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FOREWORD 
By Staff 

Highway Research Board 

This report presents the current state of the knowledge with respect to seryice 
requirements for bridge rail systems. It should be of special interest and use to 
design engineers, safety engineers, and others concerned with effective bridge rail 
systems. The researchers performed a thorough literature search of the subject and 
conducted detailed interviews with representatives of highway departments of nine 
states as a basis for compiling a list of service requirements and formulating specific 
recommendations for revision of sections of the AASHO Standard Specifications for 
Highway Bridges. Suggestions are also made for the additional research necessary to 
permit the complete development of design criteria for bridge rail systems. 

Highway bridge railing system designs have evolved through need and expe
rience, but have often been based on questionable design information. In recent 
years, additional information has been provided by the many full-scale crash tests 
on bridge railings. There is a need, then, to assemble and correlate the information 
generally accepted as valid for the purpose of outlining bridge railing service require
ments. It is of prime importance to delineate the functions that railings are expected 
to satisfy for various site conditions, with due consideration being given to safety, 
economy and appearance. Following the achievement of a valid definition of service 
requirements, existing and new research data can be used to formulate comprehen
sive design criteria which will include various configurations and materials. 

In a one-year study, the objective of the Texas Transportation Institute was to 
define service requirements for bridge rail systems, as extensively as possible, as a 
preliminary step toward developing design criteria. This report, then, is on what 
might be termed a pilot study intended to ascertain the state of the art and pinpoint 
gaps in the knowledge concerning bridge railings. However, the pilot study resulted 
in much more than that—in fact, TTI was able to produce a simple mathematical 
model to predict the reactions of a vehicle-guardrail collision. The investigators were 
also successful in finding evidence that relates vehicle deceleration rate to occupant 
safety; vehicle damage to deceleration rate, hence to potential for occupant injury; 
and the vehicle exit angle and velocity to frequency of departure from the intended 
travel lanes. Furthermore, they were successful in formulating structural design 
criteria, including a rational technique for determining design loadings; suggesting 
revisions to sections of the AASHO Standard Specifications for Highway Bridges; 
and postulating a philosophy and methodology for an engineering economy approach 
for selection of bridge rail systems. 

These research findings indicate that bridge rail technology is reasonably well 
advanced and that the engineer has at his disposal considerable evidence and many 



tools for the design of apparently less hazardous systems than are now in common 
use. The technology can be advanced even further through additional research to 
develop more information on accident statistics and cost-effectiveness data having to 
do with the effects of roadway widths, bridge rail designs, roadway and bridge geome
tries, and traflSc characteristics. Full-scale proof tests of any proposed system(s) will 
be required to substantiate the theoretical analyses and provide assurance of success
ful performance in practice. In the meantime, a major question of policy must be 
resolved by the administrator—^that is, how much is it worth to the public to spend 
additional money on bridge rail systems to prevent death and injury? Until answered, 
the design engineer is constrained in his approach, regardless of the tools at his 
disposal. 
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TENTATIVE SERVICE REQUIREMENTS 
FOR BRIDGE RAIL SYSTEMS 

SUMMARY It is evident that many barrier rail installations constitute a hazard to a vehicle that 
is out of control. Examination of accident information gathered in this study shows 
that approximately 20 percent of fixed-object fatal accidents involve bridge barrier 
rail systems. Four hazardous conditions identified in this study are: (1) vehicle 
penetration of bridge or approach barrier rails, (2) snagging of a vehicle by com
ponents of bridge or approach barrier rails, (3) vehicle collisions with the approach 
end of bridge or approach barrier rails, and (4) collisions in which a vehicle is 
redirected by a railing system. I t has become apparent in this study that it is neces
sary to consider the approach railing and the bridge railing as an integrated system, 
and the two subsystems must be compatible. 

The first three hazardous conditions can be eliminated by providing adequate 
strength, by attention to details of design, and by providing a satisfactory transition 
between approach rails and bridge rails. The fourth hazardous condition thus 
becomes of major concern to highway engineers, and has received major emphasis 
in the research effort reported herein. Findings contained in this report indicate that 
a standard size vehicle would be subjected to an average lateral deceleration (at the 
center of mass of the vehicle) of 3 G's or less in approximately 85 percent of col
lisions. At this level of deceleration, it is demonstrated that 85 percent of accidents 
would be non-fatal, and 60 percent of accidents would not produce injuries to 
unrestrained vehicle occupants. These are reassuring indications of the adequacy of 
rigid barrier installations. From the viewpoint of safety, maintenance, and economy 
it is apparent that a properly designed rigid bridge railing system is not a hazard in 
the majority of collisions studied. It must be emphasized, however, that such a 
conclusion is based on accident information on existing installations. I t must be 
further emphasized that such barriers are capable of producing fatalities and injuries 
in severe collisions. Application of information contained in this report will permit 
engineers to evaluate the extent to which rigid barriers may be considered safe. 

A barrier rail capable of lateral displacement produces a lower impact force 
than a rigid barrier, vnth a corresponding reduction in the severity of damage to a 
colliding vehicle. It is demonstrated herein that barrier rail displacements of 1 to 
2 ft produce substantially lower impact forces than those produced by rigid bar
riers. Continued efforts to develop acceptable bridge railing systems capable of 
lateral displacement are necessary in many installations. Design criteria for rigid 
and flexible railing systems can be developed by employing the rational analytical 
approach and other information presented in this report. For example, careful con
sideration must be given to providing adequate connections. A criterion needs to be 
developed to define an adequate connection in both rigid and flexible systems; and, 
further, a criterion needs to be developed for transitions between these two systems. 
Applications of concepts presented in this report can be used to clearly define the 
service requirements on which to base design criteria. 

To assist the practicing highway engineer in the design of a bridge barrier rail 
system, ten service requirements have been defined and listed. Some of these service 



requirements are widely accepted, some are controversial; all reflect current under
standing of available information. The list provides a starting point for the develop
ment of design criteria for bridge rail and approach rail systems. I t is recommended 
that these service requirements and the methods outlined in this report be applied to 
prepare design criteria and outline specifications to produce railing systems based 
upon a rational design technique. Such a rational approach will produce safe 
economical railing systems. 

An attempt has been made in this report to provide (1) usable information for 
immediate application, and (2) a framework on which to construct design criteria 
based on contemporary knowledge and conditions. Since knowledge and conditions 
are continually changing, it is apparent that design criteria must be subject to 
continual review and revision. 

CHAPTER ONE 

INTRODUCTION 

Highway bridge barrier railing systems have evolved through 
need and experience using design information not fully sub
stantiated by research. Railings were provided on early 
highway bridges for pedestrians and slowly moving vehicles; 
collisions were rare, impact forces small, aesthetics of small 
import, and construction and maintenance were not major 
items of expense, as shown in Figure 1. However, with the 
advent of high-speed highways necessary to accommodate 
the greater volume of heavier and faster vehicles, problems 
of insignificant importance on early highways have now 
become problems of major concern. For example, some 
highway bridge railings in recent years have proved to be 
decorative, but not structurally sound when subjected to the 
greater impact forces, and, as a result, vehicle penetration 
of such railing has occurred, as shown in Figure 2. 

During the past two decades, significant results having 
practical application have evolved from the efforts of high
way engineers in designing and conducting full-scale dy
namic tests on new and modified barrier railing concepts, 
but still there is a need for a more comprehensive definition 
of service requirements for bridge barrier railing systems. 
The present study is aimed at reviewing existing research 
literature in an attempt to develop a comprehensive defini
tion of bridge railing system service requirements which 
include: (1) vehicle parameters, such as physical dimen
sions, weight, and speed; (2) roadway characteristics, such 
as width and type of surface; (3) railing performance; and 
(4) the comparative costs of selected barrier railing systems. 
It is futher intended to provide in this study a method of 
evaluating candidate railing systems, and to outiine a pro
gram for continued research. 

During the course of this study, nine state highway de

partments * were visited and discussions concerning bridge 
barrier railing systems were held with engineers represent
ing bridge design, highway design, traffic operations, and 
maintenance divisions. It was anticipated that through such 
discussions the research engineers of Texas Transportation 
Institute (TTI) would have a better understanding of the 
highway engineers' endeavors, and, as a result, that a better 
presentation of information developed during this study 
might ensue. At the outset of this research project, twelve 
state highway departments were selected by NCHRP Ad
visory Panel C66, Section 12, as being representative of the 
bridge barrier railing systems in existence; however, because 
of time and monetary limitations, it later became necessary 
to reduce the number of highway departments to be visited 
to nine. The research agency engineers are indeed gratified 
by the interest shown by the highway engineers of the states 
visited in an attempt to help resolve and provide a definition 
of bridge barrier service requirements; in fact, much of the 
information included in this report has been written with 
the counsel and aid provided by the highway engineers. 

Information involving single-vehicle fixed-object fatal ac
cidents, in which one or more fatalities had occurred, has 
been received from several of the state highway departments 
visited. The securing of accident information and its inter
pretation is an arduous task. No statistical significance has 
been placed on the results presented in this study based on 
the accident information examined. It is evident during the 
period of 1965-68 that: (1) approximately 33 percent of 
the fatal accidents involve fixed objects on high-speed high-

* California. Illinois, Minnesota, New Jersey, New York, Oregon, Texas, 
Virginia, and Washington. 



Figure 1. Improvised handrail of the past. 

ways, (2) approximately 22 percent of the fixed-object 
fatal accidents involve bridge barrier railing systems, and 
(3) certain areas of a bridge barrier railing if not properly 
designed or adequately protected can constitute a hazardous 
condition to an out-of-control vehicle. 

At the present time, a hazardous condition of major con
cern, which is responsible for approximately 50 percent of 
the fatal accidents, is the end of the bridge railing. Ex
amination of information reported by California revealed 
that 34 percent of the fatal accidents involve bridge ends 
not protected by an approach guardrail, whereas 18 percent 
of the fatal accidents involve bridge ends protected by an 
approach guardrail. It is surmised that many of the fatal 
accidents at bridge ends had occurred on narrow bridges 
having a width less than the adjacent highway shoulder 
width. The current practice in highway design is to con
struct shoulder-width bridges on high-speed highways. This 
additional width provides an area for a driver to maneuver 
a vehicle in the event of an emergency. 

It has been demonstrated by researchers conducting full-
scale dynamic tests that the approach guardrail-bridge rail 

juncture must possess structural compatibility as well as 
alignment compatibility. A satisfactory collision with an 
approach guardrail progressing to a fatal collision with a 
bridge end, due to the lateral displacement of the guardrail, 
or inadequate connection of the guardrail, is not a safe 
collision. To put it another way, a strength and alignment 
transition from a flexible structural system (approach guard
rail) to a rigid structural system (bridge rail) must be pro
vided. Current design practice to achieve a strength transi
tion adjacent to the bridge railing has resulted in decreased 
guardrail post spacing, larger size posts, adequate bolting of 
the approach guardrail to the bridge structure, and the 
anchoring of the guardrail end. 

If an out-of-control vehicle is redirected by an approach 
guardrail, a secondary, often high-angle, impact with the 
bridge railing may result in a fatal accident. Thus, the 
ultimate point of a fatality has been relocated. Certainly, 
the elimination of the hazardous exposed bridge rail end is 
desirable, but it must be borne in mind that this is an 
amelioration and not a panacea. 

Methods of eliminating or reducing other well-identified 



Figure 2. Example of railing penetration. 

hazardous conditions associated with bridge railing systems, 
such as penetration, vaulting, snagging, and pocketing, are 
discussed in this report. Highway research programs ap
pear to be moving in the direction of safer installations—if 
the reduction in fatal accidents is accepted as a criterion. 

To evaluate the performance of a bridge railing system, 
it is necessary to have an estimate of (1) the magnitude of 
impact forces, and (2) vehicle decelerations which will be 
tolerable to vehicle occupants. To accomplish this task, the 
research agency engineers developed a mathematical model 
to simulate the dynamic behavior of a vehicle-barrier rail
ing collision. By use of the mathematical model, it is now 
possible to estimate impact forces which take into consid
eration vehicle parameters as well as roadway characteris
tics. An extensive amount of research has been conducted 
in an attempt to determine human tolerance to longitudinal 
decelerations, such as would occur in front-end type vehicle 
impacts; however, research regarding human tolerance to 
simultaneous lateral and longitudinal vehicle deceleration 
has been limited. An occupant restrained by a seat belt and 
shoulder harness would most likely experience decelerations 
similar to the vehicle compartment area, whereas an un
restrained occupant might experience decelerations com
pletely different from that of the vehicle. In any event, the 
severity of damage to the vehicle would appear to be a good 

indication of the vehicle decelerations and incidence of 
injury to unrestrained occupants. 

From a 1967 field study conducted in Oregon involving 
950 traffic accidents, the National Safety Council ( N S C ) 
demonstrated that the proportion of damaged vehicles in 
which occupant (unrestrained) injuries occurred was pro
portional to the square of the severity of damage to a 
vehicle as rated on an arbitrary 7-point photographic scale 
by police officers and others at the scene of an accident. 
Employing the mathematical model and extending the work 
of the N S C to include average vehicle decelerations, a first 
approximation has been made of estimated injuries or 
fatalities in relation to vehicle decelerations and impact 
forces as determined from full-scale dynamic barrier tests. 

To summarize, this study has produced two concepts: 
(1) a method for estimating the magnitude of impact 
forces, and (2) an insight into establishing the limits of 
tolerable deceleration. These concepts have been useful in 
preparing a comprehensive definition of service require
ments for bridge barrier railing systems, proposing a ra
tional analytical approach for estimating impact forces, and 
evaluating selected barrier rails which have been subjected 
to full-scale dynamic tests. These results are discussed in 
the following sections. 



CHAPTER TWO 

RESULTS OF STUDY 

ACCIDENT INFORMATION 

Information involving single-vehicle fixed-object fatal acci
dents, in which one or more fatalities had occurred, has 
been received from seven state highway departments (Cali
fornia, Illinois, New York, Oregon, Texas, Virginia, and 
Washington). It must be emphasized that no statistical sig
nificance has been placed on the results and conclusions 
presented in this study regarding fatal accidents. Also, after 
a review of available research literature and the accident 
information received, it was concluded that fatal accidents 
involving: (1) the condition of the driver, (2) the condi
tion of the vehicle, (3) climatic conditions, and (4) ejec
tion of the vehicle occupants, which occurred in 75 percent 
of the fatal accidents involving bridge barrier railing systems 
in California, were beyond the scope of this investigation. 

During the period 1965-66, the New York Department 
of Transportation indicates that 1,671 fatal accidents oc
curred of which 481 (28.8 percent) involved fixed objects. 
The Virginia Highway Research Council indicates that, dur
ing the period 1965-67, an average 41.4 percent of the 
216 fatal accidents involved fixed objects on the Interstate 
System. Accident information compiled by the California 
Division of Highways Traffic Department, as given in 
Table 1 for the period 1965-67, indicates that an average 
of 33.8 percent of the freeway fatal accidents involve single 

vehicles hitting off-road fixed objects, which was higher than 
any other type of classification. A reduction of this infor
mation as to the type of vehicle and object struck is given in 
Table 2. 

The fixed objects in Table 2 that would pertain to this 
study are: (1) guardrail at fixed objects, (2) bridge rails, 
and (3) bridge end post at gore. The reason for installing 
guardrail adjacent to fixed objects, which include bridge 
rail ends, bridge abutments and piers, lightpoles, steel sign 
posts adjacent to the highway shoulder, and steel sign posts 
in the off-ramp gore areas, is to reduce the accident severity. 
Glennon (7, p. 184) indicates that guardrail reduces acci
dent severity only for those conditions where the over-all 
severity of striking the guardrail is less than the over-all 
severity of striking the fixed object. 

From a field inventory conducted by Glennon (7, p. 201) 
on single-vehicle fatal accidents involving fixed objects on 
95 percent of the 1,157 miles of California freeway as of 
Ian. 1, 1963, it was evident that 39 percent of the guardrail 
adjacent to fixed objects was located in the vicinity of a 
bridge structure. Based on this information, it was possible 
to estimate that 6.9 percent of the fatal accidents in Table 2 
involved guardrail at bridge structures. Combining the three 
fixed objects in Table 2 pertinent to this study, it is evident 
that bridge barrier railing systems constitute approximately 

TABLE 1 
640 SINGLE-VEHICLE FATAL ACCIDENTS COMPILED BY CALIFORNIA HIGHWAY TRAFFIC DEPARTMENT 
(1965-1967) 

NUMBER OF FATAL ACCIDENTS NUMBER OF PERSONS KILLED 

ACCIDENT TYPE 

1965 1966 1967 1965 1966 1967 

ACCIDENT TYPE NO. % NO. % NO. % NO. % NO. % NO. % 

Ran off road 
hit fixed object 197 33.6 240 37.6 204 30.3 221 31.6 274 37.8 235 28.5 

Ran off load did 
not hit fixed ob
ject 113 19.3 163 25.6 167 24.8 124 17.7 172 23.8 189 22.9 

Rear-end 98 16.7 80 12.5 107 15.9 111 15.8 90 12.4 124 15.0 
Wrong-way 35 6.0 23 3.6 32 4.7 69 9.9 31 4.3 58 7.0 
X-median 33 5.6 35 5.5 43 6.4 51 7.3 54 7.5 85 10.3 
Pedestrian 69 11.7 78 12.2 74 11.0 72 10.3 80 11.0 79 9.6 
Sideswipe 17 2.9 2 0.3 27 4.0 21 3.0 2 0.3 28 3.4 
Construction 

zone 19 3.2 8 1.3 1 0.1 25 3.6 11 1.5 1 0.1 
Miscellaneous 6 1.0 9 1.4 19 2.8 6 0.8 10 1.4 26 3.2 
All 587̂  100.0 638 100.0 674" 100.0 700 100.0 724 100.0 825 100.0 

Travel ( M V M ) 
Fatality rates per 100 M V M 
Fatality accident rates per 100 M V M 

23,000 25,970 28,870 
3.04 2.79 2.86 

(2.55) (2.46) (2.33) 



TABLE 2 

640 SINGLE-VEHICLE FIXED-OBJECT FATAL ACCIDENTS (%) COMPILED 
BY CALIFORNIA HIGHWAY TRAFFIC DEPARTMENT (1965-1967) 

DISTRIBUTION OF ACCIDENTS (% ) 

V E H I C L E T Y P E 

Standard cars 15.2 11.1 7.5 3.9 3.9 4.4 2.2 1.7 1.6 1.6 1.6 0.8 3.4 58.9 
Intermediate 

cars 0.2 0.6 0 0.2 0 0 0 0 0 0.2 0.2 0 0.2 1.6 
Compacts and 

foreign cars 3.1 3.0 2.7 2.2 3.1 3.6 1.6 0.5 0.3 0.8 0.6 0.2 1.9 23.6 
Station wagons 

and vans 1.4 0.9 0.6 0.3 0.6 0.5 0.3 0.3 0 0.3 0.3 0 0.8 6.3 
Pick-ups 0.8 0.9 0.3 0.1 0.5 0 0.5 0 0.3 0 0.1 0.1 0 3.6 
Trucks 0.6 0.6 0.8 0.5 0.1 0.5 0 0.3 0 0.3 0 0 0.1 3.8 
Motorcycles 0.1 0.5 0.3 0.1 0 0.3 0.8 0 0.1 0 0 0 0 2.2 
All 2L4 TL6 ~122 7.3 8.2 9.3 5.4 2.8 2.3 3.2 2.8 1.1 6.4 100.0 

22 percent of the freeway fixed-object fatal accidents in 
California. Other states indicate similar results. The Illi
nois Division of Highways Bureau of Traffic indicated that, 
during the period of 1967,281 fatal accidents involved fixed 
objects of which 63 (22.4 percent) involved bridge barrier 
railing systems. Also, it was possible to estimate that, dur
ing the period of 1967, 22 percent of the fixed-object fatal 
accidents on the Virginia Interstate System involved bridge 
barrier railing systems. 

Estimates of the vehicle speeds and types involved in 

fixed-object fatal accidents, as compiled by California and 
the Texas Highway Department, are given in Tables 3 and 
4. It is evident that passenger vehicles constitute between 
83 and 90 percent of the fatal accidents, whereas trucks 
constitute between 4 and 6 percent of the fatal accidents. 
Because trucks constitute such a smaU percentage of the 
fatal accidents, it would seem reasonable to eliminate trucks 
from design considerations except in unusual circumstances. 

It is also evident, from Tables 3 and 4, that the estimated 
speed range in which the largest percentage of the fatal 

TABLE 3 
640 SINGLE-VEHICLE FIXED-OBJECT FATAL ACCIDENTS (%) COMPILED BY 
CALIFORNIA HIGHWAY TRAFFIC DEPARTMENT (1965-1967) 

DISTRIBUTION OF ACCIDENTS' ( % ) 

UN-
75+ 71-75 61-70 51-60 41-50 31-40 21-30 KNOWN 

V E H I C L E T Y P E MPH MPH M P H M F H MPH MPH MPH MPH A L L ' 

Standard cars 
Intennediate cars 
Compacts and 

foreign cars 
Station wagons 

and vans 
Pick-ups 
Trucks 
Motorcycles 
All 

11.1 
0.3 

4.2 

0.7 
0.2 
0 
0.5 

6.9 
0.3 

1.4 

0.6 
0.6 
0 
0.2 

10.0 

20.9 
0.5 

8.3 

2.8 
2.2 
0.3 
0.3 

13.3 
0.2 

6.9 

1.3 
0.5 
0.8 
0.6 

35.3 23.6 

4.4 
0 

1.2 

0.8 
0.2 
2.2 
0.5 

U 

0.6 
0 

0.2 0.2 

0.2 
0.2 
0.3 
0 

T? 

0 
0 
0.2 
0.2 

06 

1.7 
0 

0.6 

0.1 
0 
0.2 
0.1 

2J 

58.9 
1.3 

23.0 

6.5 
3.9 
4.0 
2.4 

100.0 

• Speed is estimate of reporting officer. 
o Passenger vehicles, which include standard cars, intennediate cars, compacts and foreign cars, and station 

wagons and vans, constitute 89.7 percent of the fatal accidents. 



TABLE 4 
204 SINGLE-VEHICLE FATAL ACCIDENTS (%) INVOLVING BRIDGE BARRIER 
RAILING SYSTEMS COMPILED BY TEXAS HIGHWAY DEPARTMENT 
(1967-1968) 

DISTRIBUTION OF ACCIDENTS" (% ) 

UN-
S0+ 71-80 61-70 51-60 41-50 31-40 21-30 KNOWN 

VEHICLE T Y P E MPH MPH MPH MPH MPH MPH MPH MPH A L L 

Passenger 
Truck' 
Truck & trailer 
Bus 
School bus 
Farm tractor 

or similar 
Motorcycle 

or similar 
All 

15.7 
1.0 
0 
0 
0 

0 

0 

167 

11.8 
0 
0 
0 
0 

0 

0.5 
12.3 

23.5 
2.5 
1.0 
0 
0 

0 

0 

27.0 

16.2 
3.4 
2.9 
0 
0 

0 

0 

72J 

9.3 
2.9 
1.5 
0 
0 

0 

0.5 

74̂ 2 

1.9 
0 
0 
0 
0 

0 

0 

L9 

0.5 
0 
0 
0 
0 

0 

0 

OS 

4.4 
0.5 
0 
0 
0 

0 

0 

49 

83.3 
10.3 
5.4 
0 
0 

0 

1.0 

100.0 

• Speed IS estimate of reporting officer. 
•> Picl(up trucks included. 

accidents occurred is 61 to 70 mph. A barrier rail design 
based on a speed of 70 mph would therefore' include ap
proximately 75 percent of the standard and smaller size 
passenger vehicles. 

