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Collision Risk Assessment Based on Occupant Flail-Space 

Model 
JARVIS D. MICHIE 

A method is presented to evaluate results of vehicle crash tests of highway 
safety appurtenances in terms of injury risk to the vehicle occupant. The oc­
cupant is assumed to be propelled through the vehicle compartment (flail 
space); to strike the instrument panel, windshield, or side door; and to sub­
sequently ride down the remaining part of the collision event in contact with 
the vehicle. Injury is assessed in terms of (a) the impact velocity of the occu­
pant and the instrument panel and (b) accelerations of occupant and vehicle 
that occur during the subsequent ride down. Evolution of present appurte­
nance safety criteria is reviewed. Dynamic conditions that produce human in­
jury are briefly discussed along with recommended threshold values that will 
minimize the degree of the injuries. Finally, a typical application of the flail­
space model to crash test results is presented. 

Highway appurtenances are evaluated for their poten­
tial safety performance by full-scale vehicle crash 
tests and sometimes by pendulum or bogie tests. 
Since complete safety is an unattainable ideal, 
safety performance is measured in terms of degree of 
risk experienced by occupants when the vehicle col­
lides with a roadside appurtenance. 

The degree of risk is determined for two phases 
of a collision as illustrated in Figure 1. In stage 
1, the occupant is flung through the compartment 
(flail space) and strikes the instrument panel, the 
windshield, or the door with an injury-dependent 
velocity and, in stage 2, the occupant rides down 
with the vehicle during the remaining portion of its 
velocity change (Figure lb) and is subjected to in­
jury-dependent accelerations. 

The concept of this relatively simplified ap­
proach is not newi it has been suggested by several 
researchers. The purpose of this paper is to pre­
sent the concept, discuss possible limitations, and 
then describe practical applications. 

BACKGROUND 

The first attempt to establish a human injury 
threshold based on ~ehicle dynamics during guardrail 
and median-barrier redirections is attributed to 
Shoemaker (]J. He presented threshold vehicle 
lateral, longitudinal, and total accelerations along 
with three assumed occupant restraint conditions--no 
belt, lap belt only, and lap belt and shoulder 
belt. In addition, Shoemaker presented maximum 
duration and acceleration onset rates. Even though 
Shoemaker made a special effort to emphasize that 
his proposed criteria were tentative and based on 
very limited experience, his resultant table of 
values became "etched in stone" because of its 
uniqueness in the field. The table has subsequently 
been reproduced and referenced by numerous re­
searchers (l-2). Since 1961, Shoemaker's criteria 
have been modified (§) by eliminating the 500 s/s 
acceleration onset rate limit and by using a maximum 
average vehicle acceleration of 50 ms and by apply­
ing the criteria only to tests with vehicle-barrier 
impact angles of 15° or less. In addition, data ac­
quisition and processing parameters have been better 
defined (§_). Even with these modifications, re­
searchers have not been satisfied with the criteria 
because they do not adequately reflect the severity 
of a redirection and are believed to be overly con­
servative in some cases. Few longitudinal traffic 
barriers now satisfy the criteriai yet many are 
known to perform well in service. 

In 1969, Edwards used vehicle velocity change as 
a measure of collision severity in evaluating break­
away luminaire supports (1). He concluded that, 
when velocity change exceeds 6 mph (10 km/h), there 
is a possibility of minor passenger injuryi also, he 
stated that velocity change in excess of 12 mph (19 
km/h) should be avoided. Edward's criteria were 
based on the work of Patrick (!!) and Blarney (2_), 

which indicated that head and chest injuries occur 
when the impact velocity of these body components on 
the compartment interior exceeds 11 mph (18 km/h). 
He concluded that the occupant and compartment in­
terior impact velocity was approximately the same as 
the vehicle velocity change during a luminaire im­
pact. By limiting the vehicle velocity change, he 
would also be limiting the occupant and compartment 
interior impact velocity and thus the occupant 
risk. [This relationship was intended for cases in 
which the vehicle undergoes full velocity change 
prior to the occupant impacti for other conditions, 
the 11-mph (18-km/h) criterion can become overly 
conservative.] In Federal Highway Administration 
(FHWA) Notice T0-20 (10) the criterion was converted 
from velocity chang;- to a 1100-lbf/s (4892-N/s) 
momentum change. This 1100-lbf/s impulse is equiva­
lent to a car that weighs 2000-4000 lb (907-1814 kg) 
undergoing a change in velocity from 12.1 to 6.0 mph 
(from 19.7 to 9.7 km/h). In 1975, the American As­
sociation of State Highway and Transportation Offi­
cials (AASHTO) (11) indicated that the preferred 
maximum momentum -;;l;ange should be 750 lbf/s (3336 
N/s). In addition to luminaire supports, this cri­
terion has been applied to other breakaway devices 
such as sign supports and devices that bend over on 
impact (12). Because of the protracted duration of 
collisio;;-; with yielding supports, Edward's cri­
terion was modified in Transportation Research Cir­
cular (TRC) 191 (12) to apply only to that portion 
of the test vehicl-;- or pendulum momentum change that 
occurred prior to the hypothetical impact of the oc­
cupant on the dashboard (stage 1) • 

