the
barrier 23.3 ft (7 m) from the upstream end, and the wheel climbed atop the protruding curb
element. The vehicle remained in contact with the barrier for 16 ft (4.9 m) and departed the
installation at 12 deg. After traveling about 150ft (45.6 m) from the downstream end of the
installation, the vehicle came to rest. During redirection, the vehicle was stable and exhibited little
tendency to roll. A summary of test data is presented in Figure 54. Maximum 50-ms average vehicle
accelerations, calculated from accelerometer data, were -8.3-g lateral, -4.3-g longitudinal, and
9.4-g resultant.

Installation and vehicle damage is shown in Figure 55. Bridge rail damage was minor and
consisted of scuffing of concrete curb and retrofit beam. Subsequent safety performance of the
bridge rail would not be impaired by this damage. Damage to the vehicle was a bent front bumper
that was slightly jammed into the grill. The vehicle was used in subsequent Test RF-21 without
repairs.

Test RF-21. The test installation is the same as described in Test RF-18 report. No repairs
were performed on the installation after Test RF-20.

Impact conditions for the 2140-lb (971 kg) car were 44.1 mph (19.7 m/s) and 16.2-deg
angle; the vehicle did not attain the desired 60 mph (26.8 m/s). The vehicle right front panel and
bumper contacted the installation 20.7 ft (6.3 m) from the upstream end; remained in contact with
the barrier for 13.7 ft (4.2 m); and then departed the barrier at a small exit angle of 1.6 deg. After
leaving the barrier, the vehicle brakes (rear only) were applied, which caused the vehicle to turn to
the left. During redirection, the vehicle was stable and exhibited little tendency to roll.

A summary of test data is presented in Figure 56. Maximum 50-ms average vehicle accel
era tions, calculated from accelerometer data, were -6.3-g lateral, -5.2-g longitudinal, and 8.I-g
resultant.

Installation and vehicle damage is shown in Figure 57. Bridge rail damage was minor and
consisted of scuffing of concrete curb and retrofit beam. Subsequent safety performance of the
bridge rail would not be impaired by this damage. Damage to the vehicle was concentrated at the
right front panel and grill area. The bumper and grill were jammed into the radiator.
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Test RF-22. No repairs were performed on the installation after Test RF-21, although the
curb and beam were painted white to highlight vehicle contact marks. Impact conditions for the
~ 140-lb (971 kg) car were 61.9 mph (27.7 m/s) and l8.3-deg angle. The vehicle contacted the
barrier 24.5 ft (7.5 m) from the upstream end; remained in contact for a distance of 13.7 ft (4.2 m);
and then departed the installation at a near zero angle. After departing the barrier, the vehicle
brakes were remotely applied to the rear wheels only, causing the vehicle to turn sharply to the left.
During redirection, the vehicle was stahle and exhibited little tendency to roll.

A summary of test data is presented in Figure 58. Maximum 50-ms average vehicle accel
erations, calculated from accelerometer data, were ~16.I-g lateral, ~8.2-g longitudinal, and 17.7-g
resultant. These values are high in comparison with recommended levels presented in NCHRP
RCfJort 153.

Installation and vehicle damage is shown in Figure 59. Bridge rail damage was minor and con
sisted of concrete curb and retrofit beam scuffing. Subsequent safety performance of the bridge rail
would not be affected by this damage. Vehicle damage was concentrated at the right front panel,
wheel assembly, and hood, which was stripped during redirection; the right front wheel was jammed
rearward.

3. Appraisal of R(IIIN)-3 Design

• The barrier smoothly redirected the vehicle in all cases, although the protruding
portion of the existing curb did considerable damage to the vehicle wheels and
suspension. From high-speed cine, there appeared to be no tendency for the vehicle
to snag on the barrier during redirection.

• Maximum roll angle for the five tests was a modest +17 deg (away from the barrier)
in Test RF-22. Maximum roll angles for the other tests were +12 to +14 deg for
60-mph (26.8 m/s) tests and +8 deg for the low-speed experiment. No tendency for
the vehicle to roll or vault over the barrier was exhibited in the high-speed cine.

• Minimum impact damage was done to the barrier in the tests. Tire and sheet metal
scuff marks, while possibly detracting from the barrier appearance, did not warrant
repair prior to subsequent tests.

• Vehicle redirection accelerations were high, especially for Test RF-22 in which maxi
mum 50-ms average lateral acceleration was -16.1-g. Both lateral and longitudinal
accelerations were about twice the HVOSM predicted values.

• The method of fabricating the beams and securing them to the existing structure was
judged to be adequate. An inspection of the installation after the five-test program
revealed no distress in the beams or connections.

• Note that no approach guardrail or transition between approach guardrail and
R(l IlN)-3 design was included in the test installation. Since R(IIIN)-3 design has a
profile geometry similar to typical concrete parapetend posts found in many current
bridge railings, it is recommended that the approach guardrail be a G4 system and
that it be transitioned to the R(lIIN)-3 installation with details shown in NCHRP
Ref70rt 118 pages 53 to 59.(7)
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G. Category III-Wide Walk

The distinguishing features of this category are the curb, wide walk (equal to or greater than
2 ft [0.61 m I), and a concrete parapet or all metal rail. A representative Category IIIW installation
is shown in Figure 60a. The curb is 9 in. (0.23 m) with a 2-in. (0.05 m) batter, a 4-ft (1.2-m) wide
walk, and a metal panel-type rail. Although this design category is usually found in urban areas
with low traffic speeds and heavy pedestrian traffic, it is also found on rural bridges with high
traffic speeds. The metal panel rail system has also been used on the Interstate Highway system (see
Figure 2).

For Category IIIW, it was assumed that the walk is an important feature of the bridge and
should be maintained. Accordingly, the retrofit design for Category IIIW provides for a new barrier
rail at the curb line, keeping the pedestrian walkway intact. The approach negates the unpredictable
performance of the curb on the vehicle trajectory.

