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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Systematic, well-designed research provides the most effec-
tive approach to the solution of many problems facing high-
way administrators and engineers. Often, highway problems
are of local interest and can best be studied by highway
departments individually or in cooperation with their state
universities and others. However, the accelerating growth of
highway transportation develops increasingly complex prob-
lems of wide interest to highway authorities. These problems
are best studied through a coordinated program of coopera-
tive research.

In recognition of these needs, the highway administrators of
the American Association of State Highway and Transporta-
tion Officials initiated in 1962 an objective national highway
research program employing modern scientific techniques.
This program is supported on a continuing basis by funds
from participating member states of the Association and it
receives the full cooperation and support of the Federal
Highway Administration, United States Department of
Transportation.

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board’s recognized
objectivity and understanding of modern research practices.
The Board is uniquely suited for this purpose as: it maintains
an extensive committee structure from which authorities on
any highway transportation subject may be drawn; it pos-
sesses avenues of communications and cooperation with
federal, state, and local governmental agencies, universities,
and industry; its relationship to its parent organization, the
National Academy of Sciences, a private, nonprofit institu-
tion, is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transpor-
tation matters to bring the findings of research directly to
those who are in a position to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO.
Each year, specific areas of research needs to be included in
the program are proposed to the Academy and the Board by
the American Association of State Highway and Transporta-
tion Officials. Research’ projects to fulfill these needs are
defined by the Board, and qualified research agencies are
selected from those that have submitted proposals. Adminis-
tration and surveillance of research contracts are the respon-
sibilities of the Academy and its Transportation Research
Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation
problems of mutual concern to many responsible groups. The
program, however, is intended to complement rather than to
substitute for or duplicate other highway research programs.
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FOREWORD

By Staff
Transportation
Research Board

This report contains the findings of an extensive analytical and experimental
investigation intended to advance procedures for development of bridge railing
systems. A lower cost bridge railing system, intended for use when warranted by
particular site conditions, was developed and evaluated by full-scale crash tests.
Furthermore, an approach was developed for selecting the appropriate category of
railing system based on a classification of conditions at the particular bridge site.
These findings are recommended for immediate application and will be of interest
to bridge engineers and others concerned with design and performance of bridge
railings and vehicle barrier systems in general.

Current design specifications for bridge railing systems are predicated on a
general performance requirement of ensured containment. The ‘‘average’ vehicle
referred to in AASHTO specifications is not defined, but is generally considered
to be a full-size domestic passenger car. Impacts by 4,000- to 4,500-1b (1,820 to
2,040 kg) vehicles at speeds in the 50- to 70-mph (80.5 to 112.6 kph) range with
impact angles of up to 25° have been considered to be appropriate full-scale crash
test conditions. Excessive vehicle decelerations or penetration of the bridge railing
under these test conditions have been considered to constitute unacceptable
performance.

Bridge railing systems used on primary and Interstate highways can be cate-
gorized as ‘‘normal service level” railings and must meet the foregoing perfor-
mance requirements. These are generally designed through application of
static-elastic design criteria expressed in the AASHTO Standard Specifications for
Highway Bridges. The resulting designs may have substantial structural integrity
and a concomitant substantial cost. Routine verification of these designs through
full-scale impact testing is not required by AASHTO specifications.

Many secondary or local roads are designed for and subjected to operating
speeds, traffic volumes, vehicle weights, and possibly vehicle-barrier impact an-
gles that are somewhat less than the normal service level. These roadways can be
considered to serve a ‘‘lower service’’ need and, in the view of some, the applica-
tion of normal service level bridge railing design criteria may not be cost-effective
in these instances.

There are also situations where circumstances call for a higher level of per-
formance than usual on primary or on Interstate highways. This may be due to
heavy traffic volume, a preponderance of truck traffic, severe geometric condi-
tions, or vulnerable habitation beneath the bridge. In these cases designers may
consider using a high-performance railing.

Accordingly, the development of an array of service levels, performance
criteria, and design criteria would prove useful to those desiring to use more
appropriate and cost-effective bridge railings.

The objectives of this project were (1) to identify and document realistic
performance criteria and correlated design criteria for bridge railing systems on
roadways providing various levels of service; and (2) to develop a lower-cost
bridge railing system, based on criteria for a lower service level, and to validate
this system using analytical and full-scale testing methods.



This report contains detailed information on a newly developed, lower-cost
bridge railing system. The system was evaluated by full-scale crash tests with cars
and a school-type bus. In addition, recommendations are offered for modification
of the current AASHTO specifications on bridge railings. The proposed modifica-
tions would require performance testing and adoption of a multiple-service-level
approach. The results of this research were presented at the regional meetings of
the AASHTO Subcommittee on Bridges and Structures in 1981.
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SUMMARY

MULTIPLE-SERVICE-LEVEL HIGHWAY
BRIDGE RAILING
SELECTION PROCEDURES

This report presents procedures that permit the rapid service level selection
for a bridge site based on functional classification and traffic volume. The multiple-
service-level approach (MSLA) of this project is formulated from consideration of
frequency and severity of bridge railing collisions. By comparing the benefits of
bridge railing with the cost of bridge railing, benefit and cost (B/C) ratios are
determined for typical bridge sites. Determination of service level is readily
achieved by using these B/C ratios as a basis.

As a result of the research conducted under Project 22-2(3), a new low-cost
($10/linear ft, installed) bridge railing was designed, developed, and evaluated by
crash test. Crash test evaluations involved cars and a school bus. On the basis of
the project findings, use of these new railings could be widespread on low-volume
roads.

An in-depth investigation of all aspects of bridge railing technology was con-
ducted. Findings include the recommendation for performance testing of bridge
railings. Static load or force criteria for bridge railings are not recommended.

Current bridge railings are assessed for service level designation and esti-
mated installed cost. The full range of four service levels is represented by bridge
railing systems with crash test experience.

The current AASHTO bridge railing specification is discussed and recommen-
dations made for revision and additions. These recommendations, which include
performance testing, are consistent with an observed national trend toward the
adoption of a limited number of carefully developed and demonstrated barrier
systems.

Guidelines are presented that will aid a user agency in applying the MSLA
procedures to existing construction. Use of these guidelines will enable the agency
to develop a priority procedure for upgrading bridge railings with demonstrated
inadequate capacity.

Traffic volume at a bridge site was identified as generally the most important
variable with regard to service level designation. Thus, Chart 1 summarizes the
service level designation according to traffic volume. A more in-depth service
level identification is contained in the selection tables of Chapter Two and in the
discussion in Appendix A.
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CHAPTER ONE

Chart 1. Traffic volume and bridge railing service level cate-
gory summary. (This chart includes both Texas and
Washington data; the text explains consideration of these
two sets of data.)

INTRODUCTION AND RESEARCH APPROACH

INTRODUCTION

Only one bridge railing level of service is currently rec-
ognized by AASHTO (I,2). At the same time, concern has
been expressed by highway engineers that this single service
level may be overly expensive and not cost-effective for
low-volume roads. In addition, the current railing specifica-
tion may not be appropriate for highways with high traffic
volume and with a high percentage of truck traffic.

The primary objective of this research was to develop a
rational procedure for determining bridge railing service
levels. Other objectives were to design and develop a low-
cost bridge railing system; to assess current bridge railings in
relation to multiple service levels, and make retrofit recom-
mendations; and to recommend changes to the AASHTO
specification regarding bridge railings.

RESEARCH APPROACH

Tasks necessary to accomplish these objectives included a
critical assessment of all factors relating to bridge railing
technology. This led to several possible approaches for
determining a rational procedure for bridge railing stratifica-
tion by service levels. The multiple-service-level approach
(MSLA) of this project is based on comparing the benefits of
bridge railing with the cost of bridge railing. As accident
frequency, severity, and consequences vary in the range
from a single lane rural bridge to a multilane urban freeway,
the benefits of bridge railing vary accordingly. A strategy
recommended in this project involves the matching of bridge
railing benefits with bridge railing cost.

The scope of this project included development of a
multiple-service-level selection procedure based on fre-



quency and severity of bridge railing collisions and on bridge
railing costs (accident, installation).

During the development of the MSLA, a large number of
parameters were examined and their relationship to the over-
all cost-effectiveness of bridge railing selection was ascer-
tained. In some cases, published data, previous research,
and accident statistics were used to support elements of the
MSLA; in other cases, the authors relied on rational develop-
ments. Much of the technology of the MSLA involves deri-
vation of relationships heretofore not used by the highway
community. The final product is a rational selection proce-
dure for determining different levels of service according to
bridge site conditions and bridge railing(s) performance/cost.

Computer simulations, component testing, crash test eval-
uations for car and bus impacts, and cost analyses were used
in the design and development of a low-cost bridge railing
system for a level of service below the current AASHTO
requirements.

Bridge railings with known crash test experience were ana-
lyzed for performance and cost, and subsequently rated for
service level designation. Factors relating to bridge railing
upgrading were also examined.

On the basis of the findings of the project, recommenda-
tions for changes in the AASHTO specification regarding
bridge railings are made. Design drawings and specifications
are included.

ORGANIZATION OF REPORT

The MSLA procedures are presented in Chapter Two.
(They are described in detail in Appendix A along with the
supporting data. Although the probabilistic model that pre-
dicts occurrence and severity of vehicle impact is complex,
the procedures to be used by design engineers in determining
appropriate service levels are simple and require a matter of
minutes.

Chapter Three contains a general discussion of bridge rail-
ing performance and design based on current technology;
drawings and specifications along with a brief discussion of
the development of the low-cost bridge railing are included.
(Details on the design and development of the systems are
contained in Appendix C.) The assessment of current railings
as to service level designation and retrofit guidelines is also
discussed in this chapter (design drawings are included in
Appendix B).

Chapter Four contains an appraisal of the project and sug-
gested application of the findings; also included are recom-
mendations for revisions to the AASHTO bridge railing spec-
ification.

To expedite publication the appendixes included herein
are reproduced as submitted by the research agency.

CHAPTER TWO

DEVELOPMENT OF BRIDGE RAILING SERVICE LEVEL

SELECTION CRITERIA

INTRODUCTION

The multiple-service-level approach (MSLA) for selecting
appropriate bridge rail designs for particular highway sites is
presented in this chapter. The finalized procedures are the
result of an in-depth investigation of bridge railing technol-
ogy; these procedures are believed to represent the best ap-
proach based on available data.

Elements of the MSLA can be conveniently grouped by
referring to a collision model, a barrier assessment model,
and a cost model.

The collision model is structured to project bridge railing
impacts and quantify the frequency and severity of the im-
pacts. The barrier assessment model relates barrier capacity
to impact severity. The cost model interprets the perform-
ance of a range of bridge rail service levels, thus permitting
a comparison of bridge railing accident costs with bridge
railing costs (i.e., a benefit and cost ratio can be determined).

Although the MSLA probabilistic collision model is com-
prehensive, it has been applied for a complete range of
typical urban and rural highway conditions and results have
been summarized in tabular form. With these tables, a de-
signer knowing the bridge functional classification and traffic
volume can determine the appropriate service level in a

matter of minutes. For unusual bridge sites that deviate sig-
nificantly from the typical, guidelines are provided at the end
of this chapter and in Appendix A.

This chapter is intended to describe briefly the MSLA
procedures and present the findings. Details and supporting
information are contained in Appendix A.

MSLA PROCEDURE DESCRIPTION

The MSLA developed in this project is based on
cost/benefit technology as shown in Figure 1. The beginning
of the formulations involves a series of complex equations
relating to frequency and severity of vehicle impacts with
bridge railings (collision model). Bridge railing performance
is measured by the number of projected collisions (i.e., criti-
cal impacts or penetrations) that exceed the railing capacity
for a specified period of time. Thus, at a given bridge site, the
number of critical impacts depend on the capacity of the
bridge railing. The MSLA concept involves the comparison
of bridge railing requirements (distribution of impacts) with
bridge railing capacity to contain a certain number of the
projected impacts.

The benefits of bridge railing are expressed in terms of
dollars by comparing accident costs with and without the
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Figure 1. MSLA formulation diagram.

benefit of bridge railing containment of the impacting vehi-
cle. By using this comparison with railings of different capac-
ities, the incremental benefits are derived from the difference
in accident costs. The incremental benefit and cost ratio is
obtained by dividing benefit increments by bridge railing cost
increments as shown in Figure 1.

Collision Model

Bridge railings in service are subjected to a wide range of
impacts represented by various vehicles (cars, buses, trucks,
and the like) and impact conditions (speed, angle). A colli-
sion model was constructed for this project to predict the
number and severity distribution of bridge railing accidents.

Frequency

The frequency of bridge railing accidents is dependent on
the rate of vehicles leaving the traveled way (encroachment
rate) and the distance from the traveled way to the barrier
(lateral travel distribution). These two factors (defined as
follows) combined with the average daily traffic (ADT) deter-
mine the number of bridge railing collisions:

1. Enchroachment rate—vehicle departure from the trav-
eled way; expressed in this project as encroachments per 10
miles per 10 years per ADT as determined from bridge railing
accident statistics.

2. Lateral travel distribution-—all encroachments do not
produce bridge railing accidents if sufficient distance is avail-
able for the vehicle to recover before striking the barrier.
Thus, the greater the lateral distance, the greater the chance
of vehicle recovery. The lateral distance distribution was
determined from state-of-the-art data. For bridge railings,

this lateral distance is generally the same as the shoulder
width.

Severity

The term severity as used here relates to barrier loading.
Because a wide range of impact possibilities exists, it was
necessary to first develop an expression for determining
equivalent impacts (e.g., at what speed and angle does a
40,000-1b (18,000-kg) bus impact with the same severity as a
4500-1b (2040-kg) car at 60 mph (95 km/h) and a 25-deg
angle). A great deal of effort was expended in this project to
develop an expression referred to as the Redirection Index
(RI). The RI value for an impact is a linear momentum ex-
pression for impact severity in terms of barrier loading. With
this expression, distribution of impact probabilities are quan-
tified and directly related.

The distribution of impact severities is a measure of the
probabilities dependent on the following: traffic distribution
(truck percentage, etc.); and impact conditions (vehicle size,
impact speed, impact angle).

The traffic distribution determined from sales and vehicle
count data identified five traffic mixes composed of eight
vehicle types as being typical (see Table 1). The appropriate
traffic mix for a bridge is identified from the roadway func-
tional classification. A 40,000-1b (18,000-kg) bus is used as a
surrogate for all heavy vehicles as discussed in Appendix A.

Impact conditions are determined from a point mass model
that has been used by many researchers to predict impact
angle distribution for given speed and distance from the bar-
rier. A distribution of vehicle impacts is computed by using
this expression and the percentages of eight vehicle types for
five traffic mixes. The RI expression permits the quantifica-
tion of the range of impacts predicted.

Barrier Assessment Model

This model includes the stratification of bridge railing ser-
vice level by capacity and provides a basis for estimating the



cost for constructing bridge railings conforming to the differ-
ent levels.

Level Capacity

Four levels of service were identified from currently used
crash test conditions and a range of RI values as given in
Table 2. With this range of barrier capacities based on RI
value, the number of critical impacts is determined from the
impact distribution set. Service Level (SL) 2 corresponds to
the current AASHTO bridge railing crash test option specifi-
cation. Test experience has demonstrated that many railings
designed to the AASHTO 10-kip (44.5-kN) static force are
not significantly damaged when impacted with the corre-
sponding crash test conditions; on the other hand, others
designed to the 10-kip (44.5-kN) criteria have failed to per-
form satisfactorily in crash tests. Thus, the ultimate contain-
ment capacity of this railing design can be much greater than
the level indicated by the crash test conditions.

Bridge Railing Cost Estimates

In order to determine the benefit and cost ratio, it is neces-
sary to identify costs for bridge railings at the various service
levels. Accordingly, an effort was undertaken to determine
representative costs for bridge railing systems. This effort is
described in detail in Appendix A, and much of the material
in the next chapter will also treat the subject. Basically, a set
of three bridge railing systems was designed for each of the
four service levels, and cost estimates were made for inclu-
sion in the MSLA procedures. The basic systems are de-
scribed in the following and summarized in Table 3 along
with the cost estimates. The advantages of flexible railing
systems are shown in Figure 2. Flexibility can be achieved if
railing splices are adequate for tensile forces.

Flexible Beam/Post Systems. These designs were deter-
mined by allowing a maximum dynamic deflection of up to
one-half the vehicle width as simulated using BARRIER VII.
On the basis of crash test investigations, it has been deter-
mined that successful redirection can be obtained at least
within this limit.

Rigid Beam/Post Systems . These designs were determined
by limiting the maximum dynamic deflection to less than 6in.
(180 mm). )

Rigid Concrete Systems. Both beam/post systems were
designed using the BARRIER VII computer program;
however, the rigid concrete systems were designed based on
recent work at TTI by Hirsch (3) and Buth 4).

Cost Model

The cost model is used to compute the benefits of bridge
railing. The basis for computing bridge railing benefits (BRB)
for this project is accident data from Texas and Washington
and accident cost values from the National Safety Council
(NSO) ).

Bridge-related accidents considered relevant to this study
include primarily those involving a vehicle striking a bridge
rail, and secondarily those involving a vehicle striking a
bridge end. Much of the current adverse accident experience
of bridge ends is attributed to the poor treatment of tran-
sitioning from either no approach guardrail or a flexible

Table 1. Traffic mix description.

Traffic Mix Number*
Vehicle Type 1 2 3 4 5

Passenger Cars

2700 1b 25.8 26.6 28.1 29.6 31:9
4000 1b 27.2 28.0 29.6 31.2 33.6
4700 1b 14.3 14.7 15.5 16.4 17.6
6000 1b 0.7 0.7 0.7 0.8 0.8
Subtotal (%) 68 70 74 78 84

Pickups and Pamels

5000 1b 5.3 7.0 5.7 4.9 3.7
8000 1b T: T 10 8.3 Tl 523
Subtotal (%) 13 17 14 12 9

Other Trucks and Buses

20,000 1b 8.0 7.0 10.0 6.0 6.0

40,000 1b** 11.0 6.0 2.0 4,0 1.0

Subtotal (%) 19 13 12 10 7
Total Traffic (%) 100 100 100 100 100

*Based ou traffic count data
#%Used as a surrogate for all vehicles weighing more than 23,000 1b

Metric conversion: Multiply 1b x 0.45 to obtain kg

Table 2. Bridge railing service level crash test performance
conditions.

Service Level (SL}

1 2 3 B

Vehicle Car Car Bus Bus
Venicle Weight, 1b 4,500 4,500 20,000 40,000
Vehicle Iz' in.-lb-sac2 48,000 48,000 800, 000 1,900,000
Impact Speed, mph 60 60 60 60
Impact Angle, deg 15 25 15 15
Redirection Index (RI) Value®

(nominal) 3,000 6,000 8,500 13,000

#The rediresction index described in detail in Appendix A is a measure of primary

impact severity in terms of barrier loading. The RI values shown tepresent a
linear momentum relationship with the higher values representing the higher
loading.

approach guardrail to a rigid bridge rail or an abutment.
Although the approach guardrail/bridge rail transition is ex-
tremely important, it is a consideration after a bridge railing
level of service has been determined and does not affect the
service level selection. Bridge end accidents are considered
in this discussion because these accidents have been, and in
some cases still are, smeared-in with bridge railing data pres-
ently available.

Consequences of Bridge Accidents

Table 4 gives data on the consequences of bridge acci-
dents; the very descriptive Washington and Texas data pro-
vide insight into what happened as a result of these single
vehicle collisions (approximately 90 percent of bridge-related
accidents are single vehicle accidents) both in terms of vehi-



Table 3. Bridge railing service level cost summary*.

Post Beam Estimated
Spacing Height Cost
SL Railing** Post (ft-in.) (in.) (8/1.f.)
1. Maximum Deflection = Vehicle Half-Width
I Thrie 6x6 wood 8-4 32 8 apHAE
1 Thrie TS 3 x 6 8-4 32 11.73
2 12 T.T. W6 x 9 8-4 32 26.16
3 12 T.T. W6 x 15.5 6-3 34 31.31
4 12 T.T. W6 x 15.5 4=2 38 35.86
2, Maximum Deflection = 6 in.
I 12 T W6 x 9 8-4 26.16
2 12 T¥¥. W6 x 25 8-4 34.77
3 12 T.T. W8 x 31 6-3 49.37
4 10 T.%- Wl2 x 36 4-2 79.86
3. Concrete Safety Shape Bridge Parapet
1 Concrete s.s. 32 in. high 20.91
2 Concrete s.s. 32 in. high 24.81
3 Concrete s.s. 38 in. high 31.49
4 Concrete s.s. 38 in. high 39.53

*See supporting cost tigures, Appendix A
**Thrie -~ Standard Thrie beam, 12 ga
12 T.T. - 12 ga Tubular Thrie
10 T.T. - 10 ga Tubular Thrie
***Does not include cost consideration for additional deck width required
for wood post as compared to steel post.

cle containment/redirection and occupant injury profile.
From the Texas and Washington files, vehicle behavior can
be categorized as vehicle retained on bridge, vehicle went
through rail, and vehicle went over rail. It will be demon-
strated from the Texas and Washington data that the
presence of a bridge railing improves the safety of bridges
by reducing average accident costs through vehicle
containment.

Accident Costs

In order to quantify bridge railing benefits, it is necessary
to assign values to accident costs. For the purposes of this
project, the National Safety Council (NSC) values are used.

The average cost for ‘‘retained”” and ‘‘through or over”
(penetration) accidents is computed using the NSC injury
costs combined with the injury profile of Table 4, as outlined
in Table 5. Appendix A (A.1.2.3) provides discussion of acci-
dent cost considerations.

Benefit Computation

By assuming that the benefit of a bridge railing can be
expressed by the difference between ‘‘penetration’ (through
or over) and ‘‘retained’’ costs, a benefit value is obtained by
subtracting the retained cost from the penetration cost. This
approach is considered to be conservative because the ‘‘re-
tained’’ cost is based on reported accidents only; the average
‘‘retained’’ cost would be reduced by the undetermined, but
presumed low cost of driveaway (nonreported) accidents.
The benefits of bridge railing are thus computed, as given in
Table 5, by assuming a 20-year life for the railing. No so-
phisticated economic factors are included although it is
recognized that various agencies could apply their own eco-
nomic methodology to these costs.

Benefit/Cost Computation

With the determination of bridge railing benefits and bridge
railing costs, computation of the benefit and cost (B/C) ratio
is readily accomplished:

1. Service Level (SL) 1 B/C—The benefits and costs of
SL I railing systems are compared to values with no bridge
railing. Thus, all predicted bridge railing impacts are consid-
ered penetrations with no bridge railing. The benefits of SL
1 railing are a measure of the number of penetrations pre-
vented for the 20-year period. The SL 1 B/C is expressed

BRB (SL 1 — 0)

B/C (SL 1) ==, T

M

where:

Beam/post system
max. deflection = vehicle
half-width (beam tension
significant)

—

=% / vl
X

i /
»

]

o //

] ¥

>

b
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&8

i [

- Concrete safety shape parapet

R

—

o

™

Beam/post system

max. deflection < 6 in.
(beam tension
insignificant)

0 30 40 50
Estimated Installed Cost, $/L.F.
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Figure 2. Estimated bridge railing costs for four service levels.



Table 4. Texas and Washington bridge accident data.

Injury Severity

Non-1Injury Fossible Injury Nonincapacitating Incapacitating Fatal Total

1. TEXAS (2 Years)-(1978, 1979)

Bridge End

Vehicle Retained 711 (68) ndeyn 133 (1)) 86 ( 8) 8 ( 4) 1039 (100)
(95) (83) (82) (74) (45) a7)

Vehicle Went Thru 11 (22) 8 (16) 8 (16) 11 (22) 13 (25) 51 (100)
(1 (9 (5) 9 15) (4)

Vehicle Went Over 23 (22) 7(7 21 (20) 20 (19) 34 (32) 105 (100)

3 8 (13) a7 (40) (9

Total 745 (62) 86 (7) 162 (14) 117 (10) 85 (7) 1195 (100)
(1n0) (100) (100) (100) (100) (100)

Beldge Railing

Vehlcle Retalned 3607 (63) 583 (10) 1084 (19) 87 (7) 0 (1) 5731 (100)
97 (92) (91) (80) (53) ()]

Vehicle Went Thru 51 (39) 11 ( 8) 30 (23) 25 (19) 15 (11) 132 (100)
(1) 2 N (5) () 2)

Velilcle Went Over 87 (28) 35 (11) 69 (22) 71 (2)) 46 (15) 308 (100)
(2) (6) (6) (15) (35) 5

Total 3745 (61) 629 (10) 1183 (19) 483 ( 8) 131 ( 2) 6171 (100)
(109) (100) (100) (100) (100)

2. WASHINGTON (5 Years)-(1974-1978)

Bridge End 205 (41) 40 ( 8) 151 (30) 81 (16) 26 (5) 501 (100)

8ridge Ratling

Vehicle Retained 1362 (60) 258 (11) 480 (21) 171 (1) 14 (1) 2285 (100)
97) (95) (95) (90) (67) (96)

Thru,Under oxr Over 43 (41) 14 (13) 24 (23) 18 (17) 17(7 106 (100)

3 5 (5) (10) (13) (&) |

Total 1405 (59) 272 (11) 504 (21) 189 ( 8) 21 (1) 2391 (100)

(Lo0) (100) (100) (100) (100)

Numbers 1In parentheses are percentages in columns and rows as shown; 1.e., total is 100 percent.

BRB = bridge railing benefit, $/L.F.;
BRC = bridge railing cost, $/L..F.; and
L.F. = linear foot of bridge railing.

2. Other SL B/C—The B/C ratio for other levels is incre- L.
mentally determined A

Table 5. Bridge railing benefit computation.

Accident Costs

Use latest National Safety Council figures:

» Possible Non-Incapacitating Incapacitating
B/C (SL n) = BRB (SL n SL m) (2) PDO Injury Injury Injury Fatal
BRC (SL n— SL m) $800 $880 $3,500 $11,900 $135,000
. . R X B. Use Texas and Washington data for average costs of being retained
3. B/C Significance—Using the incremental B/C proce- by bridge railing or penetrating bridge railing
dure previously described, the user is guided into a service Retained Accidencs PO P.I. N.IT. LI Fatal Avg Cost,s
. . exas 19 7
level selection process. It is assumed that no user would opt Wash. (%) 60 11 21 7 h i
for a B/C = 1.0, which means less benefits than cost. Ll ek
FPenerration Accidents
Texas (%) 31 10 23 22 14 20,443
FINDINGS Wash. (%) 41 13 23 17 7 12,169
. s 2. Benefits
Probably the most basic concept of ‘‘level of service” I
A. Benefits of bridge railing are expressed as difference between

common to most in the highway community is the ‘‘func-
tional classification system.’’ Much of the data discussed in o

this chapter previously and in Appendix A is presented ac- R
cording to functional classification and it was used as a basis E T T
for this investigation.