A third set of vehicle-dynamics criteria was de­
veloped by Tamanini and Viner in 1970 for crash 
cushions (13). Essentially, vehicles in a weight 
range of 2000-4500 lb (907-2041 kg) that hit a crash 
cushion at speeds of up to 60 mph (97 km/h) were to 
be stopped at an acceleration that averaged less 
than 12 g_. The vehicle average acceleration was 
computed, when the initial velocity and the total 
stopping distance were known, by using the equation 

a= v 2/29.9S (I) 

where a is average vehicle acceleration in .9.• V is 
vehicle impact speed in miles per hour, and S is the 
stopping distance in feet. A maximum acceleration 
onset rate of 500 g_/s was also stipulated. FHWA 
collected more than 400 crash-cushion accident rec­
ords, and the findings convincingly showed that de­
vices that meet these criteria perform well in 
actual service (.!.!) • 

A summary of existing occupant risk criteria is 
shown in Figure 2 [from TRC 191 (~)]. 

NEED FOR NEW MODEL 

The question may be asked whether there is need for 
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Figure 1. Occupant flail-space kinematics. 

(a) Occupant Position at Ins lant or Vehicle/ Barrier Impact (b) Occupant Poisition at Instant of Impact with lnslrument Panel/ 
Windshield and During Subsequent Vehicle Ridedown 

Figure 2. Summary of TRC 191 evaluation 
criteria. 

Eval ua lion Cri teria 

Aoo\ica ble Criteria for Annurtenance 
Lon.:-it udlnnt Ootdcr:t 

Length-of-Need 
and Transitions Terminals 

C ras h 
C ush ions 

Breakaway o r 
Yielding Supports 

A. Where test article functions by redirecting vehicle, 
maximum vehicle accelcr:ition (50 ms avg) measured 
near the center of m.:B~ !lhoulJ belt'.~:, Lliot11 llu.: ful· 
lowing vnlues: 

Maximum Vehicle Accelerations (g's) • • • Lateral Longitudinal Total Remarks 

Preferred 
IO 12 Acccp1able 

These rigid body accelerations apply to impact 
tests al 15 deg or less. 

B. For direct-on impacts of Lest aniclc, vehicle is de­
celerated Lo a stop and where lateral accelerations 
are minimum, Lhe preferred maximum vehicle ac­
celeration average is 6 LO 8 g's. The maximum av­
erage permissible vehicle deceleration is 12 g, as 
calculated from vehide impact speed and passen­
ger compartmen\ Slopping distance. 

• • 
C, Maximum momen1um change of lhe vehicle dur­

ing impact shall be 1100 lb-s (4892 Ns) and pre­
ferably less Lhan 750 lb·s (3336 Ns) . • 

a new model for occupant risk assessment. The re­
sponse would be that the three criteria or models 
now in use are inconsistent, are inadequate measures 
of occupant risk, and may be overly conservative in 
some areas. 

Even though the ultimate goal of safety perfor­
mance in the three categories of highway appurte­
nance s (i.e., longitudinal barriers, crash cushions, 
and breakaway or yielding supports) is to protect 
the vehicle occupants, the devices are evaluated by 
different vehicle responses. This inconsistency has 
caused confusion among researchers, hardware de­
velopers, and highway agencies and has unnecessarily 
added complexity to an existing area of technology. 

All present criteria indicate (at least in an 
overall manner) the degree of occupant risk: The 
lower the vehicle accelerations and the momentum 
change are, the less risk is involved in the colli­
sion. The momentum-change criterion is probably the 
best indicator, since it reflects stage 1 occupant 
impact velocity. The criterion of average accelera­
tions for crash cushions, based on stopping dis­
tance, is generally adequate, but there are devices 
such as lumpy systems that could subject occupants 
to a more severe ride down than that indicated by 
the a vera ge ~cceler~ticn value. m\..- __ .,: .... __ .,: - - -& -

.6.U t: l...J.. .L '-CJ. .I.VU V.L Q 

maximum average vehicle acceleration of 50 ms is 
probably the least adequate, since this speed may 
occur prior to the impact between occupant and in­
strument panel (stage 1) and thus cari be irrelevant 

(except for the velocity change associated with the 
pulse). 