1. Design Featu res of R(IIIW) -1 System

Sectional view of the R(IIIW)-1 design is shown in Figure 60b; engineering drawings of
the retrofit design are contained in Appendix A. A tubular thrie beam with a 32-in. (0.81 m)
mounting height is supported on W6 X 8.5 posts spaced at 8.33 ft (2.54 m). To provide lateral
flexibility to the design, the post-to-baseplate weldments are portioned to break at the AASHTO
loading of 10,000 lb (4536 kg). The foundation beam has the purpose of distributing the impact
forces and movements so that no damage is sustained by the concrete during impact. Hence, repairs
after an impact will consist of replacing one or more posts.

2. Crash Test Evaluation

The test series consisted of four tests: a baseline experiment to examine the safety
performance of a typical Category I1IW installation and three tests to evaluate performance of
R(IIIW)-1 design.

Test RF-14. Views of the test installation and vehicle are shown in Figure 61. Impact
conditions for the 4285-lb (1944 kg) vehicle were 61.9 mph (27.7 m/s) and 25.3-deg angle. The
vehicle contacted the curb 29.1 ft (8.9 m) from the upstream end of the bridge deck. The vehicle
mounted the 9-in. (0.23 m) high safety curb and contacted the metal parapet 39.5 ft (12.0 m) from
the upstream end of the bridge deck. Impacting the metal parapet, the vehicle began to roll away
from the bridge rail. The metal parapet anchorage system failed, however, allowing the vehicle to
continue over the walk. After the vehicle had traveled the length of the metal parapet, the left side
of the passenger compartment contacted the concrete parapet located at the downstream end of the
bridge deck. The vehicle immediately came to rest with the concrete parapet lodged inside the
passenger compartment of the vehicle. A summary of findings is presented in Figure 62. Maximum
50-ms average vehicle accelerations, determined from high-speed cine data, were -3.3-g lateral,
-4.5-g longitudinal, and 4.8-g resultant.

Installation and vehicle damage is shown in Figure 63. Bridge rail damage was consider
able and consisted of complete anchorage failure of the metal parapet in the impact zone. This
downstream section of the metal parapet was completely torn and twisted from the concrete walk.
Damage to the concrete parapet on which the vehicle came to rest was minor and consisted of
scraping of the concrete because of sheet metal contact.
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Damage to the vehicle was severe. The entire front section of the vehicle was severely
damaged; the radiator and engine block were thrown clear of the engine compartment. Damage to
the passenger compartment on the left side was also severe due to vehicle involvement with the
concrete parapet.

Test RF-15. The test installation, the R(lIIW)-1 design, consisted of the Category III
bridge rail (see Test RF-14 for description) and a tubular thrie beam retrofit as detailed in
Appendix A. The tubular thrie beam railing was mounted on W6 X 15.5 posts. The posts were
located on the walk at the face of the curb. The system was independent of the metal rail and
therefore did not eliminate use of the walkway. The traffic face of the tubular thrie beam was
approximately 3 in. (76 mm) outside the base of the curb to reduce vehicle wheel contact with the
curb. Features of the R(lIIW)-1 installation are shown in Figure 64 prior to the redirection severity
test. Impact conditions for the 2110-lb (957 kg) vehicle were 62.7 mph (29.0 m/s) and a 13.5-deg
angle. The vehicle contacted the barrier 18.3 ft (5.6 m) from the upstream end of the bridge deck,
and 1.1 ft (0.3 m) downstream from post 3 (posts are numbered consecutively from upstream end
of bridge deck). The vehicle remained in hard contact with the barrier for a distance of 8.8 ft
(2.7 m) and was smoothly redirected; exit angle was 5.7 deg. During redirection; the vehicle
appeared stable, with little tendency to pitch or roll. After leaving the rail, the vehicle continued for
a distance of 245 ft (74.7 m) from the point of contact. A summary of findings is contained in
Figure 65. Maximum 50-ms average vehicle accelerations, determined from high-speed cine data,
were -5.5-g lateral, -1.8-g longitudinal, and 5.8-g resultant.

Installation and vehicle damage is shown in Figure 66. Bridge rail damage was minor and
consisted of concrete curb and retrofit beam scuffing. Post 4 was separated from its base plate
because of weld failure at the joint. Subsequent safety performance of the bridge rail would not be
affected by this damage.

Vehicle damage was confined to the right front panel. Although the right front wheel had
been considerably damaged, the vehicle was driven back to the impact site.

Test RF-16. The test installation was the same as described in Test RF-15 report. Re
placement of the post/base plate system at post 4 (posts are numbered consecutively from upstream
end of bridge deck) was the only repair performed prior to test.

Impact conditions for the 4337-lb (1967 kg) test vehicle were 62.7 mph (28.0 m/s) and a
25.8-deg angle. The vehicle contacted the barrier 24.6 ft (7.5 m) from the upstream end of the
bridge deck, and 1.0 ft (0.3 m) upstream from post 4. The vehicle remained in hard contact with
the barrier for 37.8 ft (11.5 m) and was smoothly redirected; exit angle was 3.9 deg. During redirec
tion, the right wheels of the vehicle climbed the curb and rode the walk because of large barrier
deflections caused by post/base plate weld failures. Maximum dynamic deflection of the beam was
2.5 ft (0.76 m). Maximum roll angle of the vehicle while in contact with the system was 6 deg away
from the barrier. After leaving the rail, the vehicle continued for a distance of 210 ft (64 m) from
the point of contact. A summary of test findings is presented in Figure 67. Maximum 50-ms average
vehicle accelerations, determined from high-speed cine data, were -6.2-g lateral, -4.4-g longitu
dinal, and 7.6-g resultant.

Installation damage is shown in Figure 68. Bridge rail damage consisted of scraping of the
concrete curb and scuffing of the retrofit beam. Permanent beam deflection of 0.20 ft (61 mm) was
noted between posts 4 and 5. Weld cracks were evident at the post/base plate connection at posts I,
2 and 9, with weld failures and deformed posts at posts 3 thru 8.
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FIGURE 64. VIEWS OF R(IIIW)-l INSTALLATION PRIOR TO TEST RF-15
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As shown in Figure 69, damage to the right front panel, wheel, and suspension system
disabled the vehicle.