The MSLA procedures previously described were formu-
lated into a series of computer codes for solution of a wide
range of highway applications. Results of these investiga-
tions are presented in this section.

1. Functional Classification Considerations—A new e,
AASHTO document, ‘“A Policy on Geometric Design of
Highways and Streets’’ (6), now in draft form describes the
functional classification of roadways. The data summarized
in Table 6 are from this source with the exception of the

average penetration and average retained cost - use 20-yr life

(20,443-3370) (20 yr 1ife)
(5280 ft/mi)

= $0.65/L.F. e,

Hashington data

W (12,169-3370) (20 yr life)

BRB = 10 wi-10 yr (5280 fe/ml)

= $0.33/L.F. we_

where :
BRB = bridge railing benefit value using NSC accident costs,
$/L.F./20-yr life;

= number of penetrations prevented per 10 yr per 10 mi
(Note: use of 10 mi-10 yr will be discussed later; it
is merely a way of expressing penetration rate); and

L.F. = linear foot of bridge railing.

multiply ft by 0.3 to obtain m
multiply mi by 1.6 to obtain km

Metric conversion:
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Table 6. Functional classification—bridge summary.

BR LENGTH
DESIGN LANE SHOULDER ENCROACHMENT
SPEZD WIDTH NO. OF TRAFFIC WIDTH RATE, NO. PER
TINCTIONAL CLASSITICATION ADT uPY FT LANES* MIX k% ET. 10 MI-10 YR-ADT
1. Rural Arterials
Principal Arterial } 12 4D 1 10-12 0.050
Intarstata | 12 2, TB 1 10-12 0.032
Major Arterial | [TeSVaYS > &0 12 2, TB 1 10-12 0.032
Major Arzarial < 60 11-12 2 2 10 0.072
11-12 2 2 4 0.072
Minor Arterial < 60 11-12 2 4 8 0.072
11-12 2 4 4 0.072
2. Uzban Arcerials
Principal irterial 12 4D 4 10 0.030
Incarscaca 12 25 IB 4 10 0.032
Major Artarial} Frasnays # 80 12 &D 4 10 0.011
12 3, I8 h 10 N.019
Major Arterial < 60 12 2 4 10 0.072
12 2 4 4 0.072
12 4 4 10 0.051
Minor Arcterial < 60 12 2 4 8 0.072
12 2 4 4 0.072
3. Rural Collectors & Roads
Collector 1 250-400 10 2 5 2 0.102
2 400-750 10 3 0.072
3 750-2000 20-30 11 3 0.072
4 2000-4000 11 4 0.072
5 > 4000 12 8 0.072
6 250-400 10 | 2 0.102
7 400-750 11 3 0.072
8 750-2000 40 11 3 0.072
9 2000-4000 11 4 0.072
10 > 4000 12 8 0.072
1L 250-400 10 2 0.072
12 400-750 11 3 0.072
13 7502000 11 | 3 0.072
14 2000-4000 12 4 0.072
15 > 4000 12 2 5 8 0.072
Local Roads 1 < 50 8 2 5 2 0.225
2 50~-25¢ 20-10 9 ! | 2 0.264
3 250-400 10 | 2 0.102
4 > 400 10 4 0.072
5 < 50 10 2 0.102
6 50-250 - 10 | 2 0.102
7 250-400 40-30 19 | 2 0.102
3 > 400 il 2 5 4 0.072
4, Urban Colleccors § Streecs
Collegcor 1 250-400 10 2 3 2 0.102
2 400-730 10 3 0.072
3 750-2000 20-30 11 3 0.072
4 2000-4000 11 4 0.072
5 > 4000 12 8 0.072
] 250-400 10 2 0.102
7 400-750 11 3 0.072
3 750-2000 40 11 3 0.072
9 2000-4000 u 4 0.072
10 > 4000 12 3 0.072
11 250-400 10 2 0.102
12 400-750 BE 3 0.072
13 750=2000 11 3 0.072
14 2000-4000 12 4 0.072
15 > 4000 12 2 3 8 0.072
Local Roads 1 < 50 8 2 3 2 0.225
2 50-250 20-130 9 2 0.244
3 250-400 - 10 2 0.102
4 > 400 10 4 0.072
5 < 50 10 2 0.102
6 50-250 soess 10 2 0.102
7 250-400 10 2 0.102
3 > 400 11 2 3 4 0.072

%D - divided, T3 ~ cwin bridge
**See Tables A.16 and A.l7 in Appendix A



traffic mix and encroachment rate. These were determined
from other sources as stated previously.

The data in this table represent the input necessary for
using the MSLA, with the following exceptions: no ADT
values are given for the arterials (1 and 2), and no cost values
are given.

2. Service Level Determination for Typical Roadways
— Traffic volume values for typical roadways were deter-
mined from 1978 Highway Statistics (7) (see Table 7). These
values were used as input for the arterials described in Table
6. A range of traffic volume for each classification is provided
by using the highest FHWA regional average, the national
average, and the lowest FHWA regional average. Costs used
included Texas and Washington accident costs and the flexi-
ble (set 1) bridge railing costs of Table 3. Data from all road-
ways described by functional classification in Table 6 were
used to generate a series of tables as described in Table 8.
This table presents benefits and incremental B/C ratios for
the range of ADT values. Also, at the lower part of the table
an ADT value is shown that produces a B/C = 1.0.

The data of Table 8 are summarized in Table 9 by selecting
the lowest cost bridge railing that produces a B/C ratio =1.0.
By knowing the ADT, the SL can be determined.

Another way of summarizing the SL designation is to pre-
sent a summary of the ADT value at a given bridge site for
B/C ratio = 1.0 as shown in Table 10. Only the Texas data
are given in Table 10 because the ADT values for Washington
accident costs would be almost twice the Texas value be-
cause of the linear relationship with bridge railing benefit
value. Table 10 can also be used to consider B/C ratios
greater than 1.0 (e.g., if a B/C ratio of 3.0 is desired, the ADT
value from Table 10 would be three times that given in the
table).

3. Other Site Conditions—For sites where bridge charac-
teristics differ significantly from those described in Table 6,
basic tables can be used to determine a more appropriate SL
designation if desired.

a. Other Encroachment Rates—Table 11 contains the
complete set of encroachment data as developed for this
project. Data which were not shown in Table 6 are shown
for bridges not covered by that table.

b. Critical Impact Tables—Table 12 contains an exam-
ple of collision model summary for a given roadway. These
basic tables have been generated for bridges with 8-, 9-,
10-, 11-, and 12-ft (2.4-, 2.7-, 3.1-, 3.4-, and 3.7-m) lanes
with shoulder widths from 0-10 ft (0—3.1 m). The table
lists the number of hits in the far right column. This
number of hits corresponds to the number of critical im-
pacts (penetrations) occurring with no bridge rail. The
number of penetrations prevented (NPP) by each railing
service level is listed for all traffic mixes and incremental
shoulder widths for a bridge with two 12-ft wide lanes. Use
of this table to generate data for nontypical bridges is illus-
trated in the Table 12 Example. For comparison, the exam-
ple corresponds to a typical roadway as shown in Table 8.
With the complete set of tables in Appendix A, almost all
conceivable roadways could be investigated if typical
values such as in Tables 8, 9, and 10 were not considered
appropriate.



Table 7. National mileage and traffic figures. (Source: Ref. 7)

0l

Federal-Ald Highwaya

Non-Federal-Ald Hlighways

*Highest or lowest average; FHWA region number is in parentheses.

Interstate Primary Secondary
Arterial Acterial Urban Svstem Collector Arterial Collector Local All Niphway Classes
Rural Urban Rural Urban Arterial | Collector Rural Rural Urban Rural Urban Rural Urban Raral Urban ' Total
Nat fonal Total 136,535 | 157,412 | 272,920 | 175,394 | 259,589 63,043 | 133,971 5,295 23,118 46,682 13,694 94,553 ‘166.009 689,953 | 858,260 | 1,548,213
Hiltion Vehicle-
Mlles of Travel
Nat fonal Total 31,161 9,048 233,040 27,422 77,299 47,028 294,955 3,264 8,007 323,711 14,475 2,295,321 416,450 |3,281,448 599,720 | 1,881,166
Road and Street
Mileape
Natfonal Average 12,000 48,000 3,200 17,500 9,200 3,700 1,244 4,500 8,000 400 2,600 115 1,050 580 31,900 1,100 E—
ADT
Averpage ADT—Rﬁglon "
ligh, Reglom 16,000 82,000 5,000 41,800 11,000 4,300 2,000 18,400 20,100 1,030 5,070 280 1,400 1,090 8,000 2,230
) (9) ) 9) 9) ) a) 1) 1) 9) (10) (60 (6) (48] (0] ) T
Low, Region % 5,300 30,800 1,340 11,600 5,400 2,700 3o 1,180 3,240 95 1,440 45 580 215 2,800 330
(8) 3) (8) a (10) ) (8) (¢)] (8) (7 & 8) (8)- (8) ) (8) ) 8)
Low —
Typical ADT Values High —
Avg




Table 8. Example bridge service level determination.

® @ ®

KUAD ESCHIPT]On

ese RUPAL IM 2 TR 12FTLN #te (= = = = = « HENEFIT S/FT-NSC= = = = = =] {= = « «]INCHEMENTAL BENFIT/LUST= = = =)
SERVICE LEVEL SthvICt LLVEL
ACCIDENT CuST aAS1S 0T 1 e 3 'S ] 2 3 4
@ wASH]INGTON latuo, $Telo T3.00 16,28 1T .45 $,71 1,01 55 o206
$0.33/L .F 12000, 42 .85 Sh,09 5T.21 58,09 4,¢9 76 o) 19
S93uvie 18,93 2%¢33 25.27 25,0606 1.9 «33 olb «09
TEXAS 10000, 142.95 J4s .06 150425 152.%6 1125 1499 1.006 51
$0.05/L.F. 12060, Bhenl 1UB.51 112,69 11e.42 [ PY Y} 149 «81 38
S3un, 3728 0T .93 49,77 S0.% 3.73 «60 036 ol7

ACCIDENT CuST AASIS/ZADT Fun /(=]

@ WASHINGTON=30033/L oF « 2600,  1584T. 29166  62u33,
TERAS “0.66/0 oF o 14220 8045, 14807, 3leYa,
Explanation:

(:) Road Description - IH, interstate; 10-12 ft shoulder
2TB, 2-lane twin bridge
12 FT LN, 12-ft wide lanes

Benefit value for each level of service, $/L.F. of bridge railing
Incremental benefit/cost ratio for each service level
Texas and Washington accident costs

ADT for B/C = 1.0

©OOE

1T



Table 9. Bridge railing service level by functional classification for B/C = 1.0.

! SERVICE LEVEL DESIGNATION
TEXAS | WASHINGION
|
| DESIGN LANE SHOULDER ADT (TABLE 7) ADT (TABLE 7)
| SPEED WIDTH NO. OF WIDTH
{ FUNCT IONAL CLASSIFICATION ADT MPH FT LANES* FT HI AVG f AVG LO AVG || HI AVG AVG LO AVG
E 1. Rural Arterials HI AVG LOowW |
| Principal 14,000 12,000 5,300 12 4D 10-12 3 3 2 2 2 1
| Interstate l | v > 60 12 B 10-12 2 2 1 2 1 1
L Major r 12 2TB 10-12 1 1 <1 1 1 <1
' Major 5,000 3,200 1,380 < 60 11-12 2 10 2 1 1 1 1 1
| 11-12 2 4 2 1 1 1 1 1
| Minor 18,400 4,500 1,130 < 60 11-12 2 8 3 2 1 2 1 1
! 11-12 2 4 3 1 1 2 1 1
| 2. Urban Arterials HI AVG  LOW
: Principal 82,000 48,000 30,800 12 4D 10 4 4 3 4 3 3
{ Interstate l L [ > 60 12 ZIB 10 4 3 3 3 3 2
Major ¥ 12 6D 10 3 2 2 3 3 3
12 3TB 10 4 4 4 4 3 2
Major 41,800 17,500 11,600 < 60 12 2 10 L} 3 3 3 2 2
12 2 4 3 2 2 3 2 2
12 4 10 4 3 2 3 2 1
Minor 20,10 8,000 3,240 < 60 12 2 8 2 2 2 2 2 1
12 2 4 2 2 2 2 1 1
3. Collectors, Roads & Streets Bi Bt
Collector 1 250-400 10
2 400-750 10 § NOTE: All collectors and
3 750-2000 20-30 11 3 roads are Service
4 2000-4000 11 4 Level 1 except as
5 > 4000 12 8 2 noted.
° 23U=-400 10 2
7 400-750 11 3 |l
8 750-2000 40 11 3
9 2000~4000 11 4
10 > 4000 12 8 : 2
I 250-400 10 7] :
12 400-750 11 3 !
13 750-2000 50 1 ‘ 3 !
14 2000-4000 12 ‘ 4 i
15 > 4000 12 2 8 |
Local Roads 1 < 50 8 2 2 E <1 <1
& Streets 2 50-250 20-30 9 2 |
3 250-400 10 2 !
4 > 400 10 4 |
5 < 50 10 2 ; <1 | < 1
6 50-250 % 10 2 ! <1
7 250-400 420 10 2
8 > 400 11 2 [

*D -~ Diwvided
TB - Twin Bridge

**Using ADT values for functional classification
1, accident costs, TX or

benefit/cost ratio

WA avg

Al



Table 10. ADT values for B/C = 1.0.

-

DESIGN  LANE SHOULDER ADT for B/C = 1.0
SPEED  WIDTH | NO. OF WIDTH SL Texas Data*
FUNCTIONAL CLASSIFICATION ADT MPH FT LARES FT 1 2 3 %
1. Rural Arterials
Principal Arterial } 12 4D 10-12 910 5,149 9,476 20,156
Interstate 12 8 10-12 1,422 8,045 14,807 31,494
Major Arterial s i = Bo 12 B 10-12 1,380 | 8,775 | 19,780 | 45.671
Major Arterial <60  11-12 2 10 613 3,900 8,791 20,298
11-12 2 & 343 4,719 14,215 36,587
Minor Arterial <60  11-12 2 8 490 4,356 12,113 31,621
11-12 2 4 337 5,285 17,695 49,779
2. Urban Arterials )
Principal Arterial 12 4D 10 859 6,035 15,352 37,319
Interstate > &6 12 TB 10 1,343 9,430 23,988 58,311
Major Arterial } Freevays 12 6D 10 2,777 | 15,058 30,212 59,559
12 TB 10 2,467 | 13,376 26,837 52,906
Major Arterial < 60 12 2 10 597 4,191 10,661 25,916
12 2 4 337 5,285 17,695 49,779
12 4 10 859 6,035 15,352 37,319
Minor Arterial < 60 12 2 8 490 4,356 12,113 31,621
12 2 4 337 5,285 17,695 49,779
Collectors, Roads & Streets RUiAL RUIZIAL UR?—A-N UR:&_
Collector 1 250-400 10 2 2 201 5,148 204 4,818
2 400-750 10 3 310 7,027 314 6,584
3 750-2000 20-30 11 3 315 6,237 321 5,865
4 2000-4000 11 4 345 5,860 350 5,468
5 > 4000 12 8 535 3,946 550 3,701
5 750=400 10 2 198 6,107 201 5,481
7 400-750 11 3
8 7502000 40 1 3 {308 6,838 314 6,187}
9 2000-4000 11 4 336 6,354 343 5,692
10 > 4000 12 8 504 4,342 520 3,956
11 250-400 10 2 196 6,987 282 8,539
12 400-750 11 3
3 26T o000 5o 1 5 {305 7,474 311 6,519}
14 2000-4000 12 4 337 5,989 345 5,228
15 > 4000 12 2 8 489 4,702 507 4,185
Local Roads 1 < 50 1 8 2 2 88 3,667 89 3,324
& Streets 2 50-250 20~30 9 2 83 2,585 84 2,387
3 250-400 10 2 201 5,148 204 4,818
4 > 400 10 4 338 6,603 343 6,149
5 < 50 10 2
6 50-250 _ 10 2 {196 6,987 199 6,028}
40-50
7 250-400 10 2
8 > 400 11 2 4 332 6,863 340 5,936

* ADT for Washington data X 2 times value shown.

£l
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Table 11. Bridge rail length encroachment rates.

Bridge Narrowness Strata Bridge Rail Length
No. Bridge Shoulder Encroachment Rate
Lanes Width Reduction ENCR/10 Mi-10 Yr-ADT*
<18' - +233
i S18' = -
<18', <Approach - .308
<18', >Approach - =
18'-20', <Approach - .234
o 18'-20", >Approach - .225
K] 20'-22"', <Approach - .168
o 2 20'-22', >Approach - 2244
= 22'-24', <Approach - .109
FRES 22'-24", >Approach - .102
b >24" >50% .081
o >24' 1-50% .062
2 >24" none 072
o
= >502% -
2 4 n/a 1-50% -
e none -051
-
w
>50% 028
4 n/a 1-50% <050
3 none .050
3
A >50% .016
“| other n/a 1-50% -
none .017
» <24 - .029
3 5 24" >50% «D25
3l >24! 1-50% +026
s |9 >24' none -032
M-
Jol S —
“1a >50% .026
5 other n/a 1-50% 033
& none -019

*Corrected for difference in bridge length and bridge rail length;
median barrier on bridge 1s not considered bridge rail.

CHAPTER THREE

CURRENT BRIDGE RAILING TECHNOLOGY

INTRODUCTION

During the course of this project, an in-depth investigation
of all aspects of bridge railing technology was conducted. On
the basis of preliminary findings, a new low-cost bridge rail-
ing conforming to SL 1 requirements was designed and de-
veloped. A critical assessment of the existing AASHTO
Bridge Specification was made and deficiencies were noted.
Current bridge railings with known performance evaluations
were examined for SL designation according to comparable
crash test conditions. Guidelines (or implementing upgrading
programs using the MSLA for identifying priorities were also
investigated.

SERVICE LEVEL 1 BRIDGE RAILING DESIGN
AND DEVELOPMENT

Background

For the purposes of this project, it was determined that
low-cost bridge-railing systems to be considered would be
constructed of metal beams mounted on equally spaced

posts. Performance of the concrete safety shape bridge para-
pet is well documented and no further work was considered
desirable for this system; however, the concrete safety shape
should be considered as a possible alternative to the other
systems developed in this effort. Preliminary design efforts
were conducted using computer simulations to determine
design requirements. Experimental work was accomplished
to provide performance data on the component posts, and
finally crash test evaluation of the systems was accom-
plished. Revisions made to the systems based on the findings
of the initial crash test experiments were accomplished prior
to crash test evaluation of the recommended designs.
Results of the final crash tests were compared to the simu-
lations used in the design effort. Certain modifications were
made to the input based on observations of the test results.

Criteria

Basically, the SL 1 criteria require the containment of a
4500-1b (2040-kg) vehicle impacting at 60 mph (95 km/h) and
a 15-deg angle. Service Level 2 requirements correspond to
the current AASHTO (/,2) specification crash test option;



Table 12. Example critical impact table.

SR gL SERVIOS Lbvel Selbo )1k
2. Thish

«ITr SU/Z&D Tesber 16 SKLIT

NESTHLATFR YHFED  (rend
NUMRFE DF PENE TRATINNS PRFYENTED®

= R5,0

ChITHRLA

Letir Cust

15

SHOUL NFK VEMTCLF NPP/1I0 mi=l0 YhaDT N0, OF MITS
WIRTH “uix BAWKIEN SERVICF LEVEL

FY) 1 2 3 4 1UYR=10mMI~A0T

n, \
1 k902 TY I 9572 9597 +95979€+00
2 S H9UH 9432 « 9448 9502 *«95030E+00
3 N TYY <449 s 94AT " 9493 «P49ISE00
4 «M970 29050 +9643 «9503 «95031€-00
g 9026 « 9465 9490 e 9498 e94937E+00

2.
1 o T408 +R126 «A220 8254 082561E000
2 « 7669 «HUHT 182 .8172 «81T64E900
3 e 71540 «Rlo6 28155 R168 oBl66PE 00
4 » 7550 k107 +A159 «817s oBlTaGEQO
L3 «7633 <8125 «8140 8166 «81663E+00

L XY
1 oh131 26994 «7100 oT142 «T146TE*00
2 6238 «8969 27047 +7073 «TQT59€+00
3 «632% «$991 «70%2 «T068 2 TO6R9E+00
L4 «$339 «H993 <7055 «T0T4 +70T760E+00
L] Y YS «7014 «7058 7068 +T0689€+00

o
1 25049 «5992 26120 «6170 261 T62€E+00
2 5169 «5H984 <6070 e811] +61150E+00
k) 25253 ohQL2 «60A6 «6107 «561089E€+00
4 «2277 «6011 6087 «6112 ¢611%1E«00
L] +53HA «$038 +6093 «bl08 +81090€00

A,
1 041139 o111 o262 5321 «$3305E+00
2 4254 o5121 «523? <5272 e52778€+00
3 <6329 <5155 «H263 « 5269 «32725E<00
4 4359 «5152 «5243 «5273 «52T7TRE<00
L YYY] o51n% «5251 «5270 «52725E+00

10.

= 1 aldang abdaf 2451% 24508 ad
123 2 ETY. «a3lo 5498 <4843 «455)1€+00

3 « 3549 6408 «4509 5542 04546SE*00
. « 3540 XYY 0508 o 4545 o 85%511E+00
S «3673 «bde2 04519 4543 045469F+00

*Saged om 1.0 ENCR/10 Mi-10 Yr-4DT.

Table 12 Example

Given: Bridge description 2 lane rural interstate highway, twin bridge
12 fc lanes, 10 ft shoulder, traffic volume = 16,000 ADT
no shoulder reduction

SL 2 SL 3 SL 4

26.16 31.31 35.86

s From Table 6, traffic mix = 1 . ® From Table 3, BRC
e From Table 11, encr. rate = .032 ENCR/10 MI-10 Yr-ADT SL 1
10.00
e From Table 5, BRB (TX) = $0.65/L.F. NPP Bridge railing bemefits
BRB (WA) = $0.33/L.F. NPP
e From Table 12, SL 1 SL 2 SL 3 SL 4
NPP = ,3382 L4348 L4515 L4584
Based on 1 ENCR/10 Mi-10 Yr-ADT
e Compute Bridge Ralling Benefits and Incremental Benefit/Cost-Ratio
ABRB = B/C
X 0.65 x ADT x ENCR x BRB = BRB ABRB BRC ABRC ABRC
SL 1 0.65 x 16,000 x .032 x .3382 = 112.55 112.55 10.00 10.00 11.26
SL 2 0.65 x 16,000 x .032 x .4348 = 144.92 32.00 26.16 16.16 1.98
SL 3 0.65 x 16,000 x .032 x .4515 = 150.26 5.34 3132 5.15 1.04
SL 4 0.65 x 16,000 x .032 x .4584 = 152.56 2.30 35.86 4.55 0.51
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barriers designed to the AASHTO barrier criteria are known
to be essentially unyielding barriers for these test conditions.
Thus, SL 1 system performance requirements are consider-
ably less demanding than the current crash test specification
option of AASHTO and even less demanding than the design
load criteria. The crash test option of AASHTO also requires
conformance with the small car impact severity test of TRB
Circular 191 (8). No known bridge railing system has been
shown to meet this part of the criteria, although this was a
design goal of the SL 1 system of this project.

Current Systems

A limited investigation of current systems that might
be candidates for SL 1 application was conducted. This in-
vestigation did not result in candidate selection for further
investigation.

Design Considerations

For this design effort, beam on post concepts were consid-
ered exclusively. Appendix C describes in detail the syste-
matic design, development, and evaluation of the two SL 1
bridge railing systems. The systems are constructed of thrie
beams mounted on posts spaced at 8’4" (25 cm) centers. The
post and attaching hardware represent the significant differ-
ence in the two systems; one used steel posts and the other
wood. These new railing designs essentially meet the accept-
ance criteria of TRB Circular 191(8) with the exception of the
new structural adequacy test requirements.

The concrete safety shape has recently become a widely
used bridge barrier system. Performance of this barrier is
documented in numerous reports. Installation costs have
varied widely, but it seems reasonable that any new barrier
system, including the SL 1 systems described in the follow-
ing, should be compared on a local level with the safety shape
for both performance and economics.

Evaluation Findings

Crash tests conducted during the development and final
evaluation are summarized in Table 13. Included in the table
is Test NCHRP-1 which utilized a school bus.

Bridge Railings —General

The bridge railing designs developed in this project ex-
hibited behavior that is dramatically different from previous
bridge railing investigations. However, the large deflections
and subsequent vehicle movement below the bridge deck,
which occurred in the experiments of this program, did not
result in failure of the system to contain and redirect the
vehicle. It should be emphasized that any impact is a rare
occurrence on SL 1 bridges. The structural adequacy test
conditions represent a most infrequent impact at locations
where SL 1 use is warranted.

The significance of rail tension and post behavior was also
demonstrated in this test series. Without tension capacity
(e.g., splice adequacy) these railings would not have con-
tained the vehicles. Post separation from the deck support
and beam before large deflections occurred assured that
wheel snagging did not occur.

SL 1 Bridge Railing—Wood Post

Of particular significance in the wood post tests was the
criticality of material properties. In the past it has not been
a requirement that timber barrier posts be grade stamped.
One crash test (W-4) resulted in extremely poor barrier per-
formance; the failure of the barrier to perform as designed
was attribuled to wood that was inferior to the grade/stress
level specified.

Another finding pertinent to wood posts was the snagging
of vehicle wheels on side-mounted post brackets. This con-
tributed to wheel snagging and compromised barrier per-
formance.

SL I Bridge Railing —Steel Post

This system proved to be very predictable, and no major
modifications were made to the initial design. Similar to the
wood post results, the maximum deflectivns of (he simula-
tions were lower than experimental values; otherwise, the
results of both simulation and experiment were quite close,
with exception of small-car longitudinal accelerations. This
has occurred in other projects at SWRI using BARRIER VII.
Because the lateral acceleration is always the controlling
value for compliance with TRB Circular 191 criteria, this
discrepancy is not considered significant.