The criterion for longitudinal barriers may be 
overly conservative to the point at which soon few 
systems will satisfy the preferred values. The sys­
tems that do are characterized as flexible (e.g., 
cable or weak post devices). These systems are 
being used by a decreasing number of states. In 
contrast, the rigid concrete safety shape is one of 
the more widely used barriers even though the typi­
cal crash test severity indicator (e.g., maximum 
average vehicle acceleration of 50 ms) exceeds the 
preferred range. In essence, researchers and high­
way agencies are, to a large degree, ignoring the 
recommended values and evaluating the crash test 
performance of a device on a more-subjective basis. 

For these reasons, a general and more-indicative 
model of occupant risk assessment is needed. Such a 
model, based on the flail-space concept, has been 
developed and is presented in this paper. 

VEHICLE COLLISION ENVIRONMENT 

Performance Requirements 

Although the main concern of th i s paper is c ollision 
severity as it refers to occupant hazard, appurte­
nances are evaluated during a series of vehicle 
crash tests for two other safety performance fac­
tors--structural adequacy and vehicle trajectory 
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hazard (ill • For structural adequacy, the appurte­
nance must exhibit certain design strength proper­
ties. Based on its design function, the appurte­
nance must either smoothly redirect or gently stop 
the impacting test vehicle or must readily break 
away from it. In other words, the appurtenance must 
not snag, abruptly decelerate, or upset the test ve­
hicle. Moreover, neither the appurtenance nor any 
of its components must penetrate or significantly 
deform the occupant compartment. Until an appurte­
nance has met these requirements for structural ade­
quacy, it is generally not considered for occu­
pant-risk evaluation. Vehicle trajectory hazard 
refers to the path the vehicle takes from the colli­
sion to the final stopping location. Ideally, the 
vehicle will be redirected or stopped near the ap­
purtenance without subjecting adjacent traffic to 
undue hazard. 

Collision Parameters 

Occupant hazard during the collision of a vehicle 
with a roadside appurtenance is dependent on an ex­
tremely complex event that has a large number of 
variables. The more important of these includes (a) 
geometry, stiffness, mass, and fracture properties 
of the appurtenance; (b) mass, crush properties, dy­
namic stability, inertial properties, and impact 
speed and attitude of the vehicle; (c) occupant 
seating position and attitude, size, and physical 
condition; and (d) vehicle compartment space and 
stiffness, or energy absorption capacity of interior 
surfaces. 

It may be noted that highway engineers have an 
influence only on the items in (a) and must attempt 
to accommodate variation in all other parameters. 
This has required the highway engineer to be ex­
tremely conservative and to design for combinations 
of worst conditions. Even so, the unforeseen rapid 
sizing down of the passenger vehicle fleet and the 
increased safety expectancy of the public have made 
many appurtenances obsolete well before their an­
ticipated life of 20-30 years. 

FLAIL-SPACE MODEL 

Injury Mechanisms 

It is well known that injury depends on dynamic fac­
tors such as duration and magnitude of acceleration, 
velocity, or momentum change as well as on the con­
stitution of the body or part of the body under con­
sideration. Moreover, these dynamic factors are 
identified by their duration and intensity: impact, 
dynamic force, and hydraulic force (15). Impact is 
characterized by such brisk force application as 
when the head strikes the windshield and the bone 
structure is fractured. The load history is much 
shorter than the natural period of the body ele­
ment. Before the element response has developed, 
the impulse has elapsed. As far as the element is 
concerned, there is only a change of momentum, and 
neither the deceleration intensity nor the pulse 
duration is independently important. This injury 
potential is measured by (~) 

(2) 

where a is acceleration (in feet per second squared) 
on the body element, t is the pulse duration (in 
seconds), and llV is the change in velocity of the 
body element (in feet per second). Equation 2 indi­
cates the injury potential at the conclusion of 
stage 1. 