Test RF-17. The test installation, as shown in Figure 70, was the same as described in
Test RF-15 report. Repairs from the previous test included rewelding of the post/base plate con
nections along the bridge deck, with the first two posts from the upstream end being welded
continuously along the entire face of the post flange.

Impact conditions for the 4455-lb (2021 kg) vehicle were 48.0 mph (21.5 m/s) and
28.6-deg angle; the vehicle did not attain the desired 60 mph (26.8 m/s). The vehicle contacted the
barrier 7.1 ft (2.2 m) upstream from the bridge deck, and 2.25 ft (0.69 m) downstream from the
second soil-mounted post from the bridge deck. The vehicle remained in hard contact with the
barrier for a distance of 15.75 ft (4.80 m) and was redirected at a 4.8-deg angle. During redirection,
the maximum dynamic deflection of the beam was 1.1 ft (0.34 m) in the transition section. As the
beam deflected laterally, the curb end was exposed and caused severe damage to the vehicle right
side suspension. The rear of the vehicle pitched upward slightly; this was probably caused by the
right rear tire climbing the exposed face of the concrete curb. After leaving the impact zone, the
vehicle traveled 135 ft (41.1 m) to its final position. A summary of test findings is presented in
Figure 71. Maximum 50-ms average vehicle accelerations, determined from high-speed cine data,
were -4.3-g lateral, -4.6-g longitudinal, and 6.3-g resultant.

Installation damage is shown in Figure 70. Four soil-mounted posts were pushed back in
the foundation, and weld failures were evident at the post/base plate connection for the first five
posts along the upstream end of the bridge deck. Damage to the bridge deck was confined to minor
scraping of the concrete at the corner of the curb.

Damage to the vehicle, as shown in Figure 72, was severe. A major portion of the damage
was caused by the curb end that was exposed to direct impact when the beam deflected laterally.
The car was disabled by the damage.

3. Appraisal of R(IIIW)-1 Design

Structural Adequacy. Both the small car (Test RF-15) and large car (Test RF-16) were
smoothly redirected by the retrofit. Although the barrier deflected 2.5 ft (0.76 m) in Test RF-16,
the vehicle remained very stable and exhibited little tendency to roll. The design met all structural
adequacy requirements.

Redirection Severity. The small car (Test RF-15) was smoothly redirected with low longi
tudinal and moderate lateral accelerations. In comparison to the baseline test (Test RF-14), the
retrofit design greatly improved installation safety.

Transition. Structural adequacy of the retrofit transition was demonstrated in
Test RF-17; however, the walk and curb end became exposed as the beam deflected laterally and
caused damage to the vehicle. It is recommended that the curb line be flared away from the
pavement for field installations to prevent possible vehicle snagging.

H. Category IV Retrofit Designs

Category IV bridge railings are characterized by a concrete safety shape, with or without one
to two metal rails. This category has been used only in the past 10 to 15 years. Although the use of
this category is rapidly increasing, presently (Dec 1974), only about 6 percent of existing bridge
railings are in this classification.
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A number of barrier profiles are classified as a safety shape. The forerunner was the New
JL'rsey profile. which was followed by the General Motors shape. Various states have adopted either
the New Jersey (MB5) or General Motors (MB6) shapes or a modification of one of these. Recent
research and accident statistics have shown the criticality of the profile geometry in safely redi
recting colliding vehicles.(J 8) The findings indicate that the New Jersey profile is superior to the
General Motors shape, and the designer should refrain from changing the profile geometry.

In the present form, the safety shape satisfies AASHTO bridge design specifications and has
performed adequately in numerous crash tests, although high-angle impacts can be very severe.
Accordingly, a retrofit modification is not warranted for the Category IV designs.

The designer must be concerned with the approach guardrail and transition system to assure an
integrally performing barrier system. Techniques for attaching approach guardrail to the safety
shape are discussed in the following section.
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V. OTHER RETROFIT DESIGN FEATURES

In this section, design treatments to upgrade the safety perfonnance of existing bridge railing
systems are presen ted. These features were not evaluated by crash tests in this program. However,
the features have either been developed and evaluated in other programs, or they represent a modest
extension of a proven design.

A. Bridge Approach Barrier and Transition

A bridge approach barrier design is shown in Figure 73. This design is an improvement over
designs that are presented in NCHRPReport 118.(7) Primary features of the concept are (a) the
terminal, (b) approach rail, (c) transition, and (d) connection to a rigid bridge parapet.

The terminal is a breakaway cable terminal (BCT) that was recently developed on
NCHRP 22-2(1 1) For end-on impacts, the end post or posts, break away and the vehicle is directed
behind the installation. The vehicle is redirected to the traffic lane for angle impacts downstream
from the end posts. It should be noted that the BCT was developed with a standard 12-in. (0.30-m)
wide W-beam. Since performance of the BCT with the thrie beam has not been full-scale crash test
evaluated, a 37.5-ft (ll.4-m) length of 12-in. (0.30-m) wide W-beam is recommended and then this
element transitioned to the thrie beam. The W-beam-to-thrie beam transition hardware is presently
being standardized by AASHTO-ARBA Task 13 committee and is available from one or two
fabricators.

Use of the thrie beam, in lieu of the 12-in. (0.30 m) wide W-beam, will greatly improve the
performance range of the approach rail because it decreases the sensitivity of barrier mounting
height, increases the width of vehicle contact, decreases the tendency for wheel-post snagging, and
increases both tensile and bending strength of the beam. (12) Hence, the approach rail will redirect a
greater range of vehicle sizes and a greater range of impact conditions.

A gradual change in lateral stiffness of the barrier system must be achieved in the transition
from the approach rail to the more rigid bridge rail system; otherwise, there is a serious tendency
for impacting vehicles to pocket at the bridge end. The design (Figure 73) utilizes the method of
decreasing post spacing of the approach segment near the bridge end and introduces lateral flexibil
ity for the rail support on the bridge. The 10-in. (0.25 m) deep offset brackets are designed to
plastically deform when they are within the impact zone.