Appralsal

SL 1 bridge railing systems were evaluated for perfor-
mance and cost.

Performance

As shown in Table 13, the structural adequacy test require-
ments for SL 1 were met in Tests W-3 and S-3. The impact
severity requirements of TRB Circular 191 were met in Tests
W-5 and S-4. Although thc latcral acccleration valuc of
5.2 g’s for Test S-6 slightly exceeded the acceptable level of
5 g’s, this value is considered marginally acceptable.

Cost

Two costs are generally considered for barriers; that is,
initial cost and maintenance (including restoration following
impact) cost. Only the former is considered applicable to the
SL 1 designs. Because the SL 1 devices will be used only in
locations where impact probabilities are practically nil, the
damage repair of these systems will not be significant.

The estimated installed costs of the wood and steel post
systems are $8.37/L.F. and $11.73/L.F., respectively, as de-
scribed in Appendix A. These costs are based on the recom-
mended drawings shown in Figures 3 and 4.

The wood post system has an apparent economic advan-
tage over the steel post system. However, it should be em-
phasized that for the same distance between railings (width
of bridge), the steel post system would require a deck with a
width 1 ft (0.3 m) less than that for wood. This is due to the
necessity of recessing the wood post in the deck. The addi-
tional cost of the 1-ft (0.3-m) strip of deck is not easily ob-
tained, but should be considered when comparing the two
systems.



Table 13. Summary of crash test results.

Haximum
Vehicle Impact TIupact Max. Vehicle Accelerations, Dynamic Number Number of

Test Test w @ Weight Speed Angle g's {50 msec avg) Defl. of Posts Rall Sections

0. Purpose Barrier (1bs) (mph) (deg) Long. Lat, (ft) Fatled (&), Damaged Remarks

W-1 S.T. A 4500 44.0 20.0 -2.3 -4.0 3.5 4C 2 Anchor bolt damage severe due to vehicle
wheel contact, vehicle redirected

w-2 S.T. B 4500 58.9 16.3 -1.7 ~2.4 4.2 8c 3 Vehicle wheel snagged on post projections csusing
increased vehicle involvement and bolt dacage

w-3 S.T. Cc 4500 61.9 14.5 4.1 -3.3 2.6 6C, 1P 2 Vehicle smoothly redirected

w-4 1.S. C 2250 61.0 18.7 =2.7 -5.6 3.8 9c, 1p 2 Vehicle smoothly redirected; wheels rode azainst
outside of bridge deck for significant time

-5 1.5. [ 2250 60.1 15.9 -2.3 -4.2 1.6 2C, 1P 1 Vehicle smoothly redirected

s-3 S.T. D 4500 61.7 16.6 -3.1 -3.2 2.5 i 2 Vehicle snmoocthly redirected

S-4 1.8. E 2250 58.6 16.0 -1.8 -4.6 0.8 1P 1 Vehicle smoothly redirected, concrete deck dadage

| at Post & influenced post behavior

S-6 1.S. E 2250 60.0 16.0 -2.9 -5.2 1.2 ic, 1p 1 Vehicle gmoothly redirected, anchor bolc failure

not considered pertinent
NCHRP-1 S.T. E 20,000 &4.7 7.7 -0.5 1.4 1.7 3ic 4 Vehicle smoothly redirected with max. roll

angle of 15 deg

{1) (3)0 - complete failure

S.T. - Structural Adequacy Test

P - partial fallure

1.S. - lapact Severity Test

(z)k ~ 12-4a Thrie beim counted on 6x6 wood post @ 8'~4" centers, post bracket protruding from bridge deck
2 - 12-ga Thrle bcam mounted on 6x6 wood post @ 8'-4" centers, post bracket protruding from bridge deck
€ - 12-za Thrie beza mounted on 6x6 wood post @ B'-4" centers, recessed post mounting
3 - 12-ga Thrie beam mounted on TS3Ix6 steel box beam posts & 8'-4" centers, strap beam mounting
I3

Meiric coaversioa:

:lziziv 1b by 0.43 to obtain kg
ltiply cph by 1.6 to obtatn kn/hr
uleiply ft by 0.3 to obtain m

- 12-ga Thrie bean mounted on TS3x6 steel box beam posts @ 8'-4" centers, bolted beam mounting
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Application

The SL 1 bridge railing systems are recommended for
installation where warranted according to the criteria of
Chapter Two. The recommended design drawings are shown
in Figures 3 and 4. Limited information regarding bridge
deck design is shown on the drawings. Because bridge deck
designs will vary considerably, a working stress design force
of 10 kips (45 kN) applied at 22 in.(550 mm) above the deck
is recommended in the drawing notes. Use of this design
force and working stresses should assure the designer that no
significant bridge deck damage occurs during an impact (i.e.,
the failure load of the post will control).

BRIDGE RAILING PERFORMANCE AND
DESIGN CONSIDERATIONS

Background

During the course of this project, a comprehensive bridge
rail investigation was being conducted at the Texas Trans-
portation Institute (TTI) for the FHWA ). This project
could, and probably will, advance the state of the art signifi-
cantly regarding bridge railing behavior and dynamic force
interactions. Because of the large amount of data gathered
and the timing with respect to this project, much of the in-
sight to be gained from this effort is yet to be realized. Never-
theless, the reader is encouraged to follow the progress of
this contract and some of the findings are cited in this report.
Some of the statements made in this chapter may be dated in
light of this recent work; however, based on the author’s
knowledge at this time, the following is offered.

Currently, bridge railing systems are designed to the
AASHTO specification (1,2). This specification uses a basic
10-kip (44.5-kN) force which is applied to the beam and posts
according to relationships described in the specification. An
alternate way of qualifying bridge railing designs is by crash
test. The crash test criteria as specified in TRB Circular 191
have been revised in NCHRP Report 230 (9).

There is apparently no relationship between AASHTO
load criteria and the crash test requirement. Although not
stated as a design objeclive, the static force criterion is gen-
erally believed to guarantee little or no damage to the railing
system during the severe strength crash test (4500-1b
(2040-kg) car, 60 mph (95 km/h), 25 deg) (/0). The ultimate
containment capacity of these railing systems is not known.
Furthermore, the margin of safety to which the system has
been designed to this static criterion will influence its ul-
timate capacity. In other words, the AASHTO static force is
a lower limit and overdesigned bridge railings are not prohib-
ited. The current AASHTO specification does not specify
behavior of the barrier past the elastic range. T'he failure of
a post, for example, could occur either above the deck or
within the deck itself. Designs with forces limited by deck
failure are considered to be unsatisfactory for a number of
reasons:

1. The failure mechanism in the concrete deck is complex
and therefore cannot be reasonably predicted.

2. Bridge deck repair is a costly item compared to simple
replacement of posts and beam.

3. Deck damage may go unnoticed until a more severe
impact causes noticeable failure. The weakened structure
will not perform as designed.

Other railing components such as beams and hardware
should also be considered for ultimate performance. A bridge
railing system that performs well in the elastic/small deflec-
tion range, but breaks down far below its ultimate capacity
because of some undesirable failure mechanism (e.g.,
lowered system height allowing vaulting, beam splice failure
due to fastener inadequacy, etc.) represents inefficient use of
materials.

Careful study of the relative merits of the AASHTO ‘‘pre-
scriptive’” design method and the performance standards ap-
proach has led to a number of observations and conclusions.
After 12 years of intensive barrier development and testing
using all available tools, design methods, computer simula-
tions, laboratory experiments and full-scale vehicle crash
tests, the authors are convinced that the prescriptive design
approach is inadequate to effect barriers with predictable
containment and safety performance. On the other hand,
with performance standard approach, a tend is foreseen
toward a limited number of carefully developed standard
barrier designs; this trend will be accompanied with a de-
crease in design time spent by every agency in devising its
own unique systems, a reduction in material costs because of
standardization and smaller number of inventory items, and
an improvement in safety performance because of the more
comprehensively developed barrier designs.

A pertinent example of use of computer simulation and/or
crash test methods is the concrete safety shape. On the basis
of design load criteria, there could be no selection of the
standard New Jersey profile over the General Motors profile
(both can be constructed to the same structural require-
ments). Crash tests and computer simulations (HVOSM)
demonstrated that vehicle rollover occurred with a subcom-
pact vehicle impacting the GM barrier at 57 mph (91 km/h)
and 16-deg angle) . A similar test with the New Jersey barrier
(59 mph (94 km/h) and 16-deg angle) resulted in smooth re-
direction of the vehicle with a roll angle of 20 deg.

Bridge Railing Performance

Bridge railing systems function satisfactorily by containing
and redirecting impacting vehicles. The performance of a
system may be measured by the threshold impact conditions
where the system could be expected to fail. The development
of a redirection index described in detail in Appendix A
facilitates the calculation of equivalent impacts. Thus, crit-
ical impacts are determined that describe the performance
limit of a particular design based on a defined impact.

Performance Goals

Bridge railing performance must be quantified to provide a
basis for evaluation; i.e., does this barrier system perform
satisfactorily at the desired service level? Two criteria are
primarily used to evaluat¢ longitudinal barrier systems (8,9):

1. Occupant risk—Ideally, the bridge railing will redirect
(without rollover) small passenger cars with minimal occu-
pant injury potential. This criterion as recently changed (9)
generally represents less demanding performance of bridge
railings than the previous criterion(8). The occupant injury
criterion is based on impacts occurring at 60 mph (95 km/h)
and a 15-deg angle in recognition that impacts of higher angle
are infrequent at this speed.

2. Structural adequacy—Unlike occupant risk, barrier
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structural adequacy performance demands increase as the
vehicle size increases for a given speed. The 25-deg angle
used in the 4500-1b (2040-kg) vehicle structural adequacy
tests used for a number of years is generally agreed to be a
surrogate for a more shallow angle impact with a heavier
vehicle. The use of a 25-deg angle represents a much more
severe impact than the 15-deg angle for a given speed as
demonstrated in the RI expression. Thus, the 15-deg angle
test of SL 1is more representative of expected passenger car
impacts than the surrogate 25-deg test of SL 2.

Containment and redirection can readily be accomplished
with passenger cars with barriers no higher than 27 in. (0.7 m)
because of the low (19-25-in. (0.5-0.6-m)) vertical c.g.
range. However, when considering the heavier vehicles, fac-
tors such as vertical c.g., cargo shift, and so on, definitely
warrant consideration in terms of performance expectations.
The function of the barrier can then be expressed in two
different terms: (a) the design impact results in the vehicle
being contained, redirected, and remaining upright; and
(b) the design impact results in the vehicle being contained,
redirected, but rollover has occurred. Thus, the specifier
must decide if satisfactory performance is based on (a) or (b).
Strength sufficient for containment is not necessarily accom-
panied by redirection without rollover.

Impact Conditions

Experimental conditions of impact currently used and as
proposed in the MSLA of Chapter Two represent a simplifi-
cation of ‘‘real world”’ impacts that occur as described in
Figure 5. In Figure 5(a), the impact conditions are repre-
sented by specified single unit vehicles impacting at specified
angles and speeds. Accidents occurring in the field consist of
a myrad of different conditions of impact as illustrated in
Figure 5(b). In order to provide an orderly basis for testing
and design purposes, the conditions of impact are simplified
and standardized. Impact conditions include definition of
design vehicle, impact speed, and impact angle. Variations in
any of these factors can greatly change the performance
requirements. With the inclusion of heavy vehicles, the
selection of the vehicle and method of ballasting the vehicle
to the design weight are especially critical.

As shown in the development of vehicle mixes used in
Chapter Two, the predominant vehicle on U.S. highways is
the passenger car of which there is a certain range of weight
(1500-6000 1b (700-2700 kg)) and other dimensional varia-
tions. The balance of the vehicle fleet consists of pickups,
vans, and panel trucks in the 3000—10,000-1b (1400-4500-kg)
range and other large single unit buses and single unit and
articulated trucks weighing up to over 70,000 1b (32,000 kg).
Buses represent an ideal vehicle to characterize because the
payload for a design gross weight configuration is readily
specified by passengers in seats and cargo for balance of
gross weight. Trucks, on the other hand, represent an infinite
variety of configurations (both empty and burdened). Articu-
lated tractor-trailers are considered the most complex of all
to characterize.

The effects of vehicle variations are not as yet fully under-
stood; however, the technology of containing and redirecting
heavy vehicles has advanced significantly during recent
years. It is accurate to state that the larger, heavier vehicles
impose two distinct loadings of the barrier as the rear end

21

\/ (a) Classic impact - single unit vehicle
ev = OH
where
ev = resultant velocity angle at
impact’
6 . = vehicle heading angle at
impact
V = velocity direction as shown
by arrow

tractor trailer

(b) Examples of real world accidents not occurring in
classical experimental manner

Figure 5. Conditions of impact.

slap in many cases is the most severe. For passenger cars,
this is not the case.

Barrier Construction

Performance of a barrier will vary according to construc-
tion. There are basically two types of bridge railings with
certain variations; metal beam/post systems and concrete
systems (shaped, beam/post type, vertical parapet, vertical
parapet with metal rail on top). The systems can be designed
to function as essentially rigid barriers or to deform under
conditions leading up to the critical impact. Figure 6 shows
that barrier ‘‘loading’’ is a function of the behavior of the
barrier during a given impact. This figure describes barrier
loading from simulated impacts on three barrier systems of
different strength. The rigid system experienced high forces
over a short time duration, whereas the most flexible system
experienced low force levels over a much longer time period.
The total impulse during the primary impact was essentially
the same, consistent with the RI derivation. For a given
impact condition, the more flexible metal beam/post systems
are more economical to construct because of the lower force
levels imposed. For concrete systems, there is also economic
advantage in permitting ultimate strength to be approached at
the critical impact level.
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BARRIER VII Analysis:

40,000 1b/60 mph/15°

Total lateral impulse

(40/32.2) (88) (sin 15°) (K=5)

Impulse - primary impact, KS

§

secondary impact,
K§ 14.61

Barrier deflection (in.)* 0

28.29(100%)

13.67(48.3%)

28.29(100%) 28.29(100%)

12.84(45.4%)  12.75(45.0%)

15.45 15.53

17.8 40.4

loo

NORMAL Barrizh FoRcz (kiPs)

i, Tl O B
=

Fomce oM
OF VEWCGLE

‘£>|<lv 1

TIME - S

0.3 0.4

Figure 6. Primary force—time curves for three railing systems (same impact conditions as

in Fig. 5).

Barrier Impact Dynamics

A number of sequential events occur during a vehicle im-
pact with the barrier, as shown on Figure 7. For passenger
cars, the significant forces on the barrier generally occur
when the front quadrant is in barrier contact. For the longer,
heavier vehicle, two distinct impacts occur as a result of front
panel and rear panel impacts. The large percentage of pay-
load in the heavy vehicle also introduces load shift complexi-
ties. Barrier and vehicle interactions are interdependent and
cannot be separated.

Performance Predictions *

Use of a single force to design a service level traffic barrier
is not recommended in this report. Bridge railing perfor-
mance beyond the elastic range requires analysis methods
that go far beyond the current static method. Such sophisti-
cated methods of analysis are considered unnecessary when
available computer simulations can be employed that actu-
ally relate to a vehicle impact and are no more complicated
to use than a dynamic structural analysis program. Computer
simulation programs currently available(//,12,13) are con-
sidered superior to such an approach and provide reasonable
assurance that the simulated impact forces are being applied
to the barrier during the redirection process. In addition, use
of a rollover vaulting algorithm (RVA)(14), coupled with
2-dimensional barrier models, can predict rollover or vault-
ing due to insufficient rail height. Wedging under a beam and
so-called pocketing are difficult phenomena to ascertain from
the current programs.

The currently available barrier simulation models are
briefly described:

BUS/
SINGLE UNIT  TRACTOR/
CAR TRUCK TRAILER

¢ Primary Impact
jar

Impulsive Force = max for cars;
dependent on RI factors, veh.
crush, barrier deformation,
payload shift rate

Payload Shift - diminishes forces
on barrier; dependent on
testraint

Tractor - redirected at higher
rate than trailer

Vehicle Parallel to Barrier

Imp. Force - low for single unit
vehicles, possibly high for

" trailer contact w/barrier

Secondary Impact

Imp. Force - low for cars

- max for long heavy
veh & tractor trailer

- dependent on RI factora,
veh crush, roll rate,
yaw rate, barrier
defornmation, barrier
height

Payload Shift - significant, but

L dapondont on yaw

& roll rate; both
functions of barrier
at given condition
of impact

Figure 7. Simplified description of complex vehicle/
barrier interaction.



1. BARRIER VII (11)—A large displacement, inelastic,
dynamic structural analysis problem is solved. The barrier is
idealized as a plane framework made up of inelastic one-
dimensional elements of a variety of types. The vehicle is
idealized as a plane rigid body surrounded by discrete inelas-
tic springs. The BARRIER VII program has been extensively
validated for passenger vehicle impacts in the FHWA pro-
gram on cost-effectiveness of guardrail systems (/5). To a
lesser extent, it was also used to design the collapsing ring
bridge railing systems for heavy vehicle impacts(16).

2. HVOSM(/2)—an 11 degree-of-freedom vehicle is com-
bined with terrain and barrier considerations. The deforma-
ble barrier is represented by a polynomial expression for
load-deflection. The HVOSM program was used extensively
in the pooled funds concrete median barrier research pro-
gram conducted at SwRI(17).

3. GUARD(13)—This three-dimensional barrier program
is a product of an FHWA study. Use of this program is
limited, but potentially could provide design insight into bar-
rier concepts requiring three-dimensional analysis. This pro-
gram was used to evaluate effects of FMVSS 215 (required
on all post-1973 cars) bumpers on guardrail collisions. Al-
though not validated by crash test, results indicate that
under certain conditions of impact, results are significantly
different.

4. Rollover Vaulting Algorithm (RVA)(14)—This algo-
rithm predicts rollover vaulting using a 6 degree-of-freedom
rigid vehicle.

5. RVA-2(19)—This algorithm is RVA modified to eval-
uate effects of load shift in vehicles during barrier collisions.

All of these programs were developed for FHWA and are
available.

Another FHWA program examined containment of heavy
vehicles(18). In this report an attempt was made using BAR-
RIER VII to relate vehicle impact conditions to maximum
dynamic forces, as shown in Table 14 and Figure 8. Given the
forces shown in Table 14, it is not readily apparent as to how
a bridge railing designer would use these forces to design a
bridge railing system. If elastic design procedures are used,
it is presumed that the structure would be essentially unyield-
ing for the applied forces. If plastic deformations were per-
mitted, the method of analysis would be quite complex, and
would require design procedures not presently employed by
most bridge railing designers. There is a feeling among the
highway community that given a design deflection, a bridge
railing can be designed using a single force to assure contain-
ment of selected vehicle impact conditions. Use of such sin-
gle force could permit bridge railings to be designed in a
manner similar to the current AASHTO specification if elas-
tic design procedures were used. If plastic deformations are
considered desirable, a much more sophisticated analysis
would be necessary. The futility of such an approach is evi-
dent from results given in Table 15 from Ref. /8. The
65,000-1b (30,000-kg) concrete truck impacting at 60 mph (95
km/h) and 15 deg was examined for seven different railing
systems. As shown in Figure 9, the maximum force could not
be related to maximum deflection (e.g., a designer selecting
a 48-in. (1220-mm) design deflection would have a choice of
370 kip (1650 kN) or 150 kip (670 kN); an approximate load
of 225 kip (1000 kN) yields deflections of 31 in. (800 mm) or
51in. (1300 mm). Thus, the concept of using a singular force
to approximate a barrier impact condition cannot be sup-
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Table 14. Minimum lateral impact force by
vehicle weight (60 mph/15°) impacts. (Ref. 18)

Maximum Lateral

Vehicle Impact Force (lbs)
Passenger Vehicle 30,000
School Bus
20,000 1b 70,000

Commercial Bus
40,000 1b 150,000

Concrete Mixer Truck
70,000 1b 250,000

Metric conversion: Multiply lbs x 0.45 to obtain kg
Multiply mph x 1. 61 to obtain km/h
Multiply lbs x 4.4 to obtain N

ported. Reference /8 represented the state of the art re-
garding prediction of heavy vehicle containment and is
recommended for further information on this subject along
with the previously cited work at TTI(4).

Performance and Deslgn Criterla

Vehicle Containment

The proposed bridge railing service levels are related to
vehicle impact conditions given in Table 2, and containment
of the impacting vehicle for these respective impacts is rec-
ommended as the structural adequacy test for each railing
category. Balanced designs in which the ultimate strength of
the material is approached for structural adequacy impact
conditions are considered to be the most efficient use of
bridge railing structure. (This approach deviates from the
current AASHTO static design crtieria for bridge railing de-
sign.) This ultimate containment approach requires an un-
derstanding of the failure mechanisms of the structural
systems as the ultimate loading thereshold is reached. From
the knowledge of the ultimate containment capacity, the full

300

250

W

200
’,/'

150 Metric converalon:
Multlply kips x 4.4 to obtain kN
Multiply kips x 450 to obtain kg
Multiply mph x 1, &1 to obtain km/h

100 7

PEAK DYNAMIC LATERAL LOAD (KIPS)

10 20 30 40 50 60 70
VEHICLE WEIGHT (KIPS)

Figure 8. Trend of peak dynamic lateral force vs. vehicle weight
(60 mph/15°) impacts). (Ref. 18)
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Table 15. Maximum lateral force and deflection values for various simu-

lated vehicle/barrier impacts. (Ref. /8)

IMPACT
JEONDITIONS MAXIMUM  MAXIMUM
VEL. ANGLE FORCE DEFLEC.
BARRIER VEHICLE (MPH)  (DEG.) (POUNDS) (INCIES)
New York Box [4540 1b. car 64.0 25 34,290 47.86
4540 1b. car 49.0 10 14,040 4.71
Alum. Balanced [4017 1b. car 68.1 25 51,960 23,75
3965 1b. car 58.0 23 §1,990 11.84
Texas T-1 3620 1b, car 61.4 25 69,690 9.10
Comb. NY/T-1 4000 1b. car 60.0 25 48,880 18,32
Mod..Aluw. 4000 1b. car 60.0 25 60,960 14.73
i3 Tall. 2 calbide) 0.0 20 255,790 27.60
5,000 1b 40.0 15 337,290 12,08
Texas T-1 concrete truck 60.0 15 372,840 46.80
60.0 7 313,880 9.70
40.0 20 54,200 67.50
Aluminum 65,000 1b. 4.0 15 52,160 33:00
Balanced concrete truck 60.0 15 58,860 65.00
60.0 T 81,880 29.40
40000 1b. bus 55.0 15 118,780 21.05
Yiglding 40000 1b, trac/trlr 55,0 15 155,610 22.7%
Ring 65000 1b. conc.tr. 60.0, 15 147,560 42.76
19000 1b, sch. bus 59,0 15 76,340 18.19
Mod. Alum, Metric conversion:
Barriers Multlply lbs x 4.4 to obtain N Multiply mph x 1. 61 to obtain km/h
Multiply Ibs x 0.45 to obtain kg Multiply in. x 25 to obtain mm
2 rail
1.5" cable —40.0 25 110,450 44.60
2 rail
2.0" cable 60.0 15 240,290 50.83
3 rail 65,000 1b.
1.5" cable concrete truck 60.0 15 201,540 37.87
3 rail
2.0" cable 60.0 15 253,670 38.61
2 rail
1.5" cable
4' spacing 60.0 15 173,290 45.53
3 rail
1.5" cable
4' spacing L 60.0 15 217,710 30.67

range of barrier performance is understood. Although full-
scale crash tests at each performance level are considered
necessary, preliminary designs can be formulated using com-
puter simulation models.

Barrier Height Determination

Based on current experience, it is recommended that SL 1
and 2 barriers be a minimum of 27 in. (0.7 m) high. Service
level 3 and 4 barriers should be 34-38 in. (0.0-1.0 m) high to
keep the design vehicles upright during redirection.

Good Design Practice

Recent crash test experiments with both heavy vehicles
and automobiles have revealed certain deficiencies in barrier
behavior which can be averted by good design practice.
These include the following:

1. Undesirable lowering of barrier height because of duc-
tile post behavior reduces effectiveness of barrier in prevent-
ing vaulting and rollover.

2. Beams considered as flexural members fail in tension
during large inelastic deflections because of inadequate
splice or tensile anchorage.

3. Unpredictable failure mechanisms of post and parapets
make ultimate loads indeterminate and unpredictable.

4. Barrier height is too low for heavy vehicle impacts.

5. Beam and vehicle interface is inadequate for full range
of automobiles.

6. Beam and post geometry permits wheel snagging at
even moderate impact angles.

Bridge railing performance criteria for each service level are
given in Chapter Four. The performance test criteria of
NCHRP Report 230 recognize the need for giving redirection
to the small passenger cars. This class of vehicle currently
constitutes approximately 25 percent of total traffic.

CURRENT BRIDGE RAILING ASSESSMENT

Background

Current bridge railings with known performance evalua-
tions were assessed regarding SL designation. Because the
data for the latest occupant risk considerations were not in
the form that permitted ready evaluation, the impact severity
criteria of TRB Circular 191 (8) were used for this evaluation.

Inasmuch as the concrete safety shape bridge parapet is



the most commonly specified bridge railing today, an evalua-
tion of 17 state standards was made for cost and strength
comparisons.

Current Railing Assessment

All known railings with crash test evaluation experience
are categorized according to SL crash test conditions of
this project in Table 16. Design drawings are included in
Appendix B.

Concrete Safety Shape Bridge Parapet

An analysis of 17 different state standards was made as
described in detail in Appendix B. Costs of these parapets
ranged from 32.90 to 92.85 $/L.F., including some systems
with metal railings on top. The highest basic concrete parapet
cost was $46.60/L.F. Estimated strength of the weakest basic
barrier was 36 percent of the highest strength. There was no
consistent correlation between cost and strength. Recom-
mendation for optimum reinforcement placement of concrete
parapets is also included in Appendix B.

UPGRADING GUIDELINES

Because many of the existing bridge railings might be con-
sidered inadequate for the bridge site service level condi-
tions, it would be desirable to develop some strategy for
setting upgrading priorities based on the MSLA. The MSLA
procedures of Chapter Two are appropriate for this task;
however, some guidance regarding the categorizing of exist-
ing railings is desirable in order to determine if bridge rail
requirements (site SL) are being met by the existing railing
(railing capacity).