Only a limited amount of information is available at the 
present time on vehicle impact angles. Information re
ported by Deleys (2, p. 8) on guardrail accidents, as given 
in Table 5, indicates that 63.0 percent of the accidents were 
the result of a right turn into the barrier rail, whereas 
28.7 percent of the accidents were the result of a cross one 
lane left into the barrier rail. 

From this information, and making certain assumptions, 
it is possible to obtain a good estimate of the maximum 
vehicle impact angle by use of the widely accepted mathe
matical equation (70, p. 90; 2, p. 7; 28): 

e = cos (1) 

in which 

0 = impact angle (deg); 
d = initial lateral distance from barrier (ft); 

Vj^ = vehicle impact speed (fps); 
g = acceleration of gravity (ft/sec.^); and 
/ = coefiicient of friction between vehicle tires 

road. 
and 

This equation is based on the assumption that the vehicle 
is initially traveling parallel to the barrier railing on a 
straight, level road and is suddenly turned into the barrier 
on a constant minimum radius determined by dynamic equi
librium of the lateral forces on the vehicle for incipient 
skidding. During this maneuver the velocity of the vehicle 
is assumed constant. 

Assuming now: (1) a vehicle velocity of 65 mph at 
which most of the fatal accidents occur, (2) a coefficient of 

friction between vehicle tires and roadway of 0.7, which is a 
reasonable value for a dry concrete surface, (3) lane widths 
of 12 ft, and (4) a shoulder width on each side of 10 ft, 
a vehicle impact angle of 16° was obtained for a right turn 
into the barrier railing, and a vehicle impact angle of 22° 
was obtained for a cross one lane left turn into the barrier 
railing. Using the same value for the coefficient of friction, 
Deleys (2, p. 6) has shown that the mathematical equation 
fairly well defines the envelope of injury accidents involving 
guardrail on two-lane highways and four-lane divided 
highways. 

The information presented fairly well substantiates the 
full-scale impact test conditions suggested by the Highway 
Research Board Committee in 1962 on Guardrails and 
Guide Posts (3); that is, the test vehicle shall be of standard 
design, weighing 4,000 ± 200 lb, with load, have a center of 
gravity approximately 21 in. above the pavement, and the 
tests shall be conducted at a speed of 60 mph and at impact 
angles of 7 and 25°. However, based on the estimated 
speeds obtained for passenger vehicles involved in fixed-

TABLE 5 
1964 NEW YORK STATE THRUWAY 
REPORTED GUARDRAIL ACCIDENT 

LANES CROSSED 
IN APPROACH TO BARRIER 

NO. 
ACCIDENTS 

Right turn into barrier 167 (63.0%) 
Cross one lane right 5 (1.9%) 
Cross two or more lanes right 3 (1.1%) 
Left turn into barrier 3 (1.1%) 
Cross one lane left 76 (28.7%) 
Cross two or more lanes left 11 (4.2%) 



object fatal accidents as shown in Tables 3 and 4 for the 
period 1965-68, it is recommended that full-scale dynamic 
tests be conducted at an increased speed of 65 to 70 mph. 
In a low-angle vehicle impact with a bridge barrier railing 
system having a standard 10-in. curb extending horizontally 
4 in. or more, Nordlin (4, p. 140) has indicated that there 
is a good possibility of the vehicle mounting the curb and 
vaulting a low type railing. This would appear to be the 
reason for suggesting that full-scale tests be conducted at an 
impact angle of 7° in order to assure that the barrier railing 
is of adequate height. 

More information is presented on the encroachment 
angles of an out-of-control vehicle striking a bridge barrier 
railing system in "Limits of Tolerable Deceleration," Chap
ter Two. 

A summary breakdown of the single-vehicle fatal acci
dents which involve only bridge barrier railing systems 
indicates, as given in Table 6, that certain areas of a barrier 
rail if not properly designed or adequately protected can 
constitute a hazardous condition to an out-of-control ve
hicle. The item in Table 6 of most concern, accounting for 
more than 50 percent of the fatal accidents, is the collision 
involving the end of the bridge barrier railing. In Califor
nia, during the period 1966-67, bridge ends not protected 
by an approach guardrail accounted for 34 percent of the 
fatal accidents, whereas bridge ends protected by an ap
proach guardrail accounted for 18 percent of the fatal acci

dents. During the 1967—90th Congressional Hearing be
fore the Special Subcommittee on the Federal-Aid Highway 
Program (5) inquiring into the design and operational ef
ficiency of recently completed Interstate Highway sections, 
it was illustrated by numerous photographs that structural 
continuity and a strength transition were not maintained 
between the semi-flexible approach guardrail and the more 
rigid bridge railing. Thus, for impacts near the bridge, the 
probability of the vehicle hitting the end of the bridge rail
ing due to lateral displacement of the guardrail would be 
quite high, as indicated in the accident information fur
nished by California. Current practice to achieve a strength 
transition adjacent to the bridge railing has resulted in de
creased guardrail post spacing, large size posts, adequate 
bolting of the approach guardrail to the bridge structure, 
and the anchoring of the guardrail end (29, p. 9). 

An excellent example to emphasize the importance of a 
structurally adequate guardrail-bridge rail bolted connec
tion was demonstrated by a full-scale dynamic test con
ducted by California (29, p. 16) as shown in the photo
graphs of Figure 3. Primarily because of a splitting failure 
of the unreinforced concrete bridge rail through one of the 
bolt holes, the guardrail was displaced laterally a sufficient 
distance to allow the vehicle to impact the end of the bridge 
rail. 

During the period 1963-64, Glennon (/, p. 202) has 

TABLE 6 
SINGLE-VEHICLE FATAL ACCIDENTS (FA) 
INVOLVING BRIDGE BARRIER RAILING SYSTEMS (PERCENT) 

CALI WASH
FORNIA • ILLINOIS* OREGON TEXAS INGTON 
(77 F A ) (63 F A ) (9 F A ) (204 F A ) (5 F A ) 

I T E M 1966-67 1967 1966-67 1967-68 1968 
T Y P E OF FATAL 
COLLISION ACCIDENT 
CloUision with approach 

guardrail 10 21 0 15 0 
(Tbllision with bridge end 52 59 22 57 80 

No approach guardrail 34 NR NR NR NR 
Protected by approach 

guardrail 18 NR NR NR NR 
Collision with approach guard

rail, redirected into collision 
with bridge rail 7 NR NR NR NR 

Collision with bridge rail 31 20 78 21 20 
BARRIER RAIL PERFORMANCE 
Vehicle penetrated 14 6 44 22 20 
Vehicle vaulted 2 5 34 21 0 
Vehicle pocketed or snagged 

(includes end type impacts) 52 41 11 51 80 
Vehicle redirected 32 48 11 NR NR 
Unknown 0 0 0 6 0 

NR=Inforniation not requested in accident form letter. 
* Ejection of the vehicle occupants occurred in 72 percent of the fatal accidents. 
••Illinois had a total of 281 fatal accidents involving fixed objects of which 63 (22.4%) involved bridge 

barrier railing systems. 
°From the findings of the Blatnik Committee (5), i t can be assumed that structural continuity was not 

maintained between approach guardrail and the bridge railing. 



This test emphasizes the importance of a structurally adequate 
guardrail-bridge rail bolted connection. Due primarily to a splitting 
failure of the unreinforced concrete bridge rail through one of the 
bolt holes, the guardrail was displaced laterally a sufficient distance 
to allow the vehicle to impact the end of the bridge rail. The test 
installation consisted of a standard 27-in.-high "W" section guardrail 

connected to a simulated bridge parapet (New Jersey Barrier) with 
two l-in.-diameter high-strength bolts. The opposite end of the flared 
53-ft length of guardrail was anchored. Using a standard size vehicle 
(4,540 lb), the test was conducted at a speed of 60 mph and 25° 
relative to bridge rail or approximately 30° relative to impact point 
of guardrail. 

Figure 3. Full-scale dynamic lest 136 conducted by California Division of Highways Materials and Research Laboratory 
(29, p. 16)—Sept. 28, 1967. 

determined, based on 158 fixed-object fatal accidents,* that 
19 (12 percent) of the accidents involved bridge railing 
ends not protected by an approach guardrail, whereas 
16 (10.1 percent) of the accidents involved bridge railing 
ends protected by an approach guardrail. (From the find
ings of the Blatnik Committee (5 ) , it can be assumed that 
structural continuity was not maintained.) If guardrail were 
installed adjacent to all bridge rail ends according to a 
CoUision Index (Eq. 2) analysis, Glennon (/, p. 204) also 
determined that a reduction in fatal accidents of 37 percent 
would be expected. 

CI ^ SIX PI = 
25 F + 6I + P 

(2) 

* Fatal accidents relative to the fixed objects—bridge rail ends, abut
ments and bridge piers, lightpoles, steel sign posts adjacent to the shoulder, 
and steel sign posts in gore area. 

in which 

SI = severity index; 
PI = probability index; 
CI — collision index; 

F = number of fatal accidents for condition; 
/ — number of injury accidents for condition; 
P = number of PDO accidents for condition; 
N = number of total accidents for condition; and 
V = number of vehicles exposed to condition during 

accident study period. 

It is reasonable to assume that if, in addition, the approach 
guardrail were adequately connected to the bridge railing, 
the reduction in fatal accidents involving the end of the 
bridge railing would be higher than 37 percent. 
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A substantial amount of accident information is also 
available in regard to guardrail ends. For example, Deleys 
(2, p. 8) has shown that approximately 50 percent of the 
accidents in 1964 involving guardrail on two-lane highways 
and four-lane highways, in which the guardrail performance 
was classified as a failure, were the result of end impacts. 

It is generally agreed that a safe bridge barrier railing 
system should restrain a colliding vehicle, prevent a vehicle 
from vaulting, and minimize vehicle decelerations to a level 
which will be tolerable to the vehicle occupants assumed to 
be unrestrained. Penetration of a barrier railing, which 
constituted approximately 20 percent of the fatal type ac
cidents as given in Table 6, can be eliminated by proper 
design for strength. Recommendations as to the determina
tion of a lateral impact design force are discussed in this 
chapter under section "Rational Analytical Approach." 
Vaulting of a barrier railing can be eliminated by proper 
attention to providing adequate railing height in addition to 

structural strength, and the elimination of discontinuities 
such as curbs, safety walks, and sidewalks. To minimize 
vehicle decelerations to a level which will be tolerable to 
unrestrained occupants, snagging and pocketing of a barrier 
railing must be eliminated. An example of undesirably high 
vehicle decelerations caused by the pocketing of a section 
of barrier railing and then snagging on the exposed end of 
an adjacent section of railing was demonstrated by a full-
scale dynamic test conducted by California (50) as shown 
in the photographs of Figure 4. 

If an out-of-control vehicle is redirected by an approach 
guardrail, a secondary usually high-angle impact with the 
bridge railing may result in a fatal accident, as given in 
Table 6. Thus, the ultimate point of a fatality has been 
relocated. Certainly, the elimination of the hazardous ex
posed bridge rail end is desirable, but it must be borne in 
mind that this is an amelioration and not a panacea. It has 
been observed that accident frequency increases as length 

This test demonstrates the undesirably high vehicle decelerations 
caused by pocketing of a section of barrier railing and then snagging 
on the exposed end of an adjacent section of railing. The impact was 
so severe that the engine was ejected from the vehicle. The anthropo
morphic dummy's head was thrown 23 ft from impact when the three 
i^-in.-diameter high-strength bolts in the neck joint were sheared as 

the shoulder struck the windshield post. The test installation con
sisted of 10 precast reinforced concrete units with an over-all length 
of approximately 80 ft. The units, which were connected by a double 
angle steel bar, were set in drilled holes back-filled by soil. Using a 
standard size vehicle (4,540 lb), the test was conducted at a speed of 
66 mph and an angle of impact of 25°. 

Figure 4. Full-scale dynamic test 121 conducted by California Division of Highways Materials and Research 
Laboratory (30)—Oct. 28, 1965. 
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INSTANT OF VEHICLE - BARRIER 
RAILING COLLISION 

INSTANT VEHICLE BECOMES 
PARALLEL TO UNDEFORMED 

BARRIER RAILING 

DISPLACED BARRIER RAILING 
Figure 5. Mathematical model of vehicle-barrier railing collision. 

of guardrail increases. Beaton (6) and Sachs (7) con
cluded that a median barrier virtually eliminates cross-
median fatal accidents, but the frequency of injury acci
dents increases. These findings lead one to conclude that 
installation of approach railing adjacent to barrier railing 
has a salutary effect. Highway safety programs appear to be 
moving in the direction of safer installations, if reduction in 
fatal accidents is accepted as a criterion. 

In conclusion, it is evident that many barrier rail con
figurations constitute a hazardous condition to an out-of-
control vehicle, and, as a result, approximately 22 percent 
of the fixed-object fatal accidents involve bridge barrier rail 
systems. The hazardous conditions that have been well 
identified in research literature, through discussions with 
highway engineers in several states, and in this study are: 
(1) penetration of the bridge or the approach barrier rail 
by a standard or smaller size vehicle, (2) snagging of a 
vehicle by the bridge or the approach barrier rail, and 
(3) a vehicle impact at the approach end of the bridge or 
the approach barrier rail. 

MATHEMATICAL MODEL OF A VEHICLE-BARRIER 
RAILING COLLISION 

An extensive review of available research literature revealed 
that many full-scale dynamic tests of barrier railing have 
been conducted by several research organizations, and much 
useful information has been made available in written re
ports and on high-speed film records. As study of this 
information progressed, it was evident that a comprehensive 
definition of service requirements and a rational analytical 
approach as a basis for the design of a bridge barrier railing 
system have not been available to the highway engineer. 

To help achieve these objectives, a simple mathematical 
model of a vehicle-barrier railing collision evolved. Ob
servations of high-speed films and sequence photographs led 
to the development of the equations presented in this report. 

These equations assume that, at the instant of impact, the 
vehicle motion can be defined by an angle, 0, and a velocity, 
Vj, as shown in Figure 5. That is to say, the vehicle is out 
of control and should the driver be able to reduce his speed 
or turn the vehicle, a less severe collision, or none at all 
might result. The following assumptions have also been 
made: 

(1) The lateral and longitudinal vehicle decelerations are 
constant during the time interval required for the 
vehicle to become parallel to the undeformed barrier. 

(2) Vertical and rotational accelerations of the vehicle 
are neglected. 

(3) The lateral component of velocity is zero after the 
vehicle is redirected parallel to the barrier railing. 

(4) The vehicle is not snagged by the barrier railing as 
it is being redirected. 

(5) Deformation of the vehicle occurs in the area of 
impact, but the center of mass (C.G.) of the vehicle 
is not thereby changed appreciably. 

(6) The mass center of the vehicle moves as if the entire 
mass were concentrated at that point. 

(7) A barrier may be rigid {D = 0) or it may be flexible 
( D > 0 ) . 

(8) The friction forces developed between the vehicle 
tires and roadway surface are neglected. 

(9) The barrier railing system does not contain dis
continuities (jutting curbs, etc.) which might pro
duce abrupt vertical movement of the vehicle. 

Based on these assumptions, the motion of the vehicle, 
that occurs during the time interval required for the vehicle 
to become parallel to the undeformed barrier railing, can be 
determined from the basic principles of dynamics. 

Referring to Figure 5, the lateral movement of the 
vehicle, ASi^t., is expressed by the equation: 

A5iat. = AL sinW - B[l - cos(fl)] -|- D (3) 
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This lateral movement of the vehicle occurs during the 
time interval, A/, expressed by the equation: 

Average Lateral Velocity 

in which 

Average Lateral Velocity = V2 Wj sin(fl) + 0] 

AL sin(tf) - B[l - cos(fl)] + D (4) 

Having an expression for the time interval, the average 
vehicle decelerations, G's, are expressed by the equations: 

Average Lateral Vehicle Deceleration (Gi^t.) 

in which 

Change in Lateral Velocity (A7) = Vj sin(fl) — 0 

VisiniO) 

Glat. 

g(AO 
sin= (6) 

lg[AL sin(e) - B[\ - cos(e)] + D} 

Average Longitudinal Deceleration (G,„„g ) 

G„ 

(5) 

'lonK "Ions. (AT/) long. 
8 g(AO 

g(Af) 

V, sin(fl) 

: G,„t I C O t ( f l ) - C S C ( ( ? ) (6) 

The magnitude of the average lateral and longitudinal 
impact force developed between the vehicle and barrier 
railing can be determined from Newton's basic laws of 
motion. 

Average Lateral Impact Force (F,at) 

F, „t. = '"(fliat.) 

flat. = W{G,,,_) (7) 

Average Longitudinal Impact Force (Fiong.) 

l̂onK =/*(flat .) 

f long.=f '» ' (G,at . ) (8) 
From Eq. 8, an expression can be obtained between the 

average lateral and longitudinal vehicle decelerations. 

^long. = w(aio„g ) 

/̂ long. = »'(G,o„g.) 

Thus, 

G. „„g.=,.(G.,t .) (9) 

in which 

L = vehicle length ( f t ) ; 
IB = vehicle width ( f t ) ; 
D = lateral displacement of barrier railing ( f t ) ; 

AL = distance from vehicle's front end to center of mass 
( f t ) ; 

Vj = vehicle impact velocity (fps); 
= vehicle exit velocity (fps); 

0 = vehicle impact angle (deg); 
II = coefficient of friction between vehicle body and 

barrier railing; 
a= vehicle deceleration (ft/sec^); 
g = acceleration due to gravity (ft/sec^); 

m = vehicle mass (Ib-sec^/ft); and 
W= vehicle weight ( lb) . 

These equations express the average vehicle decelerations 
as a function of: (1) type of barrier railing—rigid or flexi
ble, (2) dimensions of the vehicle, (3) location of the 
center of mass of the vehicle, (4) impact speed of vehicle, 
(5) impact angle of the vehicle, and (6) coefficient of 
friction between the vehicle body and barrier railing. Re
view of published reports of full-scale crash tests revealed 
that the investigators had recorded impact speeds, impact 
angles, and other information such as measured or com
puted decelerations. Some of this information could be 
used for input to the mathematical model and other in
formation could be used to compare with output from the 
model. For example, substitution of impact speed and im
pact angle reported for a selected crash test of a rigid bar
rier as input into the model produces a computed decelera
tion value. This value can be compared with the value 
reported by the investigator. Such computations were made 
for many reported crash tests to establish confidence in the 
mathematical model. The results of these computations are 
contained in Appendix A. 

It is demonstrated in Appendix A that the mathematical 
model predicts the behavior of a standard size passenger 
vehicle to an accuracy of ± 2 0 percent. Such a comparison 
is remarkable when one considers the simplicity of the 
model and the difficulties involved in acquiring and reduc
ing data obtained from full-scale dynamic tests (8, p. 18). 
An identical equation was developed independently in the 
Netherlands and reported by Jehu (9, p. 46); however, the 
author gave no indication of how well the model simulated 
an actual vehicle-barrier impact. 

LIMITS OF TOLERABLE DECELERATION 

During a collision between an out-of-control vehicle and 
a bridge barrier railing system in which the vehicle is 
smoothly redirected, the vehicle is subjected simultaneously 
to lateral and longitudinal decelerations. An insight into the 
dynamic behavior of the vehicle and bridge barrier railing 
system has been provided by the mathematical model. 

To evaluate the performance of a bridge barrier railing 
system, the mathematical model is used in conjunction with 
available research information to determine average vehicle 
deceleration levels which would produce injury to the 
occupants. 

An extensive amount of research has been conducted in 
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an attempt to determine human tolerance to longitudinal 
vehicle decelerations (.31), such as would occur in front-
end-type vehicle impacts; however, research regarding 
human tolerance to simultaneous lateral and longitudinal 
vehicle decelerations has been limited. 

To evaluate barrier performance, Graham (10, p. 92) 
indicated, after a review of available literature on tolerable 
deceleration levels, that a total deceleration of 10 G's for 
more than 50 milliseconds at the vehicle center of gravity 
was considered as probably capable of producing serious 
injuries and perhaps even fatal injuries to an unrestrained 
occupant. Therefore, an effort was made by Graham to 
keep the vehicle decelerations below this level during the 
full-scale impact tests conducted on the barrier railing 
developed in New York. 

Investigators at Cornell Aeronautical Laboratory (10, 
p. 91) suggested the limits given in Table 7 of tolerable 
longitudinal and lateral decelerations where the duration 
did not exceed 200 milliseconds and the rate of onset did 
not exceed 500 G's per sec. Cornell also reported that 
further work with anthropomorphic dummies subjected to 
known decelerations is required to better establish these 
limits. I t is shown subsequently that the results obtained 
by the research agency engineers are in good agreement 
with the deceleration limits established by both Cornell and 
Graham. 

During full-scale dynamic tests on various highway bar
rier railing designs, Nordlin (11) recorded acceleration data 
by means of a triaxial mechanical stylus accelerometer 
mounted in the chest cavity of a Sierra Engineering Com
pany, Model 157, anthropomorphic dummy and another 
accelerometer mounted on the rear floor of the vehicle. 
The dummy was placed in the driver's seat and restrained 

TABLE 7 

LIMITS OF TOLERABLE DECELERATION 
SUGGESTED BY CORNELL AERONAUTICAL 
LABORATORY 

MAXIMUM DECLERATION 
(G's) 

LONGPTU-
RESTRAINT LATERAL DINAL ALL 

Unrestrained occupant 3 5 6 
Occupant restrained by lap 

belt 5 10 12 
Occupant restrained by lap 

belt and shoulder harness 15 25 25 

by a lap belt and/or shoulder harness. Due to the effects 
of "ringing" caused by transient vibrations through the 
vehicle frame, the recordings from the vehicle accelerome
ter were not considered representative of the actual de
celerations sustained by the vehicle and were therefore not 
reported. Accelerometer recordings of the dummy are given 
in Table 8. An approximation of the G-level can be ob
tained by multiplying tabulated values by 6. No attempt 
was made to relate this accelerometer information or 
dummy injuries to actual injuries that would have been 
sustained by a human counterpart. The primary function 
of the dummy was to evaluate the relative efficiency of the 
various restraint systems in the prevention of partial ejec
tion. However, the accelerometer recordings were of value 
for a comparative study of the various barrier railing de-

TABLE 8 
ANTHROPOMORPHIC DUMMY DECELERATIONS REPORTED BY 
CALIFORNIA DIVISION OF HIGHWAYS (U) 

DUMMY IMPACT ° VEHICLE TRAJECTORY 

BARRIER 
TEST 
NO. 

DUMMY 
RESTRAINT 

TRANS. LONG. VERT. ANGLE SPEED(MPH)ROLL 

BARRIER 
TEST 
NO. 