The connection to the bridge must provide tensile anchorage for the thrie beam. Accordingly,
a special end piece similar to the Michigan end shoe will be required. Since the connection, transi
tion, and approach rail may be subjected to impacts from crossover traffic, the connection provides
a smooth, horizontal transition into the bridge rail. The thrie beam end piece is being fabricated on a
limited basis by at least two companies.

Another method for providing lateral flexibility of the thrie beam on the bridge is illustrated in
Figure 74. Collapsing tubes are used in lieu of the offset brackets shown in Figure 73 and are
designed to perfonn in a similar manner. Design of the collapsing tube for the thrie beam can be
based on results from the collapsing ring bridge rail program.(3) Ring or tube geometry of 18-in.
(0.46 m) dia X 0.375-in. (9.5 mm) thick X 6.125-in. (0.16 m) wide has performed satisfactorily
during 14 full-scale vehicle crash tests of the system. The basic expression of the ring for a 10,OOO-lb
(4536 kg) deforming force is:
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2

lLL=c
R

(I)

where B is the width, R is the radius, t is the plate thickness, and C is the crush constant; Cis
determined to lw 0.0957. For the 21-in. (0.53 m) wide thrie beam, a 22-in. (0.56 m) wide ring is
required. Ring thickness is shown in Figure 75 for various diameter rings.

B. Bridge Railing Modifications

The concrete safety shape, although not crash tested in this program, is considered an opera
tional retrofit design. The basic profile has been extensively tested (18) as a median barrier and
bridge rail and has been used in several bridge rail retrofit programs, such as the access road to
Dulles Airport, Washington, D.C.

Development of the concrete median barrier has progressed since 1955. Principal dimensions
of the shape are illustrated in Figure 76 for a median barrier and a bridge barrier system. As a
vehicle contacts the shape, the inside wheels ride up the lower slope and bank the vehicle back
toward the pavement. For shallow-angle impacts (less than 8 deg), generally no sheet metal damage
is done to the car. Moreover, the barrier redirects the numerous shallow-angle impacts as well as
more severe impacts with minimum barrier damage. Hence, the barrier remains in service for
multiple impacts at the same point. the cost of repairing barrier damage is low, and traffic hazard
exposure to barrier repair crews is minimal.

Application of the safety shape to existing bridge rail installation may vary. The shape can be
cast in front of the existing barrier where bridge deck or walk space is available, or it can be cast in
the same location after the inadequate structure is removed. A metal barrier with the safety shape is
acceptable in situations where weight of the concrete safety shape exceeds the bridge load capacity.

Whereas the "see-thru" feature of bridge rails has been an important consideration in the past,
the current design trend has been to downgrade this to an optional factor. Accordingly, the full
height safety shape (32 in. [0.81 m]) is considered acceptable design practice for most bridges, as
well as the short safety shape with metal beam combination.

Typical applications of the concrete safety shape to bridge railing categories are shown in
Figure 77. It is recognized that these are general design schemes and do not show specific details
that will undoubtedly vary from bridge to bridge. Sound engineering judgment and detailed design
procedures will be required for application of the concepts.

A summary of crash test results of the collapsing ring bridge rail, the concrete safety shape,
and the thrie beam guardrail is contained in Table 13.
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VI. IMPLEMENTATION OIF RETROFIT DESIGNS

A. General

With an average of four to ten unique bridge railing designs in service in each state, the total
number of designs is estimated to exceed 200 configuratIons. Moreover, since most of these systems
were designed and installed prior to the recent emphasis on vehicle collision safety performance, a
large proportion does not satisfy minimum safety standards; this situation was verified during the
field survey phase of this program.

To upgrade a specific installation to satisfy current safety requirements, it may require
(I) only minor modifications such as replacing or reinforcing a rail member, (2) a major modifica
tion in which a complete new railing system is integrated into the existing installation, or (3) a
complete removal of the existing ~nstallation and replacement of it with an acceptable design. In
actual practice, all three techniques will be used with the decision being based on local conditions.
For those installations requiring only minor modifications, the local highway engineers should
ascertain those features not in compliance with AASHTO specifications and develop the necessary
structural modification. For those installations requiring major modification, retrofit designs devel
oped and crash-test evaluated in this program are available. And finally, for those bridge railing
installations that are not amenable for upgrading, or where the upgrading work is more costly than a
removal and replacement alternative, recommended bridge railing designs are presented.

For installations in which the bridge railing is to be replaced, suggested bridge railing designs
are summarized in Table 8. For cases where the existing installation is to be modified, suggested
applications of the concrete safety shape are illustrated in Figure 77; a summary of retrofit designs
developed in this program is presented in Figure 78.

B. Staged Upgrading

Effective bridge railing must be considered as a system consisting of three interrelated ele
ments: (a) bridge rail, (b) approach guardrail, and (c) the transition from the approach guardrail to
the bridge rail. A defiCient or inadequate design of anyone or combination of these elements can
cause fatalities in impacting vehicles. As illustrated in Figure I, 58 percent of fatal accidents occur
at the bridge end (poor transition design), 27 percent occur with the bridge rail, and the remaining
IS percent involve the approach guardrail. As an alternative to identifying the more hazardous
bridge railing installations and fully upgrading them to current safety standards, an administrative
decision may be made to simultaneously upgrade all installations to a lesser level of safety con
sistent with available funding. That is, all installations in an area or region would be partially
upgraded in stages with each stage being accomplished as funds became available. In this manner,
the more hazardous features of all bridge railing installations could be treated first leaving the less
dangerous conditions for a later treatment. This could result in a more cost effective approach.

Based on statistics presented in Figure I, a first stage would consist of providing all bridges
with conforming approach guardrails that are properly transitioned and attached to the bridge rail.
Such improvements would address about 73 percent of bridge railing installation hazards. In a lat.er
stage, the railing on all bridges would be upgraded to current standards, thus completing the
improvement program.
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The basic staging approach can be refined by establishing upgrading priorities for selected
installations that exhibit unusually severe hazard features, high exposure rates and/or adverse
accident experience.

c. Suggested Implementation Procedures

In order to identify bridge barrier installations that require safety performance improvement
and to effect the necessary upgrading, the following procedures are suggested.