Two bridge railing characterisitcs should be examined in
this regard:

1. Structural adequacy—probably the best strength
guidelines for determining this factor would be found in work
by Hirsch(3) and Buth(4); additionally, the work by Buth
provides some basis for barrier height requirements. Sug-
gested barrier heights of 27 in. (0.7 m) for SL 1 and 2 and
34-38 in. (0.9-1.0 m) for SL. 3 and 4 have been made;
however, for barriers mounted on curbs or sidewalks a series
of simulations were performed using the HVOSM computer
model. Four commonly used test vehicles were used to as-
sess the effect of safety walks and curbs. As shown in Fi-
gures 10 through 13, the climb of the bumper height is an
indicator of vaulting problems. The designer should consider
the effects of vaulting in determining adequacy of the existing
railing.

2. Occupant risk (impact severity)—little guidance can be
given in this regard other than comparing the existing system
with crash-tested systems for some commonality.

Reference is also made to the criteria for bridges to remain
in place found in Ref. 6, and summarized in text tables of
Section A.1.1 of Appendix A. Upgrading of bridge railing
may not be desirable if these criteria are to be met.

A special set of upgrading references (including crash test
results, analytical investigations, and actual upgrading
reports) is included in a bibliography following the list of
cited references at the end of this report.

400
65,000-1b truck
60 mph
A 15 deg
350 Metric conversion:
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Figure 9. Maximum load vs. maximum deflection,

heavy vehicle impact. (Ref. 18)
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Table 16. Summary of current evaluated bridge railing.

Fvaluation llistory Estimated Cost
Systems Description Strength Impact Scverity Reference $/lin, ft
1. Service Level One
SL1 (S) 12 ga Thrie beam - steel posts @ 8°' 4" passed marginal pass Chapter 3 11L.73
SL1 (W) 12 ga Thrie beam - wood posts @ 8' 4" passed warginal pass Chapter 3 8:37
BR4 two steel box beams on steel posts @ passed none AASIITO Barrier Guide(20) 35.00
6! 3.‘
2. Service Level Two
Texas T6 tubular W-beam on steel posts @ 6' 3" passed failed (6.9g's lat) Ref. 21 23.53
BR1 New Jersey shape concrete parapet passed marginal pass AASNITO Barrier Guide(23) 32-38
BR2 concrete parapet - metal rail passed none AASHTO Barrier Guide{20) 50-100
BR3 steel box beams on fabricated post @ passed none AASNHTO Barrier Guide(29) 35.00
8 9" (3500-1b vehicle,
55 mph, 25 deg)
3. Service Level Three
Texas 101 two steel box beams on steel posts @ passed failed (7.3g's lat) Ref. 4 38.80
8' 4" (front axle dis-
placed from bus)
4. Service level Four
C.R.B.R.S. four-rail system w/collapsing ring passed none Ref. 16 80.00
first stage
Texas 1202 passed unavailable Appendix B 43.00

modified
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CHAPTER FOUR

DISCUSSION AND APPLICATION OF FINDINGS

DISCUSSION

Bridge Railing Service Levels

The multiple-service-level bridge railing approach (MSLA)
is a major change from current practice, both from a tech-
nical and administrative view. Rather than the conventional
design of a bridge railing system, it requires selection from a
group of systems crash tested to specific impact conditions.

The creation of unique bridge railing designs from pre-
scriptive specifications using static loading and elastic design
results in a proliferation of barrier systems that are not fully
evaluated in terms of vehicle containment capacity. In recent
years, it has become evident that the simple static/elastic
design method is inadequate for the task of producing pre-
dictable vehicle redirection characteristics and cost-effective
systems. Because of the complexity of the barrier/vehicle
redirection mechanisms, the authors are convinced that each
operational barrier system should be evaluated by a series of
crash tests. Computer simulation models can be most helpful
and cost-effective in early stages of a barrier development, as
described in the development of the SL 1 system; even these
tools, which possess capability greatly in excess of the sim-
ple static/elastic approach, may only reduce but not replace
the need for vehicle crash tests.

The national trend is toward the adoption of a limited
number of carefully developed and demonstrated traffic bar-
rier systems. The movement is prompted by requirement for
increased safety performance of the barriers and the realiza-
tion of cost savings in design, fabrication and maintenance of
widely accepted standard systems. These limited number of
bridge railing designs can be developed on cooperative pro-
grams (such as NCHRP) in which the development costs are
shared.

Thus, the multiple-service-level bridge rail approach takes
into account the trend toward standardization of bridge rail

systems and presents a technique for selecting the most ap-
propriate system for particular site conditions based on bene-
fit and cost technology.

Service Level Selection Parameters

The service level parameters were selected based on what
was considered the state of the art in 1980. Certain param-
eters in the MSLA are linear in the final product and thus
may be varied by simple multiplication. These linear factors
include: ADT, enchroachment rate, adverse conditions as
related to encroachment rate, costs (accident and bridge
railing), and B/C ratios.

Other factors as they influence the final results are more
complex, and reformulation of probability equations is re-
quired if these values are changed. These nonlinear factors
include: shoulder width as it relates to encroachment distri-
bution, encroachment distribution (lateral distance trans-
versed), vehicle mix characteristics (mass, geometry, etc.),
speed (or speed distribution if available), impact angle distri-
bution, and traffic distribution (e.g., lane distribution vari-
ances, more than three lanes, etc.)

It is recognized that parameter values such as encroach-
ment frequencies, vehicle mix characteristics, impact speed,
and angle distributions are based on tenuous and sometimes
scant research data. Possibly, refined values for these param-
eters may be forthcoming from future research effort. Never-
theless, the authors of this report strongly believe that the
lack of precision in the values will not change the systematic
method of selection nor should it be a reason to deter or delay
the implementation of the MSLA.

MSLA Results

Bridges on roadways with high ADT, multilanes, wide
shoulders, and large truck percentages will require bridge



railing structures with greater containment capacity than that
specified by the current AASHTO Specification. Con-
versely, bridges on roadways with low ADT and mostly auto-
mobile and pickup traffic will require a bridge railing less
demanding than the current AASHTO Specification. The
collector, road, and street functional classification bridges,
as presently defined, require primarily only SL 1 systems,
whereas arterial bridges require a wide range including SL. 1
through SL 4.

The MSLA procedures as described in Chapter Two and
Appendix A relied on two sets of costs: (1) accident costs
based on Texas and Washington accident data and National
Safety Council latest accident cost values; and (2) bridge
railing costs based on designs of Table 3. The researchers
were unable to develop a rationale for combining the Texas
and Washington costs into one set of values. Although the
bridge railing ‘‘retained’’ accident costs of both were quite
close, the Texas ‘‘penetration’’ costs were considerably
higher than the Washington costs. No data were available to
discern this difference; therefore, the two sets were kept
separated. The flexible bridge railing costs are considered to
be realistic, achievable values although no damage repair
factors have been included. A user agency may determine
that other costs for either railing and/or accidents may be
appropriate for their needs. The fundamental logic of the
MSLA is recommended and the costs cited earlier are recom-
mended in lieu of other available data.

For bridge sites where the consequences of railing penetra-
tion are judged to be significantly different (either higher or
lower than those indicated by the two-state data), it will be
necessary to estimate penetration accident costs if the typical
selection tables are not used.

For unusual sites where bridge railing penetration would
have extraordinary consequences, it may be desirable to
‘“‘target’’ a design impact (vehicle, speed, angle) and design,
develop and evaluate a railing system for this purpose. The
MSLA procedures presented are general and cannot provide
the appropriate answer for every bridge site.

Service Level 1 Bridge Railings

Two Service Level 1 bridge railing systems were systemat-
ically designed and developed using computer simulations,
component testing, and crash testing. The performance crite-
ria of SL. 1 were met by these designs as evaluated in tests of
the finalized designs of Figures 3 and 4.

The designs developed in this project will eliminate the
most serious shortcoming of many existing bridge railing
installations (i.e., the transition from a flexible or semirigid
approach railing to a rigid bridge railing). By using inexpen-
sive weak post guardrail approach systems, compatible inte-
gration with the SL 1 bridge railing is readily accomplished.

In addition, the use of a relatively low strength post per-
mits the use of the SL 1 system on bridge decks with minimal
strength properties. The current AASHTO (7,2) post design
criteria require much stronger post connection details, and
significant deck failure has resulted with many of the current
systems.

The systems tested in this project demonstrated that vehi-
cles can be redirected with over 2 ft (0.6 m) of deflection with
wheels dropping below the bridge deck.
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Wood Post SL 1 Systems

Properly graded posts are essential for the performance of
this system; a grade stamp on all posts is required. Although
the cost of this design is apparently lower than the steel post
system, it requires a 1-ft (0.3-m) wider bridge deck for the
same clearance between rails as the steel post system. The
wood posts provide a desirable breakaway performance
when fracture occurs, thus minimizing wheel and post
involvement.

Steel Post SL 1 system

This system is a predictable structure that performs very
much as initially designed. The unique breakaway feature of
the post attachment to the base plate assures minimal vehicle
and post involvement and also provides predictable control
over the post failure mechanism. The steel post system with
side-mounted posts maximizes clearance between railings
for a given bridge deck width.

School Bus Considerations

The SL 1 systems are capable of containing and redirecting
20,000-1b (9070-kg) school buses impacting at 7 deg with a
speed in excess of 45 mph (70 km/h).

APPLICATION OF FINDINGS

Service Level Selection

A rational basis has been derived which provides maxi-
mum protection where impacts are likely to occur and further
accounts for degrees of collision severity based on a number
of factors. The use of the MSLA on a regional or national
basis requires a knowledge of barrier containment capacities
both existing and proposed, and costs for accidents and
bridge railing. All parameters used can be readily varied as
policy or additional findings permit.

AASHTO Bridge Railing Specification Changes

The shortcomings of simplified barrier design were dis-
cussed with supporting data cited. Currently available bar-
rier simulation computer programs provide insight for
installed systems as well as new designs. It is considered
desirable to evaluate new and upgraded designs by crash test
to prove the containment capacity. A recommended change
to the AASHTO Bridge Railing Specification is offered in
Exhibit 1.

SL 1 Bridge Railing

A low-cost bridge railing has been developed to SL 1 re-
quirements. Use of this system could be widespread in the
collector, road, and street category. Other advantages of
the low-cost system include less demanding approach guard-
rail transition requirements which further enhance vehicle
safety. Recommended design drawings and specifications
are shown in Figures 3 and 4.

Upgrade/Replace Existing Bridge Rails

The multiple-service-level bridge rail procedures pre-



Exhibit 1. Recommended revision and addition to bridge railing specification

1.1.8=RAILINGS

Railing shall be provided at the edge of structures for the protection of traffic
and for the protection of pedestrians if pedestrian walkways are provided.

Where pedestrian walkways are provided adjacent to roadways on other than
urban expressways, a traffic railing or barrier may be provided between the two
with a pedestrian railing outside. (See Article 1.1.7—CURBS AND SIDEWALKS)

(A) Traffic Railing
(1) General

rimary purpose of traffic railing is to contain th
vehicle using the § onsideration should en to protec-
tion of the occupants of a vehicle aigf[T with the railing, to protec-
tion of other vehicles collision, to vel destrians on
roadways hei terossed, and to appearance and freedom of vi€
g vehicles,

Materials for traffic railing shall be concrete, metal, timber, or a combi-

(A) Traffic Railing
(1) General
Traffic railings are placed on bridge structures to contain

and redirect vehicles in order to protect and minimize harm to:

a. occupants of vehicles in collision with bridge railing,

b. occupants of vehicles in proximity to the collision;
i.e., either on, near, or under the bridge,

C. innocent pedestrians and property near or under the
bridge.

Materials for traffic railing shall be concrete, metal,

timber, or a cowbi ...

(2) Level of Service
Four levels of service are recommended according to site con-

ditions. The roadway functional classification, bridge geometrics and
traffic characteristics determine the bridge rail level of service as shown
in Table 9 of Ref*. If the candidate bridge is not considered typical, the
designer may use more representative data to determine the service level.
In special cases where containment of a specific vehicle is considered
crucial, the performance criteria should reflect this circumstance (scc
next section).

(3) Performance Criteria

(a) Vehicle Containment. The bridge railing service levels

are related to vehicle impact conditions presented in Table 1, and con-
tainment of the impacting vehicle for these respective impacts is recom-

mended as the structural adequacy test for each railing SL.
(b) Occupant Risk. The majority of bridge railing impacts

occur at shallow angles with passenger cars. Accordingly, assessment of
occupant injury due to bridge railing collision is determined by the

occupant risk test of Table 1.
(c) Full-scale Crash Tests. Bridge railings are evaluated

for performance by crash testing to the required service level structural
adequacy test of Table 1. In additiom, occupant risk for all railing
levels is evaluated by the same passenger car test as shown in Table 1.

The crash test procedures and test vehicles described in NCHRP Report 230%*

should be used for these evaluations.
*This NCHRP Report. **0r superseding document




Exhibit 1. Continued

(d) Approach Railing Transition. When approach railings are

used at a bridge, a crash test evaluated transition is required if
structural/geometrical characteristics for bridge and approach railing
are different. The barrier installation should be terminated where it

is no longer considered needed.
(e) Additional Test Conditions. For those circumstances

where containment of a vehicle or condition not specified in Table 1 is
considered crucial, this vehicle or condition should be used in crash
test evaluations to determine if the proposed railing is adequate for
desired structural adequacy test performance. Consideration for passenger
car impacts (occupant risk) 1s still required.
(4) Bridge Railing Description

Bridge railings for each level of service are implemented
after crash test evaluation. The implementation of each system requires
complete drawings and specifications that reflect all significant values
from the barrier system subjected to crash test. Critical tolerances
should be specified; bridge "deck" requirements at barrier/deck juncture
are part of specification and should be adequately described to permit

use of a railing system on a varlety of bridge deck configurations.
TABLE 1
BRIDGE RAILING PERFORMANCE CRITERIA
Service Level: 1 2 3 4
1. Crash Test Requirementa*

Impact Condicions
A. Strength test

Vehicle Weight (lbs) 4500 4500 20,000 40,000
Impact Speed (mph) 60 60 60 60
Impact Angle (deg) 15 25 15 15
B. OQccupant risk -=—=2250-1b auto, 60 mph, 15 deg-=---
or  1800-1b auto
2. Dynamic Performance -ALL
A. Posts/parapets Controlled, repeatable failure mechanisms

outside bridge deck are required. Ductile
failures of posts are discouraged unless
separation of beam from post prior to rail
lowering is contrclled and repeatable. The
post anchorage is designed to ultimate
stresses using ultimate post failure load.

B. Bean Full cension of net saction should be
developed by attachmencs at splice. The
AASHTO Standard Specifications for Highway
Bridges, (1) Article 1.7.19, provide a good
splice specification. Beam should be
anchored (expansiom joints require special
treatment).

C. Vehicle performance The preferred vehicle acceleration criteria
are found in recommendations of NCHRP
Report 230 (9). Values shown in this
document are subject to change as techmology
becomes available. Other requirements
specified for automobiles in Report 230
are congidered applicable also.

3. Guidelines

A. Geometry
*1. Barrier height (in.
(min.) 27 27 34-38 34-38
2. Beam spacing (Ref. 4)

*Barrier height is a minimum; this height must be increased if beam/
post interaction allows beam to drop below this height.

B. Maximum dynamic As a guide for design, the maximum dynamic
deflection deflection during the structural adequacy
test should not exceed the vehicle half-width.
This value may be exceeded during crash cest
if redirection/containment is achieved.

Metric converaions: Multiply in, x 25.4 to obtain mm
Multiply mph x 1.6 to obtain lm/h
Multiply lbs. x .45 to obtain kg
*Crash cest procedures and test vehicles are described in NCHRP Reporc 230.
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sented in this report are applicable to existing bridges as well
as new construction. Although beyond the scope of this pro-
gram, the following general steps are envisioned for a state
agency to systematically upgrade bridge rails on a specific
highway system or general area:

1. Classify existing bridge railing designs by appropriate
NCHRP SL. This may or may not be a straightforward task.
In order of preference, the following is suggested for evaluat-
ing bridge railing capacity:

a. Crash test

b. Computer simulation

¢. Comparison with other evaluated systems for similitude

d. Estimate

2. Using the assigned SL, determine the number of critical
impacts for the bridge type considered and inventory all can-
didate bridges accordingly. The results could be displayed
for analysis as shown:

Bridges Predicted Number of
Number Total Length (ft Critical Impacts (Range)
75 15,000 50 and up
45 10,000 39-49
60 12,000 10-29
150 24,000 5-9
1000 200,000 1-4

3. The agency could then commence upgrading the exist-
ing structures beginning with those with the highest number
of critical impacts and progressing to the next levels until all
funds were allocated.

A number of references for analyzing bridge railing designs
and upgrading technology are included in the bibliography
following the list of references.
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APPENDIX A
SUPPORTING INFORMATION FOR MULTIPLE SERVICE
LEVEL APPROACH FOR BRIDGE RAILINGS
This appendix contains information, findings, and results that support
or describe assumptions and procedures used in the multiple service level

approach (MSLA).

Al Hultiple Service Level Parameters

MSLA is a comprehensive systems approach used in selecting the most
cost-effective bridge railing designs for specific highway sites. During
development of MSLA, a number of parameters were examined and their relation-

ship to the overall cost-effectiveness of barrier selection ascertained. In

some cases, published facts, previous research, and/or accident statistics were

used to support elements of the MSLA. In other cases, the authors relied on
rational developments to support assumptions.

include the following:

Functional Classification

= rural or urban

- arterial

= minor arterial

= collectors

- roads and streets

Bridge Raill Accidents

consequences
frequency

costs

benefits of bridge railing

Impact Probability

- encroachment fregquency (rural/urban location, number of lanes,
. direction of traffic and bridge width)

- lateral distance traveled

Al

Parameters that were considered

® Collision Conditions

= vehicle size distribution
= impact speed
- impact angle

® Barrier Behavior
- vehicle containment
= redirection severity
= poset-impact trajecctory
® Barrier Design Alternatives
= rigid metal or concrete
= flexible metal
= costs
® Service Level Selection Criteria
= cost effectiveness

~ cost/benefit ratio (B/C)

A.1l.1 Functional Classification

The functional claasification of the roadway bridge identifies
critical aspects relating to the MSLA; specifically

vehicle mix

geometrics

range of traffic volume (ADT)
design speed

accident rate

A fabic functional classification as described in Reference 6 is given in
Table A.l. Characteristics of bridges for roadways by Functional classifica-
tion are developed in following sections.
A.1.1.1 Local Roads and Streets. Local roads and streets
constitute a high proportion of the roadway mileage in the United States.
a. Local rural roads. Two travel lanmes usually
can accommodate traffic volumes on these roads. Bridge width and shoulder
requirements are given in Table A.2. Table A.3 provides minimum requirements
for bridges to remain in place. The values in Table A.3 do not apply to

A2



TABLE A.1

FUNCTIONAL CLASSIFICATION SUMMARY TABLE

Typical Disrribution of Rural Functional Systems

Syntens Porcentage of Total Rural Miles
Principal arterial system 2-4
Principal arterial plus minor 6-12, with most states falling
arterial system in 7-10 percent range
Collector (major plus minor) 20-25
system
Local road system 65-75

Typical Distriburion of Urban Functional Systems
Range (percent)

Systems Travel Volume Miles
Principal arterial system 40-65 5-10
Principal arterial plus minor 65-80 15-25
arterial street systems
Collector street system 5-10 5-10
Local street system 10-30 65-80

Note: The metric conversion unit is 1 mi = 1.6 km

A.3
TABLE A.2

CLEAR ROADWAY BRIDGE WIDTHS AND DESIGN LOADINGS FOR
NEW AND RECONSTRUCTED BRIDGES, LOCAL ROADS

Min. Clear Roadway Design Loading
Current ADT Width of Bridge Structural Capacity
400 and under Surface + 4 ft RS 20
over 400 Surface + 6 ft HS 20

Minimum Width of Surfacing and Graded Shoulder
wWidth (fr) for Design Volume

Current
Design ADT Current Current Current
Speed Less Than ADT ADT ADT Over
(mph) 50 50-250 250-400 400
Width of Surfacing
20 16 18 20 20
30 16 18 20 20
40 20 20 20 22
50 20 20 20 22

Width of Graded Shoulder Each Side

All 2 2 2 4

Note: The metric conversion units are 1 ft = 0.3 m, 1 mi = 1.6 km

A4
TABLE A.3

SUGGESTED MINIMUM STRUCTURAL CAPACITIES AND MINIMUM
ROADWAY WIDTHS FOR BRIDGES TO REMAIN IN PLACE, LOCAL ROADS

Traffic Design Loading Roadway Clear Width
Current Structural Capacity (fr) ()
ADT Minimum Minimum(b)
0-50 H-10 20(®)
250 H-15 20
250+ H-15 22
(a)

Clear width between curbs or rails, whichever is the lesser.
(b)

with few trucks. In no case shall the minimum clear width be
less than the approach surfacing width.

(C)For one lane bridges use 18 ft.

Note: The metric conversion unit is 1 ft = 0.3 m.
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structures with total length greater than 100 ft (30.5 m). These structures
should be analyzed individually.

b. Local urban streets. Design speed for local
streets is generally 20 to 30 mph (32 to 48 lkm/h). The minimum clear widcth
for all new bridges or streets with curbed approaches should be the same as
the curb-to-curb width of the approaches. For streets with shoulders and
no curbs, the clear roadway width preferably should be the same as the
approach roadway width but in no case less than the width given in Table A.2.

A.1.1.2 Collector Roads and Streets. A definition of the

collector can be developed by referring to its upper and lower limits - the
arterial and local road or street.

a. Rural ¢ollectors. A major part of the rural
highway system consists of two-lane collector highways. Rural collectors
are generally designed for speeds of about 50 mph (80 km/h). The minimum
clear roadway width for this classification is given in Table A.4.

b. Urban collectors. Two moving traffic lanes

plus additional width for shoulders and parking are sufficient for most
collector streets. The minimum clear width for all new bridges on collector
streets with curbed approaches should be the same as the curb-to-curb width
of the approaches. The bridge rail should be placed immediately beyond the
curb if no sidewalk 1s present to avoid vaulting of vehicles. For collector
streets with shoulders and no curbs, the full width of approach roadways
preferably should be extended across bridges. Sidewalks on the approaches
should be extended across all new structures. Desirably there should be

at least one sidewalk on all street bridges.

A.6
TABLE A.4

MINIMUM CLEAR ROADWAY WIDTHS FOR NEW AND RECONSTRUCTED
BRIDGES - RURAL COLLECTORS

Current ADT Minimum Clear Roadway
— Volume __Width of Bridge
Under 400 Surface width plus 4 ft
400 - 2,000 Surface width plus 6 ft
2,000 - 4,000 Surface width plus 8 ft
Over 4,000 Approach roadway width

Notes: Where the approach roadway, including shoulders, is
surfaced for the full crown width that surfaced width
should be carried across all structures.

For bridges in excess of 100 ft in length with traffic
volumes greater than 2000 ADT, the minimum surface
width plus 6 ft will be acceptable.

The metric conversion unit is 1 ft = 0.3 m.

Surface Width in Feet for Design Volume of:

Design Current

Speed ADT ADT ADT ADT ADT
mph) Under 400 400-750 750-2,000 2,000-4,000 Over 4,000
20 20 + 4 = o = =
30 20+ & 20 + 6 22 + 6 22 +8 24 + 16
40 20 + & 22+ 6 22+ 6 22+8 24 + 16
50 20 + 4 22 + 6 22 + 6 24 + 8 24 + 16
60 20 + 4 22+ 6 22 + 6 24 + 8 24 + 16

Widcth of Graded Shoulder - Each Side of Pavement

All 2 4 6 8 8

Minimum clear widths that are 2 ft narrower may be used on roads

Note: The metric conversion units are 1 mph = 1.6 km/h, 1 ft = 0.3 m
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A.1.1.3  Artorifal Roads and Streers. Arterials functiomally

provide the high-speed high-volume network for long distance travel between
major points. They vary from two-lane roadways with some limited-access
consideration to the multilane freeway with fully controlled access

a, Rural arterials. Principal rural arterials

include the Interstate System and most rural freeways. Minor rural arterials
link the urban centers to larger towns.

The full width for the approach roadways should
normally be provided across all new bridges. Exceptions may be made when
(1) the bridge is considered a major structure on which the design dimensions
should be subject to individual economic studies because of the high unit
cost, and (2) isolated two-lane bridges are to be replaced, with only incidental
approach roadway work to be performed concurrently. In the latter case the
minimum horizontal clearance from traffic lanes to the face of the bridge
parapets should not be less than 4 ft (1.22 m). When project planning iadi-
cates a need ltor adjusted roadway widths in the foreseeable furure, current
bridge construction should be consistent with such widths.

Bridges to remain in place should have adequate
strength and at least the width of the full traffic lanes plus 2-ft (0.61-m)
clearances, but should be considered for ultimate widening or replacement if
they do not provide at least 3-ft (0.92-m) clearances. All bridges that are
less than full width should be considered for special narrow bridge treat-
ments such as signing and pavement marking.

An ideal two-lane rural arterial would consist
of two 12 ft (3.66-m) traffic lancc and have usable shoulders 10 fr (1.05 m)
wide.

Under restrictive or special conditions, 1ll-ft (3.66-m) lanes may be

acceptable, and it is not always economically feasible or justifiable to

provide shoulders 10 ft (3.05 m) wide. The logical approach on shoulder
widths is to provide a width related to the traffic demands

Table A.5 provides the widths of shoulder that
should normally be considered for the volumes indicated. These widths are
summarized broadly in terms of ranges for four volume classifications.

b. Urban arterials. Lane widths of 12 ft (3.66 m)
are desirable on urban arterials having high-speed free-flow conditions.
Under interrupted-flow operating conditions at speeds up to 40 mph (64 km/h),
narrower lane widths are normally adequate and have some advantages.

The minimum clear width for all new bridges
on arterial streets should be the same as the curb-to-curb width of the
street. If design speeds in excess of 50 mph (80 km/h) are used, a minimum
4-ft (1.22-m) clearance should be provided from the edge of the driving
lane to the face of the curb. Urban arterials having rural-type shoulders
should have the full shoulder widths provided across structures. When a
sidewalk is provided adjacent to the roadway, the normal curb-to-curb width
can be provided for speeds of 50 mph (80 km/h) or less. Long structures
or high speeds should have sidewalks separated from traffic lanes with
bridge-type rails.