DUMMY 
RESTRAINT L R FWD. BK. UP DN. ENT. EXIT' ENT. EXIT* R 

New Jersey 
median 161-A lap belt 1.0 0.2 0.1 0.2 7° 38 41 

161-B lap belt 1.2 0.7 0.7 0.2 7° 65 61 14° 

162 lap belt 4.3 0.8 0.7 1.0 1.7 25° 12° 63 55 25° 
W-beam 

median 101 lap belt 
& harness 3.5 2.3 1.5 25° 15° 69 41 5° 

W-beam 
guardrail 107 lab belt 2.5 1.4 0.9 25° 17° 60 37 Flat 

New York 
median 142 lap belt 2.0 1.0 1.0 25° 6° 64 46 18° 

Concrete Type 1 
bridge rail B-5 lap belt 

& harness 4.0 2.0 1.3 25° 5° 78 62 2° 

• Exit angle and speed measured 25 ft to SO ft from point of impact and prior to cutting ignition and applying brakes. 
•> Readings indicate relative impact intensities as recorded on mechanical stylus impactograph. The magnitudes are not to be construed as actual G forces. 
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signs tested. Barrier rail systems that deflected laterally 
were effective, as noted by the lower transverse readings. 
It is interesting to note that there was no significant dif
ference between the vertical readings for the New Jersey 
barrier, which has a lower sloping face, and the W-beam 
guardrail when tested under the same impact conditions. 
Also of interest, the longitudinal decelerations of the 
anthropomorphic dummy in the majority of tests were 
approximately or equal to one-half of the lateral decelera
tions. As shown in Appendix A, a similar relationship was 
found to exist between the average lateral and longitudinal 
decelerations of vehicles involved in full-scale dynamic 
tests. 

Thus, an occupant restrained by a seat belt and shoulder 
harness would most likely experience decelerations similar 
to the vehicle compartment area, whereas an unrestrained 
occupant might experience decelerations completely dif
ferent from that of the vehicle. In any event, the severity 
of damage to the vehicle would appear to be a good in
dication of the vehicle decelerations and incidence of injury 
to unrestrained occupants. Based on the work of Michal-
ski (12) and employing the mathematical model discussed 
previously, this hypothesis has been confirmed. 

From the results of a 1967 field study conducted in 
Oregon involving 951 vehicles in traffic accidents of which 
there were 184 personal injuries and 7 fatalities, Michalski 
demonstrated, as shown in Figure 6, that the proportion of 
damaged vehicles in which injuries occurred was propor
tional to the square of the severity of damage to a vehicle 
as rated on a 7-point photographic scale (77) by police 
officers and others at the scene of an accident. Michalski 
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indicates that the probability integral and parabolic curves 
in Figure 6 may be used with equal facility to predict 
incidence of injuries in relation to vehicle damage rating. 
Michalski has indicated verbally that less than 5 percent of 
the vehicle occupants were restrained by a seat belt and/or 
shoulder belt. 

To apply and extend the work of Michalski to include 
average vehicle decelerations, vehicles damaged in ful l -
scale dynamic tests by various research agencies were 
selected for evaluation. As shown in Figures 7 and 8, the 
results of this study, which are developed in depth in Ap
pendix B, indicate that the average vehicle decelerations are 
directly proportional to: (1) the proportion of damaged 
vehicles involved in traffic accidents in which occupant in
juries occurred, and (2) the square of the vehicle damage 
rating. In mathematical notation, this relationship would be 
represented by the equations: 

Type Vehicle 
Impact 

Front 

Angle 

in which 

Mathematical 
Equation 

G,o„g 0.280 7?== = 13.7 P (10) 

Gut = 0.204 R'^IO.OP (11) 

FRONT-END DAMAGE RATING 

Figure 6. Occurrence of personal injuries in relation to 
front-end damage rating (12, p. 38). 

G = average vehicle deceleration; 
R = vehicle damage rating; and 
P — proportion of vehicles in which injuries occurred. 

It must be noted that the average lateral vehicle decelera
tions are based on the assumption that the vehicle is 
smoothly redirected by the barrier rail. 

In addition to demonstrating that the proportion of ve
hicles in which personal injuries occurred in relation to 
damage rating was nearly parabolic in form, Michalski de
termined that at mean damage ratings* of: (1) 1.99— 
vehicles are drivable, (2) 4.08—vehicles are non-drivable, 
(3) 4.45 and 4.73—injuries occurred in front-end and side 
vehicle impacts, respectively, and (4) 2.32 and 2.49—no 
injuries occurred in front-end and side vehicle impacts, 
respectively. Based on the mathematical relationship estab
lished, Eqs. 10 and 11, the average vehicle decelerations and 
the percent of vehicles involved in an accident in which 
injuries would occur that correspond to the conditions for 
which mean damage ratings were determined by Michalski 
are given in Table 9. 

Before attempting to predict the severity of a barrier rail 
accident, a study of vehicle encroachments on a barrier rail 
must be made. From accident data on the Ohio Turnpike 
for a period of five months during the summer and fall of 
1967, Garrett (13) reported vehicle speeds and the depar
ture angles as given in Table 10. For purposes of this study, 
it is assumed that the mean departure angles for various 
speeds as reported by Garrett would also be representative 
for an out-of-control vehicle striking a barrier railing. 

From injury accident data involving guardrail on two-
lane highways and four-lane divided highways, it was possi
ble to estimate from the graph presented by Deleys (2, p. 6) 
that approximately 85 to 90 percent of the accidents (ex
cluding inappropriate data) occurred at an angle of 20° and 

* Unless noted, the mean damage ratings include all types of impacts. 
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Figure 7. Curve relating lateral deceleration, proportion 
of injuries, and damage rating scale. 

When the average lateral decelerations of the mathemati
cal model, Eq. 5, are graphically plotted using the vehicle 
impact speed as the ordinate and the impact angle as the 
abscissa, it is evident as shown in Figure 9 that approxi
mately 80 to 85 percent of the accident data reported by 
Deleys and the curve representing the information obtained 
by Garrett fall to the left (less than) of a 2-G level de
celeration curve; whereas 85 to 90 percent of the accident 
data fall to the left of a 3-G deceleration curve. 

Based on the information presented, and assuming that 
the hazardous conditions discussed in section "Accident 
Information" are eliminated, this agency-conducted study 
indicates that for approximately 85 percent of the accidents, 
a standard-size vehicle would be subjected to an average 
lateral deceleration (at the center of mass of the vehicle) 
of 3 G's or less for various combinations of impact speed 
and angle. At this deceleration level, this study also indi
cates that 85 percent of the accidents would be non-fatal, 
and 60 percent of the accidents would not produce injuries 
to unrestrained occupants. As is evident from Table 9, a 
3-G average deceleration level for angle impacts would cor
respond to a slightly lower rating than that at which vehicles 
are non-drivable. 
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Figure 8. Curve relating longitudinal deceleration, pro
portion of injuries, and damage rating scale. 

TABLE 9 

AVERAGE VEHICLE DECELERATIONS 
AS FUNCTION OF NSC MEAN DAMAGE 
VEHICLE RATINGS AND INJURY LEVELS 

% O F V E H I C L E S 
AVERAGE V E H I C L E I N W H I C H I N -
D E C E L E R A T I O N S J U R I E S W O U L D 
(G'S) OCCUR 

CONDITIONS FOR W m C H 
(G'S) 

M E A N DAMAGE RATINGS FRONT A N G L E F R O N T ANGLE 
WERE D E T E R M I N E D B Y IM I M  I M  I M 

MICHALSKI (72) PACTS PACTS PACTS PACTS 

Vehicles drivable 1.1 0.8 8 8 
Vehicles non-drivable 4.7 3.4 34 34 
No injuries 1.5 1.3 11 13 
Injuries 5.5 4.6 40 46 

TABLE 10 
SPEED-MEAN DEPARTURE ANGLE 

Speed range (mph) 
Mean departure angle' (degrees) 
No. of observations 

10-19 
48.5 

2 

20-29 
8.8 

5 

30-39 
7.9 

8 

40-49 
7.1 
30 

50-59 
2.0 
78 

60-69 
3.7 
126 

• Departure angle was defined as the angle of the path of the vehicle as it left the paved roadway. 



16 

GUARDRAIL DATA BY DELEYS ( R E F Z ) 
INAPROPWATE DATA 

— DATA BY GARRETT ( R E F 1 3 ) 

AVERAGE L A T E R A L DECELERATION 
LEVELS DETERMINED BY MATHEMATICAL 
MODEL SIMULATING A STANDARD SIZE 
VEHICLE STRIKNG A RIGID BARRIER 
RAIL SYSTEM 

2 0 3 0 4 0 

I M P A C T A N G L E ( O E G ) 

Figure 9. Impact speed vs impact angle with computed G-
levels superimposed. 

was considered as probably capable of producing serious 
injuries and perhaps even fatal injuries to an unrestrained 
occupant. Referring to Figure 7, it is also apparent that at 
an average vehicle deceleration level of 10 G's the propor
tion of vehicles in which injuries of unrestrained occupants 
occurred was 100 percent. The average time duration of 
the collisions in Figure 7 was 201 milliseconds. From the 
severity of damage to a vehicle at 10 G's, which corre
sponds to a National Safety Council Rating of 7, it is 
estimated that fatalities would have occurred in the majority 
of the accidents at this level of deceleration. 

RATIONAL ANALYTICAL APPROACH 

From the accident information presented in a foregoing 
section, it is evident that many bridge barrier railing systems 
in existence are not structurally adequate to restrain or 
smoothly redirect an out-of-control standard size passenger 
vehicle. An apparent explanation for this structural in
adequacy of a barrier railing has been the need for a method 
to determine the magnitude of a realistic impact design force 
as a function of: (1) the vehicle characteristics, such as 
dimensions, weight, speed; and (2) the roadway character
istics, such as width, and type of surface. The mathematical 
equations presented in this report are responsive to this 
need. The average lateral deceleration of the vehicle and 
the magnitude of the impact force, as a function of the 
vehicle characteristics, are expressed by Eqs. 5 and 7, 
repeated here. 

Average Lateral Vehicle Deceleration (G,at.) 

^ _ vr-sm^(e) 
2g{AL sin(e) - Bll - cos(0)] + D} (5) 

I t was noted earlier that Cornell Aeronautical Labora
tory (Table 7) suggested that a lateral vehicle deceleration 
of 3 G's would be tolerable for an unrestrained occupant 
in which the time duration did not exceed 200 milliseconds. 
This value is the same as that just established in this study. 
In the 20 full-scale dynamic tests conducted by California 
on various highway barrier railing systems (Appendix A, 
Table A-2), it was determined by use of Eq. 4 that the 
average time duration, required for the vehicle to become 
parallel to the center line of the undeformed barrier railing, 
was 201 milliseconds. This average was over a time interval 
ranging from 126 to 333 milliseconds. 

For front-end-type impacts, an average longitudinal ve
hicle deceleration of 4.1 G's would produce the same 
severity rating as that established for angle impacts. This 
value is in good agreement with the 5-G longitudinal de
celeration level suggested by Cornell (Table 7) . The av
erage time duration of the 27 full-scale dynamic tests con
ducted by Texas Transportation Institute was also 201 
milliseconds. This averge was over a time interval range of 
126 to 476 milliseconds. 

The findings of this study also support the tolerable de
celeration levels established by Graham. As noted earlier, 
Graham indicated that a total deceleration of 10 G's for 
more than 50 milliseconds at the vehicle center of gravity 

Average Lateral Impact Force ( F j ^ ) 

Flat = W(G^,0 (7) 

The lateral decelerations of a vehicle, as a function of the 
impact angle, are readily determinable when presented 
graphically as shown in Figure 10, in which the vehicle 
dimensions are constants, vehicle impact speeds are parame
ters, and the barrier railing is assumed to be rigid. 

To express the average lateral deceleration of a vehicle 
and the magnitude of the impact force as a function of the 
roadway characteristics, as well as of a function of the 
vehicle characteristics, Eq. 1 is now employed. Combining 
Eqs. 1 and 5, the lateral decelerations of a vehicle, as a 
function of the width of roadway traversed by an out-of-
control vehicle traveling at some constant speed in advance 
of striking a rigid barrier railing, are readily determinable 
when presented graphically as shown in Figures 11 and 12, 
in which the vehicle dimensions are constants, and the 
coefficient of friction between the vehicle tires and roadway 
are parameters. Maintaining a fixed value for the co
efficient of friction, the lateral deceleration of a vehicle can 
also be expressed as a function of the width of roadway 
traversed by the vehicle and the displacements of a semi
rigid barrier railing as shown in Figure 13. I t is to be noted 
that, in Figures 11 through 13, the dimensions of the vehicle 
are identical to the vehicle dimensions used in Figure 10. 
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VEHICLE IMPACT 
SPEED ( M P H ) 3 0 

RIDGID BRIDGE 
BARRIER RAILING -

STANDARD SIZE VEHICLE ( 4 0 0 0 L B S ) 
L =175 FT. 

Z B = 6 5 F T 
A •a454 I 

4 6 8 10 12 14 

AVERAGE LATERAL VEHICLE DECELERATION (6|,«) 

Figure 10. Relationship between impact angle, average lateral deceleration, and 
impact speed. 

In Figure 13, it is evident that the lateral decelerations of 
a vehicle are reduced as a semi-rigid-type barrier railing is 
displaced laterally. A reduction in vehicle decelerations is 
certainly desirable; however, displacements of the barrier 
railing greater than 2 f t would not be particularly ad
vantageous. This is quite evident from Figure 13, which 
illustrates that as the displacement increments of the barrier 
railing increase for any one fixed width of roadway tra
versed by an out-of-control vehicle, the corresponding lat
eral deceleration increments of the vehicle decrease. For 
example, assuming that the impact conditions are as shown 
in Figure 13, the lateral decelerations of a vehicle, which 
traversed a 30-ft width of highway, would decrease by 
2.6 G's during the first 2 f t of displacement; whereas, dur
ing the displacement from 2 to 3 f t , the deceleration would 
decrease by only 0.6 G's. 

Although other parameter studies * of Eqs. 1, 5, and 7 
could have been presented, it will be shown that the graphs 
in Figures 10 through 13 are sufiicient to demonstrate the 
practicality and advantages of predicting a lateral impact 
force which is required for a bridge design engineer to 
achieve a structurally sound barrier railing design under any 
type of estimated impact conditions. 

The 1965 AASHO Standard Specifications for Highway 
Bridges (24) require that a bridge railing shall be designed 
for a transverse load of 10 kips by elastic methods using 
working stresses for the appropriate material used, or the 
bridge railing configuration shall be successfully tested by 
full-scale dynamic tests. Research agencies conducting ful l -
scale bridge railing tests have more or less followed the 
guidelines suggested by Highway Research Board Circular 
482 ( i ) for guardrail; that is, a test shall be conducted at 
a speed of 60 mph at an angle of 25° using a standard size 
4,000-lb (±200 lb) passenger vehicle. Under these test 

• This topic of parameter studies is discussed in Chapter Five as pos
sible future research. 

conditions, referring to Figure 10, an average lateral vehicle 
deceleration of 7 G's is obtained. Thus, for a vehicle weight 
of 4,000 lb, a lateral impact force of 28 kips is predicted by 
Eq. 7. It should be noted that a vehicle weighing 5,000 lb, 
and having identical dimensions and location of center of 
gravity, would produce a lateral impact force of 35 kips. 

Maintaining an impact angle of 25°, and referring to 
Table A-2, California has conducted the majority of their 
full-scale dynamic tests on rigid-type bridge barrier railing 
in the speed range of 65 to 75 mph. These severe impact 
conditions would correspond to the speed range in which 
the largest percentage of fatal accidents had occurred on 
high-speed highways as given in Tables 3 and 4. However, 
it is of interest to note that, at impact speeds of 60 mph and 
70 mph and an impact angle of 25°, an out-of-control 
standard-size passenger vehicle must traverse the widths of 
roadway in advance of striking a rigid barrier railing given 
in Table 11. Thus, for a coefficient of friction of 0.7 be
tween the vehicle tires and roadway, which is a reasonable 
value for a dry concrete surface, the impact conditions of 
60 mph and 25° would be representative of a collision that 
could occur on a four-lane divided highway or a two-lane 
highway in which the traveled lane widths are 12 f t and the 
shoulder width is 10 f t , whereas an increase in speed to 
70 mph would be representative of a collision that could 
occur on a six-lane divided highway. I t is also evident, in 
Table 11, that as the coefficient of friction values decrease 
the width of roadway traversed by a vehicle would increase. 
These findings indicate that the selection of full-scale dy
namic test conditions, such as the dimensions, weight, and 
speed of a vehicle, should be based on a representative 
width of highway in an area in which the barrier railing is 
to be located. This is basically the approach that Graham 
{10, p. 90) used in selecting the impact conditions of 
60 mph and 25°, and 45 mph and 35° in conducting 
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Figure 11. Rigid barrier impact 
forces at 60 mph. 

Figure 12. Rigid barrier impact 
forces at 70 mph. 

UJ 8 

RIGID BRIDGE 
BARRIER RAILING 

S T A N D A R D S I Z E V E H I C L E ( 4 0 0 0 L B S ) 
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L - 1 7 . 5 F T 
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3 0 4 0 5 0 6 0 
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2 4 U 

RIGID BRIDGE 
BARRIER RAILING 

S T A N D A R D SIZE V E H I C L E ( 4 0 0 0 L B S ) 

I M P A C T S P E E D 7 0 M P H 
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A < a 4 S 4 
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WIDTH OF ROADWAY TRAVERSED ( F E E T ) 

Figure 13. Displaceable barrier 
impact forces. 

BRIDGE BARRIER 
RAILING 

S T A N D A R D S I Z E V E H I C L E ( 4 0 0 0 L B S ) 
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COEFFICIENT OF FRICTION = 0 . 4 
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2 0 3 0 4 0 5 0 6 0 

WIDTH OF ROADWAY TRAVERSED ( F E E T ) 
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48 full-scale tests on various barrier railing design con
figurations which would be located on a two-lane highway. 

In 1962, the Bureau of Public Roads (BPR) prepared a 
bridge barrier railing specification as a proposed substitute 
for the 7957 AASHO Standard Specifications for Highway 
Bridges, which had been considered inadequate for the pro
tection of traffic. The BPR Proposed Specification required 
that a bridge barrier railing shall be designed using plastic 
theory for a transverse load of 30 kips. In selecting the 
30-kip load, BPR states that reference was made to designs 
developed by these specifications which full-scale tests and 
experience indicated would be adequate to resist the usual 
anticipated forces of impact. To take advantage of the 
increase in strength of steel and concrete when subjected 
to dynamic loads, dynamic stress coefficients were also 
specified. 

Under the test conditions of 60 mph and 25°, the 30-kip 
design force contained in the BPR Proposed Specification 
is predicted by Figure 10 for a vehicle weighing 4,280 lb. 
Thus, it is evident that for a vehicle having the dimensions 
shown in Figure 10 and weighing 4,280 lb, the 1962 BPR 
specification, the lateral impact force predicted by Eq. 7, 
and the conditions of HRB Circular 482 are equivalent. 

Written comments received from and discussions held 
with highway bridge design engineers in several of the states 
visited suggested that designing in accordance with 1965 
AASHO Standard Specifications for Highway Bridges wovild 
result in a barrier railing design of adequate strength to 
restrain the majority of passenger vehicles in operation on 
high-speed highways. Furthermore, it appeared that a bridge 
barrier railing designed for a transverse force of 10 kips by 
elastic methods using allowable working stresses was equiva
lent to a plastic design, using a dynamic stress coefficient, 
based on the 30-kip transverse force suggested in 1962 by 
BPR. In Appendix C, the following mathematical relation
ships are determined between the transverse design force of 
AASHO and BPR. 

PA = 

0.345 P „ . . . Pipe Rail 
0.382 PB • • • Box Rail 
0.212 Pj, . . . Post 
0.333 PB . . . Specified for Rail and 

Post Members 

(12) 

in which 
PA = AASHO transverse force (10 kips) 
P„ = BPR transverse force (30 kips) 

It is now apparent, from Eq. 12, that the loading criteria 
of AASHO are for all practical purposes equivalent to BPR 
with regard to the railing members, whereas the AASHO 
loading criteria are more severe than that of BPR for the 
post members. To re-emphasize: the 1962 BPR Proposed 
Specification is based on plastic design methods using a 
dynamic stress coefficient, whereas the 1965 AASHO Speci
fication applies a reduction factor of 3 to the BPR transverse 
force of 30 kips and then specifies that a design be based on 
allowable working stresses for the appropriate material. 
Thus, in an indirect manner, the 1965 AASHO Specification 
in reality results in a design in which permanent deforma
tions occur. 

TABLE 11 

LATERAL DECELERATIONS OF VEHICLE 
AS A FUNCTION OF ROADWAY CHARACTERISTICS 

RIGID BRIDGE BARRIER RAILING ( I M P A C T A N C L E 25° ) 

ROADWAY CHARACTERISTICS 

C O E F F I  W I D T H 
IMPACT L A T E R A L C I E N T O F ROADWAY 
SPEED D E C E L E R A T I O N ' O F TRAVERSED 
( M P H ) (G'S) F R I C T I O N ( F T ) 

60 7.0 0.7 33 
60 7.0 0.6 37 
60 7.0 0.5 45 
60 7.0 0.4 56 
70 9.5 0.7 48 
70 9.5 0.6 57 
70 9.5 0.5 69 
70 9.5 0.4 80-1-

* Lateral deceleration of vehicle as predicted by Eq. 3, which is graphi
cally presented ui Figure 10. 

» Width of roadway traversed as predicted by Eqs. 1 and 5, which are 
graphically presented in Figures 11 and 12. 

Railing and posts properly designed according to the 
specification of AASHO or BPR would appear to be of 
adequate strength to restrain an out-of-control standard size 

.vehicle traveling at 60 mph and striking a rigid barrier rail
ing at an angle of 25° or less; however, it will be demon
strated later that connections, such as a fillet weld post-base 
plate connection, designed by either of these two methods 
may not possess adequate strength to prevent localized or 
complete failures. 

As stated earlier, the 1965 AASHO Standard Specifica
tions for Highway Bridges require that a barrier railing 
shall be designed based on elastic theory for a transverse 
load of 10 kips, or the barrier railing configuration shall 
have been successfully tested by full-scale dynamic tests. 
Employing the mathematical model equations, and based 
on the findings of a critical evaluation of the California 
Type 8 bridge barrier railing, presented in Appendix D, an 
attempt will now be made to establish the relation between 
the two design alternatives presented by AASHO. The 
California Type 8 bridge barrier railing design was selected 
for evaluation because it had been tested by full-scale 
dynamic tests in accordance with Highway Research Board 
Circular 482, and the investigators had provided informa
tion concerning the behavior of the barrier railing and the 
crash vehicle under full-scale crash test conditions. Using 
a lateral impact force computed by Eqs. 5 and 7 for the 
conditions under which the tests were conducted,"* it was 
demonstrated by a stress analysis that the structural tube 
rail members designed according to the 1965 AASHO Stan
dard Specifications for Highway Bridges v/eie approximately 

• In the two California tests evaluated. Test 112 was conducted at an 
impact speed and angle of S8.S mph and 25°, whereas Test 113 was con
ducted at an impact speed and angle of 61.S mph and 23°. 
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at the yield strength of the material used. Plastic deforma
tions of the rail members, continuous over two intermediate 
posts, were also visible in the sequence photographs pre
sented in the report by the California investigators. I f plas
tic deformations are desirable, these findings suggest that a 
design based on the AASHO 10-kip force would perform 
satisfactorily when subjected to the HRB Circular 482 ful l -
scale dynamic test conditions of 60 mph and 25°. How
ever, the rail components of the barrier would require con
siderable repairs subsequent to a high-speed collision. 