Existing bridge rail systems should be screened and appraised according to their functional and
safety performance. The systems can be grouped into confonning installations of either preferred or
acceptable designs or into nonconfonning installations. Screening guidelines for this grouping and
recommended upgrading action are delineated in Table 14. In general, nonconforming installations
should be upgraded to preferred designs.

Specific screening and design of existing systems include the following steps:

1. Analyze bridge rail according to 1973 AASHTO Bridge Specifications. Items of particular
importance are (l) geometry such as minimum height of top rail and spacing between
rails, (2) structural strength with respect to static loads, (3) continuity and proper
offset of rails, (4) proper material selection, and (5) continuity with approach guardrail.
If the installation is deficient in one or more of these items, the deficient items should
be investigated for potential modifications to upgrade them for conformance with
1973 AASHTO Bridge Specifications. The upgrading requirement may consist of
replacing a rail section or providing continuity in the system; this can be accomplished
by local forces.

2. Identify specific installations where adverse accident experience has indicated inadequate
barrier performance. These installations mayor may not conform to 1973 AASHTO
Bridge Specifications.

3. Classify the installation according to either Category I, II, III, or IV. In general, action to
be taken includes:

• Category I~Remove rail and replace with conforming design.

• Category II-Either replace with conforming design or upgrade with R(II)-l retrofit
design.

• Category III-Either replace with conforming design or upgrade with either
R(IIIN)-l, R(IIIN)-2, R(IIIN)-3, or R(IIIW)-1 retrofit design.

• Category IV-This category is adequate and does not need upgrading.

4. Examine approach guardrail for following features:

• Acceptable design-G3 or G4W/S.

• Proper installation-rail height, post spacing, flare geometry, and approach surface
(e.g., only mountable curbs in front of installation).
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• Proper length-length-of-need should be examined by procedure presented in
Appendix C of NCHRP Report 118.

• Adequate terminal-terminal must develop strength of length-of-need approach
guardrail: the terminal should not pose a spearing hazard to traffic.

• Adequate transition-approach guardrail must be securely attached to the bridge rail
in such a manner to develop barrier tensile and flexural continuity in the
connection.

If the approach guardrail is deficient in one or more of these items, the deficient items
should be investigated for potential modification to upgrade them to acceptable perfor
mance standards. As soon as economically practical, the approach guardrail should be
upgraded to the preferred design presented in Table 14.

5. Make cost studies of upgrading nonconfonning bridge rail systems to conforming accept
able design and to conforming preferred design. Select degree of retrofit consistent with
traffic conditions, accident experience, and funding.

6. Make installation layout drawings.
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VII. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

1. Although recen t accident statistics indicate improvement in safety performance of bridge
railing systems as new designs are introduced and old installations are upgraded, as late as 1968
bridge railing systems did not perform satisfactorily with respect to today's standards in more than
68 percent of bridge railing fatal accidents. Appraisal according to 1973 AASHTO Bridge Specifica
tions of 14 specific bridge railing designs (representing 67 percent of those surveyed) reveals that:

• Only one system conforms

• One system is considert>d marginal

• Twelve of the 14 designs do not conform with one or more provisions.

On the basis of reported mileage, 68 percent of the installations did not conform and another
27 percent of existing installations were determined to be marginal.

All 14 systems were designed prior to 1973 to conform to earlier AASHTO specifications, and
the nonconforming deficiencies, which are minor in several instances, were expected.

2. Inadequate safety performance of the approach guardrail segment is attributed to inade-
quate design and/or improper layout and installation. Most states have adopted improved approach
guardrail designs: however, this trend is too recent to be significantly reflected in the field.

3. Although more than 200 unique bridge rail systems are in service, these systems can be
grouped into four categories, and bridge rail designs within a category are amenable to a common
retrofit modification design. Categories II (parapet, no curb) and III (parapet and curb), with as
many as four metal rails, represent more than 81 percent of all bridge rail systems in service.

4. Five bridge railing safety improvement modifications were developed and evaluated. In
addition, preferred bridge railing designs and suggested application of the concrete safety shape in
upgrading existing installations are presented.

5. Recommended approach guardrail designs, including upstream terminal and transition,
that represent the latest barrier technology are presented.

B. Recommendations

I. Retrofit designs to upgrade safety performance of existing bridge railings should be
implemented. These designs include R(lI)-I, R(IIIN)-1 , R(IIIN)-2, R(IIIN)-3, and R(IIIW)-l.

2. Highway agencies should direct their emphasis to the approach guardrail-transition to
bridge railing segm en t of the barrier system. Designers should assure both tensile continuity and a
lateral stiffness transition in the approach beam-bridge rail connection.

3. The BCT (1 1)should be used instead of upstream terminals presented in NCHRP Re-

port 118.
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CRASH TEST PROCEDURES AND TEST DATA

This appendix contains detailed information on vehicle crash test procedures and subsequent
data reduction techniques utilized throughout the test program. Results of the data processing are
presented in this appendix in tabular and graphical form.

Test Procedures

The crash tests in this program were conducted with vehicles running under their own power
guided by a 1500-ft (457-m) long, 1/4-in. (6-mm) dia, steel cable pretensioned alongside the run-up
area where it would not interfere with post-impact vehicle trajectory. A guide tube, attached to the
front wheel, slid along the cable and provided guidance to the car. Just prior to impact, the guide
bracket was sheared off. Vehicle ignition and brakes were controlled remotely from the chase
vehicle through a tether line, which also carried the signals from strain gage accelerometers located
in the longitudinal, lateral (or transverse), and vertical directions of the vehicle. Post-impact vehicle
reaction was also monitored with a rate gyro. These transducers were mounted along or near the
vehicle longitudinal centerline, and the signals were continuously recorded on high-speed magnetic
tape.

A summary of the data acquisition system is presented schematically in Figure B.l, and the
components are described in Table B.l. Test events were also documented by motion and still
photography. High-speed and documentary 16-mm movie cameras provided extensive coverage of
the test details before, during, and after the tests.

Data Processi ng

Data were derived from two primary sources: (l) micromotion analysis of high-speed film, and
(2) accelerometers.