Freeways.

A.l.1.4 The highest type of arterial highway is

the freeway, which is defined as an expressway with fully controlled access.
Freeways should have a minimum of four lanes.

Through-traffic lanes should be 12 ft (3.66 m) wide. There should be con-

tinuous paved shoulders on both the tight and left sides of all freeway

facilities. The width of the right shoulder should be at least 10 ft

(3.05 m), and where the truck traffic exceeds 250 DHV, it should preferably

be 12 ft (3.66 m) wide. The full width of the right shoulder should be

TABLE A.5

WIDTHS OF SHOULDERS FOR TWO-LANE RURAL ARTERIALS

Design Volume Usable Shoulder Width (ft)*

Current ADT DHV Recommended Range
250-400 - 4 8
400-750 100-200 6 10

- 200-400 8 10
- Over 400 8 12

AUsable shoulder width indicated is mormally the surfaced width
or, where stabilized shoulders are provided, the width that
has adequate strength to support the majority of the vehicles
may use them for emergency parking.

Note: The metric conversion unit is 1 ft = 0.3 m.

paved. On four-lane freeways the median shoulder or left shoulder is normally

4 to 8 ft (1.22 to 2.44 m) wide. At least 4 ft (1.22 m) should be paved, and
the remainder should be surfaced to some extent. On freeways of six or more
lanes, the median shoulder should also be 10 ft (3.05 m), and preferably 12
Et (3.66 m) wide, where the truck traffic exceeds 250 DHV. The full width
should be paved.

On the basis of the information provided in Rcf
erence 6 and previously discussed, a summary (Table A.6) was prepared that
defines recommended design features for new construction based on functional
classification and ADT (in some cases). Also shown in this table 1s the
vehicle traffic mix which will be discussed later

A.1.2  Bridge Rall Accidents
Since a bridge is a unique feature of the highway which gen—
erally is regarded as an "automatic" warrant for bridge rail placement, an
examination of current bridge accident experience is in order.

Accordingly, a number of sources of accident data were in-
terrogated to provide insight into the rature and frequency of bridge-related
accidents in general and bridge railing accidents in particular. The best
available data were determined to be that which could be obtained from the
sources listed in Table A.7. In order to make nationwide projections from
certain more limited data, bridge mileage values were obtained from the
FHWA Office of Engineering as shown in Table A.8. From these data, the
frequency and consequences of striking a bridge railing based on current
accident statistics can be perceived.

A.1.2.1 Bridge-related accidents con-

Bridge Accidents.
sidered appropriate to this study include primarily those involving a

vehicle striking a bridge rail and secondarily those involving a vehicle

A1l
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DESIGN LANE : SHOULDER
SPEED  WIDTH NO. OF TRAFFIC WIDTH
TINCTIONAL CLASSIFICATION ADT upg % TANES* MIX k% EL.
1. Rural arcerials
Principal arterial } 12 4D ik 10-12
lacarstace - 12 2. 18 1 10-12
Major Arzerial | STSTVeYS L 2, T8 1 10-12
Major Arterial < &0 11-12 2 2 10
11-12 2 2 4
Minor Arcerial < 60 11-12 2 4 8
11-12 2 4 4
2. Urban Arterials
Principal Arcterial 12 4D 4 10
Incezscacs 2 2, TB 4 10
Major Arterial Eréevays # 50 12 6D 3 1
12 3w I3 4 10
Major Arcterial < 60 12 2 4 10
12 2 4 4
12 4 4 10
Minor aArcerial < 60 12 2 b 8
1 2 4 4
3, Rural Collectors & Roads
Collector 1 250-400 10 8 2
2 400-750 10 3
3 750=-2000 20-30 11 3
4 2000-4000 11 4
5 > 4000 12 8
[} 250-400 10 2
7 400-750 1l 3
8 750-2000 40 11 3
9 2000-4000 11 4
10 > 4000 &4 8
11 250-400 10 2
12 400=750 11 3
13 750-2000 11 3
14 2000-4000 12 4
15 > 4000 12 3 5 8
Local Roads 1 < 50 8 2 5 2
2 50-250 9 2
3 250-400 L-3 10 2
4 > 400 10 4
5 < 50 10 2
6 50-2%0 s 1 2
7 250-400 €@y 2
8 > 400 11 2 5 4
4, Urban Collectors & Streets
Collector 1 250-400 10 2 3 2
2 400-750 10 3
3 750-2000 20-30 11 3
4 2000-4000 11 4
5 > 4000 12 i 8
6 250-400 10 | 2
7 400~750 1 ! 3
8 750-2000 40 11 | 3
9 2000-4000 11 H 4
10 > 4000 12 | 3
1l 250-400 10 2
12 400-750 11 l 3
13 750-2000 11 I 3
14 2000-4000 12 ! 4
15 > 4000 12 3 8
Local Reads 1L < 50 8 2 3 2
2 50-250 9 | 2
3 250-400 20-30 ' 2
4 > 400 10 4
5 < 50 10 { 2
] 50~250 10 : 2
. 250-400 L | 2
8 > 400 11 2 3 4

D - divided, TB - twin bridge
#%Sae Tables A.16 and A.l7 in appendix A

A.12
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TABLE A.7 striking a bridge end. Much of the current adverse accident experience of
SOURCES OF BRIDGE RATIL ACCIDENT DATA bridge ends is attributed to the poor treatment of transitioning from either
a no approach guardrail or a flexible approach guardrail to a rigid bridge
Source Description
tail or an abutment. While the approach guardrail/bridge rail transition
1. Five State File This data base includes reported accidents on
(Ref.22) 11,880 bridges (including 500 ft from each end 1s considered extermely important, it is a consideration after a bridge
of bridge). The data are from years 1975-1977
on selected bridges in Arizona, Michigan, Montana, railing level of service has been determined and does not affect the

Texas,and Washington
service level selection. Bridge and accident data are presented in this

2. Texas Accident For this study, the Texas file for two years (1978
File (Ref.23) and 1979) was interrogated for vehicle behavior discussion because these accidents have been, and in most cases still are,
and occupant injury for impacts on bridge rails
and ends. smeared-in with bridge railing data presently available.
3. Washington File For this study, the Washington file was interro- 4.1.2.2 Consquences of Bridge Accidents. Tables 4, A.9
(Ref. 24) gated for bridge rail and end accidents for five
years (1974-1978). and A.10 give data on the consequences of bridge accidents. The very
4. 1979 FARS This fatal accident reporting system lists bridges descriptive Washington and Texas data (Table 4) provide insight into what
File (Ref.25) (vehicle passing over) as first harmful event and
most harmful event in 95% of all accidents in the happened as a result of these single vehicle collisions (approximately 90%

country with fatalities reported.
of bridge-related accidents are single vehicle accidents) both in terms of

vehicle containment/redirection and occupant injury profile. The five—
Agld state file and FARS file are less specific in this regard. From the Texas
and Washington files, vehicle behavior can be categorized as vehicle retained

TABLE A.8 on bridge, vehicle went through rail, and vehicle went over rail. It can be

SUMMARY OF ESTIMATED BR E IN U.5.*
1DGE! HILEAG S generally inferred from the Texas and Washington data that the presence

of bridge railing improves the safety of bridges.

No. of Length,
Latepory. Bridges Miles From the Texas file (Table 4), there were a total
Fed. Aid ‘System 261,479 9,015 of 5731 bridge railing accidents where the vehicle was contained/redirected.
0ff-Syscem 315,789 _4,358 of this total only 70 (1%) fatal and 387 (7%) incapacitating injury acci-
TOTAL, U.S. 577,268 13,371 dents were recorded. During the same time period, 440 vehicles went through
sulistad [SEAEES or over bridge railings resulting in 61 fatal (14%) and 96 (22%) incapacita=-
ek ting injury accidents. Thus the fatal accident rate for vehicles going over
Fed. Aid 23,764 803
Off-System 9,441 RO < [0 XIS
Total, Texas 33,205 933
Washington
Fed. Aid 4,013 203
Off-System 3,032 46
Total, Washington 7,045 249
*Bridge Inventory File, FHWA Washington, D.C., Office of Engineering
All bridges 2 20 ft length
Add
TABLE A.9
BRIDGE RAIL ACCIDENTS*ONL\', FIVE STATE FILE
Number of Number of Accidents Number of Accidents Number of Accidents Accidents
Functional Classification Bridges per Year®* per Million Vehicles** per Year per Mile** 10 mi-10 yr/ADT**
Urban Interstate 323 0.288 0.026 6.238 0.021
Major Arterial 622 0.151 0.030 3.:353, 0.024
Minor Arterial 206 0.092 0.047 2.651 0,049
Collector 26 0.063 0.057 - 0.090
Rural Interstate 839 0.135 0.045 3.267 0.040
Major Arterial 2,109 0.086 0.061 2.271 0.059
Minor Arterial 2,246 0.047 0.065 1.429 0.072
Collector 5,509 0.028 0.093 0.998 0.121
Total 11,880 0.064 0.048 1.931 0.053

*Reported accidents; unreported collisions may range from 2 to 8 times the reported accidents.
*4 Ter bridge.
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1979 FARS DATA, PARTIAL LISTING OF FATAL ACCIDENTS
First Harmful Event

- o == -
- an o=
- e e
- o -

' ' '
1 (CO= J(COe | (CO= |

1NBJ) 1n8J) 108J)

| CURB i1DIVIeiEMBA=IOB])

I | I | |
' ' | | |
! ' | ' !
1ecne= | 1(CO= 1(Cl)e |

1¢(CO= 1(CO= ((CU= JLsFIXI(CO= IL/FIXIL/FIX]
TLZFIXOL/ZFIXIL/ZFEXE(CO= IL/PIXIL/PIXIL/FIXIONRI) HL/PIXI0BJ) (0BJ) 1(CO= | DGE | DGE |

IL/FIXI0BJ) |08J) (08J) (TREE=10B8J) (OTHER|IMPA={L/FIX| OR
IGUARDILIGHTISIGN | /8HR=IUT]= {POLE=| CT

108J)

| | |
1(CU= 1(CO= |
IL/PIXIL/PIX)
108J) 108J) |
iBRI= (BRI= |

I OR
IOVEs 10VE= | OwN

| UNKNe

I NR | DER INKME=IFENCEIRAIL | SuUe 1POJY JURRE=ILITY 18/8U=I1ATTE=)OTHERIRPABSIRPARSI
1 WALL ! NT [} IPPORT) ) Ry (POLE (PPORTINUAe I(PAe | (PAe |
| ' [} { ' | ] I | ' | YOR ¢ I88INGLIBBENG
1 | 1 | | j | ) | ' | ' :UN?IOIDVII)I
| i | i ] ! | | 1 ] | L] R | |
Most Harmful Event i 1 I L I 1 1 -t~ 1 i N I H 1 - -
| | ' | ' t | ' | | | ] | | |
ACCIDENT | | | | | i l Vo I | | [ —
TOT&L 00000000000l 14002] 16318,3431 4asiy,464a) 1521 3‘3'!:9“0'1.6“" 3N 199 7191 2374 m 71
MOST HARMPUL EVENTI | | i | | i ) | I I L] | I°®
DID NOY ExXI8T,6000l 14y 11 1 51 el 21 3 9 6l 6l = | 16l 11 al 32
(NON=CIIL) OVERTURNI 244 40) S8%1 1581 4e4) 131 1341 2591 1731 (11} al 2071 181 12el e
(NON=COL) ' | | | ' | | i | | I | | i )
FIRE7/EXPLOSION, | 16) = | 20l 31 391 il 2! 641 311 (1] i 11 3 21l e
(NOM=COL) I [ | | [ | f i ! | | ] ] | |
IMMERSTION, g 0000 ! 1o} 11 3al 101 571 e | 6l 161 71 al = | 151 TI 33l 1
(NON=COL) GAS | | | | | | | I i | i t I | I
INHALATION, 06! ® } = | e | @ | @ | @ | « | o | = | e | = | I @ | & | e
(NON=COL) FELL I | | | | | | | | | | [ i | |
FRO¥ VEH,050000! 13 el 131 3! 18] o | 3 6l q a2l = 1 qi il 1 |
(NON=COL)Y INJURED | | | | | I I i I } | | | i i
IN VEH,oq000000l « | = | e | i i1l o | = | 1! i1l = | = | 2l »» | = | e
(MON=COL) OTHER gl = } = | i i el = | = | e | i i = 1 = | 2! =
(COL/ZAITH)Y | 1 [} | ] | | | | | | | | ! |
PENESTRIAN G40, ! T 1l il 51 -1 21 3 61 4\ 6l = | 130 = | 3| =
(COL/nlTH) ] ] I | ] | | | ] | | | I | |
PENALCYCLE 4 0600! = | = | ® | e | o | e | @ | « | & | o | o | I o | o | =
(COL/wlTr) RATLwAYI ' i | I | i | ] | | | I i |
THAIN G yeeanngsinl ity = | = | =« | e | w | @« | =2 | @ | e | e | | o | e | @
(COL/ATTHY ANIMAL 1 @ 1 - ] @ ] ™~ ] - | = ] - ] - H ™~ ] - ] - ] | - ] ® ] @
(COLZ#1THY MOTUR 1 I | ' | 1 | | | | | ' ' ' [
VEH TRANSPURT | Y'Y} o) 131 310 651 = | 61 13 101 91 21 211 g1 28l =
(CULZATTHY) tOTOR | ' i | I I b | | | | | | | |
VEH IN OTHER | ' | I I | ! | | H | ' | I |
RNAD1AY g g000000 '3_‘_ 1851 L1 11 fa1 s | gl - | = | L] | - [ | gl -
! i | R 1 ! ] | DT { 1 =] ] | i

6¢



8TV
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or through a bridge railing was 14 times that for retained vehicles. Simi~-
larly, the disabling injury rate was also substantially lower for retained
accidents.

From the Washington data, the fatal accident rate
for vehicles going through or over the railing was seven times that for the
retained vehicles. Similarly, incapacitating injury rates were lower for
the retained vehicle.

4.1.2.3 Benefits of Bridge Railing. The placement of bridge
railing is justified by a marked improvement in the safety of the bridge site.
As a measiure of this improvement, the reduction in accident costs is cal-
culated as the benefit.

a, Accident costs. In order to quantify bridge
railing benefits, it 1s necessary to assign values to accident tosts. There
is currently a large number of different accldent cost values used by various
highway agencies (sea Table A.ll) with no clear consensus. For the purposes
of this project, the National Safety Council (NSC) values are used. One of
the advantages of using the NSC values is the injury definition which corre-
sponds to the bridge rail accident profiles of Table 4. The average cost
for "retained" and "through or over" accidents can be computed using the NSC
injury costs combined with the injury profile of Table 4, as outlined in
Table 5.

b. Henefit computation. By assuming that the
benefit of a bridge railing can be expressed by the difference between
"penetration" (through or over) and "retained" costs, a benefit value can
be obtained by subtracting the retained cost from the penetration cost.

This approach is considered to be conservative since the "retained" cost

is based on reported accidents only; the average 'retained" cost would be
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reduced by the undetermined, but presumed low cost of driveaway (nonreported)
accidents. The benefits of bridge railing are thus computed as shown in
Table A.1l by assuming a 20-year life for the railing. No sophisticated
economic factors are included, although it is recognized that various
agencies could apply their own economic methodology to these costs.

A.l.s Impact Probability

Before a bridge railing impact occurs, two sequential events
occur: (1) an errant vehicle leaves the pavement (i.e., encroachment) and
(2) the vehicle traverses the lateral distance from the pavement edge to
the barrier. Impact probability can be calculated from encroachment rates
and the barrier offset distance.

A.1.3.1 Encroachment Rate. Encroachment rate data used in
previous investigations were considered initially for this project; however,
accident rates and statistics for bridges and typical roadways vary signifi-
cantly. Therefore it was decided to use bridge rail accident statistics to
predict bridge railing encroachment values.

Accident rates for bridges from a 5-state study are
given in Table A.12. These rates by themselves are insufficient for bemefit
to cost analysis because the total number of collisions is needed, including
both reported and nonreported accidents. The ratio of nonreported to total
collisions will vary with the dynamic performance capability of the existing
bridge rail and with aite conditions that affect the impact severity (i.e.,
bridge width, operating speed, shoulder width, etc.).

As an upper bounds for the ratio K of total colli~
sions to reported accidents, a Pennsylvania study (28) on a flexible median

barrier revealed a K value of 8; as a lower bounds, there has to be at least

A.21

one collision for each reported accident, or K of 1. The better performing
bridge rails on the Interstate System in urban areas should have a K of about
8 and as the functional classification changes from Interstate, to major
arterial, to minor arterial, and finally to collector, intuitively one would
teason that the age of the bridge and systems is greater and the technology
more obsolete. Accordingly, by assuming K for the Interstate System is 8 and
calculating a ratio of accident rates in each column of Table A.12, ome can
determine a K for each of the functional highway classifications; these are:

Highuay Classification K

Urban
Interstate 8.0
Major arcerial 7.0
Minor arterial 3.5
Collector 1.4

Rural
Interstate “
Major arterial 2
Minor arterial 2.
Collector 1
Then using the equation

1
4
Eg\§ /= Accident Rate (a.1)

Where ER is encroachment rate in numbers of encroachment per mile per ADT,
11 is reduction factor due to shoulder width and K is the ratio of total
collisions to reported accidents, the effective encroachment rate ER can be
determined for each bridge narrowness stratum. The following observations

are made:

Encroachment rates decrease as the bridge width increases,
with increase in number of lanes and with increase in lane
width

® A higher percentage of rural accidents is reported; thus
the rural accident may be a more gevere collision or it
may be that the less frequent tural accidents are more
often reported than in the congested urban areas

A.23
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ACCIDENT RATE* SUMMARY - FIVE STATE FILE

TABLE A.12

Functional Classification

Bridge Narrowness Strata Urban Rural
No. Bridge Shoulder Inter- Major Minor Inter- Major Minor
Lanes Width Reduction State Arterial Arterial Collector State Arterial Arterial Collector
<18" - - - - - - - - 0.333
1 >18’ - - - - - - - - -
<18', <Approach - - = - - - 0.268 0.549
<18', >Approach - - - - - - - - -
18°-20", <Approach - - : - 0.167 0.204 0.343
b 18'-20', >Approach - - - - - - - 0.322
9 20'-22', <Approach - - - - - - 0.120 0.146 0.245
Al 2 20'-22*, >Approach - - - - - - - - 0.349
i 22'-24", <Approach - - 0.031 .063 0.155 - 0.076 0.092 0.155
ul = 22'-24", >Approach - - 0.029 .060 0.147 - 0.072 0.088 0.147
g >247 >50% - 0.020 040 0.100 - 0.049 0.059 0.100
g >24° 1-50% - 0.013 .028 0.068 - 0.033 0.040 0.068
o >24° None - 0.014 .028 0.070 - 0.034 0.042 0.070
L]
- >50% - - - - - - - -
8 4 N/A 1-502 - - - - - - - -
n None - 0.007 0.014 0.034 - 0.016 0.020 0.034
>50% 0.012 0.014 - - 0.023 0.034 0.042 -
4 N/A 1-50% 0.016 0.019 - - 0.031 0.046 0.056 -
b None 0.012 0.013 - - 0.022 0.033 0 -
<
-«
L >50% 0.007 0.008 - - - - -
2| other N/A 1-50Z - - - - - - - -
None 0.004 0.004 - - - - - -
- <24' - - 0.033 - - - 0.080 0.098 -
4 . >24' >50% 0.022 0.025 - - 0.041 0.061 0.074 -
3 >24* 1-50% 0.017 0.019 - - 0.032 0.048 0.058 -
E b >24" None D.017 0.020 - - 0.033 0.048 0.059 -
ol 3
i >50% 0.022 = - - = - = ~
&l | other N/A 1-50% 0.021 - - - = - - -
2 None 0.009 0.010 - - 0.017 = -
TOTAL

*Bridge rail accidents/10 mi/10 yr - ADT
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The encroachment rate values thus determined are
given in Table A.13. Also shown in Table A.1J are the impacts predicted
by the collision model (see next section) for this encroachment rate.

a. Number of lanes. The number of lanes and the
distribution of traffic among lanes affect encroachment frequency. Motorists
encroaching from an inside lane have greater lateral distance to recover, but

also have a potential for striking the barrier at a greater angle. The MSLA
accommodates multilane highwavs with any specified split of traffic in each
lane. A description of this effort is presented in Section A.1.4.3.

b. Direction of traffic. From a recent study by
Lampela(29), it was shown that of all fatal accidents on one side of the
highway, 0.4 of the vehicles came from the opposing lane and 0.6 of the
vehicles came from the adjacent lane of the two-lane bidirectional highway.
For a four-lane divided highway, the origin of lane for encroaching vehicle
1s unknown; however, using the rational technique presented in Section

A.1.4.3, 0.3 of encroachments to the right are vehicles originating from the

inside lane and 0.7 come from the adjacent lane. Apparently the frequency

of encroachments to the right or left side of the pavement is about the same
regardless of whether the highway is two-lane bidirectional or four-lane

divided.

4A.1.3.2 Lateral Distance Traveled. The probability of an

encroachment becoming an impact is affected by the distance from the pavement

edge to the barrier. In general, the greater the offset distance, the greater

the opportunity for the errant motorist to regain control of the vehicle and

avoid barrier collision. (Although the number of impacts decreases with

increasing offeet distance, the maximum possible severity of an impact in-

A 24
creases because the impact angle can be larger; this will be discussed in a

later section.)

The percentage of encroachments that resulc in
barrier {mpacts is determined from the relationship(l3) shown in Figure A.1,

which 1s developed from Figure A.2. Entering the figure with offset dis-

tance, the percentage (P) of vehicles that recover without striking the
barrier is read, and the percentage striking the barrier is (100-P).
A refinement used in the MSLA is the estimate of

traffic lane origin for encroachments and barrier impacts. For this approach,

offset distance is measured from the lane divider or pavement edge, whichever

the vehicle crosses first, to the barrier. Hence, vehicles encroaching from

an ingside lane or from opposing lanes will have a greater lateral distance
in which to recover; therefore fewer of these vehicles will impact the bar-

rier. This refinement affects primarily the distribution of probable impact

angles.

Validation of this refinement is presented in

Section A.1.4.3.

A.l.4 Collision Conditions

Collision conditions are the vehicle size, impact speed, and

impact angle. the

Given the traffic characteristics and highway geometrics,
MSLA determines the probability of collision conditions for all predicted
impacts. Development of data for the part of the MSLA is presented in this

section.