As long as structural continuity of the rail members is 
maintained by adequately designed splice connections, it is 
evident from photographic observations of actual failures of 
bridge railing that the weak link in most designs is usually 
located in an area of a post connection. Typical failures 
observed include: (1) weld failures between the post and 
base plate, and (2) anchorage failures between the base 
plate and the concrete parapet wall, or bridge deck. In 
evaluation of the California Type 8 barrier railing, it was 
observed that localized fillet-weld failures had occurred in 
the area of the fabricated two-steel rectangular post plates 
and the base-plate connection; also, excessive plastic de
formations of the base plate had occurred. A stress analy
sis indicated that the fillet-welds were at approximately the 
allowable working stress level when designed in accordance 
with AASHO; however, recalling the relationship estab
lished between AASHO and BPR, Eq. 12, in which it was 
determined that the AASHO loading on the posts was more 
severe than that of BPR, it could have been predicted 
prior to conducting the full-scale tests that the stress level in 
the area of the fillet-welds would be in the plastic range. 
Because of the complex nature of the stress distribution 
in an area of a connection, a theoretical analysis would at 
best be a rough approximation; therefore, if these localized 
connection failures are undesirable because of safety and/or 
maintenance considerations, it is suggested that an adjust
ment in the design load of AASHO be made when designing 
a connection to restrain a vehicle under the impact con
ditions of 60 mph and 25°. Further discussion of this topic 
will be presented in Chapter Four, "Interpretation, Ap
praisal, and Application." Analyzing the situation now 
from a different viewpoint, it is to be emphasized that 
localized failures, which would have essentially the same 
effect as a plastic hinge (mechanism) forming, would 
appear to be highly desirable in order to reduce the lateral 
decelerations of the colliding vehicle. I t would also appear 
that if one attempts to achieve a plastic hinge in a barrier 
railing design, one must have a method, such as the mathe
matical equations presented in this report, to determine the 
magnitude of the actual impact force, which takes into 
consideration the vehicle and roadway characteristics. 

At the present time, the specifications of AASHO (1965) 
or BPR (1962) are considered by the research agency en
gineers not sufficient to provide the design engineer the as
surance that localized failures will or will not occur in areas 
of a connection unless, however, full-scale dynamic tests are 
conducted. 

BRIDGE RAIL SERVICE REQUIREMENTS AS A BASIS FOR 
DESIGN CRITERIA 

The primary objective of this research study was to prepare 
a list of service requirements for bridge rail systems to serve 
as a basis for design criteria, so one of the first tasks under
taken was the preparation of such a list; and during the 
course of the study this list has been continuously reviewed 
and revised. The revisions have been made to correspond 
with the level of understanding of information obtained 
from available literature, discussions with engineers, and 
development of the rational design approach discussed in 
another section of this report. Some of the service require
ments are widely accepted, whereas others are controversial. 

It is recognized that any attempt to prepare such a list 
implies a presumptive attitude on the part of those preparing 
the list. The researchers have presumed to prepare a list of 
service requirements, and present them to the reader as a 
definition to stimulate discussion and provoke evaluations 
of present day designs. The list can serve as a guide for 
examining existing rail designs, and can serve as a basis for 
preparing design criteria for current needs. A sincere 
attempt has been made to avoid presumptiousness in pre
paring this list. 

A list of ten service requirements for bridge rails follows, 
and a brief commentary on each of the ten requirements is 
presented in Chapter Four. 

Bridge Rail Service Requirements 

1. A bridge rail system must laterally restrain a selected 
vehicle. 

2. A bridge rail system must minimize vehicle decelera
tions. 

3. A bridge rail system must smoothly redirect a collid
ing vehicle. 

4. A bridge rail system must remain intact following a 
collision. 

5. A bridge rail system which serves vehicles and 
pedestrians must provide protection for vehicle occu
pants and pedestrians. 

6. A bridge rail system must have a compatible approach 
rail or other device to prevent collisions with the end 
of the bridge rail system. 

7. A bridge rail system must define yet permit adequate 
visibility. 

8. A bridge rail must project inside the face of any 
required curb. 

9. A bridge rail system must be susceptible of quick 
repair. 

10. The foregoing requirements must be met by giving 
emphasis first to safety, second to economics, and 
third to aesthetics. 

EVALUATION OF FULL-SCALE CRASH TEST RESULTS 

An objective of this study was to attempt a comparison of 
selected bridge barrier railing systems. During the past 
twenty years, full-scale crash tests have advanced engineer
ing technology concerning the dynamic behavior of vehicle-
barrier impacts. Many crash tests have been conducted on 



21 

Reference Nordlin, E.F., F i e l d , R.N., and Hackett, R.P., "Dynamic Fu l l - S c a l e 
Impact Tests Of Bridge Barrier R a i l s , " Highway Research Record, 
No. 83. 1965. pp 132-68. 

Sketch of Barrier and Dimensions 

Type Barrier Rigid 
Type 2 

Material 
Posts Cast Alum. 
R a i l s Alum. 

Post Spacing 10 ( f t ) 

B-1 Test No, 
Test Date 9-27-62 

Parameters 

Vehicle Type 1960 Dodge 4-Dr. Sedan 
Vehicle Impact Speed 76 (mph) 

Wt. 4.300 
Impact Angle 25 

(lbs) 
(deg) 

Decelerations (G's) 

Dummy ( As Reported ) 
Vehicle ( As Reported ) 
Mathematical Model (Avg) 

Lat. Not available 
Lat. N. A. 
Lat. 11.2 (.13s) 

Long. Not available 
Long. N. A. 
Long. 3.3 (y-0.3) 

Damage 

Vehicle NSC Damage Rating 7 
(See photo i n HRR 
83. p. 151). 

Barrier ... Parapet Minor cracking-spalling 
Posts Minor (one-post) 
R a i l s Minor (one-section) 

Barrier 

Retain Vehicle Yes 
Elements Dislodged No 
L a t e r a l Movement None 
Vehicle Progression Smooth 
Vehicle Rise/Roll Slight 

Vehicle E x i t Speed N. A. (mph) 
Vehicle E x i t Angle N. A. (deg) 
Appearance Good 
V i s i b i l i t y Good 
Maintenance Low 

Comments 
Equation (1) indicates vehicle would cross 52 feet of pavement at 

76 mph to s t r i k e b a r r i e r at 25 degrees (f = 0.7). NSC Damage Rating of 
7 and deceleration of 11.2 g's indicate i n j u r i e s would occur i n 100% of 
accidents (see Figure 7, Chapter 2). I t i s estimated that f a t a l i t i e s 
would occur i n most accidents under these conditions. Barrier has 
adequate strength c h a r a c t e r i s t i c s . 

Figure 14. Evaluation and reporting of full-scale tests (California Test B-1). 
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Sketch of Barrier and Dimensions 
2-7/8" STEEL 

PLATES 
SPACED A' 

8", 8 ! 4 ' 

5" 0 STEEL PIPES 
4 " 0 STEEL PIPE 
LENGTH = 60 FT. 

Type Barrier Rigid 

Material 
Posts 
R a i l s Steel 

Steel 

Post Spacing 8, 8, 4 ( f t ) 

Test No. 
Test Date 

- • A I • • • 11 • • £» 
^ . . ' i ii 

Parameters 

Vehicle Type 1957 4-Dr. Ford Sedan Wt. 3.800 
Vehicle Impact Speed 

Decelerations (G's) 

Dummy ( As Reported ) 
Vehicle ( As Reported ) 
Mathematical Model (Avg) 

58 (mph) Impact Angle 27 
(lbs) 
(deg) 

Lat. Not available Long. Not available 
Lat. 10.1 (.05s) 
Lat. 6.8 (.188) 

Long. 4.7 (.30s) 
Long. 2.3 (m-=.34) 

Damage 

Vehicle 

Barrier 

Damage Rating 7 
(See photo, i n 
HRR 83. p 170) 

Barrier Parapet 
Posts 
R a i l s 

None 
Slight 

Retain Vehicle Yes 
Elements Dislodged No 
L a t e r a l Movement 0.2 f t . 
Vehicle Progression F a i r 
Vehicle Rise/Roll Slight 

Vehicle E x i t Speed _ 
Vehicle E x i t Angle _ 
Appearance Good 
V i s i b i l i t y Good 

46 
10 

(mph) 
(deg) 

Maintenance Low i f components galv. 

Coimnents 
Test conditions were t y p i c a l for two-lane highway with 10 foot 

shoulder (vehicle crosses approxiinately 35 feet)7 NSC Damage Rating 
of 7 and a deceleration of 8-10 g's Indicate i n j u r i e s would occur i n 75% 
of the accidents (see Figure 7, Chapter 2). Barrier r a i l i n g i s strong 
enough to r e s t r a i n vehicles on most highways. The curb aggravated vehicle 
damage. The four inch lower r a i l offset from the post was i n s u f f i c i e n t 
to prevent contact of v e h i c l e with posts. 

Figure 15. Evaluation and reporting of full-scale tests (New York Test 8). 
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vehicle-barrier rail configurations; some on guardrails and 
some on bridge rails. The results of full-scale crash tests 
have been reported in such publications as the Highway 
Research Record, Highway Research Board Proceedings, 
and departmental reports prepared by highway engineers. 
The researchers have had access to departmental reports 
which were furnished by the California Division of High
ways and the New York Bureau of Physical Research. 
Other departmental reports of crash test results may be 
available, but the researchers are unaware of them. 

An evaluation form was developed to permit systematic 
examination of available information, to summarize the 
results of full-scale crash tests, and, where possible, to make 
comparisons with predictions of the rational analytical 
approach discussed earlier in this report. Evaluation forms 
were prepared on more than 20 selected railing systems; 
two examples are shown in Figures 14 and 15. These are 
typical examples to illustrate the evaluation concept, and 
are not intended to establish relative merits of the two 
systems. Comments presented in the two figures are based 
on the researchers' present understanding of bridge rail per
formance. In a brief study, such as the present one, it has 
not been possible to reach uncontroversial conclusions; but 
the comments can serve as a guide for future evaluations. 
A starting point has been established. 

Several highway departments have furnished detailed 
drawings of their bridge railing systems, and an attempt 
has been made to evaluate some of these. On systems which 
have not been crash tested, it would be unfair to publish 
evaluations at this time. In fact, present knowledge leads to 
the belief that proof tests will be required in the foreseeable 
future in order to make impartial evaluations of selected 
systems. Judicious application of the bridge rail service 

requirements presented herein, in conjunction with the 
rational analytical approach can serve as a method of 
eliminating unpromising design concepts, and in selecting 
testing conditions consistent with roadway characteristics. 
So an immediate usefulness of the evaluation technique is 
apparent. 

To illustrate the usefulness of the evaluation technique, 
one might consider the bridge rail system evaluated in 
Figure 14. Figure 13 shows that a vehicle traveling at a 
legal speed of 70 mph would be restrained by the rigid 
barrier system (D = 0). However, i f the vehicle traversed 
three lanes and a shoulder (approximately 42 f t ) it is ap
parent that the average lateral deceleration would be 6 G's. 
Figure 7 shows that injuries could be incurred in 60 percent 
of such collisions. The service requirement that vehicle 
decelerations be minimized has been satisfied, but with the 
understanding that some injuries can be expected. Smooth 
redirection of the vehicle was observed in photos from the 
crash test, so another service requirement has been satisfied. 

To further minimize decelerations, it will be necessary to 
develop an impact attenuation device to provide lateral 
displacement of the barrier system. Further study of Figure 
13 indicates that a lateral displacement of 2 f t would result 
in a much more tolerable deceleration level, other conditions 
remaining unchanged. 

The previous discussion illustrates the intended use of 
the evaluation forms. It also convincingly demonstrates 
that more study is needed to establish quantitative 
evaluation of selected systems, and this observation is re
sponsive to another objective of this study: to recommend 
a program for needed research. Recommendations for addi
tional research are contained in Chapter Five. 

C H A P T E R T H R E E 

ENGINEERING-ECONOMY ANALYSIS OF BRIDGE RAILS 

There are two principal methods of combining safety, 
economics, and aesthetics in a comparison of bridge rail 
designs. Under one method the benefits to motorists of 
different designs are calculated in dollar terms. These dol
lar benefits, together with the costs of different designs, are 
stated in terms of a benefit-cost ratio or a rate of return. 
Under the other method the benefits to motorists of different 
rail designs are stated in terms of measures of effectiveness; 
and the over-all analysis is called a cost-effectiveness analy
sis. In general, the measures of effectiveness used in a cost-
effectiveness analysis would be the same as those used in a 
benefit-cost or rate-of-return analysis, but no attempt would 

be made to state the effectiveness in dollar terms. Before 
further discussing these methods of analysis, discussions of 
measures of effectiveness and of cost are given. 

MEASURES OF EFFECTIVENESS 

Some measures of effectiveness which may be used to com
pare bridge rails are: 

(1) The severity of vehicle accidents with different 
bridge rail designs. 

(2) The inconvenience, loss of time, and increase in 
operating costs, to motorists, which are related to the 
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amount of time which is spent repairing or main
taining bridge rails. 

(3) The "feelings" of comfort and safety which mo
torists have with different designs. 

(4) The aesthetic appeal of different designs, i.e., how 
they appear to the motorist and other people who see 
the bridge rail including not only die appearance 
when initially installed but also the expected appear
ance over the entire life of the bridge rail. 

(5) The ability of motorist and passengers to see over, 
and possibly through, the bridge rail so that they can 
see whatever there is to see while traveling on the 
bridge. 

These measures of effectiveness vary not only with the 
design of the bridge rail but also with the amount and type 
of traffic which uses the bridge, other design characteristics 
of the bridge such as whether the bridge is crown width, and 
the "environment" in the vicinity of the bridge. 

It is not possible with the present state of knowledge to 
assign dollar values to items (3), (4) , and (5) in the listing. 
Item (3) can be partially estimated by watching the path of 
vehicles as they approach and cross bridges; if the motorists 
steer away from the bridge rail, then they evidently feel un
comfortable or unsafe, because of the proximity and/or the 
design of the bridge rail. It is also possible to quantitatively 
measure one aspect of item (5), that being the amount of 
landscape that passengers can see when sitting in a particu
lar position in a specific vehicle. Simply knowing the 
amount or percent of landscape that a vehicle passenger 
can see, however, is not sufficient for evaluating this item. 
There is the further problem of determining the value of 
seeing the landscape from a particular bridge. This value is 
probably not only related to what is seen. I f it is a stream-
crossing in a drab countryside, the motorist wants to see it. 
I f it is a cross-over structure, he wants a view from the 
elevated position. I f it blocks his view of the city dump, he 
wants to see what he is not permitted to see. In general 
then, the motorist should be permitted to see from the 
bridge, whether or not the landscape is "beautiful." This 
factor probably is more important the longer the bridge and 
is interrelated with item (3) . 

Item (4) , the aesthetic appeal of different bridge rail 
designs, probably is most important in how it affects item 
(3), the feelings of safety and comfort which motorists 
have with the different designs. Other than that, there are 
two factors which might be considered under the aesthetics 
of the bridge rail: the shape of the rail, and the material 
from which it is made. The material from which the rail is 
made is important not only in how it looks initially but also 
in how it changes and whether its appearance can be main
tained over time. Rail which is galvanized or which has 
some coating such as the bituminous undercoat with colored 
ceramic topcoat described by Mallot (32) probably is pref
erable to painted rail. Mallot maintains that this new coat
ing system used in Indiana is aesthetically superior and also 
increases safety. 

To fully evaluate the effects of bridge rail design on acci
dents, it is necessary to predict the number of accidents of 
different types which are expected with, or as a result of, 

bridge rails and also to predict the severity of accident 
which is expected for each type of accident. The type of 
accident would be different for (1) different points at 
which the bridge rail is hit, (2) different angles of impact, 
(3) different velocities of impact, (4) different vehicle 
characteristics, (5) different numbers of persons in the 
vehicles, and (6) different types of restraining devices used 
by vehicle occupants. 

The number of bridge rail accidents would be higher: 
(1) the larger the volume of traffic, (2) the more slippery 
the pavement near and on the bridge, and (3) the closer the 
bridge rail to the traffic lanes. The number of accidents 
probably would be higher also for certain roadway geo
metries and weather and lighting conditions. 

Laughland, Dietz, et al., (33) reported two studies, one 
by Gunnerson (34) and the other by Williams and Fritts 
(35), which show that bridge widening decreases the total 
number of accidents and also that increasing the roadway 
widtli to 24 f t while leaving bridge width at about 20 f t 
leads to a considerable increase in accidents (see Figures 
16 and 17). From the two studies, they developed curves 
relating total accidents, injuries, and property damage, per 
million vehicles, to the difference between bridge width and 
roadway width; these are shown in Figures 18, 19, and 20. 
From these figures they developed Figures 21 and 22 show
ing the percent reduction in accidents, property damage, 
and injuries which might be expected from widening 
bridges. I t should be stressed that these figures are based 
on limited information and are mainly for narrow bridges. 
The accident, injury, and property damage rates do not take 
into account the type of bridge rail or the length of the 
bridge. I f figures similar to Figures 18, 19, and 20 could be 
developed for different roadway widths, bridge rail designs, 
roadway geometries, bridge geometries, and traffic charac
teristics, then a thorough comparison of different bridge rail 
designs could be made. 

The fact that lower accident rates might be expected the 
farther the distance from the pavement of the bridge rail is 
also evident in studies which have shown the maximum 
lateral distance from the traffic lane traveled by vehicles 
which run off the road (36, 37). I t might be possible to use 
the information in such studies to predict the proportion of 
vehicles which will hit bridge rails placed at different dis
tances from the travel lanes. Hutchinson and Kennedy (37) 
also give information which might be used to predict the 
angles at which vehicles will hit bridge rails. I t may be 
found that, although total number of accidents and total 
accident costs are lower the wider the bridge, the average 
cost per accident with the wider bridges is higher; at least 
this may be the case for the angular bridge rail accidents. 
This is not meant to imply that bridges should not be 
widened but instead is meant to indicate that even after 
bridges are widened considerably there will remain some of 
the more hazardous accidents. 

For evaluating bridge rails which are currently being 
used, useful information may be available from accident 
records. Glennon and Tamburri (1, p. 202) give informa
tion on the severity of bridge rail and guardrail accidents 
in California. Many of the accidents were with spring-
mounted curved metal plate bridge rails but also included 
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Figure 16. Results of equalizing bridge and roadway 
widths (33, p. 197). 
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Figure 17. Widening of bridge reduces average acci
dent experience (33, p. 197). 

were accidents wi th a W-section corrugated beam bridge 
rai l . Table 12 gives the number of fatal, injury and 
property-damage-only accidents. Also given in the table 
are accident costs calculated using $400 as the average cost 
o f a PDO accident and $2,000 as the cost of an injury acci
dent; two costs are used f o r fatal accidents, $6,000 and 
$40,000. The higher value is an estimate of the cost of a 
fatal accident including as a cost the present worth of future 
net earnings of the deceased, whereas the lower, $6,000 
value includes only direct costs. The variation in cost by 
type of guardrail accident resulted f r o m some vehicles hit
ting not only the guardrail but also the protected object. 
Using the higher average cost values, i t is clear that a con
siderable amount of expense can be justified f o r protecting 

bridge rail ends, i f the expected number of bridge-rail-end 
accidents is 8.6 per bi l l ion vehicles, as is indicated by 
Glennon and Tamburri ( 7 ) . I t should perhaps be men
tioned that the cost of an injury accident probably is higher 
fo r accident types which also have a higher fatality rate, 
whereas all injury accidents were assumed to cost $2,000, 
whatever the fatality rate fo r that accident type, i n these 
calculations. 

Accident records may also be useful in predicting the 
number and type of accidents wi th new bridge rail designs. 
To f u l l y evaluate new rai l designs before they are installed 
and accident experience becomes available, however, i t is 
necessary to be able not only to predict the numbers and 
types of accidents but also to predict what the severity of 
each of these types of accidents w i l l be wi th the new design. 
Correlating the amount of vehicle damage and other i n -

TABLE 12 

NUMBER OF ACCIDENTS BY TYPE A N D AVERAGE ACCIDENT COSTS 
FOR BRIDGE RAILS A N D GUARDRAILS I N CALIFORNIA 

N U M B E R OF ACCroENTS 
ESTIMATED 
AVERAGE COST 
PER ACCIDENT ( $ ) 

FIXED OBJECT TYPE FATAL I N J U R Y PDO TOTAL I * 11* 

Bridge rail ends 19 79 25 123 2,300 7,500 
Guardrail at: 

(1) Bridge-rail ends 16 191 199 406 1,300 2,600 
(2) Abutments and piers 8 36 28 72 1,800 5,600 
(3) Light poles 1 23 13 37 1,500 2,500 
(4) Steel sign posts 

adjacent to shoulder 1 36 31 68 1,300 1,800 
(S) Steel sign posts in 

gore area 15 220 116 351 1,600 3,100 

« Estimate I assumes cost o f a f a t a l accident to be $6,000; Estimate I I assumes cost o f a f a t a l accident to be 
$40,000; both Estimate I and Estimate I I assume cost of an i n j u r y accident to be $2,000 and cost o f a Property 
Damage Only ( P D O ) accident to be $400. Averages are rounded to nearest $100. Source f o r number o f 
accidents is ( i , p. 202). 
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Figure 18. Accident experience at various bridge-roadway 
relative widths (33, p. 199). 

BRIDGE WIDTH MINUS ROADWAV WIDTH ( i n f e e t ) 

Figure 19. Injury experience at various bridge-roadway 
relative widths (33, p. 199). 

BRIDGE WIDTH MINUS ROADWAY WIDTH ( i n f e e t ) 

Figure 20. Property damage experience at various bridge-
roadway relative widths (33, p. 200). 

formation f r o m crash tests involving new designs wi th ac
tual accidents may be the best way to estimate the cost of 
accidents involving new designs. This possibility is discussed 
i n another chapter o f this report. 

Because there is a large number of variables defining acci
dent type, the number of crash tests needed to cover all 
possible variations would be considerable. Instead of con
sidering the entire range of each variable, i t is possible to 
specify "design" values fo r each variable and to compare 
alternate designs at only the stipulated design values f o r the 
variables. 

The losses of time and increase in operating costs of 
motorists which are related to the amount of time spent 

repairing or maintaining bridge rails can be predicted i f 
traffic volumes and bridge and highway geometries are 
given. I n general, the loss of time and increase i n operating 
costs w i l l be higher, the larger the amount o f traffic using 
the bridge and the longer the time spent repairing the bridge 
rail , but this w i l l also depend on the way traffic is handled 
in the repair or maintenance area, the number of traffic 
lanes, and the width of the bridge. Researchers at the Texas 
Transportation Institute {38) have developed a method of 
predicting the motorists' time and operating costs associated 
wi th repairing pavements and this same method could be 
used to predict motorists' costs associated wi th bridge rail 
repair and maintenance. I n general, the fol lowing steps are 
necessary fo r making such predictions f o r an interval of one 
year: 

(1 ) Estimate the number of times per year that a bridge 
rail w i l l be repaired as the result of an accident and 
the number o f times per year that other maintenance 
w i l l be performed on the bridge rai l . 

(2 ) Estimate the number of hours required to perform 
each bridge rail repair and maintenance job. 

(3 ) Given steps (1) and (2 ) and an estimate of the 
number of vehicles using the bridge per hour during 
the time when repairs and maintenance w i l l be per
formed (which is usually about 5 or 6 percent of 
average daily t ra f f ic ) , estimate the number of ve
hicles that w i l l pass over the bridge while the bridge 
rail is being repaired or having maintenance per
formed on i t . 

(4) Given the amount of traffic passing over the bridge 
during maintenance and repair work requiring a 
known amount o f time, and given the roadway and 
bridge geometries, estimate the number of vehicles 
stopped and the hours o f stopped time. Given ap
proach speeds and speeds at which vehicles pass the 
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work site, estimate the speed profile fo r vehicles 
which are not stopped when they pass the work site. 

(5 ) The time and operating costs of motorists can then 
be estimated f r o m the speed profiles of the vehicles 
that pass the work site. 