From the high-speed data film, readings were taken using a Vanguard motion analyzer. These
readings provided input for the SwRI DATA III computer program.* Timing marks on the film edge
and event markers (flash bulbs) assured frame rate accuracy and synchronization of the film data.
Output from this program included vehicle lateral and longitudinal accelerations (both instanta
neous and 50-millisecond averages); vehicle lateral and longitudinal velocities; vehicle heading angle;
vehicle x and y coordinates; and approximate barrier forces. During the test program, a newly
developed SwRI DATA IV computer program was introduced. This computer program simplified
the input mode and refined film synchronization techniques developed in DATA III. Output also
included a resultant for the lateral and longitudinal accelerations (50-millisecond averages).

As shown in Figure B.2, the transducer data, which was recorded on magnetic tape at 60 ips
(1.5 m/sec), was replayed through filters (SAE Class 180) to an oscillograph for an immediate
visual output. For analyzation, this recorded data was converted from analog to digital; once
converted, it was processed through an Institute-developed computer program that provided
output in tabular and graphical form. A description of each component in the data processing
system is contained in Table B.2. It should be noted that this data reduction system was not
developed until after the completion of the first two tests of this test program (RF-3 and RF-4).
Calculations for the computer program were performed at 0.25-millisecond intervals, although

*Film analysis program developed under NCHRP Program 15-1(2).
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results are displayed every 10 milliseconds. The output included vehicle lateral, longitudinal, result
ant of lateral and longitudinal, and vertical accelerations (both instantaneous and 50-millisecond
averages): vehicle lateral and longitudinal velocities; and vehicle x and y coordinates. The vehicle
heading angle was computed from data taken from the rate gyro. In addition, the program was used
to plot the theoretical results of the high-speed cine data superimposed with the transducer data.

It is important to note that vehicle accelerations calculated from cine data may differ from
electronic accelerometer data. This difference should be anticipated for the following reasons:

• Accelerations which vary throughout the vehicle are measured at different vehicle locations.
Accelerometers are mounted near the center of gravity of the vehicle while cine targets
are affixed to the vehicle roof.

• Cine data processing compu ter program assumes vehicle remains planer during redirec
tion. Any rolling or pitching of vehicle introduces error in the results.

• Cine data method is not responsive to the higher frequency accelerations although the
maximum 50 ms averages are generally comparable.

These two independent methods provide redundancy in the data acquisition system and serve as a
check on calibration of instrumentation. For instance, time-displacement information calculated
from electronic accelerometer data can be compared directly with time-displacement data acquired
from micromotion analysis of high-speed film. If there is a close comparison, the test engineer is
assured that the accelerometers and electronic acquisition system is in proper calibration and
functioning correctly. In a similar manner vehicle acceleration data are calculated from high-speed
movie film and these are compared directly with electronic accelerometer readings. A close compar
ison provides assurance to the test engineer that the film acquisition system (i.e., camera locations,
reference points, synchronization of cameras, camera frame speed, etc.) was properly set up and
documented. In comparing maximum 50 ms average accelerations, the preference should be the
results obtained from electronic accelerometers positioned near the vehicle center of gravity as
specified in NCHRP Report 153.

Findings from high-speed film analysis and electronic transducer data, along with the corre
sponding plots, are contained in this appendix.
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SIMULATION STUDIES: EFFECTS OF CURB GEOMETRY
ON VEHICLE REDIRECTION

The influence of bridge railing curb and walk geometry was investigated by conducting
HVOSM computer simulation of the vehicle-barrier interaction. It is recognized that the wheel-tire
analog of the HVOSM program was developed primarily for vehicle handling studies, and it cannot
accommodate side forces introduced by a curb in shallow angle impacts. However, the HVOSM
program is judged to represent the best technology for this application. It was felt that this
theoretical study would provide insight into the vehicle-curb interaction.

A case matrix was formulated to examine curb geometry and walk width. An approach angle
of 15 degrees, in accord with Zobel's recommendation, was selected as a prime test condition. The
vehicle characteristics as shown in Table C.1 and approach speed of 60 mph (26.8 m/s) were held
constant during these runs, and only the curb geometry was changed. The test matrix comprised the
following cases:

Curb Dimensions (in.)*
Approach Walk

No. Angle (deg) Height Batter Width Other

1 15 9 1 0
2 15 9 1 12
3 15 9 1 24
4 15 9 1 36
5 15 9 1 48

13 15 Gen. Motors Shape
14 15 NJ Shape
15 15 9 9 12
16 15 9 9 48

Three additional cases were run to examine effect of vehicle approach angle:

Curb Dimensions (in.)*
Approach Walk

No. Angle (deg) Height Batter Width

6 5 9 1 0
7 10 9 1 0

10 25 9 1 0

Typical input information for the HVOSM is presented in Table C.2. Output of HVOSM is a
number of vehicle dynamic and kinematic properties as a function of time. Ultimately, vehicle
redirection severity is based on occupant hazard. Unfortunately, there is no simple or complex
interrelationship between vehicle dynamics and occupant hazard presently available. With other
factors being equal, it is known that an occupant is more vulnerable to lateral impact with an
adjacent door than a longitudinal impact with the dash; this is due to the physiological construction
of the human body and to the lack of padding on the door. In viewing the computer results, it is
found that vehicle longitudinal and vertical accelerations do not vary significantly among the cases.
Accordingly, it was decided to use vehicle lateral accelerations during impact and redirection as an
index to severity.

Vehicle lateral accelerations are shown for three curb widths in Figure C:1: 0, 1, and 2 feet (0.
0.3 and 0.6 m); results of 3- and 4-ft (0.9 and 1.2 m) wide curbs are similar to those of the 2-ft

*Mctric conversion: multiply in. by 25.4 to obtain mm.
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TABLE C. 1

HVOSM VEHICLE PROPERTIES

Vehicle Prope rty 1963 Plymouth'~

A - Dist. CG to Front Wheel, in.
B - Dist. CG to Rear Whee 1, in.