A.1l.4.1 Vehicle Size Distribution. The Federal Highway

Administration Office of Highway Planning compiles vehicle classification
count data submitted by the states by the roadway system described in

Table A.1l4. Vehicle distribution for the various highway systems is

A.26
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TABLE A.13

FUNCTIONAL CLASSIFICATION ENCROACHMENT AND IMPACT RATES

DESIGN LANE SHOULDER ENCROACHMENT IMPACT
SPEED WIDTH NO. OF TRAFFIC W1DTH RATE, NO. PER RATE, NO. PER
FENCTIONAL CLASSIFICATION ADT MPY FT TANES*  MIX T 10 MI-10 YR=ADT 10 MI-10 YR-ADT
1. Rural Artezials
Psincipal arterial } 12 4D 1 10-12 0.050 0.023
Incerscace 12 20, B 1 10-12 0.032 0.014
‘Major Artarial } Exgarays >80 12 20, T8 1 10-12 0.032 0.028
Major Artarial < 60 11-12 2 2 10 0.072 0.033
1l-12 2 2 4 0.072 0.050
Minor Arterial < 60 11-12 2 4 8 0.072 0.037
n-12 2 4 4 0.072 0.050
2. Urban Arterials
Principal Arterisl 12 4b 4 10 0.050 0.023
Intazscata s 12 m, 1B A 10 0.032 0.014
Major Arterial } Extsirs >80 12 6D 6 10 0.011 0.005
1 i, TB A 10 0.019 0.008
Major Arterial < 60 12 2 4 10 0.072 0.033
12 2 4 4 0.072 0.050
12 4 4 10 0.051 0,023
Minor Arterial < 60 12 2 4 8 0.072 c.037
12 2 4 4 0.072 0.050
3. Rural Collasctors & Roads
Collactor 1 250-400 10 5 2 0.102 0.083
2 400-750 10 3 0.072 0.054
3 750-2000 20~30 11 3 0.072 0.054
4 2000-4000 11 4 0.072 0.050
] > 4000 12 8 0.072 0.037
6 250-400 10 2 0.102 0.083
7 400-750 11, 3 0.072 0.054
8 750-2000 &0 11 3 0.072 0.054
9 2000-4000 11 4 0.072 0.050
10 > 4000 12 8 0.072 0.037
i 250=400 10 2 0.072 0.059
2 400-750 11 3 0.072 0.054
13 750=2000 11 3 0.072 0.050
14 2000-4000 12 4 0.072 0.032
15 > 4000 12 2 5 8 0.072 0.050
Local Roads ! < S0 8 2 5 2 0.225 0.199
2 50-250 20-10 9 2 0,244 0.195
3 250-400 10 2 0.102 0.082
4 > 400 10 4 0.072 0.05¢
5 < 50 10 2 0.102 0.0R2
6 50-250 10 2 0.102 0.082
7 250=-400 #0=30 10 ; ! 2 0.102 0.082
8 > 400 11 2 5 4 0.072 0.082
4, Urban Collactors & Streats
Colleczor 1 250-400 10 2 3 2 0.102 0.083
2 400~-750 10 3 0.072 0.054
3 750~-2000 20-30 pus 3 0.072 0.054
4 2000-4000 u 4 0.072 0.050
5 > 4000 12 8 0.072 0.037
§ 250=400 10 2 0. 102 0.083
7 400~750 u 3 0.072 0.054
8 750-2000 40 11 3 0.072 0.054
9 2000~4000 1 4 0.072 0.050
10 > 4000 12 i 3 0.072 0.037
11 250-400 10 2 0.072 0.05¢9
12 400=750 11 3 0.072 0.054
13 750-2000 11 3 0.072 0.050
14 2000-4000 12 4 0.072 0.032
15 > 4000 12 2 3 8 0.072 0.050
Local Roads 1 < S0 8 2 3 2 0.225 0.19¢9
) 50=250 ) 9 2 0.244 0.195
3 250400 0-=30 4 2 0.102 0.082
4 > 400 10 4 0.072 0.050
5 < 50 10 2 0.102 0.082
6 50~250 40 10 2 0.102 0.082
7 250-400 =X 15 2 0.102 0.082
8 > 400 = 2 3 - 0.072 0.082

A.25



TABLE A.14

HIGHWAY SYSTEM DEFINITIONS
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TABLE A.15

GUIDE TO CLASSIFICATION SUMMARY TABLE

Group A: FA-I/R = Federal-Aid Interstate Rural, including the Column
Interstate traveled-way Heading Definition
FA-I/U =~ Federal-Aid Interstate Urban, including the Group I 071000 Standard and Compact Automobiles, In-State
Interstate traveled-way
061000 Small Automobiles, In-State
FA-U - Federal-Aid Urban
072000 Standard and Compact Automobiles, Out-of-State
P/R - Federal-Aid Primary Rural
062000 Small Automobiles, Out-of-State
P/U - Federal-Aid Primary Urban
SB-TOT Subtotal of All Passenger Cars
S/R - Secondary Rural roads, including Federal-Aid
state and local jurisdiction and other state 030000 Motorcycles and Motorscooters
and local roads
150000 Commercial Buses
s/u = Secondary Urban roads, including Federal-Aid
state and local jurisdiction and other state 180000 Non-revenue Buses
and; docal xoads SB-TOT Subtotal of Other Passenger Vehicles
Group B: M/R = Main Rural roads, including Federal-Aid Interstate SB-TOT Subtotal of All Passenger Vehicles
rural, Federal-Aid primary rural, Federal-Aid
secondary rural under state jurisdictiom, and Group 1L 200000 Panel .and. Pickup Trucks
nan=Fedaraledd rural. state highuays 210000 Other Two-axle, Four-tire Trucks
L/R - Local Rural roads, including Federal-Aid 220000 Twocaxle, Six-tire Trucks
secondary rural under local jurisdiction, and *
local. rural. stregts 230000 Three-axle Trucks
u = All Federal-Aid and non-Federal-Aid Urban roads 240000+ Four or More Axle Trucks
SB-TOT Subtotal of All Single-unit Trucks
Note: Group A and Group B each contain the same information, but dis-
tributed into different categories. 321000 Two-axle Tractor, One-axle Trailer
A.29 322000 Two-axle Tractor, Two-axle Trailer
323000 Two-axle Tractor, Three-axle Trailer
331000 Three-axle Tractor, One-axle Trailer
A.31
categorized by considering vehicles as given in Table A.15. A nationwide
summary of the classification count data compiled for 1978 was obtained from TABLE A.15 (Cont'd)
the FHWA for use in this project. A summary of these data is given in Table
A.16. These data were analyzed and reduced to form five different traffic Group III 332000 Three-axle Tractor, Two-axle Trailer
uixgs s glven Un: Jable Aslls 333000 Three-axle Tractor, Three-axle Trailer
Sales and ‘gegistracion data found idnthe: lirevacure 521100 Two-axle Tractor, One-axle Trailer, One-axle Trailer
were used to determine weight distribution for the vehicles identified by 521200 Tuo=axie Tracror, One-sxle Teailer, Tuw-axie Trailer
= A = 3 i
the classification count. As shown in Table A.18, U.S. sales and registra- 522200 Twe-axle TEactor: ‘Tio-axle Traitlet, Two-axle Tratler
= » - . -
tion data compare quite closely based on last B-year and last 3-year figures. 531200 Three-axle Tractor, One-axle Trailer, Two-axle Trailer
e X = 5 -
Accordingly, sales and registration data were used to derermine vehicle 532200 Thssesaxls Teactes, ‘Tuoeaile Tratlsy, Tuo<axie Traiier
= 8 = ) =
discributions. Retail car, bus, and truck sales data are given in Table OTHERS Other Tractor/Trailer Combinations
A.19. The truck and bus data indicate a shift from light to heavier trucks SB-TOT Subtotal of A1l Tractor/frafier Gombinations
in th - - :
in the less than 10,000-1b (4500-kg) range. The 1979 passenger car data 421000 Two=a%l1é Trick; Onesaxle Trailer
indicate a trend that sees a shift from regular to subcompact vehicles. Group IV 422000 Two-axle Truck, Two-axle Trailer
Table A.19 gives adequate data for truck and bus weight distribuction; the 423000 Two-axle Truck, Three-axle Trailer
distribution of passenger cars is given only by class. Passenger car regis- 431000 Fhree~anls Taicks Dne-akle TeaLIee
o 2 x
tration data obtained from Texas, as given in Table A.20, provide insight 432000 Three-axle Truck, Two-axle Trailer
into this distribution. The numbers grouped by the brackets compare closely 433000 Three=axie Trick, Thras-axle Trailer
to the grouping given in Table A.19. On the basis of these data, the car class OTHERS Other Truck/Trailer Combinations
percentages shown for 1979 in Table A.19 are applied to weight distribution SB-TOT Subtotal of All Truck/Trailer Combinations
shown at the bottom of Table A.20 to provide passenger car weight distribution. SB-TOT SibEotal 6F ALL Comblnations
The smaller percentages of trucks and buses are combined, as shown by brackets, SB-TOT Subtotal of All Trucks
to provide these bus and truck weight distribution values of 5,000, 8,000, 23,000 GR-TOT Grand Total of ALl Vehicles

and 40,000 1b (2,300, 3,600, 10,400 and 18,100 kg).

On the basis of the traffic mix data of Table A.17 Note:
and the weight distribution data of Tables A.19 and A.20, vehicle weight dis-

tribution data are determined as given in Table A.21.

A.30

Average counts are rounded down to the nearest whole number.
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TABLE A.16

CLASSTFICATION SUMMARY TABLE

1978
X Passenger X Panel 2 3 Axle Tractor Z Sub Total
Highway System Definitions Cars % Buses & Pickups 2 Axle Trailer All Trucks
Group A FA-I/R - Federal-Aid Interstate Rural, including 67 < .5 12 12 32
the Interstate traveled-way.
FA-I1/U - Federal-Aid Interstate Urban, including 77 < .5 8 7 23
the Interstate traveled-way.
P/R - Federal-Aid primary rural. 70 < .5 17 6 29
P/U - Federal-Aid primary urban. 78 < .5 13 2 21
S/R - Secondary rural roads, including Federal- 79 < 45 12 3 20
Ald State and local jurisdiction and other
State and local roads.
S/u ~ Secondary urban roads, including Federal- 74 < .5 14 2 25
Afid State and local jurisdiction and other
State and local roads.
Group B M/R -~ Main Rural Roads, including Federal-Aid 69 < .5 14 10 31
Interstate Rural, Federal-Aid primary
rural, Federal-Aid secondary rural under
State jurisdiction, and non-Federal-Aid
rural State highways.
L/R - Local Rural Roads, including Federal-Aid 84 < .5 9 1 15
secondary rural under local jurisdiction,
and local rural streets.
U - All Federal-Aid and non-Federal-Aid 77 < .5 12 3 22

urban roads.

Note:

*Traffic mix number, see Table A.17.

Group A and Group B each contain the same information, but distributed into different categories.

9



TABLE A.17

TRAFFIC MIX BASED ON CLASSIFICATION

PASSENGER CAR DATA - REDUCED WEIGHT GROUPS

TABLE A.20

(1979 Registration Year)

%
0.006
0.071
3.370
8.361 {
11.581 !
16.562 \
26.291 J

24.588 -\S
8.128 |
2.370 -

0.0777
0.045
0.046
0.060
0.069

100.000

23.4

40.9

32.7

3.0

Mix Weighted
No. Average * Weight (1b) Ho. of Vehicles
1 ® (8% passenger cars, 13% pickups & panels, 19% other trucks 0 - 1,000 430
1,001 -~ 1,500 5,089
2 ® 70% passenger cars, 17% pickups & panels, 137 other trucks 1. 2,400 1,501 - 2,000 241,554
2,001 - 2,500 599,298
3 ® 74% passenger cars, 14% pickups & panels, 12% other trucks 2,501 - 3,000 830,101
& ® 78% passenger cars, 127 pickups & panels, l0% other trucks 2. 3,565 3,001 - 3,500 1,187,128
L 3,501 = 4,000 1,741,125
3 ® 84% paesenger cars, 9% pickups & panels, 7% other trucks 3. 4,374 4,001 - 4,500 1,762,414
! 4,501 - 5,000 582,597
5,001 = 5,500 169,876
5,501 - 6,000 5,519
6,001 - 6,500 3,226
6,501 - 7,000 3,297
TABLE A.18 7,000 - 7,500 4,301
4. 5,732 7,501 - 8,000 4,946
. »
COMPARISON OF SALES AND REGCISTRATIONS (Ref.21)
8,001 - 8,500 4,659
8,501 ~ 9,000 4,151
fazn § gt 2 e 3,501 - 16,000 3512
_{thousands) X Last 8 Years _(thousands) % Lasc ) Years ' - 10, ,
Seiin i 10,000 & over 10,537
83,174 77 33,168 75
Passenger cars ’ TOTAL 7,167,780
Trucks & buses 24,369 _23 11,265 25
107,543 100 44,433 100
Zoral ¢ Add 300 1b (150-1b driver + 150-1b passenger) to curb weight.
_Reglstracions
769, 449 79 307,538 77 1. 2,400 + 300 = 2,700 = 2,700
Fasssugefcers ’ 2. 3,565 + 300 = 1,865 + 4,000
207,240 2 91,370 3 3. 4,374 + 300 = 4,674 + 4,700
Trucka-&: busss 22hal £ — 2 4 5,732 + 300 = 6,032 + 6,000
76,68 100 398,908 100
Tokal 9765689 ' Metric conversion: Multiple lb x 0.45 to obtain kg
A 34 A.36
TABLE A.19
VEIICLE SALES FIGURES (Ref. 30)
8 Yedr % Last % last z
Year: 1972 1973 1974 1975 1976 1971 1978 1979  Tetal 8 Yearas 3 Years 1479
Vehicle Class U.S. New Car Retall Sales by Class (thousands)
1. Subcompidct
Total lmport 2516 2836 2211 2290 2497 3028 2991 4097 22,466 28 h1e 38
2. Sports Car
Compact 39710 4510 4154 4187 35649 5363 5590 4279 33,734 42 46 40
Intermediate
J. Standard 3486 3360 1947 1552 1899 2277 2083 2194 18,798 24 20 21
4. Luxury 977 733 561 614 385 459 635 100 4,464 b 4 1
VW (1b) U.S. Truck and Bus Sales (thousands)
6000 and less 1498 1754 1467 1101 1318 1306 1334 12n 11,049 45 36
6000 - 10,000 599 758 696 952 1401 1803 2139 1574 9,922 41 51
10,000 - 16,000 65 53 24 24 43 40 82 21 349 L 1
16,000 - 19,500 29 16 14 9 9 5 5 3 90 o 0 ?
19,500 - 26,000 182 236 207 159 181 192 179 172 1,509 6 5
26,000 - 11,000 35 7 n 23 24 29 41 52 272 L 1
h
Over 131,000 126 155 145 83 101 142 178 176 1,106 5 5
Weight distribution bascd on last 3 years: Metric conversion: Multiply 1b x 0.45 to obtaih kg
36% 5,000 1b 7% 23,000 1b
51% 8,000 1b 6% 40,000 1b

A.35
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TABLE A.21

SUMMARY OF TRAFFIC WEIGHT DISTRIBUTION CALCULATIONS
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Multiply 1b by 0.45 to obtain kg

Metric conversion

Typical passenger vehicle properties from Reference
32 are given in Table A.22. Yaw mass moment of inertia for the passenger
vehicles in this program will be estimated using the 2/3 power law given

by the empirical expression

0.103 WT 1.67

§ . & (A.2)
yaw i

where:

= vehicle mass moment of inertia about the vertical axis;
W, = vehicle weight, total; and

g = gravitational constant.

An FHWA project in progress at SwRI (31) includes
measurement of selected vehicle mass properties. These measured properties
are summarized in Table A.23 and Figure A.3. Bus and truck properties are
available on a limited basis. Other vehicle information was obtained from
manufacturers catalogs as shown in Figures A.4 through A.6. A summary of
the pertinent vehicle data is given in Table A.24.

As can be seen from Table A.24, vehicles weighing
more than 40,000 1b (18,000 kg) were not considered in this study. These
heavier vehicles, which are generally articulated tractor-trailer rigs, have
performance limits that result in larger minimum radii of curvature and hence
represent a less formidable impact possibility for a given weight, speed, and

offset distance. The mechanics of articulated vehicle impacts are very com-

plex and cannot be included in this study because of lack of current information.

The inclusion of vehicles weighing up to 40,000 1b (18,000 kg) provides a wide

range of impacting vehicle possibilities. Fortunately, data are avallable as

discussed on slngle uult 40,000-1b vehicles. In additlonm, recent crash tests(l6)

conducted with this vehicle class have demonstrated that the 40,000-1b (18,000-kg)

A.38

TABLE A.22

TYPICAL VALUES FOR THE PASSENGER CLASS OF VERICLES(32)

Vhicle Cawgory
I Standurd
Pervmecior Symdai) (Unash =
Sabroman [ Commet [inermedue| Weight Weht Weighd

Category No.1 |Categary No. 2 |Cawsmry Na 3

Wheeluase length (2, ) (m) 950 1068 nsq 1209 1204 1215
Ovenll lenyih (L, ) tin) 1629 104 203.6 2138 2201 2268
Ovenall widh (¥, lin) 621 LIX] 8.1 0.1 ‘ 500 600
Grall gl (1, ¢} oap e 248 by bay 850
Front wheel (mack (Ty) (n) 508 56.7 506 618 6.0 630
s whert o (T, ) b4 0.4 863 9.3 616 620 o |
Front everhang (1) un) 48 283 a4 s e 2
Reas overhang (§y ) (in) g 26 1 624 53,4 b1
Tuw sl (radun) (R, ) () 1 " " 15 18 1
Unladen o curb weight (Wy ) (1b1 1932 2003 341 3983 58 2
Trantvrs dussdutiss (94 $5.40448 (8NN3 2| S44s0 | 42158 | suss Bmes
Total wprung weight (4, 13 tlb) a0 o s 369 08 845
Front unspeum; weight (3 , ) ih) el m 198 20 21 8
Total whicia verucal C.G. shove nn 2201 2215 1227 23 2242
fround (7¢ ¢ )
From wheel centre heyhi above 1246 13.30 12.08 192 1383 1374
ground (7, ) tin1
R whevl cene height abore 1287 JEEY] 13.20 1409 14.00 1392
#r0und (4y) tn)
Toul vehicke moment | Vau 11, (53 1600 %70 3201 3692 a1
ot inenm fulvg- 17} § Pacin i, ) i 146 1906 2448 828 nos
Sprung maw SwenL [ Yow 11,) 09 1354 2108 2100 | sus 3524
of neriea (shede' | Hall 11,1 e 723 302 e au 480
product of £ | = 1] 122 " 189
L |
Reas uniymun: muas mamuemy of 172 2 38 ') e (TN
ineia 0 1041 (1) fllm s 101 I
Vel e flgmt | Frune 1K, 3 7 o 102 108 108 106
Y Hear ikyp 9l nz nt 118 u? 1
Rear sprng rpacing a6 s 2228 03 3198 33.42 39.08 9.68
Ahe <k (T, ) W50 4101 45.30 41.00 a1 4137
Total trunt roll auffness 187 210 263 anz a8 325
(Reh (b fadeg) 204 460 l 348 804 832 622
Toul rear rull suffre, 121 161 180 19 192 185
Ryl fi ftdez) 185 218 I 262 an 28 213
Sugwreon stap  [F 1200 [ 500 600 500 500
W el 0o m1 | itear 210 ET) 625 a1 25 s
Simpeneion Cuvlons 1 Fiunt 1€} 1 s 58 R 58 58 58
@iy 1) Ve n ¥ [ " 9 9 9
VM oUs Frant iy ) 232 am 3.69 4.00 419 am
fampenz sl Hear i g) 165 810 | sy 625 o8 Gz
Reat rall eontre lu ssht slne - = = . o -
g
Mg 1 giave (K )0 - - - - - -
Whart srvvr o o it retmand oud | < & § - - - -
Camtes ng 10,1 ! - - -
E "
Class 3
Class 4

A.39



TABLE A.23

VEHICLE PROPERTY SUMMARY

Vehlcle
1970 Ford/ 1969 Chevrolet/ 1955 GMC
1974 Vega Wayne School Bus Blue Bird School Bus Scenicruiser Bus
1. Wheel Base, in. 97 258 254 283.6
2. Empty Properties
Weight, 1b 2,281 12,840 13,780 28,200
€.G. - a, in. 40.5 156.0 157.6 216.1
b, in. 56,5 102.0 96.4 67.5
h, in. 21.8 39.2 40.8 55.8
I, in.-lb-sec? 7,300 60, 000 68,000 275,000
1,, in.-lb-sec? 19,900 592,000 619,000 1,900,000
I;, in.-1b-sec? 16,000 591,000 582,000 1,500,000
3. Design Weight Properties
Weight, 1b 2,611 20,000 20,000 40,000
C.G. - a, in. 42.1 178.3 172.3 206.7
b, in. 54.9 79.7 81.7 76.9
H, in. 23.0 45.6 45.3 54.3
Iy, in.-lb-sec? 7,500 74,000 81,000 330,000
1,, in.-lb-sec? 20,100 776,000 751,000 2,200,000
Iy, in.-lb-sec? 16, 400 783,000 722,000 1,800,000
A.40
|

1970 Ford, Wayne Body

49

Center of Gravity Bus
/_ Qty Empty | Ballasted
s h, in. 39.2 45,6
4 a, in. 156.0 178.3
=y Lps 1y 5090 6202
e —1 Les 1b 7150 13,795
l a
120" 258,5"
¢ v 2
LR Ll-'
96" 1956 GMC PD-4502
Center of Gravity
Bus | Bus ;
Qty Empty Balleu-;:edI
H T
oy T N = h, in. 55.8 54.3 |
a, 1in. 216.1 206.7 I
Lgs» 1b 6,720 11,477
K L., b |10,961 | 14,547 |
a R1
L 1b | 10,532 13,976 |
69,82 259.5" La.z' 102.5"__[ R2’ : , |
' T T -
4 L
Lr £} R2
FIGURE A.3  REFERENCE 35 TEST VEMICLES

A4l
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GMC C-1500 PICKUP

CHASSIS DIMENSIONS

106 |
7h | K .
f L |
| I
19% MODEL NO. C-1570 C-1530
N //—M WB Wheelbase............................. s A 12
S L ¢ 4 OL Bumpertoendof body. . .............. 188% , | 207%
Turning Diameter. See Steering Section, J '|
: - ' use 190 J
—33% i USE 1o
Lo 3e
USE 20
J C-15934 PICKUP

18'% Width Over Front Bumper 42% Rear Spring Centers

GMC C-1500 PICKUP

LOAD CAPACITY CHART Maximum load at ground must not cxezed capacity of minimum components (axlas, sorings, tires).

-

MINIMUM REQUIRED EQUINEAENT FOR GVW RATING
GVWe GCW Tires Tires Axje & HMaximum Axle & Mazximum
Front Rear Springs Luading Sprinns Loading Other Equipment Required
Front Fronte Rear Rear
4700 - G78-158 G78-15B B.E. 2925 B.E. 2800 Not availahle w/SM165
5025 678-15B 678-158 B.E. 2925 B.E. 2800 Power Brakes RFO J70
5400 H78-15B(c) H78-15B(c) RPO F60 3100 RPO G50 3220 Power Brakes RPO J70

B.E.-Basc?:ﬁ:‘{r%ent.

All capacities listed are in pounds and are maximum load at the groun—d-." (c) Or 6.56-16, C(6).

STANDARD CHASSIS WEIGHTS

\Weights of base modcls with standard specifications and 10-gal. fuel.

Podel No. V-8 CE.15734 CE-15934 CE-16704 CE-15304
Eromunswamaranasguespiars st 2160 2255 2155 2245
RORE. 1o commumpmmap nmmmneese 1830 1520 1465 1450
Total... 3630 3775 3620 3695
Madel No. 6 CS-1873¢4 €5-15934 CS-15704 CS-15504
Fromto ..o 2050 2145 2040 2130
AP, iiovisunmns i S 1510 1505 1445 1440
L 3560 3650 3485 3570

WEIGHT DISTRIBUTION. See section Truck Selection for body and payload distribution.

FIGURE A.4

A.42

CLASS 1 PICKUP DATA, 5000 LB



GMC C-3500 PICKUP

51

CHAS$SIS DIMENSIONS

| 106

43
Wh . —
r g o| oot ro. C-3600
: = ) WB Wheelbase.... .............. sk s da e daR e 133
——— OL Bumper to end of body. Fender-Side................. 2%
+ Wide-Side. . .......oooiiiiiii 213%
e — Turning Diameter. See Steering section. geeite
( T nwe OL
A use 34

pse 80
{ C-36034 PICKUP
78% Width Over Front Bumper

32 Front Spring Centers

40 Rear Spring Centers

GMC C-3500 PICKUP

LOAD CAPACITY CHART 12:xinmum load at ground must not exceed capacity of minimum components (axles, springs, tires).

MINIMUM REQUIRED EQUIPMENT FOR GVW RATING
GVYW GCW Tires Tires Axle & Maximum Axle & Maximum Other Equipment P.cqui.r(;d— .
From Rear Springs Loading Springs Loading
ront Front Rear Rear
6,600 - 5.75-16.5C (6) [8.75-16.5C (6) B.E. 3,500 B.E. 3,980
. 8,000 9.50-16.50 (3) 9.50-16.50 (8) | RPOFGO 3,800 RPO G50 5,560
9,000 9.50-16.5E (10) | 3.800 RPO G6O 6,340

B.E.—Base Equipment All capacities listed are in pounds and are maximum load at the ground.

STANDARD CHASSIS WEIGHTS Welghts of baso models with standard specifications and 10-gal. fuel.

C-3500 NODELS Fender-Side Pickup Wide- Side Pickup
Model No. V-8 CE-36004 CE-36034
B OMI st 1 o o s S T T A T S A B R e 0 S T e 2385 2390
BROET v s s 05 O e R S S SRS S B e 1750 1825
WO i v i s s e S N Tl e s e e B e s i s B 4135 4215
Model Ho. 6 CS-36004 CS$-36034
(7 et O - L g R 2215 2285
ROBY, it i aies v e e e g o e e B e A e e A e e 1730 1805
Total ...... . SRR R R 4005 4090

FIGURE A.5

CLASS 2 PICKUP DATA, 8000 LB

A.43
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CM-6500

NOTE: Frame and Cab height dimensions are shown with std. tires.

EODY-PAYLOAD WEIGHT DiSTRIBUTION*(% FRONT/% REAR)

<t 97'A ol : CE o
/:} i!l f MAX FRAME
N %.;j \ . A o, CUTOFF
. 53% e 367 —>
3 AF>
4'4‘.\1“.17.—_.!
J’ A T/ B 6%
A CENTER OF % 1~
\j > FIFTH WHEEL s, | o+ kb
[ 32 —ie wa > fe—a9v—»
- oL > < 88% =

Csb Dimensions (in.) Body Lenaths (Ft.)

Models | wo | cA | CE| oL | AF | 8 9 10 [ 11 12 [ 13 | sa [ 15 1% | 17 18 | 19 2
cmeeco | 125 | s0 [100 | 197 8/92 | 3m7

cmee20 [ 137 | 72 [120 | 217 11/89 | 183 | 2m7

cM6640 | 1a9 | 84 1132 1 229 14/38 | 11/89 | 6/94 | 3197 i

cmsro | 167 | 162|162 | 288 16/84 | 13/87 | €/92] 28|

ctg700 | 189 | 124 | 226% | 323 20/80 | 14/861 7/93 | 19

cme730 | 203 [ 133 [231 | 328 20/80 [ 14/86 | 8/32 | 1/99
CM6750 | 218 | 152 zsz=/.i 350 24/76 | 19/81 | 14/86 | 8/32 | 2«

*Estimate based on waterdevel lvading.

MAXIMUM LOAD AT GROUND

7y >

ibls poor axle 10ad:

Italicized N

MUST NOT EXCEED CAPACITY OF MINIMUM COMPONENTS (AXLES, SPRINGS, TIRES).

A. 44

Wote: These are minimum ccmponents for this model.
Maximum Maximum Minimum Mitimum Axle & Axle &
Gvw GCW Loading Loaciing Tires Tires Springs Springs Other Minimum Equipment
Front R ear Front Rear Front Rear
VACUUM MODELS
21,000 7,000 14,200 8.25 - 20E £.25 - 20E Std. Sid.
23,000 7,600 16,160 8.25 - 20E 9.00 - 20€ Std. Std.
_ F43 + . o
25,000 9,000 16,160 8.25 - 20F 9.00 - 20E FO4/F 96 Std. Requires RPO "L
25,500 7.000 18,500 8.25 - 20E 10.00 - 20F Std. HE3/H7T2
217,500 9,000 l 18,500 8.25 - 20F 10.00 - 20F r;:/aF;B HC3/H72 | Requires RPO “L"
AIR MODELS
21,000 7600 | 14200 | 825-20€ 8.25 - 20E Std. Std,
23,000 7,000 16,160 8.25 - 20€ 5.00 - 2GE Std, Std.
25,000 9,000 16,160 8.25 - 20F 9.00 - 20E ,.F':‘? i Std, Requires RPO “L"
F94/F96
25,500 45,000 7,000 18,500 6.25 - 20F 19.00-20F |  Std. H62/H72 | 32,000 GCW w/Si4Eh
27,500 9,000 18,500 825.20F | 1000-10F | P 1 weamrz | Fequires AFO L”
F94/F26
Fi2+
Q . . - e
29,500 9,000 20,760 825 -20F 1100 - 29F FS4/F96 H?5 Requires RPO "L
B.E.—Base Equipiaent Al capacivies Ijgied are in pounds ang are m2ximum Load a3 12 ground,
FIGURE A.6 CLASS 3 TRUCK DATA, 23,000 LB
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TABLE A.24
SUMMARY OF VEHICLE DATA

Overall Overall Front Welght Pist. Front 1
Weight Wheelbase Length Width Overhang Distribution Wheel to C.G. a Performance yaw
Class (1) (in.) (in.) (in.) (in.) (Eront /Rear) (in.) (in.) Limit (slug ft”)
Passenger Vehicle Propertles:
1 2,700 95 163 62 24 55/45 43 67 1.00 1,675
2 4,000 116 204 76 B} 54/46 53 84 1.00 3,224
3 4,700 121 214 79 3% 54/46 56 90 1.00 4,218
4 6,000 128 227 80 36 54/46 59 95 1.00 6,337
Truck/Bus Properties:
1 5,000 120 190 80 34 43/57 68 102 1.00 4,170
(pickup, van)
2 8,000 133 220 80 34 40/60 80 114 1.00 8,400
(pickup, van)
3A 20,000 254 400 96 27 31/69 172.3 212 0.47 65,300
(66-passenger
school bus)
I8 23,000 167 260 88 32 30/70 117 149 0.47 29,000
(single unit truck)
4 40,000 283 480 96 70 29/1 202 272 0.47 154,166

(intercity bus)

(39
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single unit vehicles do provide a more severe structural test than does the
same weight articulated vehicle. Based on crash test results with the

collapsing ring bridge rail system, the following comparisons can be made:

Vehicle Impact Impact Max.
Weight Speed Angle Deflection
Vehicle (1b) (mph) (deg) (in.)
Intercity Bus 40,000 53.9 15 48
Tractor/Trailer 70,000 44,4 10 12

Thus, the inclusion of a 40,000-1b (18,000-kg) single unir vehicle (as well
as the 20,000-1b (10,000-kg) vehicle) gilves assurance that single unit
vehicles in this weight range are adequately considered and it can be in-
ferred, as demonstrated above, that articulaced vehicles weighing in excess
of 40,000 1b (18,000 kg) are also included due to performance limits pre-
viously discussed. Another beneficial aspect of using the intercity bus is
the predictable weight distribution for the fully loaded bus. Assuming a
Eull load of 150-1b (6B-kg) passengers, the balance of the payload can be
placed in the baggage compartment. For trucks, the number of c.g./load
combinations is unlimited.