The time and vehicle operating costs associated wi th 
bridge rail repair and maintenance work wi l l be relatively 
high any time a large number of vehicles are affected by the 
work. I t w i l l be especially high i f : (1 ) The bridge rail work 
necessitates the closing down of one o f the two traffic lanes 
on a two-way, two-lane bridge with a relatively high traffic 
volume; and (2) the bridge rail work reduces the road 
capacity below the demand fo r a length of time. This would 
usually occur when one traffic lane is closed and the vehicle 
input is greater than approximately 1,400 vehicles per hour 
per lane left open, such as is common on urban freeways. 

I n addition to the traffic delay and increase in operating 
costs, increased time spent repairing and maintaining bridge 
rails probably increases the number of accidents, including 
accidents with highway department personnel and equip
ment. 

To reduce the costs associated with repairing and main
taining bridge rails, they should be designed so that they can 
be quickly repaired and require litde maintenance. The 
amount of money which can be justifiably spent for such 
bridge rail design is higher the higher the traffic volumes 
and traffic speeds on roadway; and, of course, the less such 
design adversely affects other effectiveness criteria. 

I n designing bridge rail to reduce accident repair and 
maintenance time, some considerations might be: 

(1 ) Keep to a minimum the number, and the number o f 
different types, of washers, bolts, and nuts that must 
be replaced after an accident. 

(2) Use items that can be replaced, i f possible; at least, 
do not use items that must be repaired on the bridge 
i f such repairing takes considerable time. 

(3) Use materials that require little routine maintenance. 

I n regard to item 3, a bituminous undercoat with a top 
coat of colored ceramic granules has been used in Indiana 
and New York at a cost of $0.27% per linear f t and wi th 
an expected l i fe of up to 15 yr. I t has been said that this 
cost is comparable to a two-coat painting application and 
much below the cost of galvanizing {32, 39). M r . John A . 
Robertson (40) of the New York Thruway Authori ty said 
that they had ". . . investigated a variety of materials i n 
cluding aluminum, concrete, and fiberglass guiderail and 
guiderail coatings ranging f r o m porcelain to bitumen, in
cluding many expensive high quality paints. These studies 
generally led to the same conclusion; either the product was 
too expensive or it failed to satisfy minimum requirements." 
They found that in painting their railing, high quality paints 
were not as good as white zone paint wi th a small amount 
of rust inhibiting additive called Penetrol. I t was estimated 
that, although they spent only $0.14 per linear f t per year 
on painting, proper cleaning, preparation, and painting 
would cost $0.40 per f t per year. They finally decided on 
a zinc galvanizing program whereby all railings were taken 
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Figure 21. Forecast chart of accident reduction through 
widening bridges (33, p. 151). 
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Figure 22. Forecast of fatality-injury and property damage 
reduction through widening bridges (33, p. 152). 

down, galvanized, and then replaced. Ini t ia l ly i t was esti
mated that galvanizing would cost $0.63 per linear f t but 
actual production resulted i n costs more than double original 
estimates. 

COST OF BRIDGE RAIL 

The non-motorist costs of bridge rails include ini t ial costs, 
maintenance costs, and repair and replacement cost (related 
to accidents). These non-motorist costs may be expressed 
as: 

C j i — Cj -\- Cji -f- Cji — s (13) 
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in which 

Ci is total non-motorist costs fo r the bridge rai l , 
Cj, is the init ial installed cost of the bridge rail , 
CM is the routine maintenance cost of the bridge rai l , 

figured over the entire l i fe of the bridge rai l , 
Cji is the cost of repairing or replacing the bridge rail 

when damaged i n collisions, and 
S is the salvage value of the rail at the end of its l i fe . 

Each of the above costs may be calculated i n "present 
wor th" terms by discounting future costs to the present. 
Another cost which might be included in the formula is the 
accident cost resulting f r o m highway department personnel 
and equipment being involved in an accident while repair
ing or maintaining the bridge rai l . I f such costs are not 
included then they should be considered under accident 
costs when considering the effectiveness criteria. 

I n evaluating the cost o f different bridge rail designs, i t is 
necessary to consider all costs over the l i fe of the rai l . The 
life of the rail would be the length of time that the rail is 
expected to stay in the place where i t is first located, and 
this would ordinarily be the anticipated l i fe of the structure. 
I t might be less i f i t is expected that technological change 
w i l l bring about replacement of the rail before the end of 
l i fe of the structure. 

The salvage value of the bridge rail depends on the type 
and the length of time which elapses before i t is salvaged. 
The salvage value w i l l equal the value of the salvaged 
materials in their new use or when they are sold less the 
cost of dismantling i t and making i t usable. Because salvage 
usually occurs a long time in the future, the present worth 
of the salvage value w i l l usually be so small (and the 
differences between designs even smaller) that i t can be 
ignored. 

The expected cost of repairing and replacing bridge rail 
damaged in collisions can be calculated i f the number of 
accidents and the average repair of replacement cost per 
accident can be calculated. 

To calculate maintenance cost i t is necessary to be able 
to predict the interval at which maintenance w i l l be per
formed and the cost each time i t is performed. 

Several references in the literature give init ial costs of 
bridge rail and guardrail (1, 6, 41, 42), maintenance costs 
for different types of maintenance (52, 39, 40), and aver
age repair costs ( 6 ) . More information on the cost fo r a 
particular location and bridge is needed before meaningful 
analyses can be performed. 

I n comparing new designs, the engineer should consider 
the costs of changing designs and also the costs of having 
several designs. Considerable savings may result i f bridge 
rails or parts of bridge rails can be standardized. Standardi
zation yields economies of large-scale production, reduces 
inventory holdings, simplifies replacement of damaged parts, 
and avoids the costs of tooling-up f o r many designs. Some 
comments by Morris (43) concerning standardization of 
bolts, washers, and terminal accessories are interesting: 

Today, however, as a result of the headlong rush 
to apply the recent research findings, there is near 
chaos. This is particularly true of accessory items 
that go with this standard product. There is no argu
ment that highway safety is well worth a substantial 

investment. There can be no argument, either, that 
we are not getting the greatest return for the invested 
dollar. In short, we should be getting more safety per 
tax dollar. 

As an extreme example, consider the very simple 
post bolt and washer. A rectangular washer that is 
nominally 4 in. by 2 in. fits under the head of the 
post bolt. A survey of standard plans of 15 states 
shows that there are 14 variations in dimensions of 
the washer alone. Fortunately in this particular in
stance, AASHO has initiated action designed to stan
dardize one specific size and thickness. The tooling 
cost of $2,000 per size per manufacturer, however, 
already amounts to a sizable investment. 

As a further illustration, requirements for the bolts 
vary f rom lengths of 2 in. to 26 in. to increments of 
1 in. Unlike its companion washer, standardization 
on length is not possible because of the requirements 
for posts which can be wood, steel, or concrete in 
combinations of no-offset, single blocked-out, and 
double blocked-out. 

Most serious and by far the most costly to the 
taxpaying highway user is the effect of non-standardi
zation of terminal accessories at bridge abutments 
and at ends of runs where the rail dips and twists into 
the ground. . . . 

The result has been as many as 40 solutions to 
the same problem. Each has its own bolt and hole 
size, slots, brackets, etc. The cosfly result is that the 
last section of rail is three to four times the normal 
price of rail plus the cost of brackets, plates and bolts. 
I n some instances tooling can run as high as $20,000. 
The price of such tooling must be written off on the 
first contract for fear that future modifications may 
make it obsolete. 

Standardization should be considered, but i t should also 
be remembered that there may be several standardized de
signs, each being best for a particular situation. 

COST-EFFECTIVENESS ANALYSIS 

A cost-effectiveness analysis can be used to evaluate alter
nate bridge guardrail designs. Cost-effectiveness criteria are 
the tests used to compare alternatives after the cost and 
effectiveness o f each alternative have been determined. 
There are two widely used cost-effectiveness criteria; the 
equal cost criterion and the equal effectiveness criterion. 
The equal cost criterion is used to compare alternatives wi th 
equal cost—the alternative which is most effective is chosen. 
The equal effectiveness criterion is used to compare alterna
tives with equal effectiveness—the alternative which is least 
costly is chosen. 

There are extensions which can be made to the equal cost 
and equal effectiveness criteria. These extensions are needed 
f o r two reasons: ( 1 ) when use o f the equal cost criterion is 
attempted and there are several measures of effectiveness, 
one alternative may not be the best fo r all measures of 
effectiveness, and (2) there are often several alternatives 
wi th several levels of cost and effectiveness and a criterion 
fo r choosing the combined level of cost and effectiveness is 
needed. To solve the first of these two problems, weights 
can be assigned to the various measures of effectiveness; this 
results in one "weighted" measure of effectiveness. I f dol
lars are used as weights, the cost-effectiveness analysis i n 
effect becomes a benefit-cost analysis. To solve the second 
problem, the decision maker must devise some rule stipulat-
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ing how much extra cost he is wil l ing to incur to obtain 
extra benefits. The use of judgment in such an evaluation 
is no more arbitrary than is a strict use of the equal cost and 
equal effectiveness criteria. I n the "simple" use of the equal 
cost or equal effectiveness criterion, the subjective evalua
tion enters the analysis at the beginning of the analysis when 
the desired level of cost or effectiveness is chosen. I n the 
case where several levels of cost and effectiveness are con
sidered, the final choice of the desired level is subjective 
(or based on some rule) and this choice occurs at the end 
of the analysis. 

Several dots are plotted on Figure 23. These are lettered, 
representing alternatives which have different levels of cost 
and effectiveness. Using the equal-cost criterion, alterna
tive A is inferior to alternative B and alternatives D and C 
are inferior to alternative E. Using the equal-effectiveness 
criterion alternative, F is inferior to alternative D because 
i t costs more but gives the same level of effectiveness. 
Alternative H is inferior to alternative G because i t costs 
more and is also less effective. Therefore, the interesting 
alternatives are B, E, G , I , and J. The decision maker must 
subjectively choose one of these alternatives. 

The choice of the best design becomes more complicated 
i f several measures of effectiveness are used. Some alterna
tives may be clearly inferior but fo r others the choice may 
be more complicated. For example, presume that the mea
sure of effectiveness is related to reduction in accidents 
severity. I t might be the rail displacement when hit by a 
4,000-lb automobile wi th an impact angle of 10° and a 
velocity of 60 mph. Suppose, however, that a comparison 
is being made between alternative G and H , but that alter
native H is more "beautiful" than alternative G and also 
when hit by a vehicle requires less time to repair than does 
alternative G . Thus, H costs more than G and is inferior by 
one (perhaps the more important) measure of effectiveness, 
but superior by two other measures of effectiveness. I n the 
absence of some way to explicitly assign weights to these 
measures of effectiveness, the decision maker must use his 
judgment in comparing such alternatives. 

As mentioned previously, i t is possible to assign dollar 
weights to accidents and the delay and operating costs of 
motorists associated with repairing and maintaining bridge 
rails. I f only these measures of effectiveness are considered, 
the reduction in motorist costs afforded by a preferable 
design can be calculated. Also, incremental decreases in 
motorists' costs can be compared wi th incremental increases 
in the cost o f better bridge rails. Such comparisons give an 
indication of the desirability of spending more fo r a better 
design. 

I n addition to over-all comparisons of alternate bridge 
rail designs, i t is possible to consider specific design ele
ments and to relate these to specific types of accidents. For 
example, the expected cost of collisions wi th the bridge end 
can be compared wi th the cost of providing an approach 
rail to the bridge rail end. The expected cost of collisions 
with approach rails progressing to collision wi th the bridge 
end can be compared with the cost of providing strength 
and alignment transition f r o m the approach rai l to the 
bridge rail . The expected cost of collisions wi th the ap
proach rail or bridge rail which cause redirection into the 
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Figure 23. Hypothetical effectiveness and cost for 
several alternatives. 

bridge rail or oncoming traffic can be compared wi th the 
cost of providing a design which gives a small redirection 
angle. The reduction in cost of angular collisions wi th the 
bridge rai l resulting f r o m use of a design which displaces 
laterally can be compared wi th the extra cost of such a 
design. The higher the expected speed of impact, the larger 
the angle of impact, and the larger the expected number of 
impacts, the more would be the amount of lateral displace
ment which could be justified on a cost basis. The cost of 
providing increased strength can be compared wi th the re
duction in accident cost resulting f r o m fewer penetrations 
of the bridge rail (less any extra cost to non-penetrating 
vehicles which results f r o m a stronger r a i l ) . The expected 
reduction i n accident cost because of decreasing the num
ber of vehicles vaulting the rail can be compared wi th the 
cost of ( 1 ) providing higher railing, and (2) eliminating 
discontinuities such as jutting curbs. Providing higher rai l 
ing would, after a certain height, conflict wi th the criterion 
of letting people see over the rai l and this should also be 
taken into consideration. 

I n making cost-effectiveness analyses or comparisons of 
motorists' costs wi th guardrail costs, the analysis w i l l be 
different according to whether the bridge rai l design is fo r 
a new bridge or an improvement on an existing bridge. For 
new bridges, there is the additional consideration of de
termining the bridge width; at least, there are possible 
trade-offs between additional bridge width and more so
phisticated bridge rai l designs. For improving existing rai l 
ing, the alternative of widening the bridge might also be 
considered. I f old rail is to be replaced, the cost of tearing 
down the old rail (less its salvage value) should be added 
to costs. 

I n the previous discussion, i t has been indicated that the 
optimum bridge rai l would depend on several variables 
which would be different f r o m bridge to bridge. Even 
though this is true, the number of designs should be limited 
because of the extra cost of non-standardization. I t may be 
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possible, however, to have several over-all designs, each of 
which uses standardized parts. 

I n the comparison of designs, the engineer needs to be 
aware of the design factors which, when changed, w i l l affect 
costs and effectiveness. Trade-offs between certain design 

factors may reduce cost and keep effectiveness at the same 
level. For example, i t is possible to reduce post spacing 
(and/or change post dimensions, thicknesses, shapes, al
loys, etc.) and reduce the size of the rai l , and by doing so 
reduce cost, while maintaining the same lateral strength. 

C H A P T E R F O U R 

INTERPRETATION, APPRAISAL, AND APPLICATION 

Several tasks have been accomplished during the course of 
this study, and they are discussed in Chapters T w o and 
Three and in the appendices. A list of bridge rail service 
requirements was presented in Chapter Two, and the f o l 
lowing commentary extends and amplifies this list. The 
commentary reflects the opinions of the researchers, based 
on their understanding of the present state-of-the-art and 
practice of bridge railing design and development. 

A general discussion of findings of this report follows the 
commentary. The commentary and discussion are intended 
to serve as an interpretation and appraisal of the informa
tion contained in this report. Some immediate applications 
of these research findings are indicated, and some revisions 
of the AASHO Standard Specifications for Highway Bridges 
are suggested. 

COMMENTARY ON SERVICE REQUIREMENTS FOR 
A BRIDGE BARRIER RAIL SYSTEM 

1. A bridge rail system must laterally restrain a selected 
vehicle. The bridge barrier rail must contain the vehicle 
on the structure. The impacting vehicle must not pene
trate or vault the barrier. 

C O M M E N T : The vehicle selected during the course of this 
study was 17.5 f t long, 6.5 f t wide, having its center of 
gravity 7.94 f t behind the forward bumper point and weigh
ing 4,000 lb ; this selected vehicle was considered repre
sentative of most of the passenger vehicles now in use on 
highways in the United States. 

The 1965 AASHO Standard Specifications for Highway 
Bridges provide adequate strength to contain standard size 
passenger vehicles traveling at 60 mph which collide at 
angles up to 25° . This is true provided adequate connec
tions are made, and provided further that the barrier rail 
has a smooth, continuous character which w i l l permit a 
colliding vehicle to be redirected without snagging or abrupt 
change f r o m its original course. Collisions wi th r igid bar
riers designed under these conditions are capable of pro
ducing impact forces on a selected colliding vehicle of such 
magnitude that severe damage to the vehicle w i l l result, and 
i t can thus be inferred that some fatalities w i l l occur as a 
consequence. However, adequate strength must be provided. 

2. A bridge rail system must minimize vehicle decelera
tions. 

C O M M E N T : A rational analytical approach has been pre
sented which can be employed to estimate lateral and longi
tudinal decelerations in a vehicle-barrier rai l collision. A n 
examination of the "Limits of Tolerable Deceleration" sec
tion (Chapter T w o ) of this report provides an estimate of 
expectation of injuries at various magnitudes of decelera
tion. I t is clear that even at low values of deceleration some 
injuries can be expected. I t should be emphasized that 
expected injuries w i l l occur at the extreme conditions fo r 
which a barrier system is designed, and collisions at lesser 
conditions wi l l be tolerable. 

A n absolute value for the magnitude of minimum de
celeration has not been established. I t may be that an 
arbitrary l imi t w i l l have to be established on the basis of 
probability or economics or a combination of these factors. 

3. A bridge rail system must smoothly redirect a colliding 
vehicle. Vehicle progression must be smooth following 
impact; it must not snag or pocket on bridge rail 
components. 

C O M M E N T : The first two service requirements describe 
necessary conditions f o r railing strength and vehicle de
celeration. Methods of estimating impact forces and toler
able decelerations are contained in this report. Careful 
examination of crash test reports, writ ten comments, and 
discussions wi th highway engineers indicate that a vehicle 
must be safely redirected fol lowing a collision wi th a bridge 
rail system. Satisfactory redirection implies that (1 ) the 
colliding vehicle w i l l be turned parallel to the barrier, and 
(2 ) the exit angle wi l l be equal to or less than the impact 
angle. 

Some of the railing configurations shown in Figure 1.1.9 
of the 1965 AASHO Standard Specifications for Highway 
Bridges do not satisfy this requirement, because parts of the 
vehicle can come into contact w i th posts. This figure should 
be revised, and Article 1.1.9 ( A ) should be revised to read 
as follows: 
( A ) Traffic Railing 

Although the primary purpose of traffic railing is to con-
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tain a selected vehicle using the structure, consideration 
should also be given to protection of the occupants of a 
vehicle in collision with the railing, to protection of other 
vehicles near the collision and to appearance and freedom 
of view f r o m passing vehicles. 

Materials fo r traffic railing shall be concrete, metal, 
timber or a combination. Metal materials wi th less than 
10 percent tested elongation shall not be used. 

A smooth, continuous face of rail on the traffic side must 
be provided with the posts set back f r o m the face of rai l . 
Structural continuity in the rail members, including anchor
age of ends is essential. Bolted or welded splice material i n 
the rails wi l l be considered to provide this continuity. The 
railing system shall be able to resist the applied loads at all 
locations. 

The height of traffic railing shall be no less than 2 f t 3 in . , 
measured f r o m the top of the roadway to the top of the 
upper rail member. (See Figure 1.1.9.) Railings other than 
those shown in Figure 1.1.9 are permissible provided the 
total applied loading is determined by a rational analytical 
approach, as outlined elsewhere in these specifications. Such 
railing designs should be verified by full-scale dynamic 
testing. 

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

4. A bridge rail system must remain intact following a col
lision. A vehicle impact must not dislodge any elements 
of the barrier system. Rails, posts, and concrete must 
not fall into the traveled way or over the side of the 
structure. 

C O M M E N T : This requirement can be realized in practice 
by over-designing connections in rigid installations; and 
when breakaway or impact attenuation systems are i n 
corporated into designs, it w i l l also be necessary to satisfy 
this requirement. I t is recognized that small elements may 
become detached during a collision incident under severe 
conditions of impact without grave danger to other vehicles 
or pedestrians. Compliance with this article wi l l produce a 
rail system which wi l l remain intact during a collision 
incident (i.e., fol lowing the init ial impact and unt i l the ve
hicle loses contact wi th the r a i l ) , and also during the time 
required to repair the railing system fol lowing a major 
collision. 

5. A bridge rail system which serves vehicles and pedes
trians must provide protection for vehicle occupants and 
pedestrians. Sidewalks must be placed outboard of the 
vehicle-barrier railing; and adequate pedestrian railing 
must be provided. 

C O M M E N T : This requirement separates vehicles and pe
destrians. I n some locations bridges must "-"rve both ve
hicles and pedestrians. I n the past, an unp Mected walk
way has been provided on many highway bridges. Such 
unprotected walkways are certainly no longer permissible 
on highway bridges. 

The first paragraph of Article 1.1.9 of the 7965 AASHO 
Standard Specifications for Highway Bridges should be 
revised to read as follows: 

1 .1.9—RAILINGS 
Railings shall be provided at the edge of structures fo r 

the protection of traffic, and fo r the protection of pedes
trians. Where pedestrian walkways are provided adjacent to 
roadways, a traffic railing must be provided between the two 
with a pedestrian railing outside. 

6. A bridge rail system must have a compatible approach 
rail or other device to prevent collisions with the end of 
the bridge rail system. 

C O M M E N T : Michie and Calcote {44) have prepared a 
report containing a compilation of recommended practices 
for locating, designing, and maintaining guardrails and 
median barriers. The California Division of Highways has 
conducted a series of fullscale crash tests on approach rails; 
Nordl in , Field, and Folsom (29) prepared a report on these 
tests which was presented to the Highway Research Board 
in January 1969. These two agencies and others are cur
rently investigating the zone of transition between flexible 
guardrail and rigid bridge rail . I t is clear that guardrails 
and bridge rails must be designed as an integrated system. 

7. A bridge rail system must define yet permit adequate 
visibility. The bridge rail must allow good visibility both 
above and below the horizontal line of sight of vehicle 
occupants. The driver's sight distance should not be 
obstructed by a bridge rail. 

C O M M E N T : Limits of the roadway are defined by a 
bridge rail . As a delineator, i t has the same attributes as 
a guardrail or approach rail. The bridge rai l must be 
aligned with approach railings; the bridge width must there
fore conform to approaching roadway width. On certain 
major structures, this width requirement may have to be 
reduced. Aesthetic requirements are impossible of defini
tion. Whenever possible, it is desirable to construct a bridge 
railing which conforms to the approach railing configura
tion. I n such installations, the vehicle occupant may not be 
aware that he has crossed a bridge. This can have a salutary 
effect on vehicle operators. 

This requirement is intended to emphasize the need for 
roadway designers and bridge rail designers to coordinate 
their efforts during the design phase. Horizontal and verti
cal alignment, entrance and exit ramps, and similar geo
metric factors must be given careful consideration in 
satisfying this requirement. 

8. A bridge rail must project inside the face of any re
quired curb. 

C O M M E N T : General agreement exists among highway 
engineers and researchers concerning the need to locate 
curbs outboard of the vehicle-barrier rai l . On many bridges 
it is necessary to provide curbs for drainage and other 
purposes. Therefore, Article 1.1.8 of the 7965 AASHO 
Standard Specifications for Highway Bridges should be 
replaced by the fol lowing: 
1.1.8—CURBS A N D S A F E T Y CURBS 

Curbs, when required, must be constructed outside of 
the roadway. Where curb and gutter sections are used on 
the roadway approach, at either or both ends of the bridge, 
the curb height on the bridge may match the curb height 
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on the roadway approach, or i f preferred, i t may be made 
higher than the approach curb. Where no ciu'bs are used on 
the roadway approaches, the height of the bridge curb above 
the roadway shall be not less than 8 in . , and preferably not 
more than 10 in. 

Curbs widened to provide for occasional pedestrian traf
fic shall be designated "Safety Curbs." Safety curbs shall be 
not less than 1 f t 6 in . wide. Curbs more than 2 f t wide 
shall be classed as sidewalks. 