TF - Tread at Front, in.
TR - Tread at Rear, in.
ZF - Dist. CG Sprung & CG Unsprung Front, in.
ZR - Dist. CG Sprung & CG Unsprung Rear, in.

RHO Dist. CG Rear Axle & Rear Axle Roll Center, in.
RW - Undeflected Wheel Radius, in.

58.58
57.42
60.00
60.00
10.00
12.00
-2.00
14.00

MS - Sprung Mass, Ib-s 2 /in.
MUF - Front Unsprung Mas s, Ib - s2 /in.
MUR - Rear Unsprung Mas s, Ib- s2 /in.

Ix - Moment of Inertia - X Axis, Ib-s 2 -in.
I - Moment of Inertia - Y Axis, Ib-s 2 -in ..
I~ - Moment of Inertia - Z Axis, Ib-s 2 -in.

Ixz - Product of Inertia, Ib-s 2 -in.
IR - Rear Unsprung I About Line Thru Its CG

and Parallel to X Axis, Ib-s 2 -in.

8.90
0.600
0.900
4500
25000
39000
0.0
600

90.58
-112.42

37
-14.00

10.00

From CG to Front of Vehicle, iIi.
From CG to Rear of Vehicle, in.
From CG to Eithe r Side, in.
From CG to Top, in.
From CG to Bottom, in.

Dist.
Dist.
Dist.

- Dist.
Dist.

XVF 
XVR

YV
ZVT
ZVB

*Data obtained from Texas Transportation Institute.

Metric Conversions:
Multiply in. by 0.0254 to obtain rn.
Multiply Ib-s 2 /in. by 17.86 to obtain kg_s 2 /m.
Multiply Ib-s 2 -in. by 0.012 to obtain kg-s 2 -m.

C.3



TABLE C.2

TYPICAL HVOSM INPUT

IN! TI AL CONDITIONS ACCELHH"'~.FTI=R POSITIONS

PHIO 0.u [H:G~ tt-: S XC O' 24U.000INCHES PO 0.0 DEC/SEC UO =1056.000 INISEC Xl -}l.b10 I NCHE S
THETAO= U.d yeo' =1208.000 uO 0.0 VO 0.0 Y1 .. IR. 750
PSlv I.JOO lCO' -24.000 RO 0.0 wo 0.0 II B.OOO
PHleO = Lt • .) DtL TAI= 0.0 OlPHIRl/DT= 0.0 D(DHIIIUT= 0.0 X2 : -32.610
PSIfIO= O.U OEl TA2= 0.0 Dl PSIF 1I0T= 0.0 RADISC O( DEl21/DT= 0.0 Y2 le.750

DEL TA3: 0.0 DIUELJIIDT= 0.0 12 R.000

DRIVER CONTROL TABLES

T
SEC

PSI F
D~G

hlF
ll1/FT

TQR
IM/FT

T
SEC

PSIF
OF.G

TOF
LB/FT

TQR
LB/FT

T
SEC

PSIF
OEG

TOF
L8/FT

TOR
L8/FT

T
SEC

JCJF
IB/f-T

TOR
L8/FT

0.0 0.0 0.0

TERRAIN TABLE ARGUMENTS PROGRAM CONTROL DATA

SOIL OAMPING- 0.001 SPI
SOiL FRICT. = 0.250
SST IFF 4000. LA/IN
NO.X TEMPS. 2
NO.Y TEMPS. 2
NO. VA~ AMU 0
TABLES

TIRt llATA
FRONT WHEEL CA"'BfR

V\
SUSP~NSION JffLfCTIDN

WHEfl. ~ADIUS-:;'AJI~l ')PQ!\It fOR TABl[
RWHJBIREGINI C.u !'.CHES
R~HJEIENO) 8.GJU
ORWHJIINCR~.1 L.25~

0.0 SEC
0.500 IJELTAF PHil
0.0050 •• INCHES I.H:(~){Ef.S

0.010
70.000 DEG -',.\)00 -}.-)'JU

0.0
0.0
I I=O.NO CUR8,=1 CUPil,=-1 STHR l,tG.uF FREEOO~)

1 (=0 VAR.AOAMS-HOUlT.,=l ~U~GE-KlJTTAt=2FIX.A~)

O. (-1.0 SUPPLY INITIAL POSITION)
1=0.0 CAR REST; ON TERRAINI

TO C. G.
STIFFNESS

LBIIN
2500.00Cf
2500.000
2500.000

11.000
20.000
0.0

START TIME
END TIME
INCR FOR INTEGRAT ION
PRINT INTERVAL
THETA MAX (TO SWITCHI:
UVWMIN(STOPj
PQRMINISTOPl
INDCRB
MOOE OF INTEGRATION
DTCMPI

HAROPOINTS RELATIVF
X Y l

I INCHES I
30.000
30.000
18.000

I 61.000
2 -51.420
3 11.000

POINT
POINT
POINT

STRUCTURAL

1040.00U L8/1N
3.000

10.000
=440".000

~ .2.16
=290V.000

1.180
=3900.00J

V.8UO
1.0UO

KT
SIGMAT
LAM6DAT
AD
Al
A2
A3
A4
MllJ
OMEGT

COEFF. OF TIRE FRiCTION
V;.

I SHED ANO LOAOI IIATA
AL ~HA= 0.0 11 (L~-I"PIII

ANTI-PI TCH TAbL ES !-:JR CIRW~FERENTIAL TIRE FORCE
APF= 0.0 v.O 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 u.o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
A PR= 0.0 0.0 0.) 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 a.o a.: 0.0 0.0 0.0 0.0 0.0 0.0 0.0

L'.O

0.0

SPRUNG ~ASS-BARRIE. [MPACT DATA
t3hRRtff<. LeAr> l)1:..~LECT.