A.l.4.2 Speed of impact is probably the

Ispact Speed.

least accurate item from accident investigations. Although impact speed
estimation and distribution have been reported(29), the data are combined
for all highway types and speed zones. It is generally known that all
traffic does not move at the posted or design speed of the highway. A
portion of traffic exceeds the posted limit and a part moves at less than
that value. The distribution of speed of traffic for a specific highway

probably varies with time of day and day of week. Accordingly, the

vehicle encroachment speed and impact speed probably vary in a similar manner.

A. 46

As will be shown later, impact speed discribution
is not a highly sensitive parameter. As vehicle speed increases, the maximum
possible approach angle decreases, and this results in a fairly constant
maximum vehicle impact severity.

For the MSLA, four designated speeds of 30, 40,

50, and 55 mph (50, 65, 80, and 90 km/h) were used in the model, and it was
assumed that all traffic moved, encroached, and impacted the barrier at ome
of these speeds.

A.1.4.3 Impact Anmgle. Distribution of automobile impact
angles used in the MSLA is based on the point mass model that has been used
for a number of years to predict maximum impact angles for given speeds and
offset distances(33,34). Ross(ﬁ) collected impact angle data and showed
that the angle distribution was normal using the following assumptions:

® 100 percent of traffic was in Lane 1 (see Figure A.7).
® Traffic speed at 60 mph (95 km/h).
® Maximum angle obtained Erom point mass model was the 95th-
percentile and the zero-degree angle was the 5-percentile
angla .
Comparison of the theorecical distribution and field data is shown in
Figure A.8.

It was of interest to check the field data with
other models that would include distribution of traffic im both lanes of
Figure A.7. Consequently, a series of small computer runs was conducted
that included various combinations of traffic distribution and pavement
coefficient of frictien.
lana (i.e., less chance for vehicle in Lane 2 to impact the barrier).
speed was maintained at 60 mph (95 km/h). A typical output sheet is shown

in Figure A.9.

Also included were the offset probabilities for each

Vehicle

Probability of Impact Equaling or Being Less

Than Impact Angle {percent)
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[ | a2 12! ]l
! ! L 'Tl Median €

FIGURE A.7 TRAFFIC DISTRIBUTION
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= Ross's theoretical

curve (33)

-NCHRP distributio
L =0.75

\— Ross's field data(33)

NCHRP distribution®
p=1.0

#This corresponds to collision model used.

1 L L (-
"] 5 10 15 20 25
Impact Angle, OP {degrees)

FIGURE A.8 IMPACT ANGLE VERSUS PROBABILITY
OF IMPACT, MEDIAN DISTANCE = 12 FEET

A.49



DISTRIBUTIDON OF IMPACT ANGLES

LANE DISTRIKHUTION FRACTIONS
LEFT LANE = +S0
RIGHT LANE = -1

COEFFICIENT OF FRICTION =

A5=PERCENTILE ANGLES
LEFT SIDE =

= 25.H7 DEGREES
RIGHT SIDE =

18,7+ DEGREES

STANDARD DEVIATIOM AND MEAN .
=== LEFT SIDE = $.58 AND
RIGHT SIDE = 3.32 AND

IMPACT FRACTIONS BY LANE
2 LEFT LANE = TR S

_ RIGHT LANE =~ .70

ZERO DEGREES = U-PERCENTILE ANGLE

o aweLe”

CUMULATIVE' 7~

‘87,83

R 1L

L 1 L

35, 1uo.00 -

100.00 "

- 1n0.00 . e
i o e 4 WIBBL L s s
S 55. 100.00
KD, 100.00

FIGURE A.9  TYPICAL OUTPUT FOR IMPACT ANGLE DISTRIBUTION

A.S0

Results from two of the computer outputs are super-
imposed on Figure A.8. Note that the data with p = 0.75 gives results that
are closer to the theoretical distribution by Ross. The traffic split of
50 percent in Lane 1 and 50 percent in Lane 2 gives results that are quite
close to the field data. Thus, it was assumed that a more realistic split
of traffic, particularly for two-lane, two~-way bridges, could be used in
subsequent analyses. To be noted is that although the model was verified
for the 60 mph (95 lm/h) data, it was assumed adequate for the entire speed
tange of O to 65 mph (105 km/h).

The point mass model is sufficient to describe
automobile behavior, but must be modified with regard to heavy vehicles with
higher center of gravity. Relationships were developed in an FHWA program
for these heavy vehicles(35). These relationships were based on performance
limits reported by Weir(36) on a 36,000-1b (16,000-kg) intercity bus and a
41,000-1b (19,000-kg) tank truck. Angles of impact as a function of lateral
offset distance are plotted in Figure A.10 for the truck and bus along with
automobile mass data from work by Ross(33). Essentially, the coefficient

of friction was reduced for these large vehicles to account for overturning

tendency,
The minimum turning radius is described for vehicles
in general
v2
Tmin © gu (a.3)
where Toin 1s minimum turning radius in feet, g is acceleration due to gravity

in fpsz, and 4 1s pavement coefficient of friction. The coefficient of friction
is 1.0 for passenger cars and small trucks and 0.47 for large trucke and buses

(the 0.47 value is from Ref. 36).

55

IMPACT ANGLE, @ (DEG)

A Empty Bus (Ref- 36)
© Full Bus {Ref. 36)

©® Full Tank Truck (Ref. 36)
# ATu (Ref. 33)

0 1 ( i 1 4 ~ J
(o] 10 20 30 40 80 60
LT AND LCG:(FEET)
FIGURE A.10 60 MPH IMPACT ANGLE DATA
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A.1.4.4  Vehicle Encroachment Trajectories. A summary of

the previously discussed collision consideration is presented in Figure A.1ll,

A.1.5 /

Barrier Behavior
The safety performance of a longitudinal barrier such as a
bridge railing is evaluated on three basic factors(8)

® Structural adequacy in containing and redirecting the impacting
vehicle.

® Redirection severity imposed on vehicle occupants.
® Postimpact trajectory of the redirected vehiele.
These three behavior characteristics ave examined for basis of establishing
an objective multiple service level performance criterion.
A.1.5.1

Structural Adequacy. From TR Circular 191(8) one

level of service was recognized by AASHTO.

Structural adequacy of a bridge
railing design, evaluated by crash testing, was subjected to a 4500-1b
(2040-kg) passenger car impacting the barrier at 60 mph (95 km/h) and 25 deg.
Requirements were that the vehicle must not penetrate, pocket, or wedge under
the system for these impact conditions. Of the three evaluation factors
(i.e., structural adequacy, redirection severjity, post impact trajectory),
only structural adequacy can be clearly determined by a yes/no standard. 1In
general, the vehicle was either contained on the bridge or it penetrated the
railing.

A dimension of structural adequacy not addressed
specifically in NCHRP Report 230 is maximum allowable lateral deflections
of the barrier. Historically, bridge railing designs have been relatively
atiff structures (when proportioned to AASHTO static specifications) and

have exhibited at most only 3 in. or 4 in. of deflection when impacted by

the NCHRP Report 230 heavy car. Bridge railing designers have expressed a
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concern that the vehicle may drop from the structure if the dynamic barrier
deflections are too large. The authors know of no instances, either in
experiments or accident cases, where this has occurred. Vehicles that have
gone off bridge structures on known occurrences have done so for a number of

reasons:

® Barrier failure - i.e., the barrier element strength was not
sufficient to contain the vehicle.

® Vehicle was launched over the system,

® Vehicle rolled over the system.
It is known from crash test experience that dynamic deflections of at least
the vehicle half-width have been measured in successful redirection(lb). On
the basis of these observations, it 1s suggested that allowable barrier deflec~
tions be related to vehicle widthe during design efforts.

In the MSLA, the concept of degree of impact
severity is introduced. That is, levels of impact severity are identified
by vehicle size, impact angle, and impact speed. A redirection index RI is
presented later that establishes the relative ranking or severity among an
unlimited numiber of impact conditions. The RI ranges in linear values in direct
proportion to the impact severity. An important assumption in the MSLA is that
a barrier that has demonstrated structural adequacy at a specific RI (i.e.,
say 5000) will contain all impacts with an RI of 5000 or less.

A.1.5.2 Redirection severity has

Redirection Severity.
been evaluated in terms of vehicle accelerations specified in TRB Clrzular
191. HCHRP Report 230(9), which supersedes TRB Cireular 191, includes
different criteria for assessing occupant injury during collisions. These
new criteria will greatly change the evaluation procedures as related to

occupant injury. Based on limited analysis of crash test data, it would

appear that rigid bridge railings that do not snag the vehicle will come much
closer to meeting the new acceptance criteria. Although the redirection severity
criteria are important in evaluating barriers, they cannot be incorporated
into the MSLA formulations.
A.1.5.3 Postimpact Trajectory. Postimpact trajectory of
a redirected vehicle is important because it can cause interference with
other traffic and subsequent multivehicle collisions. Ideally, the redirected
vehicle will remain close to the bridge railing and will not be abruptly
thrust back into the traffic lanes. The hazard of a vehicle being redirected
back into the traffic is unknown; accident statistics are unavailable to
indicate the number of such yearly occurrences.

The postimpact trajectory is rarely a predictable
or repeatable result. Consequently, this factor is not used in the MSLA
procedure.

A.1.6 Barrier Design Alrernatives

Traditionally, bridge railings designed according to the
applicable AASHTO specification have resulted in barrier's designs conform-
ing to working stress theory. In reality, these barriers may, and have
been, stressed far beyond the elastic limit; and lack of ultimate strength
design has prevented some barriers from functioning satisfactorily up to the
ultimate level. For the purposes of establishing reasonable bridge railing
costs for the multiple service level cost benefit analysis, three different
barrier types were designed for each of the service levels. The three types

as described in Chapter Two are:

1. Flexible beam/post systems - barrier deflection
permitted up to vehicle half-width.

2, Rigid beam/post systems - barrier deflection limited

to less than 6 in. (40 mm).
A.56
3. Concrete safety shape parapets - a shaped barrier is

considered necessary to meet small car occupant risk
test requirements.

The beam/post systems were designed using the BARRIER VII computer(1ll) program
and the vehicle properties of Table A.24. The concrete systems were designed
using yield line theory as discussed by Hirsch(3) with loads based on wotrk
by Buth(4).

A.1.6.1

Bean/Post Systems. The basic beams used in the

design effort were thrie and tubular thrie beams. Froperties of these beams

are summarized in Table A.25. Posts were standard wideflange sectjons with
exception of the wood and box beam steel posts developed in SL 1 investiga-
tions (see Chapter 3 and Appendix C).

Basic beam/post design effort is summarized in
Figure A.12. Ultimate strength procedures and material properties were used
to develop the designs, and costs were developed from unit costs of Table
A.26. Costs of the beam/post systems are given in Table A.27.

A.1.6.2 Continuous con-

Concrote Safety Shape Parapets.
crete parapers ran be efficient bridge railings because of the continuous
interface with the bridge deck slab; intermittent posts tend to concentrate
the slab loading. The concrete barriers used in this project for cost
estimates were all constructed using the safety shape profile; this is con-
sidered necessary to meet the occupant risk criteria of NCHRP Report 230(9).
Barrier heights of 32 in. (0.8 m) were considered adequate for SL 1 and 2
whereas 38 in. (1.0 m) was considered appropriate for SL 3 and 4 because of
heavy vehicle stability consideration.

Barrier force criteria as

a. Barrier loading.

determined from Buth(4) are summarized in Table A.28. Some adjustments to

the data reported by Buth were considered necessary as described in this table.

A.57



8G°V

TABLE A.25

Nom. Thickness
Area, 1n?
Iyy, in?

Syy, in}

APPROXIMATE SECTION PROPERTIES

12 pa.
0.1046

3.2

2.23

10 ga.
0.1340

4.0
4.81

2.86

(a) THRIE AND (b) TUBULAR THRIE BEAM SYSTEM PROPERTIES

Thrie Beam
(AASHTO M180-78)

(b)

=y |
zo"
APPROXIMATE SECTION PROPERTIES
a = 1/2" a=0

12 ga. 10 ga. 12 ga, 10 gs.
Nom. Thickness, inm. 0.1046 0.134 0.1046 0.134
Area, 1n.2 6.3 8.0 6.3 8.0
I_. ta.* 27 3s n 28
Sy, in 2 7.8 7.1
S i . 9.9 . 9.2

Metric conversion:
to convert in. to mm wmultiply by 25.4

LS



foe. gﬁu., Use Fry 2 60xg

M= Fn,-n%x- &0 2,

h C‘ TT‘ ME (o my
=
S, A 1L I
4.1 E 3l ] " L
Yula 1 by 4| 5 ib
Ij—‘ Ya.. 22 2,: a : + T
ke Me X
‘ _;?_/J\IA_—\ Mg : &*b
! ASSUMED 2
1_ | O o e Pt AEW0Ie
Wl w3 R4t
4o lo b
(o) BASE ® Desich) -
fost Mﬁﬂc?{’fnp Syinl bin| LR [MRwwe] Wm | £ W‘I Lqulv"';t ]‘ﬁ& ..5.,“'
wexd | 392 | 2 | 3 | 43 |6 |m2% NS [0k |@F
were | 70 [ u7 | 3 st |2 [azx™ 110 |78y |23 440
wev1s | lse [1%] [ 3 135 A [o2s17 |10 |90 [268 |ekd
werst | ed [y | 4 93 |0 (17| s | 4r0 (e}
» i
WILe3E 3072 1256 | G |1V 2% 1o |1¥:ith 11e 1700 620 lfes !
fsr + tag ayr, § | corg
b wfu{(3:65/4)
Wer Ke @3 680
wWorls | Ja3 |snu
wexst [ 1173 s
Wik 35| 155G | 12.00° FIGURE A.12  BEAM/POST DESIGNS
A.59
H' R, se® BAST B Ousien)
post | Ry [bar [ Ja«. F{(ol
- |34 m&' lm&al [T}
| 1T
r gy —— weeq |4y % wlatfe |34
*43141—- i werte | 5y [va -ou._ #5986 |52t
L | wbr 1S [ 150 || " 790 'a s
oL ! | WL wiry [ (1% | e Quiontfe|Le
l! ‘” witeds (e 4y | 1w LEUR RN I )
| T aue ¢ —— |
= BEARING Wecd |1 (e
woeh b [ 130 |/85
WeRIS |2 pAI§
worst (340 [AF.a0
WL adS [3.70 | gndz
(o Ao Bour

Ls

Assume Loecar genunde oF
PUT 1§ REACTED) BY D/AGoAL
TeN3Iod OF CONKALTE SLAS

uon ) () <4 g,

(~—- EDeE OF SLAR

1F Tots uméurng

>

L 7
LA T ’EN 1fma
T* M/rﬂ Thia
vost | Lol As [ A | evia 1Y 3%
s vy 144 | 2|1
uwtaks | o i 460 |a31] 394
wtals | o It M| 6% |ii6
wietd |0 |\a .
whrede |G S

M
T ==
A PO Y
\
{n F“‘OW’
7-5r- ‘l“fn
u Mn W pylest Yaoley.
X3} (538
o 3.0
21 2.00

(¢) Stan Tncxress ReQurements

UsE 20 Fal A4 L
| | %I Te LU:E _,'_:Ja_::]
\ R e
S chore-g " 5 1!._'_-
i l | Tn
I .....a vin meves. sam—
| l L Nweorsse ¢
pY ‘ ANCHIrAGE L
ﬂ
3 cosT
post | Moo P | Ay | Lo, [ Voo | wr [iiis
wWox |7 7 0,29 24. .7 (] |40
weule | oL 32 053 S0 5.9 45 340
wGrls |{114 5L 0.87 16 3.3 8.5 ¢.70
wex3) (1824 | 83 1.3% AL sto |ic4 |{z2.30
While |27 | (40 3 d4 .y ) 13.30
(<) Amrorace B Repuire mewrs

FIGURE A.12 (Cont'd.)



TABLE A.26

SUMMARY OF BRIDGE RAILING ESTIMATED INSTALLED COSTS
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TABLE A.28
ASSUMED DESIGN FORCES FOR CONCRETE PARAPET DESTIGN

-
sL! RI |?;,kip' i;m.kip Y,n ld;, e (W ,in ?E,mp$ Terin| dgrin
; |
i I 1 1
10293 | 52,5 | 320 | 204 [ 7.3 | 4 - - -
I |
2| ss0s | s9.9 | 60.0 21.8 | 6.5 | 4.4 - - -

#113316

4|13787

|
! I
3| 8247 I 63.7

85.0 | 169.0 26.3 | 6.3 4.2 |212.9 | 28.4 l.lS.O

170.0

! '
i |
95.0 | 29.0 [12.3 | 4.2 | 73.8 |3z.7 st.s
26.3 | 6.3 | 4.2 i
|

Teem Unit Unit Cont ($-1980)
1. Beams $/1in. fe
A. Thrie (AASHTO M180) 12 ga 5.75
B. Tubular thrie 12 ga 21.85
C. Tubular thrie 10 ga 25.30
2. Posts
A. TS3x6x0.25 $/1b 0.60
B. Wéx9 0,54
C. Wéxl6 0.54
D. Wéx25 0.54
E. W8x31 0.59
F. Wl2x36 0.59
G. 6x6 wood x 3'-10" $0.60/bd ft
3. Anchor Bolts
A. 5/8" dia x 10" $/ea 3.29
B. 3/4" dia x 10-1/2" $/ea 4.16
C. 1" dia x 14" $/ea 6.37
D. 1-1/4" dia x 16" $/ea 10.54
E. 1-1/2" dia x 18" $/ea 16.25
4. Slab Reinforcement
A. Rebar §/1b 0.50
B. Concrete $/c.y. 200.00
C. Form huanch §/s.1. 3.00
D. Bolt anchorage Ps $/1b 0.75
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TABLE A.27
SUMMARY OF COSTS FOR BEAM/POST BRIDGE RAIL DESIGNS
Wood
Steel Posts Post
TS 3x [W6x9 |W6x16 | W6x25 | W8x31 | W12x35| 6x6
6x0.25 x3'-10"
Post 7.20
Post/Base 31.88 [19.12 |35.80 | 50.92| 75.10 | 93.60
Anchor Bolts 15.30 |11.71 |14.83 | 23,18 38,80 | 59.62 6.20
Bearing Plates - 1.83 | 2.75| 2.75| 3.40 3.70 135
Haunch (If Req'd.) - - - 18.52 | 36.00 | 42.00 2.00
Bolt Anchorage B, S - 1,40 | 3.40 | 6.70| 12.30 | 23.80
Bearing Bracket 3.91
47.18 |34.,06 |56.78 l02.07 [165.60 |222.72 20.66

Use 150 ft length to calculate cost in $/L.F,

SL.

-

= 150(5.75) + 47.18(19) =
150(5.75) + 20.66(19)

11.73

8.37

20.10 Avg = $10.00/L.F.

SL2 150(21.85) + 19(34.06) + 19(34.06) =

SL3 150(21.85) + 56.78(25) =
SL4 150(21.85) + 56.78(37) =

SL1 150(21.85) + 19(34.06) =
SL2 150(21.85 + 19(102.07) =
SL3 150(21.85) + 25(165.60) =
SL4 150(25.30) + 37(222.72) =

$26.16/L.F.
$31.31/L.F.
$35.86/L.F.

$26.16/L.F.
$34,77/L.F.
$49,37/L.F.
$80,24/L.F,

*32000-1b bus, 60 mph, 15 deg (nom)

Note:

RI= redirection index value for fully loaded vehicle assuming all
payload effective;

Fi-measuzed average barrier force (50 msec) during initial impact,
Ref 4;

1’1“- modified Fi based on RI of SL2 corresponding to 60 kip;

?1- vertical distance from bridge deck to resultant force 'fi;

di-apparen: horizontal distance over vehicle Fi 1is distributed based

on overhead camera coverage ;

wi-hnrizantal force distribution length used for design;

Ff-mensured average barrier force (50 msec) during final impact;

Yf- vertical distance from bridge deck to resultant force Ff-, and

dfi apparent horizontal distance over vehicle ?f 1s distributed.
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b. Barrier design. Yield line theory develaped
for bridge parapets by Hirsch(3) and shown in Figure A.13 were uskd to
design the parapets. Basic slab designs of Texas Dept. of Highways and
Public Transportation, as described in Table A.29, were used in the analysis.

The basis for the parapet design includes the
following assumptions:

1. 1If no fallure of the parapet occurs during
the inicial impact, the vehicle will be redirected although actual forces
on the barrier will be greater during the secondary impact for SL 3 and 4.

2. All forces (WR) are applied at the top of
the barrier (conservative).

3. The ultimate moment capacity Mc (see Figure
A.13) is controlled by the slab moment; i.e., Mc = slab moment capacity.
Typical slab designs and moment capacities are summarized in Table A.29.

Deeign of the barriers, as described in Figure
A.14, was accompliched with parametric solutinn of equations from Figure
A.13 for optimum design. Table A.30 provides a summary of estimated costs

for the designs described.

A.2 Performance Criteria

Parameters presented and discusased in Section A.l are combined in
an overall MSLA mathematical model.

A.2.1 Redirection fndex

Severity of a vehicle collision with a bridge railing may be

agssessed by at least three resulting consequences: (a) number of injuries
and fatalities of vehicle occupants, (b) amount of damage sustained by the
vehicle and/or bridge railing,and (c) the intensity of vehicle/barrier inter-
active forces developed during the impact. Although there appears to be a

A.64

Total Load = W2

External Work = Internal Energy Absorbed

£
L (LL:-—LE) - x4 x_B + xbx_A +ML
L Mb i7f MHH 77 c

Eie

o (gl B, e

-to|§ +m (xﬁ“:_rw)

FIGURE A,13 YIELD LINE THEORY AS APPLIED
TO CONCRETE BRIDGE PARAPETS
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TABLE A.29
TYPICAL BRIDGE SLAB DESIGNS

Brea siae oveiay

M, in. %ip M, in. kip*
A ’ P ’ 1p
; I'-1et B,C, and A Bars d g AS* ft ft
'_m_mg F RAIL . (‘ N Slab Max Bar Spa, in. in. in."/ft p Allow Basic Allow
CEA(*S
- {28 QEAR. / ’ ) { 8-3/4 12 6.44 0.62 0.0080 1.66 201 485
b ¥ "‘;TPD v . J{ 7-1/2 10-1/2 5.19 8.70 0.0112 1.34 177 315
aD(%5) § 5 | (P16 -1/4 1 4.94  0.68  0.0115 1.26 163 282
AT 1
e P i
| 6-3/4 12 4.46  0.62 0.0116 1.14 133 230
} : 5 ’
OVERHAMG: 2'-7%" —»2'- Yy - 7 11-1/2 4.69  0.64 0.0114 1.20 146 255
-5 —»22-57 (\eW) | 7-1/4 11 4.94  0.68 0.0115 1.26 163 282
= 10" (S FOK NEW RALS) 7-1/8 10-1/2 4.82  0.70 0.0121 1.24 163 271
e 7-3/4 10 8.44  0.74 0.0113  1.40 196 345
8 9-1/2 5.69  0.78 0.0114 1.46 216 377
B, C and A Bars
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TABLE A.30
SUMMARY OF CONCRETE PARAPET DESIGNS
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direct relationship between collision severity and occupant injuries and
fatalities and vehicle/barrier damage, this relationship is inadequately
defined at this time to be of practical use in the program. Intensity of
vehicle/barrier interactive forces appears to be a suitable severity assess-
ment criterion for developing bridge railings to specific containment capa-
bilities.

Considering physical properties of the vehicle, approach angle,
vehicle speed as well as geometry and stiffness of the barrier, there is an
unlimited number of unique vehicle/barrier impact conditions. To simplify
the analysis of this matrix and to develop predictive equations whereby the
interactive forces are determined from impact conditions, attempts have been
made by the authors (NCHRP,Regnr: 115) and by others (MCHRP iegor: 86) to
analyze the impacts by classical mechanics (i.e., vehicle momentum, vehicle
kinetic energy). These attempts using passenger vehicles only have produced
equations that correlate at best with results from a limited few crash tests
and are, therefore, not generally reliable. The vehicle/barrier collision
involves a complex sequence of dynamic events and cannot be adequately
wodeled by a theoretically derived closed form expression.