9. A bridge rail system must be susceptible of quick re
pair. All elements of a barrier system must be so de
signed that when repairs are necessary to restore a 
damaged section, they can be done quickly and with a 
minimum of special equipment. 

C O M M E N T : This requirement is intended to remind the 
design engineer to include details which w i l l facilitate re
pairs fol lowing a major collision wi th a bridge rail system. 
The cost of replacing damaged bridge rail components, 
safety of maintenance personnel, and possible lost time to 
vehicles using a bridge under repair must be considered. 
Many engineers are concerned about the economic aspects 
of future maintenance of bridge rai l systems. 

10. The foregoing requirements must be met by giving 
emphasis first to safety, second to economics, and third 
to aesthetics. 

C O M M E N T : This service requirement is i n accordance 
wi th the generally accepted concept of highway safety as a 
prime requirement in all designs. I t may be necessary to 
apply an engineering economy analysis to satisfy this re
quirement. A discussion of this subject is presented in 
Chapter Three, and ways and means of combining safety, 
economics, and aesthetics are described. 

GENERAL DISCUSSION 

The fol lowing discussion is presented as a response to the 
comments and suggestions of engineers in the several high
way departments. The researchers have attempted to make 
their work useful f o r the needs of today as well as tomorrow. 

During the course of this research study, several highway 
departments were surveyed to acquire information concern
ing the type of bridge rail installations and operational 
characteristics of bridge railing systems in these states. 
Each of the several states has its own bridge railing de
signs, some of which conform to the requirements of the 
7965 AASHO Standard Specification for Highway Bridges 
(railing design). Of course, each of the states also has rai l 
ing in place which was designed in accordance wi th earlier 
specifications. Accident information, received f r o m the 
several highway departments and presented earlier i n this 
report, include collisions wi th all types of bridge railing. 
Consequently, some of the accidents reported include pene
tration of bridge railings which were designed in accordance 
with earlier specifications. 

Considerable detailed discussion has been presented to 
illustrate the point that rational design of bridge railing 
systems can be achieved by using a predictable impact 
force, computed by mathematical expressions such as 
Eqs. 7 and 8. Through this procedure i t is possible to de

sign bridge railing systems having adequate strength to 
restrain a colliding vehicle of selected dimensions, weight, 
impact speed, and impact angle. I t might be well to re
iterate some of the conclusions which have been reached in 
this report as a means of interpreting and appraising the 
results of this study. 

A t this time i t is apparent that rigid bridge rails designed 
in accordance wi th the 1965 AASHO Standard Specifica
tions for Highway Bridges have adequate strength to re
strain vehicles weighing up to 4,000 lb, traveling at 60 mph, 
and colliding at 25° ; provided that no snagging occurs and 
that rail height is at least 27 in . 

A collision under such conditions would produce an 
average lateral decelerative force of approximately 8 G's, 
corresponding to a damage rating of 6 or 7. Information 
presented i n this study (see Figure 7) indicates that 75 per
cent of the vehicles would have injured occupants following 
such a collision. However, examination of photos of rail
ing systems which satisfy strength requirements fo r restrain
ing vehicles reveals that local failures occur in welds at the 
base of support posts and other local plastic deformation. 
These are in effect plastic hinges in the material and may 
reduce damage to the vehicle as a result. Some engineers 
have suggested that by sizing welds fo r a specified failure 
load, a strong system with local weak areas could produce 
a safer rail configuration. The vagaries of such controlled 
welding techniques make such a proposal a tenuous one at 
the present time. However, experience wi th breakaway 
devices and frangible inserts suggests the possibility of 
developing the concept of controlled areas of weakness 
under collision loads. Service Requirement 9 must be 
satisfied in developing such concepts because repairs on 
bridge rails can severely inhibit traffic operations unless 
such repairs can be effected quickly. 

Figure 10 shows that the average lateral vehicle decelera
t ion is plotted as a function o f vehicle impact angle f o r 
various impact speeds. This figure was prepared by select
ing a standard size vehicle having a length of 17.5 f t , and 
a width of 6.5 f t . I t is recognized that there are many ve
hicles in operation on U.S. highways which are smaller and 
which weigh less than the selected vehicle shown in Fig
ure 10. Some estimates of the impact force of smaller ve
hicles using the mathematical expression presented earlier 
have been made, and i t has been found that, fo r most i n 
tents and purposes, these smaller vehicles w i l l strike the 
r igid barrier and produce an impact force that is approxi
mately equal to the weight of the vehicle times the pre
dicted G force shown in Figure 10. That is to say that a 
2,000-lb vehicle w i l l strike wi th a force approximately one 
half that of a 4,000-lb vehicle. This is-an approximation, 
and a more correct value fo r a selected vehicle can be 
determined by measuring the length and width of the 
vehicle, locating the center of gravity, and weighing the 
vehicle. Similarly, in Figures 11 and 12 the average lateral 
deceleration is plotted as a function of width o f roadway 
traversed. The effect of the coefficient o f f r ic t ion between 
tires and the road is shown parametrically. These graphs 
were prepared fo r a selected vehicle traveling at 60 mph, 
and 70 mph, respectively. Curvilinear plots result because 
Eq. 1 has been used to compute roadway widths as a func-
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tion of impact angle. Similar graphs could be prepared us
ing the mathematical expression fo r smaller size vehicles or 
larger size vehicles based on the physical dimensions of the 
vehicles, and a variety of impact speeds. 

I t is recognized that i f a vehicle is operated at some speed 
in excess of legal speed limits or design limits, a barrier rail 
designed in accordance wi th a rational design approach 
could be penetrated and, depending on the type of bridge 
( fo r example, overpass over a highway, etc.), an undesir
able collision could result. The designer would need to take 
these other factors into account along with the dynamic 
impact force in making his design. Here again, the eco
nomic factors include not only the cost of a bridge rail 
system to restrain a legally operated vehicle, but also the 
location of the bridge in question. I t seems reasonable to 
conjecture that i f a bridge is located in a rural area, crossing 
a stream, i t might be designed in such a way that one might 
expect an occasional penetration of a vehicle operated at 
illegally high speed. A t any rate, the rational design ap
proach does permit latitude i n making such economic and 
safety determinations. 

There is evidence f r o m accident reports to indicate that, 
whatever design speed or legally established speed is in 
effect on whatever class o f highway, some drivers w i l l 
exceed these established speed limits. A difficult question 
arises whether the designer should spend the money re
quired to restrain a vehicle operated in excess of the legally 
established limits. Once again, by using the rational design 
approach, the designer can determine the strength of a 
barrier rail required to restrain a vehicle at any selected 
speed in excess of the legal speed l imit , and design his rail 
in accordance with this arbitrarily selected speed. He can 
make an estimate of the cost of such a rail and compare it 
wi th the cost of a rail designed fo r a legal speed l imi t , tak
ing into account the number of lanes on the bridge, and the 
location of the bridge. 

Thus, i t is apparent that the rational design approach can 
be adequately used to aid the administrator and the designer 
in making safety and economic feasibility studies of pro
jected bridge railings. Such an approach should be included 
in future A A S H O design specifications. 

I t is demonstrable that certain bridges on streets or rural 
roads of lower speed classification might be safely designed 
f o r lower strength requirements than bridge railing to be 
used on high-speed highways. Other roadway characteris
tics such as horizontal and vertical alignment, approach 
conditions, lighting, and condition of pavement surface, 
appear to be of lesser significance than the parameters 
considered in the development of the rational analytical 
approach in this report. However, the selection of a co
efficient of f r ic t ion between the tire and the roadway is 
something which should be given careful consideration by 
the design engineer. A t the present time some uncertainty 
exists concerning selection of a coefficient of f r ic t ion; how
ever, other researchers are studying this facet of highway 
safety ( 4 5 ) . 

I t is apparent f r o m all of the crash test information and 
information f r o m accident reports that the minimum per
missible height fo r a bridge rail is 27 in . above the roadway. 
I t is the opinion of many highway engineers and research

ers that a higher railing is necessary to restrain large trucks 
in a collision with a bridge railing system. However, at the 
present time, as has been discussed previously, the incidence 
of truck collisions wi th bridge rail systems appears to be 
small by comparison wi th collisions by passenger vehicles. 
I t should be emphasized also that smooth railing must be 
provided (to eliminate snagging), blocking out railing is 
highly desirable, and the use of a rubbing rail (15 in . above 
the pavement) is also desirable. 

Bridge barrier rails should be aligned with approach rails. 
That is, shoulder width bridges must be provided on high
ways. Combination vehicle and pedestrian bridges must 
have a barrier rail between vehicles and pedestrians, and 
pedestrian walks must be provided outboard of this barrier 
rail . Where curbs are required f o r whatever reason, they 
must be built outside the barrier rai l . 

A l l of the foregoing statements are based on current 
vehicle designs and are responsive to service requirements 
to provide fo r automobile characteristics, roadway charac
teristics, and rail characteristics fo r current conditions. I f 
vehicle configurations change, barrier configurations and 
design should be revised as appropriate. 

One of the most important factors in design of a safety 
bridge rail is in the connections. The connections must be 
strong enough to restrain a vehicle traveling at the design 
speed. I n such a procedure there w i l l be many different 
sizes of bolts and other connection components. This could 
lead to costly installations in many locations. Most railing 
fabricators would agree with the point of view that uni
formity or standardization of railing systems w i l l result in 
lower costs fo r fabrication and erection. Here, there is an 
opportunity to consider the economic feasibility of any 
bridge rail design. The review of photographs of several 
bridge railing systems which were tested under full-scale 
crash conditions indicates that the failure o f these systems 
often occurs at a connection. For example, the concrete 
spalls around anchor bolts, or anchor bolts are sheared, or 
the base plate is permanently deformed by the stresses 
which it must carry; or there are fractured welds at the 
juncture of base plate and support posts, or the bolted 
connections at the ends of lengths of railing are fractured. 
These are examples of inadequate connection design fo r 
rigid barriers. 

To summarize, i t appears that rigid barriers can be built 
which can restrain passenger vehicles and provide railing 
heights which vehicle occupants can see over in many in 
stallations. Further, such railing design can prove adequate 
f r o m the viewpoint of reducing the number of fatal acci
dents involving bridge railing systems. H o w to provide 
bridge railing systems which w i l l reduce injury-producing 
accidents has not been determined at this time. I t is clear 
that impact attenuation devices for bridge rails must be 
provided to improve safety characteristics, and furthermore 
that such devices must be structurally compatible wi th 
approach railing. 

Full-scale crash testing of prototype railing systems meet
ing the service requirements contained in this report w i l l be 
necessary fo r the foreseeable future. 
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C H A P T E R F I V E 

CONCLUSIONS AND NEEDED RESEARCH 

The procedures developed during this study should be used 
to develop design criteria f o r bridge rail systems. Outline 
specifications should be prepared on the basis of current 
knowledge f r o m research and f r o m operational informa
tion. I t is recognized that wri t ing design specifications is 
not wi thin the province of research. However, i t is believed 
that design specifications should be written on the basis of 
research and operational information. I t is concluded that 
the rational design approach oudined in this report is a 
usable technique, and that the relations established fo r 
comparing crash test data with accident information (e.g.. 
Figure 7) provide an insight into establishing estimates of 
the severity of accidents. The evaluation of full-scale crash 
tests should be implemented by agencies conducting such 
tests. Such activities should be conducted by a research 
organization, and the results should be furnished to highway 
engineers to aid them in their design, operation, and 
maintenance responsibilities. 

The tentative service requirements presented herein 
should be reexamined and revised as appropriate. Such a 
task implies that highway engineers could prepare written 
criticisms of these service requirements, and these com
ments should be examined carefully i n revising bridge rai l 
service requirements. 

Research by other agencies on guardrail installations 
should be reviewed, appraised, and incorporated into the 
design criteria f o r bridge rail systems. 

Specific tasks are listed in the fol lowing paragraphs. 
These tasks should be accomplished concurrently wi th the 
development of design criteria. 

OUTLINE OF SPECIFIC TASKS 

1. Verification of Mathematical Model 

I t is recommended that further comparisons of the mathe
matical expressions be conducted to establish the validity of 
their generality fo r vehicles having a wider range of dimen
sions and weight. Such comparisons can be conducted only 
on the basis of data f r o m full-scale crash tests. Several 
organizations are engaged i n such testing; a cooperative 
effort to acquire data and to compare them wi th the 
expressions should be initiated. 

2. Parameter Studies 

Parameter studies could be accomplished by programming 
the model fo r electronic computer simulation of a vehicle-
barrier collision. 

Vehicle Characteristics 

I t is recommended that a parameter study be initiated to 
examine the significance of vehicle dimensions and weight 
on predicted values of impact force. Preliminary calcula
tions indicate that such a study is needed to establish a 
selected vehicle fo r design calculations based on a rational 
analytical approach. Vehicle dimensions and weight should 
be described so that future railing designs can take into 
account changes in vehicle characteristics. 

Roadway Characteristics 

(1) The effect of coefficient of f r ic t ion between tires and 
road should be examined. I t has been shown that impact 
force is related to this parameter (Figures 11 and 12) . 

(2) The effect of horizontal roadway curvature should 
be studied. The present study has been l imited to collisions 
which occur on straight roadways. The effect of short radii 
of curvature may be significant, and the significance should 
be determined. 

( 3 ) Effect of roadway width should be determined. A 
balance between wider bridges (more area i n which a driver 
can maneuver) and estimated impact force (wider road
ways permit greater impact angles, thus greater impact 
force) should be considered. 

Railing Characteristics 

(1 ) I t has been observed in this study that the magnitude 
of lateral barrier displacement need not be great (see 
Figure 13) in order to reduce the lateral impact force to 
a tolerable value. Further examination of this observation 
could be beneficial in developing impact attenuation 
concepts. 

(2) The effect of barrier displacement should be studied 
parametrically wi th a view to determining the need fo r 
establishing a subroutine for expressing barrier displace
ment as a funct ion of material and physical properties 
(Young's modulus, section modulus, etc.). I t may be that 
development of precise expressions f o r railing behavior is 
not necessary f o r purposes of design. Rigorous analytical 
expressions should be sought after, but they must be 
responsive to needs and current knowledge. 

3. Ratiorml Design Approach 

This approach should be expanded through parametric 
studies to provide tables, curves, or nomographs for the 
design engineer, which, when used wi th sound economic 
judgment, should produce safer future bridge rai l systems. 
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4. Limits of Tolerable Deceleration 

I t is recommended that the relationship between crash-test 
data and accident information (see Figures 7 and 8) be 
critically evaluated and revised as appropriate. This task 
could be accomplished by a cooperative effort between 
N C H R P and the National Safety Council. 

Other tasks could be listed, but the foregoing are con

sidered to be of primary concern at this time. The informa

t ion contained i n this report should be used i n the next 

research study which should be aimed at developing design 

criteria for bridge rail systems. 
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APPENDIX A 

VERIFICATION OF MATHEMATICAL MODEL 

The mathematical model, presented in Chapter Two, is a 
theoretical expression of a vehicle-barrier railing collision. 
The confidence one has i n a mathematical model w i l l de
pend on how accurately the model predicts the dynamic 
behavior of an actual collision. A comparative study of the 
mathematical model and full-scale dynamic test results, 
presented by various research organizations, was performed 
in considerable depth. I n this type of comparison, i t is to 
be noted that the accuracy of the model wi l l depend on 
(1) the assumptions made in developing the model, and 
(2) the accuracy of the test data acquired in the full-scale 
barrier railing tests. This comparative study demonstrated 
that the values predicted by the mathematical model, such 
as time, velocity, and decelerations, compare wi th actual 

test results to an accuracy of approximately ± 2 0 percent. 
A n accuracy of ± 2 0 percent is satisfactory when one 

considers the wide range of test conditions represented i n 
the comparative study, and the purpose fo r which the 
mathematical model has been devised. For example, i t has 
been estimated that when the average lateral decelerations 
of a vehicle, smoothly redirected by a barrier railing, are 
3 G's or less, i t is of insignificant importance whether the 
"exact" value lies between 2.3 G's and 3.7 G's, since both 
the upper and lower deceleration values would be, i n most 
instances, tolerable to the vehicle occupants. Similarly, 
when the predicted average lateral decelerations of a vehicle 
are 10 G's, the accuracy of ± 2 0 percent would still be 
satisfactory, since the "exact" value that lies between 8 G's 
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and 12 G's would not be, in most instances, tolerable to the 
vehicle occupants. 

Finally, the mathematical model is intended to provide 
the design highway engineer a rational analytical approach 
for computing lateral impact forces, taking into considera
t ion vehicle and roadway characteristics, fo r which the 
model would suffice at the present time. 

COMPARATIVE STUDY OF MATHEMATICAL MODEL AND 
NEW YORK FULL-SCALE TEST RESULTS 

The Bureau of Physical Research of the New York State 
Department of Public Works conducted a 6-yr program 
which led to the development of a design termed the box-
beam barrier (70, p. 88). Dur ing the course of the study, 
48 full-scale dynamic tests between standard size passenger 
vehicles and a variety of barrier configurations were carried 
out. Impact speeds up to 60 mph and impact angles up to 
35° were selected as representing conditions on a high-speed 
highway. 

The Bureau of Physical Research furnished copies of 
velocity-time data for 26 of the 48 tests to the research 
engineers of T T I . W i t h this information, i t has been possi
ble to make comparisons of values computed by the mathe
matical model equations presented in Chapter Two and 
actual data acquired f rom full-scale crash tests. Examples 
of velocity-time data received, which were typical of the 
26 tests studied by T T I , are shown in the upper portions of 
Figures A-1 through A-7. The data points plotted in these 
figures were obtained by the New York investigators f r o m 
high-speed movies o f each crash test. The techniques em
ployed fo r acquiring and reducing data f r o m the films are 
discussed in Appendix B of their Research Report 67-1 
(27). 

Assumption (1 ) made in the development of the mathe
matical model states: "The longitudinal and lateral vehicle 
decelerations are constant during the time interval required 
fo r the vehicle to become parallel to the undeformed bar
rier." This assumption implies that velocity is a linear func
tion of time. The time interval " l i m i t " computed by Eq. 4 
is shown as a dashed vertical line in Figures A-1 through 
A-7. Examination of the plotted data points revealed that 
Assumption (1 ) was valid during the time interval required 
for the vehicle to be redirected parallel to the undeformed 
barrier. For this reason, a straight line was visually fitted 
to the test data for longitudinal vehicle velocity-time data 
and another straight line was visually fitted to the test data 
fo r lateral vehicle velocity-time data. The slope of the longi
tudinal and lateral velocity-time curves represents a constant 
lateral and longitudinal deceleration-time relationship. De
celeration values computed f r o m this test data are plotted 
in the lower portion of Figures A-1 through A-7 as heavy 
black lines, and the values of deceleration as predicted by 
the mathematical model, f r o m information presented by 
New York in Highway Research Record 174, are shown as 
dashed lines. A comparison of the percent accuracy of the 
New York values of lateral vehicle deceleration as deter
mined by T T I f r o m the velocity-time data and values pre
dicted by the mathematical model fo r 20 tests, in which 
snagging or pocketing did not occur, is given in Table A - 1 . 

Also, a graphical comparison is shown in Figure A-8 . I t is 
evident that 16 of the 20 compared values of lateral vehicle 
deceleration were within an accuracy of ± 2 0 percent. 

Assumption (3) made in the development of the mathe
matical model states: "The lateral component of velocity is 
zero after the vehicle is redirected parallel to the barrier 
railing." I t is important to note that an examination of the 
test data points in Figures A-1 through A-7 indicated that, 
at or about the time " l i m i t " of the mathematical model, the 
New York values for lateral vehicle velocity pass through 
zero. A comparison of values predicted by the mathemati
cal model with values of exit velocity and corresponding 
time interval, as reported by New York , is given i n Ta
ble A - 1 . Also, a graphical comparison of the exit velocities 
is shown in Figure A-9, and a graphical comparison of 
the corresponding time intervals is shown in Figure A-10. 
To compute the lateral velocity of the vehicle by Eq. 6, 
it was first necessary to obtain an average value fo r the 
coefficient of f r ic t ion between the vehicle body and bar
rier railing by Eq. 9. Referring to Table A - 1 , an average 
coefficient of f r ic t ion of 0.30 was computed by T T I f r o m 
the velocity-time data furnished by New York . I t is evident 
f rom the comparison, given in Table A-1 and shown in 
Figures A-9 and A-10, that 15 of the 18 values of exit 
velocity, and 13 of the 20 values of corresponding time 
interval were within an accuracy of ± 2 0 percent. Thus, test 
data furnished by New York support Assumptions (1) and 
(3) made in the development of the mathematical model. 
These assumptions were first mentioned in Chapter Two, 
"Mathematical Model of a Vehicle-Barrier Railing Col
lision." 

Further examination o f the test data indicates that the 
lateral velocity of the vehicle is negative subsequent to the 
time interval " l imi t " of the mathematical model. This ob
servation is important because it indicates that, since the 
lateral component of velocity is directed away f r o m the 
barrier, the lateral impact force has been reduced to zero. 
This observation is corroborated by examination of photo
graphs of the damage to crash test vehicles; i n these the 
damage was concentrated at the f ront of the vehicles and 
only slight or no damage had occurred to the sides of the 
vehicles. 

One other observation should be made—the examples 
shown in Figures A-1 through A-7 include tests on rigid 
bridge rails for which the deflection is zero, and f o r semi
rigid to flexible guide rails which had measured deflections 
up to 10.7 f t . Thus, i t is concluded that the assumption of 
constant vehicle decelerations and linearity of velocity time 
relationships is independent of the magnitude of lateral 
displacement of the various rail types (rigid, semi-rigid, and 
flexible). 

COMPARATIVE STUDY OF MATHEMATICAL MODEL AND 
CALIFORNIA FULL-SCALE TEST RESULTS 

During the past two decades, the Materials and Research 
Laboratory of the California Division of Highways has de
signed and conducted many full-scale dynamic tests on new 
and modified barrier railing concepts. As a result, sig-
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TIME (MILLISECONDS) 
Figure A-7. Comparison of mathematical model with velocity-
time test data furnished by New York, Test 39. 
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' New York {HKR 174) values of average lateral deceleration of 
vehicle during time interval required for vehicle to become parallel to 
undeformed barrier railing were determined by TTI from furnished 
copies of Velocity-Time Test Data (70). 

A Montreal {HRR 152) reported values of average lateral de
celeration of vehicle (76). 