SIGMAR 0 u.u
<;!~MAP 1 :).0
SIG~A~ ~ u.0
SIGMAk 3 :..:.v
;lG~h. 4 J.O
$lu~AR ~ 0.0
SlGMAR b 0.0
SIGMA" 1 J.e
SIGMAR 8 J.O
SIGMAP <; v.a
SIGMARlu J.U

lIMP!
ill '1,

LB/IN"*3
OEFL.RATIQ
ENEKGY RATI'

OIM.)
)

I
)

0.0
0.0

2.000
0.001
1.000
0.300

V= 1.000 INISFC
B= 500.000 L8

0.OU20 SEC
IINTEG.INCR)

KV
SET
CONS
MUB
~PSILON

EPSILON
DEl T8

lOEGREESl

BARRIER DIMENSIONS
IYB'IO =1280.000 INCHES
DELY8' = 0.500 ,.
18T' -32.000
IBB· 0.0

VEHICLE OIMENSIONS
XVF 90.580 INCHES
XVR =-112.420
YV 37.000
lVT = -14.000
Iva 10.000
INOB - 1=1 RIGID BAR~IER, FINITE VERT.

~l. •• ., INFINITE
-3 OEFOR~.BARRIER,FINITE

=4 ., INFINITE
XKVTH=
XKL=

=llI3.0ao INCHES
=1173.260

-3.000
0.0020 SEC(I~TEG.INCR.)

-85.000 DEGRFES
-';5.000

u.500

CUR8 IMPACT DATA

VCl'
yel'
lC2'
O~LTC
PHICI
PHIC2
MUC

IPSI 492.000 LB-SEC"*2-IN
CPSI' 600.000 L8-1~

OMEGA PSI 0.400 RAO
KPSI =5000.000 L8-IN/KAO
EPSILON PSI 0.015 RAD/SEC
T~All,FRONT{PT)= 1 .. 500 INCHES

VEHICLE-CURR FRICTION COEFFICI~~T IAMUC) - 0.500

FIXED SPACE PHI-COORDINATES

FIX~O SPACE Y-COORDINATES IINCHESl

PHIC 1

-HI).OOu

VCIP

PHIC2

-55.000

vc 2°

PHIC 3

YC3P

PHIC4

YC4P

PHIC5

YC5P

VEHICLE MON IT UR ~:,T<:

PHIC/>
X V 1

1 [N.) I Itl.) (1:'01.1

POINT 81.511 34.5(;0 1"/.138
POINT 2 81.511 -39.500 \,<.138

YC/>P POINT 3-111.4B3 19.000 ".138
POINT 4-111.483 - N .000 o. I 38

'1213.000 1213.260
FIXED SPACE l-COORDINATES (INCHES,

lUP lOP lC4P IC5P lC/>P

-3.0UO
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(0.6 m) wide curb. For the O-ft wide curb (vertical wall), there is only one peak at about 10 g's, and
this represents the vehicle front crushing into the wall. For both the 1- and 2-ft (0.3 and 0.6 m)
wide curbs (and 3- and 4-ft [0.9 and 1.2 m] wide curbs), there is an initial peak of about 18 g's
which occurs as the vehicle front wheel "mounts" the curb. The second peak occurs when the rear
wheel mounts the curb; for the narrow I-ft (0.3 m) wide curb, the front wheel and front quarter
panel impact the vertical wall simultaneously.

Two cases (Nos. IS and 16) were performed to study influence of a 45-deg batter or ramp on
the curb; although this design would not be expected to be used in service, the represented wheel
would more easily mount the curb. Results of these cases are shown in Figure C.2, along with the
vertical wall case that serves as a reference. As expected, vehicle lateral accelerations are greatly
diminished from those shown in Figure C.I, with the peak values corresponding to vehicle crush
into the vertical wall.

Lateral acceleration time history as a function of impact angle into a vertical wall is presented
in Figure C.3. Peak values range from a high of19 g's for a 25-deg impact to a low of 2.5 g's for a
5-deg impact.

Somewhat surprising findings are shown in Figure C.4, where vehicle impacts into a vertical
wall and New Jersey shape are compared. Longitudinal acceleration peak is less for the NJ shape:
however, the lateral peaks (primary and secondary) are larger for the NJ shape.

Two model inputs, vehicle deformation crush constant K of 2.0 pci (5.4 X 105 N/m 3 ) and
hardpoint stiffness of 2,500 lb/in. (4.4 X 105 N/m) were suspected of being improper. Accordingly,
a series of parametric cases was performed in which these two inputs were varied independently
over a reasonable range.

Three additional values of KV were investigated: 1.0,3.0, and 6.0 pci (2.7 X 105,8.1 X 105 ,

and 1.6 X 106 N/m 3
). Results from the computer runs are summarized in Table C.3. Lateral

acceleration peaks are approximately equivalent for the eight cases. Vehicle crush, normal and
friction force on the barrier vary in proportion to the deformation cons tan t.

Stiffness of the vehicle hardpoints was varied over the range of 2,500 to 25,000 Ib/in. (4.4 X
105 to 4.4 X 106 N/m). Findings from these computer runs are summarized in Table C.4 in terms
of vehicle accelerations, speed change, exit angle, deformation and friction work. As noted in the
table, vehicle acceleration peaks are only moderately affected by stiffness through the range of
impact angles. As might be expected, the greatest variation occurs with the vertical wall and at the
15-deg impact. In the vehicle/GM barrier interaction, the hardpoint stiffness is even less significan 1.
Vehicle peak accelerations are generally higher for the vertical wall than the\GM barrier shape.

A comparison of vehicle speed change during barrier contact is shown in Figure C.5 for the
two barrier shapes. The vertical wall will effect about twice the speed change of a GM barrier and,
hence, subject vehicle occupants to a much greater hazard during impact.

The vehicle kinetic energy dissipated because of friction work as the vehicle slides along the
barrier is illustrated in Figure C.6. Friction work for the vertical barrier is more than twice that of
the GM barrier and may imply greater vehicle interaction and damage caused by the vertical surface.

Vehicle exit angle is plotted as a function of impact angle for the two barriers in Figure C.7:
the exit angle was determined at the instant the vehicle lost contact with the barrier, even thou!!h
the vehicle exhibited a significant yaw velocity at that time. The vehicle left the wrtical wall at
more than twice the exit angle of the GM barrier. A low exit angle is, of course, prefl'rable as it
tends to minimize involvement of the rebounding vehicle with adjacent traffic.
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