The redirection index (RI) expression estimates the lateral
impulse on a longitudinal barrier during vehicle collision from the instant
of impact until the vehicle becomes parallel or loses contact with the
barrier, whichever occurs first; see Figure A.15, The general expression,

cast as a functlon of total lateral momentum, is as follows:

RI = kAB (mv sin 8) = K (mv sin 6) (A.4)
where
k = nondimensional constant; 0.891 for rigid barriers and 0.955
for flexible barriers
A.69
W,z
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0,.6424
A = pondimensional wehicle property term [u?:? 1221 ]
0.090 pipes

AQQﬁQQE where Z is yaw moment of inertia, 1n~1b—s2,

W is velbicle wedght, 1b, and L is longitudinal distance from

vehicle center of mass to front corner strong point

3.897
B = nondimensional vehicle impact condition [E;;-E] where
6 is the approach angle, deg

mv sin 8 = vehicle momentum normal to the barrier at instant of impact,
1b-s; m is vehicle mass ir slugs, v is impact speed, fps, and
8 is approach angle, deg

The primary purpose of the expression 1s to provide a
method to rank order the innumerous combinations of vehicle types, sizes
and impact conditions with respect to dynamic structural loading on a
barrier.

With exception of a 7 percent change in the k constant between
a rigid (i.e., 0.891) to a flexible barricr (i.c.; 0.955), the NI 1o in
dependent of barrier design and flexibility. On the other hand, for the
same RI conditions (or vehicle momentum change during primary collision),
the vehicle-barrier normal force level will be much higher for a rigid
system, where the vehicle is quickly redirected, than for a flexible
barrier where the vehicle is redirected less abruptly. Thus while RI is
independent of barrier flexibility, the normal force developed between the
vehicle and barrier is dependent on both RI and the barrier design.

RI is a measyre of only the primary collision; this phase of
the event is defined as occurring from instant of impact until either the
vehicle is redirected parallel or it loses contact with the barrier, which-

ever occurs first. The primary impulse may be composed of more than one force

A7)

peak depending on vehicle geometry, crush properties,and hard point locations.
There may or may not be a secondary collision; secondary collision is char-
acterized by the vehicle continuing to yaw after the primary collision with
the rear of the vehicle striking the barrier. The impulse loading on the
barrier during the secondary collision may exceed that of the first collision
and may result in additional deformation and damage to the barrier. From a
vehicle containment view, it is believed that the barrier design function

is achieved if the vehicle 1s redirected during primary collision irrespec-
tive of subsequent barrier deformation and damage.

From Newton's second law of motiom, a vehicle~

R1 Development.

longitudinal barrier collision can be described by

[4
/F dt = mv -mv
¥ ¥ Yp

(A.5)
o °
where
Fy = dynamic force, 1b, normal to the barrier,
m = vehicle inertial mass, slugs,
vy » V. = vehicle cg velocity, fps, normal to the barrier ac times
o P o and t, respectively.

This equation ignores angular momentum that may be imparted to the vehicle

during the redirection. Moreover, vyP at the conclusion of the primary
collision 1is generally not O with the vehicle center of mass either moving
toward or away from the barrier. For this reason, the linear impulse on the
barrier cannot be determined by equation (A.5) and must be estimated by an
empirical expression such as equation {(A.4).

The RI was developed by multiple regression procedures of a
matrix of vehicle-barrier impact conditions as the independent variables and

the vehicle lateral momentum change during primary collision as the dependent

A.72

variable. For each set of vehicle impact conditions, the vehicle lateral

momentum change was calculated by BARRIER VII computer simulations. BARRIER
VII uses a two-dimensional analog of the vehicle simulating motions in the
plane of the road; roll, pitch and vertical motions are not simulated.

The barrier used in the RI development simulations was a rigid
vertical wall. The barrier does not deflect during the collision; thus the
RI expression is a Function of the impact conditions and is essentially in-
dependent of the barrier design.

Twenty-three cases were included in the BARRIER VII computer
simulation matrix. Included were vehicles ranging from 2250 to 40,000 1b
(1020 to 18,100 kg), impact angles from 5 to 25 deg, and impact speeds from
30 to 60 mph (50 to 95 km/h). Vehicle size and yaw moments of inertia were
also subtle variations. These cases are presented in Table A.31 along with
the output from the computer simulations.

Vehicle lateral momentum change was determined from the
BARRIER VII cases in the following manner.

At instant of impact, the vehicle

velocity normal to the barrier was read; a second vehicle velocity normal to

the barrier was read from the computer output at the time that the vehicle
heading angle was O (parallel to the barrier) or when barrier contact was
lost, whichever occurred first. The change in this normal velocity mul-~
tiplied by the vehicle inertial mass is the change in lateral momentum.

It is noted that due to possible yawing motion of the vehicle, the lateral
velocity of the center of mass of the vehicle is not necessarily zero when
the heading angle 1s zero or loss of contact occurs.

Using the 23 cases and the variables of Z, W, L, v,and 8,

the RI expression has an index of determination in the log regime of 0.991.
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TABLE A.31

RIGID BARRIER SIMULATION CASES AND RI FORMULATION

(a)

Vehicle Properties

Curve Fit Assessment

Yaw Moment Yaw Twpact ) =

Case Mass of Inertla Length(b) Speed Angle rile M(d) RI —
No. (1b) (1b-1n.-s?) (Ft) (mph) (deg) (1b-s) (1b-s) M
1 2,250 15,600 6.50 60 25 2,822 2,750 1.0262
2 2,250 15,600 6.50 60 15 1,349 1,315 1.0259
3 2,250 15,600 6.50 40 25 1,882 1,866 1.0086
4 2,250 15,600 6.50 40 15 899 865 1.0393
5 4,500 47,000 7.75 60 25 5,505 5,477 1.0051
6 4,500 47,000 7.75 60 15 2,630 2,656 0.9902
7 4,500 47,000 7.75 40 25 3,670 3,743 0.9805
8 4,500 47,000 7.75 40 15 1,753 1,783 0.9932
9 8,000 100,000 9.50 60 25 8,029 8,097 0.9916
10 8,000 100, 000 9.50 60 15 3,836 3,913 0.9803
11 8,000 100, 000 9.50 40 25 5,353 5,520 0.9697
12 8,000 100,000 9.50 40 15 2,557 2,631 0.9719
13 8,000 100,000 9.50 30 25 4,015 4,161 0.9649
14 8,000 100,000 9.50 30 15 1,918 1,979 0.9692
15 23,000 1,000,000 17.91 60 15 9,891 10,026 0.9865
16 23,000 1,000,000 17.91 60 5 2,953 2,829 1.0438
17 23,000 1,000,000 17.91 40 25 13,801 13,451 1.0260
18 23,000 1,000, 000 17.91 40 15 6,594 6,569 1.0038
19 23,000 1,000,000 17.91 30 25 10,351 10,036 1.0314
20 40,000 2,100,000 22.49 60 15 13,787 14,047 0.9815
21 40,000 2,100,000 22.49 40 25 19,238 19,768 0.9732
22 40,000 4,200,000 22.49 40 25 30,029 29,661 1.0124
23 40,000 1,050,000 22.49 40 25 12,325 12,098 1.0188
x = 0.9997

0 = 0.0245

(a) Inertial properties of vehicle; all mass rigidly secured to vehicle structure.

(b) Longitudinal dimension from vehicle center of mass to forward contact point.

(c) Calculated from expression: z/12 0.6426 100,000 e 1 3.892 W 88v in 6 10
RE = 0.8911 o 7 W cos O 32.2 J\'60 /] %"

(d) Determined from computer simulations; change in vehicle lateral momentum during primary collision.

§9
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The RI values were calculated for each case to compare with the lateral

impulse input; a ratio was determined to show percentage difference and

NN MmN © @D N
. . - IZ] NSNS ~Nunc oN
standard deviation. As shown, the standard deviation is 2.5%, and the RI ;\ g g 8 g g g 8 \g g g ya
v e e e . e « e
expression is equally valid over the full range of cases. -0 -0 - — O O =l -
Limitations. Due to procedures and techniques used in develop— i
ing the RI, there are several important limitations of the RI that potential ? - : 2 g g o ®wn [P S
~r [ -4 T P
users should be aware of: ; .lﬂ O OV BN =% S % v MY
— NN TN o~ EC S -]
® Impacting vehicle is assumed to remain planar during redirection b - - N
and thus does not exhibit significant rolling, pitching or vertical
displacements. This constraint is due to the BARRIER VII computer
program 2D analogue. It is noted that preferred vehicle behavior
during interactions with well-behaved barrier systems is generally e »
planar without rolling and pitching. ? S E § = g § § E 8 § E
=~ -~
® The height of vehicle-barrier contact is not specified in the RI I= ﬂ (N‘P\‘l"i.;n’: ln-;o' lf:!‘l-ﬁ.
expression. In general, the loading height will be greater for the ~ — -~
larger vehicles when the barrier has a rigid, wide vertical contact w2
surface. The loading height variation becomes less definitive as =
the principal barrier rail element becomes narrow and flexible. 2
® The RI is based on the normal impulse delivered to the barrier O g
during only the primary collision phase and does not reflect the 2 ol
total magnitude of the collision. The impulse delivered rn rhe % o . g : 8 o 31\ s: ﬁ : ,f g g
barrier during the secondary collision may be less than, equal to, s W = e e a2 w . e e o e 8
or more than the primary impulse collision. [ _2 ::, NN Nm ®© © S 8 2 ::
o
® The RI is applicable to nonarticulated vehicles such as passenger 5 g
sedans, pickups, buses,and van type trucks. Articulated vehicles
such as tractor-trailers are not addressed by the expression. E
L)
® The range of RI should be confined to impact conditions within the (/5]
scope of cases shown in Table A.l4. That is, vehicle mass should ™ P
not exceed 40,000 1b (18,100 kg) and impact speed should not exceed (-4 - .
60 mph (95 km/h). = ¢ 3e coooe o e o 0N -
= o c=
¥Yalidation. The RI expression was evaluated for two stages D-’;
of validation: (1) comparison of RI values with those from BARRIER VII computer ~ E
cases of a typical flexible bridge rail and (2) comparison of RI values or W} o) Q -~
= o COCOoOCe o0 oo
coefficients with appropriate values from vehicle crash tests < = @ o & ok 8 R A L.
' z 55 Roddd §48 da9
-
Flexible Barrier Computer Cases. Eleven BARRIER VII computer 5 : 3
2
simulation cases were performed on a proposed bridge rail consisting of a 2 5‘ E
p—
A.75 = ol o ~
- 9 = WOoOO®O S W (=N -~
’ o =4 v s e e w . s e G
12-ga tubular thrie beam mounted on W6x15.5 posts at 6.25-ft (1.9-m) centers. [ ‘%5 g \Cg : :‘s :} 8 g (=] 8 8 8
o
These cases are given in Table A.32. To be noted is chat the RI is varied 4
from 2241 (Case C10) te 23,171 (Case C32) lb-s, impact speed from 23 to 60 I;
=
aph (37 to 95 km/h)., vehicle mass from 2250 to 40,000 1b (1020 to 18,100 kg), 2 3 S~ oNnno - e —
) « al & ol o 4 ~ I~ T T T
and impact angle either 15 or 25 deg. Also, it is noted that barrier deflec- o > [l e s s s . v e e e .
39 €~~nd ~=d 464
tion ranges from 2.04 in. (50 mm) to over 30 in. (0.8 m) and installation %
estimated damage from 0 to 5 posts knocked down. 2 w
L5
The RI was calculated from the vehicle properties and impact % :
il e QN [~ == -] o] o ==
- = =) o|lz - :J 28888 388 g£88
conditions given in Table A.33. M (vehicle lateral momentum change) was % g‘ 3 ': 1 IE&23S 22 =SR-3
g » " o & & & o & & - o o
i ! : s =S v oo wnc owneo coc
determined from the results of RARRTER VIT computer simulation runs in a (&) als = T b3 2 S a1 S =4 g
- - ~ - o~
manner similar to that used in Table A.31: U3 = - - . a a
=] T Um et o~ o~ N T =
o= ¢~
M (A.6) -
M=mn (vy -v_) -
o p 3
The ratio of RI and M indicate the relative degree of prediction at each
case. Overall, the standard deviation is determined to be 0.053 or 5.3 | @ 9\ 8 8 8 § g 8 8 8 8 g
) . & B NN N O W oo coC
percent and is considered to be most adequate for this type of work. 0 = - s 2 & = s & & . - &
=5 wesge Fg2 Bt
Crash Test Results. In Table A.33 vehicle crash test N
results are compared to RI prediction values. Crash tests were selected
from experimental programs previously conducted at SwRI and TTI for FHWA. v
7] '[ S~ O - -y ™
Dynamic deflection of the barrier installation was essentially nil in all ] 2 vt wad o -t N NN haleRanl
O vovecr oo wvoe
cases shown in Table A.33, and the RI constant k of 0.955 was used. For the
experimental cases, the effective yaw length of the vehicle was defined as
the longitudinal distance from the vehicle center of mass to the midpoint
between the front axle and the bumper. It should be noted that Z, W, L, V,
and 6 are all critical input parameters. In most cases, all of the parameters
were not measured, and therefore it was necessary to estimate their values. A- 77

It should be recognized that the RI is sensitive to the parameters and con-
siderable error can be introduced by poor estimates.

A 76

x = 1.0087
o = 0.0531
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(a)
(h)
(c)
)
(e)
(f)
(g)

Tast
_No.

RF-1
RF-2
RF-4
RF-5
RF-6
RF-10
RF-11
RF-21

RF-28

1TR-2

3451-29
3451-30
3451-31
3451-32

1451-74

3451-35

3451-136

Eat Imated

Long. distance from center-of-mass to midpoint between front wheel axle and front bLumper

'74 Ambnseador
'69 Toyota

'71 Pinto

'73 Mercury
'69 Chrysler
'70 Opel

‘71 Pinto

Int. Bus

School Bus

'74 lWonda
'74 Vega
'74 Vega
'74 Fury
'70 Ford

School Bus

'62 Tot.
C. Bus

'75 Plymouth

2,130
2,140
4,370
4,350
2,050
2,140

40,000

28,200

20,000

13,800
2,050
2,800
2,830
4,680

20,030

12,800

32,020

20,310

4,740

COMPARISON OF RI WITH EXPERIMENTAL DATA

TABLE A.33

Yaw Moment Yaw
of Inertia(a) Length(b)
(in.-1b-s8%) (fv)
12,000 4.56
45,000 6.28
12,000 4.23
12,000 4.56
47,000 6.33
47,700 5.86
11,000 4.54
12,000 4.56
1,800,000 20.05
1,500,000 20.84
722,000 16.50
582,000 14.30
9,200 4.27
18,800 5.19
18,800 5.19
48, 600 6.04
722,000 16.50
582,000 14.30
1,250,000 17.08
768,000 17.50
48,600 6.04

mv- ain 0 for jmpact conditions, where v is impact velocity

Impact
Speed Angle Impulse(€)
(ph)  (deg) _(lb-e)
63.6 16.8 1,792
66.6 23.9 5,285
57.0 15.5 1,478
56.7 17.1 1,625
60.0 25.0 5,047
60.0 21.7 4,396
64.5 15.1 1,569
45.1 16.2 1,200
56.3 14.5 25,682
56.3 14.5 18,106
56.1 17.8 15,622
56.1 17.8 10,780
59.0 15.5 1,472
58.3 14.8 1,893
55.9 18.5 2,288
59.7 16.5 3,61)
57.6 15.0 13,601
57.6 15.0 8,691
56.9 15.7 22,456
56.9 15.7 14,244
59.9 24.0 5,260

Ratio of velocity change (mph) to tmpact veloclty, normal to barrier; values taken from test cine data

Primary collislon impulse mearured from instrumented wall data or change in vehicle momentum

Redirection index or predlctlon of vehicle momentum change during primary collisfon; rigid

Loogse ballast not effective In primary collision; only vehicle teat inertfal mass values are shown and used

Tedt reaulta appear high; value not used

31.47/21.84
47.70/38.84
28.66/24.30
26.45/27.07
41.89/37.19
37.93/34.78
25.45/23.62
17.84/18.39
10.25/16.94
10.25/16.94
21.65/27.60

21.65/27.60

ﬁ(e)
_(lb-s)

2,666
6,490
1,743
1,587
5,684
4,79
1,690
1,164

(15,539)

10,956

12,254)
8,456
1,600
1,900
3,100%
6,300%

(8,800)
8,800
(8,800)
8,800

6,600

Rl(f)
(Ib-g)
2,172
1,127
1,930
1,983
7,084
6,263
1,806
1,436
(13,020)
10,036
(10,030)
9,503
1,647
2,048
2,651
4,202
(8,247)
7,655
(11,316)
8,35
7,318
x
q

olx

A/R)
1.2274
0.9107
0.9032
0.8006
0.8025
0.7655
0.9361
0.8101
(®)
1.0922
®)
0.889a
0.9715

0.9277

~

[ ]

(8)
1.1496

()
1.9531
0.9019
0.9136
0.1179
0.126

or 12.5X

L9
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A comparison of M and RI is shown in Table A.33. The standard

deviation for these 15 cases is about 12 percent and is counsidered good. To

be noted is that significant experimental error may exist in some of these tests

and that the crash test results should not necessarily be accepted as the

true value. Moreover, vehicle properties of yaw moments of inertia and yaw

length were not measured for the crash tests and had to be estimated. Finally,

the effect of shifting ballast during primary collision of the heavy vehicles
can have important effects on the impulse; it is surmised that the ballast,
although partially restrained, has some influence on the primary collision,
but this fact cannot be evaluated for these tests.

Discussion and Appraisal - Primary Collision Only. In view

of the facts that maximum barrier deflection, maximum vehicle accelerations,
and considerable barrier damage may occur during a rear end slap when

the rear of the vehicle swings around and strikes the installation, one may
question the reasoning in using only the primary collision for basis of the
RI.

From a barrier sttengtﬁ. vehicle containment goal, the primary
collision is believed to be the most important factor. That is, 1f the
vehicle can be redirected to a 0 heading angle, the vehicle will be
contained on the traffic side of the barrier in most if not all cases.
Accident data are not available to show that vehicles retained during
primary collision and subsequently penetrating an installation during
secondary collision is a problem.

As shown in Tables A.31, A.32, and A.33, the dynamics of
the primary collision are predictable within 12 percent standard deviation
over a wide range of conditions. However, subsequent vehicle dynamics and

kinematics are a function of (a) the primary collision, (b) the barrier

A.79
flexibility,and (c) the installation damage, and thus become more indeter-
minate. It is believed that extending the range of the RI to include
possible secondary vehicle collision would degrade its usefulness in
evaluating the primary collision.

In the past,‘passenget sedan vehicles have been the principal
design vehicle for structural adequacy testing of longitudinal barriers;
load or ballast shift during barrier collision has not been an important
factor. However, with the downsized car, the unsecured occupant mass
represents an important portion of the minicompact vehicle mass. Also,
with consideration of buses and trucks, the passenger and cargo load can
exceed 40 to 50 percent of the vehicle inertial mass. Whereas the primary
collision is affected by this shiftable mass, the secondary collision is
more importantly influenced and becomes less determinate for both barrier
loading and vehicle stability.

Impulse as Severity Indicator. The RI expression is for-
mulated as barrier loading impulse or the equivalent change in vehicle

momentum normal to the barrier during primary collision., For the extreme

case, barrier loading severity can be quantified objectively by whether or
not the vehicle penetrated the installation. For less extreme cases, loading
severity may be inferred by the number of posts that are knocked down.
Another measure is the maximum dynamic deflection that occurs during the
priﬁaty collision. The RI does not predict any of these directly but the
impulse measutre may serve as a surrogate indicator.

A comparison of barrier deflection with RI for cases given
in Table A.32 is shown in Figure A.16. It is noted that the relationship
between RI and barrier deflection is linear. This same relationship holds

for posts that are knocked down.

A.80
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For this study, it appears that RI is nearly independent of
barrier flexibility,varying about 7 percent between a rigid concrete wall
and a system that deflects up to 30 inches. Thus the RI is nearly indepen—
dent of barrier design and Flexibility. For a given barrier design, the RI-
deflection relationship can be established (see Figure A.16) with two or
three crash test conditions; other impact conditions can then be evaluated
for barrier deflection.

Other Indicators. In addition to impulse, other barrier
loading indicators were examined but were deemed less desirable for one or
MOTEe reasons.

Force. Contact force between the vehicle and the barrier is
certainly an indicator of the collision severity. However, the force is
highly dependent on vehicle crush properties and barrier flexibility. By
using a rigid barrier in the basic RI formulation, the barrier effect is
essentially removed; however, vehicle crush characteristics remain. Another
factor is the minimum time duration of importance; should the force be

instantaneous values or averaged over finite time intervals such as 50 or

100 ms? Usiuy Llie RI expression Lased on rigid wall peak force for nonrigid
barriers, the force prediction becomes less meaningful. Hence, this approach
was not pursued.

Total Impulse. As shown in Figure A.17, primary collision
barrier deflections are presented as a function of total vehicle momentum
normal to the barrier at the instant of impact for the 11 cases presented
in Table A.32. Although there is a general trend in the points, several

fall away from the curve.
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FIGURE A.17 BARRIER DEFLECTION AS FUNCTION OF

IMPACT MOMENTUM AND KINETIC ENERGY
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Energy. Impact loading severity can be inferred by a quasi-
kinetic energy equation:

LE = 1/2 mv? (sin 6) 2 a7
where LE is lateral kinetic energy of the vehicle at impact, ft-1b.
Assigning a vector semse to a scaler quantity, such as energy, is of course
technically meaningless. However, there appears to be a direct relationship
between this parameter and maximum barrier deflection during primary collision,
at least for the uniformly loaded vehicles. As shown in Figure A.17, the two
points which represent nonuniform distribution of vehicle mass fall away
from the curve and thus are not predicted by the linear relationship. 1In
considering a vehicle population that includes trucks with unusual cargo
mass distributiom, the LE method is deemed insufficient for predicting
critical barrier loading.

RI Observations. The nondimensional A term of equation
(A.4) 1s a vehicle property that is a function of Z, W, and L. For non-~
cargo carrying vehicles, the A term is practially constant for a specific
model of vehicle. On the other hand, A may vary greatly due to the loca-

tion of cargo and its effect on Z and L.

To have a minimum RI value for a specific mass vehicle and
impact conditions, the cargo mass should be located near the vehicle center
of mass to minimize the yaw moment of inertia Z, and/or the cargo should be
located at extreme end of the vehicle to maximize the yaw length L.

In the computer simulation cases used to formulate and
verify the RI expression, the yaw length L was measured longitudinally
from the vehicle center of mass to the impact corner of the vehicle because

of convenience and the degree of definition of the analog vehicle. Sub-
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sequently, in calculating RI for crash tests, L was measured longitudinally
from the vehicle center of mass to the midpoint of the vehicle front and
front wheel axle. Actually, L varies during a crash test from the former

definition to the latter. Using the midpoint approach, the RI values appear
to be conservative or on the high side of crash test results.

Summary. A redirection index (RI) has been developed to compare
the relative barrier loading intensity of various vehicles and impact conditions.
The expression was developed from a multiple regression analysis of results
from 23 computer simulations of vehicle-rigid barrier interactions. The
expression 1s also applicable to flexible longitudinal barriers. When com-
pared to full-scale vehicle crash test results, the RI predictions are within
an ll-percent standard deviation.

Although subsequent vehicle dynamics can produce barrier
damage and larger barrier deflections, the RI expression is based on the
primary collision and uses impulse as the indicator of loading intensity.

Principal uses of the RI are to rank order the innumerous

combinations of vehicle impact conditions:

® A finite number of carefully selected vehicle crash tests can be
rationally formulated that will represent a large percentage of
highway accidents.

Serve as a basis of cost-effectiveness evaluation of barrier systems
and design approaches such as the multiple service level approach
for bridge rail selection.

® Provide basic insight into the vehicle/barrier interaction.

A.2.2 Bridge Railing Service Levels

Four bridge railing service levels are shown in Table 2

with the corresponding RI; these levels were chosen to provide a range of
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RI values and correspond to conditionms of impact cthat are currently used
in experimental crash test programs.

Service Level (S.L. ) 2 corresponds to the TRB
Circular 191 structural adequacy requirement.

a 4500-1b (2040-kg) vehicle impacting at 60 wph (26.8 m/s) and 15 deg.

S.L. 1 was set by specifying

S.L. 3 is an intermediate impact of a 20,000-1b (1B,100-kg) bus and S.L. 4
is a severe impact with a 40,000-1b (18,100-kg) intercity bus.

MSLA Computer Program (MSLA-2)

A logic flow diagram of the MSLA computer program (MSLA-2)

A.2.3

is shown in Figure A. 18.

Two sets of tables are included that are output from the
computer program., The first set (Table A.34), as illustrated by Table 12
in Chapter Two, permits the examination of a large array of bridge site
possibilities. These critical impact tables contain data for two-lane
bridges of 8, 9, 10, 11, and 12 ft (2.4, 2.7, 3.0, 3.4, and 3.7 m) lane widths
with shoulder increments from 0-10 ft (0~3.0 m).

Although speed 1s not a critical factor in the MSLA formulationms,
speeds of 30, 40, 50, and 55 mph are also included. The data in these tables
include the number of bridge railing impacts predicted and the number of
penetrations prevented by each service level railing. These values can be
used to calculate B/C ratios as described in example of Table 12.

The second set of tables (Table A.35) comprises the complete
set of typical roadway tests as described in Table 8 of Chapter Two. Using

these tables, a designer can readily select service levels based on B/C

tather than 1.0 by using the ADT for B/C = 1.0 and ratioing accordingly.
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Compute na. of hite
H(l) for 2700-1b
automobiles
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Compute no. of hita
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automobiles
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Compute no. of hits
H{3) for 4700-1b
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Campute no. of hits
H{4) for 6000-1b
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For each of these vehicle classes:
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CALL CONXXX
for vehlcle

dimensions, yaw moment

of inertia, and turning
radius for given speed

CALL ANGKE
for angle ANG

ponding to given RI:
FITINS St i 1,897
D5 L o (o :"'MEl

solue for siniani)

CALL ANGLE

for 95-percentile angle

from vehicle turping
radius and distance
from lane € to railing

CALL PROBN
for cumulative

probability PA of hutting

at> angle ANG

Right lane PART
erter lane PACT
Left lane PALT

NO. OF HITS H(I) = (PTM)
(PRGTHENCR x PART +

ENCC x PACT +
ENCL x PALT)

f/\\\l

END

SERVICE LEVEL
LOOQP

| WRITE RESULTS |
™ /

‘\ DISK

[

Call COSIZIT
Resd in BRC, DESCR
(SPEED, SHOT, VEH. MIX,
ERCR, 1ADT's)

Calculace BRB

BRE
Cospute B’C

Solve for ADT
for B/C = 1.0

|
<5

Print out results
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Calculate ADT's far
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specified CSI

|
ADT BT

Print out results
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