Mathematical Model values of average lateral deceleration, deter
mined by use of Equation S, were based on information presented by 
New York in HRR 174 and by Montreal in HRR 152 

Figure A-8. Graphical comparison of average lateral 
vehicle decelerations. 
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T A B L E A-1 
COMPARISON OF M A T H E M A T I C A L M O D E L AND F U L L - S C A L E T E S T RESULTS OF NEW Y O R K 

TEST RESULTS OF NEW YORK (10)' MATHEMATICAL MODEL COMPARISON 

TEST TYPE OF T I M E AV T I M E T I M E VEL. G l a t 

NO. BARRIER RAILING (SEC) ( M P H ) G u t Glvne (SEC) ( M P H ) G l . t ( % ) ( % ) ( % ) 

8 Rigid bridge rail .227 — 6.9 — — .178 44 6.8 - 2 8 — - 2 
20 Cable guide rail .672 42 1.6 0.5 0.31 .824 43 1.3 + 19 + 2 —23 
21 Box beam transition .378 45 2.4 0.8 0.33 .455 42 2.3 + 17 - 7 —4 
22 Box beam end treatment .251 29 3.1 1.0 0.32 .365 26 2.9 +31 - 1 2 - 7 
24 Box beam median barrier .370 44 2.9 0.7 0.24 .491 44 2.2 +25 0 - 3 2 
25 Box beam guide rail .403 39 2.4 0.8 0.33 .388 39 2.5 - 3 9 0 +4 
26 Box beam median barrier .495 29 2.2 1.1 0.50 .526 28 2.1 + 6 - 4 - 5 
28 Cable guide rail .587 44 1.9 0.6 0.32 .702 41 1.5 + 16 - 5 - 2 7 
30 Rigid bridge rail .202 43 5.1 1.7 0.33 .178 43 5.9 - 1 2 0 + 14 
32 Box beam bridge rail .218 58 5.4 0.8 0.15 .208 48 5.7 - 5 - 2 1 +5 
33 Cable guide rail .453 49 1.8 0.4 0.22 .702 42 1.5 +36 - 1 4 - 2 0 
34 Box beam guide rail .386 32 3.1 1.2 0.39 .439 32 2.9 + 12 0 - 7 
38 W-section guide rail .655 34 1.2 0.8 0.67 .869 40 1.1 +25 + 18 - 9 
39 W-section guide rail .580 43 1.6 0.6 0.37 .587 42 1.8 + 1 - 2 + 11 
41 W-section guide rail .151 55 1.2 0.4 0.36 .185 55 1.5 + 18 0 +20 
43 Box beam median barrier .403 — 3.0 — — .388 39 2.5 - 4 — - 2 0 
45 Box beam bridge rail .319 52 0.9 0.1 0.11 .346 51 0.9 + 8 - 2 0 
46 Cable guide rail .420 43 1.9 0.2 0.11 1.030 34 0.8 +59 - 2 9 -138 
47 Box beam bridge rail .386 36 1.9 0.4 0.20 .381 31 2.0 - 1 — 16 +5 
48 Box beam bridge rail .370 38 3.3 0.6 0.18 .399 29 3.0 +7 - 3 1 - 1 0 

• Values were determined by T T I f r o m velocity-time test data furnished by New Y o r k Bureau o f Physical Research; Ref. 10 contains other data. 
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° New York (HKR 174) values of exit velocity at instant vehicle 
becomes parallel to undeformed barrier railing were determined by 
TTI from furnished copies of Velocity-Time Test Data (70). 

A Montreal (HKR 152) reported values of exit velocity modified 
by the cosine of exit angle by TTI (16). 

Mathematical Model values of exit velocity, determined by use of 
Equations 6 and 9, were based on information presented by New 
York in HRR 174 and Montreal in HRR 152. 

Figure A-9. Graphical comparison of vehicle exit velocity. 

+ 2 0 % 

- 2 0 % 

2 0 0 400 6 0 0 800 

MATHEMATICAL MODEL (lO'^sec) 
1000 

° New York {HRR 174) values of time required for vehicle to 
become parallel to undeformed barrier railing were determined by 
TTI from furnished copies of Velocity-Time Test Data {10). 

Mathematical Model values of time, determined by use of Equa
tion 4, were based on information presented by New York in HRR 
174. 

Figure A-10. Graphical comparison of vehicle exit 
time interval. 
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nificant results having practical application have evolved. 
Information on vehicle decelerations was not available; 

however, a comparison as given in Table A-2 was obtained 
between values predicted by the mathematical model and 
the time interval "range" estimated by T T I personnel f r o m 
high-speed photographs, which show the position of a 
smoothly redirected vehicle before, at, and after the instant 
a vehicle becomes parallel to the undeformed barrier rai l 
ing. Model computations (Eq. 4) were based on values of 
impact velocity, impact angle, and lateral displacement of 
the barrier railing reported by Nordl in , et al. (4, 11, 14, 
15). Predicted values of average lateral deceleration of the 
test vehicles are also presented in Table A-2 to furnish the 
reader an indication of: (1) the expected injury level of 
the occupants, as estimated f r o m Figure 7, and (2) the 
magnitude of the impact force under various test conditions. 

I t is evident f r o m Table A-2 that 16 of the 19 values of 
the computed time interval are within or extremely close to 
the range in values observed f r o m the photographs of each 
full-scale test presented by the California investigators. A l 
though i t is not possible to obtain an estimate of the degree 
of accuracy of the mathematical model based on this com
parative study, these findings strengthen the validity of the 
mathematical model and its assumptions. 

COMPARATIVE STUDY OF MATHEMATICAL MODEL AND 
MONTREAL FULL-SCALE TEST RESULTS 

In 1962, a research study involving full-scale testing was 
undertaken by Henault (76) to develop an effective guide 
rail system for a six-lane elevated expressway i n Montreal. 

A comparison of values predicted by the mathematical 
model and the values of reported average lateral vehicle 
deceleration varied over a wide range as given i n Table A-3 
and shown in Figure A-8 . Because of the time interval over 
which the average decelerations had not been reported, i t is 
felt that this type of comparison is of little significance. 

However, a meaningful comparison of values predicted 
by the mathematical model and the values of reported exit 
velocity was obtained as given in Table A-3 and shown in 
Figure A-9. Using an average coefficient of f r ic t ion of 0.57 
computed by Eq. 9, and modifying the exit velocity by the 
cosine of the exit angle to obtain the component parallel to 
the barrier railing, it is evident f r o m Table A-3 and Fig
ure A-8 that 10 o f the 11 values of exit velocity are within 
an accuracy of ± 2 0 percent. Thus, the test results of 
Henault also support the validity of the mathematical 
model. 

TABLE A-2 

COMPARISON OF M A T H E M A T I C A L MODEL A N D FULL-SCALE TEST RESULTS OF CALIFORNIA 

T E S T R E S U L T S O F C A L I F O R N I A 

T E S T S P E E D A N G L E 
B A R R I E R 
D I S P L A C E M E N T 

T I M E E S T I M A T E D F R O M 
S E Q U E N C E P H O T O G R A P H S 

M A T H E M A T I C A L 
M O D E L 

T I M E 
R E F . N O . ( M P H ) ( D E C . ) ( F T ) ( S E C ) ( S E C ) Gi«i 

Calif. Type 1,2 
4 B l 76 25 Rigid / < 0.143 0.130 11.2 
4 B2 76 25 Rigid 0.094 </<0.194 0.130 11.2 
4 B3 73 25 Rigid 0.065 < r < 0.152 0.143 10.4 
4 B4 77 25 Rigid 0.069<(<0.211 0.127 11.3 
4 B5 78 25 Rigid 0.063 <r<0.169 0.126 12.0 

Calif. Type 8 
14 111 68.5 25 0.25 0.10 <r<0 .25 0.156 8.4 
14 112 58.5 25 0.33 0.21 <<<0.31 0.191 6.1 
14 113 61.5 23 0.25 0.20 < /<0 .25 0.178 6.2 
14 114 66.2 25 Penetrated — — — — — 

New Jersey 
11 161A 38 7 Rigid /<0.20 0.275 0.8" 
11 161B 65 7 Rigid <<0.20 0.162 2.2 
11 162 63 25 Rigid 0.10 < /<0 .20 0.156 7.8 

W-Guardrail 
15 101 69 25 1.25 0.182<r<0.241 0.202 6.6 
15 103 67 25 0.75 0.163<r<0.243 0.183 7.1 
15 104 68 25 1.00 0.159</<0.228 0.193 6.8 
15 106 60 25 1.75 0.181<f<0.243 0.258 4.5 
15 107 60 25 1.50 0.180</<0.360 0.245 4.8 
15 108 59 25 1.50 0.171<r<0.304 0.249 4.6 
15 109 60 2J 2.00 0.241</<0.272 0.271 — 

NY Box Beam 
11 142 64 25 Est. 3.2 0 .160<f< 0.255 0.314 3.9 
11 143 49 10 0.75 0 .200</< 0.340 0.333 1.2 

•Value only approximate, as mathematical model assumption (2) neglects vertical and rotational accelerations. 
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TABLE A-3 

COMPARATIVE STUDY OF EXIT VELOCITIES BETWEEN MONTREAL 
A N D M A T H E M A T I C A L MODEL OF A BARRIER R A I L COLLISON 

T E S T R E S U L T S O F M O N T R E A L (16) T T I C O M P U T E D V A L U E S C O M P A R I S O N 

T E S T 

N O . 

T Y P E O F 
B A R R I E R R A I L 

V, 
( M P H ) ( M P H ) 

9 
( D E G ) 

/3 

( D E G ) (G's) 
Glat 
( G ' S ) 

Glat * 
( G ' S ) 

K j j ' C O S | 8 
( M P H ) ( M P H ) 

Glat 
( % ) 

V E L . 

( % ) 

2 Concrete 
+27 + 15 median 53 35 19 14 1.8 2.9 0.62 4.0 34 40 +27 + 15 

3 Steel guide 
+ 2 rail 59 45 19 14 1.0 2.5 0.40 4.2 44 45 + 4 0 + 2 

4 42 36 19 8 0.4 2.2 0.18 2.2 36 32 0 - 1 2 
5 57 35 20 9 0.9 2.1 0.43 4.3 35 43 + 5 1 + 19 
6 > 57 44 18 11 1.5 3.9 0.38 3.7 43 43 - 5 0 
7 Aluminum guide 

+ 7 rail 53 38 18 13 2.1 3.5 0.60 3.4 37 40 - 3 + 7 
8 58 44 19 10 5.2 6.5 0.80 4.4 43 44 - 4 8 + 2 
9 > 50 32 20 15 1.3 2.1 0.62 3.3 31 38 + 3 6 + 18 

11 Concrete guide 
+28 rail 56 44 15 6 1.5 2.6 0.58 3.6 44 43 +28 —2 

12 29 15 22 9 0.3 0.3 1.00 1.4 15 22 +79 + 3 6 
13 > 53 36 20 8 1.8 2.8 0.64 4.4 35 40 + 3 6 + 12 

in which: Vi and K/;' = impact and exit velocities 
B and & = impact and exit angles 

II = coefficient of friction between body and barrier railing. 
• Average lateral vehicle deceleration computed by Eq. S. 
» Exit velocity of vehicle computed by Eqs. 6 and 9. 

APPENDIX B 
ALLOWABLE VEHICLE DECELERATIONS 

Based on the development of a mathematical model, the 
research work of Michalski (72 ) , and that of various re
search agencies conducting full-scale dynamic barrier tests, 
it w i l l be demonstrated in this appendix that the severity of 
damage to a vehicle provides an indication of the vehicle 
decelerations and the incidence of in jury to unrestrained 
occupants. 

From a recent test in Oregon involving 951 vehicles in 
traffic accidents of which there were 184 personal injuries 
and 7 fatalities, Michalski demonstrated, as shown in Fig
ure 6, that the proportion of damaged vehicles i n which 
injuries occurred was proportional to the square of the 
severity of damage to a vehicle as rated on a 7-point scale. 
Michalski indicates that the probability integral and para
bolic curves may be used wi th equal facil i ty to predict 
incidence of injuries i n relation to damage rating. 

To assist police officers and civilian investigators in ap
praising the severity of damage sustained by vehicles i n 
volved in traffic accidents, a Vehicle Damage Rating Scale 
(77) was developed by Michalski. Basically, the rating 
scale consists of photographs of passenger vehicles damaged 
in accidents that are so arranged that a separate page is 

provided f o r each of the common type impacts. O n each 
page there are three sets of photographs showing vehicles 
in various stages of deformation, as shown in Figure B-1 . 
To the right of the photographs there is a 7-point rating 
scale and, in the upper right comer of each page, there is a 
small diagram of a car and an arrow, or series of arrows, 
showing direction of the principal impact force. I n addition 
to the diagram, there is a symbol (FC, fo r example) which 
indicates the part of the vehicle damaged and type of i m 
pact. I n order to rate damage of a vehicle, the user must 
select the proper page of photographs, and then attempt to 
match the damage on the subject vehicle wi th one of the 
photographs appearing on the page. 

I n order to apply and extend the work of Michalski to 
include average vehicle decelerations, vehicles damaged in 
full-scale dynamic tests by various research agencies were 
selected fo r evaluation. The average vehicle decelerations, 
as shown in Table B-1 , were determined by use of the 
mathematical model on the angle highway barrier railing 
impact tests conducted by California (4, 14, 11, 15) and 
New York {10), and by a film analysis on the front-end 
impact tests conducted by Texas Transportation Institute 
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(J9, 20, 21, 22). To obtain unbiased results, the photo
graphs of the damaged vehicles, as shown in Figure B-2, 
were placed in a random manner on ten 8 X 11 cards. Un

aware of what the average vehicle decelerations were, six 
research engineers rated the severity of damage to each 
vehicle using the vehicle damage rating scale developed by 

F L / F R 
T h i s sca le i s appl icable to damage r e s u l t i n g from p a r t i a l contact of front 
end ( l e f t front comer or r igh t front comer) of subject vehic le with an
other veh ic l e or objec t . 

DamaKe Rating 

^ F L - 1 
or 

FR-1 

F L - 2 
or 

FH-2 

or 
FR-5 

or 
TR-k 

^ F L - 5 
or 

FR-5 

^ F L - 6 
or 

FR-6 

^ rx-7 
or 

FR-7 

Figure B-1. Vehicle damage rating scale photographs copy righted by National Safety Council (1968). 
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TABLE B-1 

AVERAGE DECELERATIONS OF VEHICLES D A M A G E D 
I N FULL-SCALE D Y N A M I C BARRIER TESTS 

T E S T 

N O . 

R E S E A R C H 

T E S T NO.* 

T Y P E I M P A C T 

G's 
T E S T 

N O . 

R E S E A R C H 

T E S T N O . ' 

T Y P E I M P A C T 

G'S 
T E S T 

N O . 

R E S E A R C H 

T E S T NO.* A N G L E F R O N T G's 
T E S T 

N O . 

R E S E A R C H 

T E S T N O . ' A N G L E F R O N T G'S 

34 T-505-1B X 14.6 41 T-505-4B X 6.7 
26 N-32 X 5.6 22 N-4 X 3.2 
60 T-446-10 X 1.3 5 C-B3 X 10.4 
36 T-505-2A X 6.6 33 N-39 X 1.8 
42 T-505-4C X 7.6 17 C-106 X 4.5 
55 T-446-4 X 19.2 31 N-25 X 2.5 
28 N-45 X 0.9 48 T-534C X 2.1 
44 T-1075-S2 X 0.7 6 C-B4 X 11.3 
16 C-104 X 6.8 13 C-113 X 6.2 
23 N-24 X 2.2 46 T-534A X 1.8 
12 C-112 X 6.0 21 C-143 X 1.2 
14 C-101 X 6.6 30 N-30 X 5.9 
3 C-Bl X 11.2 27 N-44 X 0.4 

58 T-446-7 X 0.9 19 C-108 X 4.6 
18 C-107 X 4.8 56 T-446-5 X 1.3 
57 T-446-7 X 0.9 35 T-505-1C X 14.2 
49 T-534D X 1.8 54 T-446-3 X 14.3 
40 T-505-4A X 7.8 59 T-446-9 X 1.8 
10 C-162 X 7.8 29 N-29 X 4.8 
52 T-446-1 X 13.9 32 N-34 X 2.8 
47 T-534B X 2.6 8 C-161A X 0.8 

7 C-B5 X 12.0 9 C-161B X 2.2 
37 T-505-2B X 12.3 38 T-505-2C X 9.9 
39 T-505-2D X 8.1 15 C-103 X 7.1 
53 T-446-2 X 15.7 20 C-142 X 3.9 
24 N-26 X 2.0 45 T-1075-S3 X 0.4 
43 T-505-4D X 5.3 4 C-B2 X 11.2 

1 C-16 X 8.0 51 T-534F X 2.0 
25 N-11 X 5.0 2 C-17 X 7.5 

• C = Califomia (20 tests); N z= New York (12 tests); T = TTI (26 tests). 

Michalski. A description of the four common types of 
impacts that were selected, out of the ten available, is as 
follows: 

F C Front-end damage due to concentrated im
pact resulting from collision of subject ve
hicle with a tree, utility pole, or other narrow 
fixed object. 

F D Front-end damage due to distributed impact 
resulting from full contact of front-end of 
subject vehicle with other vehicle or broad 
object. 

F L / F R Front left or right corner damage due to 
partial contact of front-end of subject vehicle 
with other vehicle or object. 

L F Q / R F Q Left or right front quarter damage (ahead of 
passenger compartment) due to angular im
pact by another vehicle or object. Applicable 
to angle collisions and accidents in which a 
vehicle strikes an object after skidding or 
spinning. 

In the use of the damage rating scale, vehicles damaged 
in front-end impacts were rated incorrectly as angle impacts 
( L F Q / R F Q ) , and conversely for 4.9 and 1.5 percent of the 

observations, respectively. Michalski indicated that police 
officers selected the proper page of photographs in the 
damage scale for over 90 percent of the vehicles rated and 
that nearly all page selection errors could be corrected by an 
analyst in a relatively simple office procedure. 

Also, some difficulty was encountered in distinguishing 
between L F Q / R F Q and L F / R F damage rating when 
evaluating the vehicles damaged in angle impact tests. As 
a result, the front side impact ratings ( L F / R F ) were se
lected for 9.1 percent of the observations. It is felt that had 
the damaged test vehicles been rated by other than research 
engineers, the L F / R F rating would have been selected more 
often. This particular situation is considered to be of minor 
importance because the basic intent is to demonstrate the 
application of the damage rating scale to achieve the ob
jectives of this study. Therefore, in order to use all the 
information obtained, the L F Q / R F Q and L F / R F ratings 
were combined—perhaps in future research, the damage 
rating scale could be refined to include a damage rating 
scale of vehicles damaged in highway barrier railing angle 
impacts. 

A simple statistical analysis of the damage ratings made 
by the six research engineers on vehicles used in full-scale 
dynamic tests is given in Table B-2. The factors used 
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Figure B-2. Vehicles damaged in highway barrier dynamic tests. 
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Figure B-2. Vehicles damaged in highway barrier dynamic tests (continued). 
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Figure B-2. Vehicles damaged in highway barrier dynamic tests (continued). 
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Figure B-2. Vehicles damaged in highway barrier dynamic tests (continued). 
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Figure B-2. Vehicles damaged in highway barrier dynamic tests {continued). 
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Figure B-2. Vehicles damaged in highway barrier dynamic tests {continued). 
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T A B L E B-2 

STATISTICAL ANALYSIS OF A V E R A G E V E H I C L E D E C E L E R A T I O N S 
AND S E V E R I T Y OF V E H I C L E D A M A G E 

STANDARD 

T Y P E N U M B E R AVERAGE " DEVIATION, 

V E H I C L E DAMAGE OBERVATIONS, X 

IMPACT RATING V (G-s) (G'S) 

Front 1 2 0.7 ( ± 0 . 0 ) 0.0 
2 20 1.8 ( ± 0 . 7 ) 1.7 
3 34 2.1 ( ± 0 . 6 ) 2.0 
4 29 3.6 ( ± 1 . 0 ) 3.0 
5 22 8.6 ( ± 1 . 7 ) 4.6 
6 28 9.4 ( ± 1 . 7 ) 5.1 
7 27 14.3 ( ± 0 . 9 ) 2.6 

162 All 

Angle 1 14 0.8 ( ± 0 . 3 ) 0.5 
2 13 1.3 ( ± 0 . 3 ) 0.6 
3 10 2.0 ( ± 0 . 4 ) 0.6 
4 24 3.6 ( ± 0 . 7 ) 2.1 
5 50 5.5 ( ± 0 . 4 ) 1.8 
6 45 6.1 ( ± 0 . 5 ) 2.0 
7 36 9.7 ( ± 0 . 8 ) 2.7 

192 All 

• The ± entry indicates 90% confidence limits of the objective value of X for the universe sampled. 
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for calculating the 90 percent confidence limits for the 
averages (X ± Vo-) of the longitudinal and lateral average 
vehicle decelerations were obtained from an ASTM Manual 
(23). To obtain a correlation to the test results obtained by 
Michalski, the results of this study are presented graphically 
as shown in Figures 7 and 8. 

The parabolic curves were first selected to represent the 
averages ( X ) of the test results obtained in this study. In 
each graph, the parabolic curve lies within the 90 percent 
confidence limits of the averages (Ic ± aa) over the greater 
portion of its length. Next, it was assumed that at the point 
where the parabolic curve intercepts the ordinate through 
the vehicle damage rating scale of seven the proportion 
of damaged vehicles in which occupant injuries would occur 
was equal to 1.0. Hence, this assumption defined the scale 
necessary to plot the test data obtained by Michalski. 

The points plotted on the graphs representing the in
formation obtained by Michalski are a summation of the 
F C , F D , F L , and F R damage area ratings for front-end 
impacts, and the L F Q , R F Q , F L and F R damage area 
ratings for the angle impacts as presented in Table B-3. As 
previously discussed, due to some difficulty in distinguishing 
between L F Q / R F Q and F L / F R damage area rating when 

evaluating the full-scale test vehicles damaged in angle 
impacts on highway barrier railing, it was considered rea
sonable to combine these two types of ratings. It is apparent 
from the graphs that the information obtained by Michalski 
can also be represented by the same parabolic curves se
lected to represent the information obtained in this study. 

Therefore, based on the information presented, it can be 
concluded that the average vehicle decelerations are di
rectly proportional to: (1) the proportion of damaged 
vehicles involved in traffic accidents in which occupant in
juries occurred, and (2) the square of the vehicle damage 
rating. In mathematical notation, this would be described 
by Eqs. 10 and I I , repeated here. 

Type Vehicle Mathematical 
Impact Equation 

Front 

Angle 

G,„„^. = 0.280 7?= = 

G,„. =0 .204 7?= = 

13.7 P (10) 

lO.OP (11) 

in which 

G = average vehicle deceleration; 
7? = vehicle damage rating; and 
P = proportion of vehicles in which injuries occurred. 

T A B L E B-3 

V E H I C L E D A M A G E S C A L E E V A L U A T I O N OF D R I V A B L E 
AND NON-DRIVABLE V E H I C L E S (C. S. Michalski) 

FRONT END IMPACTS 
DAMAGE 
RATING FC FD F L FR ALL p . 

0 0(0) 0(0) 2(0) 1(0) 3(0) 0.000 
1 13(0) 21(1) 25(1) 47(1) 106(3) 0.028 
2 8(3) 32(5) 34(1) 30(2) 104(11) 0.106 
3 2(1) 39(8) 25(4) 24(3) 90(16) 0.178 
4 4(1) 25(13) 23(11) 13(4) 65(29) 0.446 
5 4(2) 10(6) 11(7) 12(8) 37(23) 0.622 
6 2(2) 6(5) 11(10) 5(2) 24(19) 0.792 
7 1(1) 5(5) 1(0) 6(6) 13(12) 0.923 
All 34(10) 138(43) 132(34) 138(26) 442(113) — 

ANGLE IMPACTS 
DAMAGE 
RATING LFQ RFQ F L FR ALL P' 
0 0(0) 1(0) 2(0) 1(0) 4(0) 0.000 
1 9(1) 10(0) 25(1) 47(1) 91(3) 0.033 
2 16(0) 12(0) 34(1) 30(2) 92(3) 0.033 
3 13(2) 14(2) 25(4) 24(3) 76(11) 0.145 
4 6(1) 5(3) 23(11) 13(4) 47(19) 0.404 
5 5(2) 3(0) 11(7) 12(8) 31(17) 0.548 
6 1(1) 1(1) 11(10) 5(2) 18(14) 0.778 
7 1(0) 0(0) 1(0) 6(6) 8(6) 0.750 
All 51(7) 46(6) 132(34) 138(26) 367(73) — 

Numbers in ( ) indicate vehicles in which personal injuries occurred. 
• Proportion of vehicles in which personal injuries occurred. 
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APPENDIX C 
COMPARATIVE STUDY OF 1965 AASHO AND 1962 BPR 
BRIDGE RAILING SPECIFICATIONS 

Written comments and discussions wi th highway engineers 
suggested that designing in accordance with the 1965 
AASHO Standard Specifications for Highway Bridges (24) 
produces a barrier railing system of adequate strength to 
restrain most of the passenger vehicles in operation on high
speed highways. Furthermore, it appeared that an elastic 
barrier railing design based on the 10-kip transverse force 
specified by A A S H O was equivalent to a plastic design, 
using a dynamic stress coefficient,* based on the 30-kip 
transverse force suggested in 1962 by the Bureau of Public 
Roads ( 2 5 ) . Subsequently, i t was found that the mathe
matical model presented i n this report predicts that a 
4,000-lb vehicle traveling 63 mph and having an impact 
angle of 25° wi l l produce an impact force of 30 kips upon 
colliding wi th a rigid barrier. 

I t w i l l now be demonstrated that the loading criteria of 
A A S H O are fo r all practical purposes equivalent to BPR in 
regard to the railing; whereas, the A A S H O loading criteria 
are more severe than that of BPR for the posts. The BPR 
Proposed Specification is based on plastic design methods 
using a dynamic stress coefficient, whereas the A A S H O 
specification applies a reduction factor of 3 to the BPR 
transverse force and then specifies that a design be based 
on allowable working stresses fo r the appropriate material. 
Thus, in an indirect manner, the A A S H O specification in 
reality results in a design in which permanent deformations 
occur. I n Appendix D , additional verification is provided 
by a critical evaluation of the California Type 8 bridge 
barrier railing which was subjected to full-scale dynamic 
tests. 

BRIDGE RAILING 

For purposes of illustration, the bridge barrier rai l configu
ration shown in Figure C-1 wi l l be used. I n Figure 1 of the 
1962 BPR Proposed Specification, i t is assumed that the top 
rail w i l l resist the entire transverse force. However, because 
the basic intent of this comparative study is to demonstrate 
that the 1965 A A S H O elastic and the 1962 BPR plastic 
design methods are equivalent, i t w i l l be assumed that the 
transverse force wi l l be equally distributed to each rai l . 
Nomenclature o f the equations is presented at the end of 
this appendix. 

1965 AASHO Standard Specifications 

Rail members shall be designed f o r a moment, due to con
centrated loads, at the center of the panel and at the posts 

* A dynamic stress coefficient was spejified by BPR to take into con
sideration the increase in the strength of a material when subjected to 
dynamic forces. The dynamic stress coefficient is not to be misconstrued 
as a load factor which, for example, is defined in Part 2 of the 7965 
AISC Manual of Steel Construction (26). 

of P^L/dn by elastic methods to allowable stresses f o r the 
appropriate material. 

My = (US 

= {dfy)S 

Thus, 

( C - l ) 

1962 BPR Proposed Specification 

Rails shall be designed fo r a moment at the center of the 
panel and at the posts by the formula : 

Mp^PsL/en 

A fu l ly plastic moment of PgL/6n would correspond to 
a railing continuous over two panels fo r the mechanism 
shown in Figure C-2. 

Because External Work = Internal Work , the moment is 

PB^e = e(Mp + lMp) 

MP = PB 6n 

Design requirements of metal rails shall be determined by 
the formula: 

Mp = 0.85 c/„ kS 

The bending stress (0.85 c/„) is taken at 85 percent of the 
dynamic tensile strength to allow fo r axial force in the rai l 
ing member (see page 9 of the BPR Commentary). 

Thus, 

El 
2 

POSTS 

85 ck (C-2) 

1965 AASHO Specifications 

Posts shall be designed fo r a 10-kip transverse force plus a 
simultaneous longitudinal loading of of the transverse 
loading by the elastic method to the allowable stresses fo r 
the appropriate material. When the tensile strength o f the 
rail members is maintained through a series of post spaces, 
the longitudinal loading may be divided among as many as 
four posts in this continuous length. 

Referring to Figure C - l , the moments at the base are: 

W« = - y - ( « + A) 

PA 
2(2m) 

(a + b) 
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RAILING 

P (IMPACT FORCE) 

POST (2 RECTANGULAR PLATES) 

y 

BRIDGE DECK (NO CURBING OR WALK) 

Figure C-1. Cross section of bridge barrier railing. 

Letting = d f y , the yield stress level is: 

ia + b) r 2m 
4 md 

" 2 m ^ 1 " 
_ S j f j . Syy _ 

(C-3) 

1692 BPR Proposed Specification 

Posts shall be designed fo r the cantilever effects of a trans
verse force o f 0.8 P^ and a simultaneous longitudinal force 
of 0.4 Pj j divided equally to each post in the continuous 
length. 

Design requirements fo r metal posts shall be determined 
by the formula: 

Syy _ 

Referring to Figure C-1 , the moments at the base are: 

M,,^-^Pn (a + b) 

10 (2m) PB (a + b) 

Thus, 

5ckm \_S,^^Syy\ 

RELATIONSHIP BETWEEN AASHO (65) AND BPR (62) 

Combining Eqs. C-1 and C-2, and Eqs. C-3 and C-4, the 
relationship between transverse forces is: 

P . = ( 0 . 8 0 0 ^ ) p „ . 

Railing 

Posts 

A pipe and rectangular box rail sections, which are widely 
used, have a shape factor (A) equal to 1.35 and 1.22, re
spectively, whereas a rectangular plate post section has a 
shape factor {k) equal to 1.50. Assuming that the mechani
cal properties of the material used conform to the require-

PLASTIC HINGE 

R A " - ^ \ M 

H 

SHEAR SPLICE 

Figure C-2. Plastic mechanism of bridge railing. 

ments of A 3 6 Steel {d - f j f y = 0.555), a dynamic stress 
coefficient of 1.4 is obtained (see Table 1 of BPR—page 3 ) . 
Based on this information, the relationship between the 
transverse force specified by A A S H O (65) and BPR (62) 
is: 

PA = 

"0.345 PB 
0.382 P„ 
0.212 PB 
0.333 PB 

Pipe Rail 
Box Rail 
Post 
Specified for 
Rail and Post 

Nomenclature 

Pji = transverse force, elastic design methods, A A S H O 
(1965) ; 

= transverse force, plastic design methods, BPR 
(1962) ; 

My = elastic bending moment at yield stress; 
Mp = plastic bending moment; 

5 = elastic section modulus; 
k = shape factor = Afp/Afg,-

fa — allowable working stress fo r material; 
f y = yield strength of material; 
d = constant = / ( , / /„ ; 
c — dynamic stress coefficient of static yield strength; 

L — bridge rail span length between post; 
m = number of posts over which railing is continuous; 

and 
n = number of rail members. 
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APPENDIX D 

CRITICAL EVALUATION OF CALIFORNIA TYPE 8 RIGID BRIDGE BARRIER RAILING 

The California Type 8 bridge barrier railing configuration 
(14), as shown i n Figure D - 1 , was selected by the research 
agency engineers f o r a critical evaluation because: (1) i t 
had been subjected to full-scale dynamic tests in accordance 
with Highway Research Board Circular 482 ( 5 ) ; (2 ) the 
California research engineers had provided information in 
sufficient depth concerning the dynamic behavior of the 
barrier railing and the test vehicle, which could be used as 
input into the mathematical model; and (3) i t provided an 
opportunity to compare the findings o f such a critical 
evaluation based on the output of the mathematical model 
with the design specification criteria of A A S H O (1965) 
upon which the barrier railing was designed. Because of 
time and monetary limitations, only two of the four tests 
(Tests 112 and 113) conducted by California were evalu
ated; however, i t is to be noted that no attempt was made to 
analyze the post-bridge deck anchorage details. The two 
tests selected were considered to be the best suited f o r 
evaluation and illustration pvu-poses. 

AUTHORS' ABSTRACT OF REPORT 

The results of a series of full-scale dynamic impact tests of 
a new steel bridge barrier design are reported. The new 
bridge barrier design was developed by the Bridge Depart
ment of the California Division of Highways to provide 
improved lateral visibility and self-cleansing o f the bridge 
deck. Four full-scale dynamic impact tests of a basic design 
and two modifications were conducted by the Materials and 
Research Department of the California Division of High
ways to determine the effectiveness in retaining and re
directing an impacting vehicle. I t is concluded that the 
basic barrier design and one of the two modified designs 
wi l l adequately retain a medium-weight sedan impacting at 
an angle o f 25° and at a speed o f 60 mph. A l l three o f the 
designs tested would provide definite visibility and mainte
nance improvements. 

CRITICAL EVALUATION 

Safety Considerations 

I n an area of an entrance ramp onto a bridge structure, the 
California Type 8 bridge barrier rail ing or a similar "open 
type" of railing configuration would enhance highway safety 
as the result of providing maximum visibility to drivers of 
vehicles on both the bridge structure and the entrance ramp 
onto the bridge structure. On the other hand, i t was pointed 
out i n the discussion sessions held wi th the highway engi
neers of the California Division of Highways that this type 
of railing configuration could also have an adverse psycho
logical height effect on a driver o f a vehicle. California 
engineers have discovered f r o m oi l traces on the roadway 

surface of high long span bridges, usually over large bodies 
of water, that drivers have a tendency to crowd the ad
jacent inside traffic lane wherever "open type" barrier ra i l 
ing configurations were used. I t is surmised that such a 
situation could possibly create a hazardous condition. 

Snagging of Vehicle by Intermediate Upper Post-Flange 

I t was noted by the authors and illustrated by photographs 
in the report that the section of the post-flange between the 
upper and lower rails was bent as shown in Figure D-2. I n 
response to comments included in the June 30, 1968 quar
terly progress report, the authors indicated that no stepped 
deceleration was noted as contact with this upper portion of 
the post flange occurred. Based on the results of a plastic 
analysis and output of the mathematical model as follows, 

M^it = c{<T„)SydA = 3.25 

c(36) (0.156) (0.313) (10) (2) 
P,„t = • 3.25 

= 10.8 (c) 

in which 

c = dynamic stress coefficient (see Appendix C ) . 

I t is felt that it would be desirable to eliminate this snagging 
i f at all possible. Assuming a yield strength of 36 ksi for the 
post flange, which is fabricated f r o m A36 Steel, a plastic 
analysis indicates that a dynamic force of 10.8 kips is 
required to plastically bend the post-flange plate i f the 
dynamic stress coefficient is neglected (c = 1 ) , or a force 
of 15.1 kips is required i f a dynamic stress coefficient 
of 1.4 is used as recommended in the 1962 BPR Proposed 
Specification. Based on the reported impact test con
ditions and assuming a coefficient of f r ic t ion of 0.4 be
tween the vehicle body and the roadway surface, i t is pre
dicted by use of Eqs. 5 and 9 of the mathematical model 
that, i f no snagging occurs, the vehicle w i l l be subjected to 
an average longitudinal deceleration of approximately 2.5 
G's. As a result of snagging on the post-flange between the 
rail members, the vehicle w i l l , therefore, be subjected to an 
additional deceleration of approximately 2.4 to 3.4 G's 
(P„it . /Vehicle Weight) , the latter value taking into con
sideration the dynamic stress coefficient. 

Design of Rail Members 

The 7965 AASHO Standard Specifications for Highway 
Bridges require that a rai l member be designed by elastic 
methods to the allowable bending stresses f o r the appro
priate material at the center of a panel and at flie support 
posts by the formula: 

PL 
6NS 
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Figure D-1. California Type 8 barrier railing configuration. 

in which 

P— 10 kips; 
L — panel length; 
5 = section modulus of rail member; 

N = number of rail members; and 
fa = allowable bending stress. 

As shown in Figure D-1, the California Type 8 bridge 
railing has two rail members. The rail members selected for 
California Tests 112 and 113 were 2 X 6 X V4-in. A36 
structural tube shapes, which weigh 12.02 plf. and have a 
section modulus about the strong axis of 4.434 in". The 
computed bending stresses of a rail member with a panel 
length of 8 f t (Test 112) were 18.0 ksi, and the computed 
bending stresses for a panel length of 10 f t (Test 113) were 
22.6 ksi. The allowable bending stresses for A36 steel are 
20 ksi. 

From static tensile tests on samples of the rail members, 
California determined that the yield strength of the rail 
members varied from 57.3 to 63.0 ksi, and the tensile 
strength varied from 63.1 to 75.7 ksi, as given in Table D-1. 
It is apparent that the yield strength values greatly exceed 
the guaranteed minimum requirement of 36 ksi. I t is felt 
that the rather high yield strengths were due to the cold 
working of the material required to form the rectangular 
tube section from a circular section. I f a design engineer 
were unaware that a design based on the criteria of AASHO 
results in a design in which plastic deformation can be ex
pected to occur as demonstrated in Appendix C, it would 
appear from the static tensile test results given in Table D-1 
that a safety factor of at least 2.5 had existed. 

Figure D-2. Vehicle snagging on post flange 
{circled) between two rail members. 

TABLE D-1 

MECHANICAL PROPERTIES OF RAIL MEMBERS 
(A36 STEEL) 

Y I E L D T E N S I L E 

C A L I F . T Y P E 8 S T R E N G T H S T R E N G T H 
T E S T N O . ( K S I ) ( K S I ) 

I l l , 112 63.0 75.7 
113 57.3 63.1 
114 58.1 65.6 

Values reported are averages of a minimum of three samples. 

It was evident from the photographs included in the 
California report that plastic deformations occurred in the 
rail members which were continuous over two intermediate 
posts, whereas rail members of one panel length appeared 
to have simply rotated about the splice connections. 

The magnitude of the lateral impact force of each test 
required to develop the average yield strength of the rail 
members (Table D-1) can be computed by use of Eq. C-2. 
This equation was derived by plastic theory for the mecha
nism shown in Figure C-2. 

85 ck (C-2) 

in which 

P, = Lateral impact force 
(Pi was substituted for P^) 

S = 4.434 in.-' 
k= 1.22 for box section 

fy= 59.5 (Table D-1) 
L = Panel length 
c = Dynamic stress coefficient 
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^ = 1 , 6 4 2 0) 
The forces obtained by use of Eq. C-2 are now compared to 
the impact forces predicted by Eq. S of the mathematical 
model as shown in Table D-2. 

I t is apparent i n Table D-2 that the impact forces pre
dicted by the mathematical model, which has an accuracy 
of ± 2 0 percent, are i n reasonable agreement wi th the forces 
computed by Eq. C-2 when the dynamic stress coefficient is 
neglected (c = 1 . 0 ) . I t is believed that a better comparison 
could have been achieved i f : ( 1 ) the yield stresses o f the 
tensile test specimens of the rail members had been de
termined at the time the elongations were occurring i n the 
plastic range, which wi l l usually result i n a lower value of 
a yield stress, and (2 ) the restraint conditions of the splice 
connections against rotation had been better defined; for 
example, a rail member forming only one plastic hinge at 
midspan and which is free to rotate at the posts because of 
shear-type splice connections would require only two-thirds 
o f the lateral impact force computed by Eq. C-2. 

The magnitude of the impact force of each test can also 
be determined by an elastic stress analysis presented earlier 
i n this section. Referring to Table D-3 and using the aver
age yield strength of the rail members given in Table D - 1 , 
a lateral impact force of 16.5 kips is obtained fo r a panel 
length o f 8 f t (Test 112), and a force o f 13.2 kips is ob
tained fo r a panel length of 10 f t . These computed values 
are also in reasonable agreement to the forces predicted by 
the mathematical model as given i n Table D-2. 

I t is believed that plastic yielding of the rail members is 
a very desirable characteristic which wi l l tend to reduce the 
lateral decelerations imparted to the vehicle during a bridge 
barrier collision as shown in Figure 13. I f plastic deforma
tions of the rail members are desirable, these findings sug
gest that a design based on the A A S H O 10-kip force would 
perform satisfactorily when subjected to the HRB Circular 
482 full-scale dynamic test conditions of 60 mph and 25° . 
However, the ra i l components o f the barrier railing would 
require considerable repairs subsequent to a high-speed 
collision. 

Design of Splice Connections 

I n the discussion on rail member splice connections, the 
authors indicated that beaming action and resistance to axial 
rotation were successfully maintained. The interpretation 
of resistance to axial rotation is not well-defined. 

I t appears f r o m the design of the splice connections and 
f r o m visible observations of the photographs included in the 
report that the splices offered little restraint to rotation of 
particularly the one panel length rail members. These 
findings indicate that the splice connections functioned 
primarily as shear type connections. 

I t is fel t that a shear connection should be restricted as 
to the magnitude of rotation and expansion permitted, 
otherwise, the railing w i l l contribute little to the strength of 
the barrier railing system i f an excessive post deflection or 
post-anchorage failure were to occur, as in Test 114, f o r 
some unforeseen reason. For example, i f an anticipated 
expansion of a bridge deck joint is V4 in . , then the railing 
splice connections in the same area should be permitted to 
expand only the same magnitude. I n order for a splice con
nection to be most effective i t should be designed to trans
mit a large portion of a bending moment. Thus, by restric
tion of the rotation and expansion of a splice connection, 
an added feature of safety is incorporated into the barrier 
railing system. 

Design of Post Base-Plate Connection 

The dimensions of the post and the base plate, which were 
both fabricated f r o m A 3 6 Steel, are shown i n Figure D - 1 . 
The section modulus of the %6-in. fillet welded connection 
between the two Va-m. post plates and the V^-in. base plate 
would be approximately the same as that of the post. There
fore, to simplify the calculations the section modulus of the 
post wi l l be used. The section modulus of the post about an 
axis parallel {S^x) to the barrier railing is 16.9, and the sec
tion modulus about an axis perpendicular {Syy) to the 
barrier railing is 45.0 in.^. Designing i n accordance wi th 
A A S H O (1965) and assuming that the rai l members are 
continuous over two posts, the working stresses in the fillet 
welds can be computed by use of Eq. C-3, as follows: 

TABLE D-2 

COMPARISON OF LATERAL IMPACT FORCES COMPUTED 
BY M A T H E M A T I C A L MODEL A N D PLASTIC THEORY 

I M P A C T T E S T C O N D I T I O N S I M P A C T 

F O R C E ( K I P S ) 

( E Q . C-2) 

c=1.0 c=1.4 

I M P A C T 

I M P A C T 

T E S T S P E E D 

N O . ( M P H ) 

I M P A C T 

A N G L E 

( D E G ) 

R A I L 

L E N G T H 

( F T ) 

I M P A C T 

F O R C E ( K I P S ) 

( E Q . C-2) 

c=1.0 c=1.4 

F O R C E 

( K I P S ) 

( E Q . 5) 

112* 58.5 
113' 61.5 

25 
23 

8 
10 

17.1 23.9 
13.7 19.2 

13.8 
14.1 

• The average lateral displacement of the barrier railing in Test 112 was 4 in. and in Test 113 it was 3 in. 
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TABLE D-3 
LATERAL IMPACT FORCES COMPUTED 
BY ELASTIC THEORY (RAIL MEMBERS A 36) 

S T R E S S 
L E V E L 
( K S I ) 

L O A D / R A I L ( K I P S ) 

L ;=8 F T L = 1 0 F T 

Allowable 10.0 2.6 2.2 
20.0 5.5 4.4 

Determined 22.5 6.3 5.0 
yield strength 30.0 8.3 6.7 

40.0 11.1 8.9 
50.0 13.9 11.2 
59.5 16.5 13.2 

'2m 1 

(1) No Snagging 

/ „ = / „ ( r f ) 

^ PAia + b) 
Am 

_ 10(12.5 + 24.5) [ 2 ( 2 ) _i 
4(2) ~ L 16.9 "^45. 

= 12.0ksi 

(2) Snagging (see Figure D-2) 

(10.8)(18.5) 

(C-3) 

()_ 

/ „ = 12.0+- 45.0 
= 16.4 ksi 

If no snagging occurs, the 12.0 ksi stress level would be 
less than the 14.2 ksi allowable stress level permitted for a 
A233 Class E 70 series electrode fillet weld; whereas, if 
snagging is taken into consideration, the computed stress 
level would exceed the value permitted by approximately 
15 percent. These findings would indicate that the %6-in. 
fillet welds were for all practical purposes adequate. How
ever, recalling the relationship established between AASHO 
and BPR in Appendix C, the actual stress level in the fillet 
welds could be expected to be in the plastic range. Further 
verification has now been provided by this series of tests 
conducted by California, in which localized failures of the 
fillet welds had occurred as shown in Figure D-3. These 
localized failures were readily visible in several of the 
photographs included in the California report. 

Because of the complex nature of the stress distribution 
in an area of a connection, a theoretical analysis would at 
best be a rough approximation. Therefore, if these localized 
fillet weld failures are undesirable because of safety and/or 
maintenance considerations, it is suggested that an adjust
ment in the design load of AASHO be made when designing 
a connection to restrain a vehicle under the impact condi
tions of 60 mph and 25°. Analyzing the situation now from 
a difl'erent viewpoint, it is to be emphasized that localized 
failures, which would have essentially the same eff'ect as a 
plastic hinge (mechanism) forming, would appear to be 

Figure D-3. Localized filtet weld connection failures. (Note 
that the base plate is also deformed and the anchorage bolts 
were forced out of vertical alignment, which could possibly 
constitute a maintenance replacement problem.) 

T E S T 112 LOCALIZED FILLET WELD 
CONNECTION FAILURES 

POST 

IMPACT 
Z7.6K 58 5 MPH 

T E S T 113 
LOCALIZED F I L L E T WELD 
CONNECTION FAILURES 

53-7 MPH 

IMPACT FORCE 
61-5 MPH 

Figure D-4. California Type 8 barrier rail configuration— 
localized fillet weld connection failures as function of location 
and magnitude of impact force. 

highly desirable to reduce the lateral decelerations of the 
colliding vehicle as shown in Figure 13. It would also ap
pear that if one attempts to achieve a plastic hinge in a 
barrier railing design, one must have a method, such as the 
mathematical equations presented in this report, to deter
mine the magnitude of the actual impact force, which takes 
into consideration the vehicle and roadway characteristics. 

At the present time, the specifications of AASHO (1965) 
or BPR (1962) are considered by the research agency engi
neers not sufficient to provide the design engineer the assur-
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ance that localized connection failures w i l l or w i l l not occur 
in areas of a connection unless, however, full-scale dynamic 
tests are conducted. 

Post Spacing and Damage 

The authors indicate that no appreciable increase i n post 
damage was noted when the post spacing was changed f r o m 
8 f t i n Test 112 to 10 f t i n Test 113; i n both cases, there 
were failures of the fillet welded connection between the 
post flange and base plates, and the extent of the base plate 
plastic bending deformations was almost identical. 

I t is felt that as long as the structural strength of the rails 
is adequate and within either the elastic or plastic range, one 
would not expect an increase i n post damage f o r an increase 

in the spacing. This is apparent by use o f the mathematical 
model. Neglecting beaming action and the inertia forces of 
the continuous rai l members, and referring to Figure D-4, 
the extent of damage was approximately the same to posts 
4 and 5 of Test 112, because at some instant in time the 
27.6 lateral impact force was fu l l y resisted by each post. 

Likewise, the damage to the post 3 of Test 113 was al
most identical to that of the previous test, because i t was 
subjected to approximately the same magnitude of lateral 
force of 28.1 kips. I t appears f r o m observations o f the 
photographs included in the California report that the 
extent o f damage to post 4 was slightly less because, re
ferring to Figure D-4, it was never subjected to the f u l l 
impact of the load. 
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