3 

Dynamic force had sufficient duration for the 
body response to be fully developed; the injury po­
tential depends essentially on the amount of force 
that acts on the body rather than on the momentum. 
The sustained dynamic force results in deformation 
and crushing of the body elements and is measured by 
(16) 

a.;;; (a)limit (3) 

where a is acceleration on the body element (in 9). 
Depending on the direction of force application and 
the body region under consideration, the minimum 
duration for body response to develop fully varies 
from 7 to more than 40 ms (l]_). As the duration of 
force application decreases from the range of 7-40 
ms, the intensity of force required to produce body 
damage increases (SAE 700398, revised August 1970). 
Thus, by setting (al1imit in Equation 3 on the 
lower bound and using a fully developed response of 
the body and a duration of interest of, say, 10 ms 
or more, the dynamic-force injury criterion is 
defined. 

The third injury mechanism is a hydraulic phe­
nomenon in which the dynamic forces act for ex­
tremely long periods, e.g., several minutes or 
more. An example of moderate acceleration for long 
duration is when body fluids have time to drain away 
from the brain and cause a blackout. In extreme 
cases, blood vessels will rupture and vital organs 
will hemorrhage (12_). Because vehicle collisions 
generally have durations of less than 1 s, the hy­
draulic-force injury mechanism is not a factor in 
highway safety. 

Flail-Space Hypothesis 

The hypothesis divides the collision into two 
stages. In stage 1, the unrestrained occupant is 
propelled forward and/or sideways in the compartment 
space due to vehicle collision acceleration and then 
hits one or more surfaces and/or the steering wheel 
with a velocity V. Actually, the vehicle accele­
rates toward the unrestrained occupant. Thus the 
occupant experiences no injury-producing forces 
prior to contact with the compartment surface. In 
stage 2, the occupant is assumed to remain in con­
tact with the compartment surface and experiences 
the same accelerations as the vehicle throughout the 
remainder of the collision. The occupant may sus­
tain injury at the end of stage 1 as measured by 
Equation 2 and/or during stage 2 as measured by 
Equation 3. 

Simplifications 

In order to simplify application of the flail-space 
hypothesis to full-scale crash testing of highway 
appurtenances, some assumptions are made: 

L The impact time and velocity of the occupant 
at initial contact with the compartment surface can 
be calculated from the vehicle acceleration, com­
partment geometry, and the consideration that the 
occupant moves as a free body. (The use of anthro­
pomorphic dummies in a crash test is not required.) 
Results from sled and vehicle crash tests (lJ!_) show 
that simulated occupants respond as a free body 
within experimental accuracy. If we consider the 
wide variation in compartment geometry and flail 
space in the passenger car fleet, the assumption is 
judged consistent with the precision of occupant 
hazard assessment. In the event that an unusually 
high vehicle acceleration peak occurs just prior to 
the calculated time of occupant impact, one may wish 
to include the peak as a part of the stage 2 evalua-



4 

tion to allow for imprecision in calculation of im­
pact time. 

2. The occupant does not rebound; therefore, the 
occupant impact velocity is also the occupant rela­
tive velocity change. Moreover, the occupant is 
assumed to remain in contact with the surface and is 
directly subject to vehicle accelerations. Movies 
of dummy kinematics during typical vehicle-appurte­
nance tests confirm that the dummy remains in con­
tact with the surface at least through the period of 
high vehicle accelerations (18). 

3. The occupant is unrertrained by either a lap 
or shoulder belt. Less than 20 percent of vehicle 
occupants use the manual restraint systems at the 
present time. Although the introduction of compul­
sory automatic restraints is scheduled for the early 
1980s, it will be 7-10 years before a majority of 
the passenger car fleet is so equipped. Thus this 
assumption is fairly realistic now but will probably 
become conservative in time. 

4. The occupant is a 50th-percentile male and is 
considered to be in a normal upright and back-sitt­
ing position. This establishes the distances that 
the occupant can traverse prior to hitting an inter­
ior surface. It is noted that a smaller flail 
space, due either to a small passenger compartment 
or to the occupant's sitting forward or closer to 
the impact side, will generally lessen the impact 
velocity of the occupant on the interior surface. 

5. The compartment remains intact; there are no 
inward penetrations or partial collapse that would 
affect the occupant trajectory. Also, the windows 
and doors remain closed during the impact. 

6. For redirection or side impacts, only the 
near-side occupant is considered critical. This 
coincides with accident statistics to be discussed 
in the next section. 

7. Vehicle accelerations are measured at vehicle 
center of mass. Only forward and lateral accelera­
tions are considered; since the vehicle remains up­
right, vertical accelerations are limited to sub­
critical values. 

8. Pitching and rolling motions of the vehicle 
are not explicitly considered. Front-seat occupant 
positions are near and just aft of the center of 
mass for both compact and subcompact sedans; thus 
these motions do not significantly affect the occu­
pant impact velocities. 

HUMAN TOLERANCES 

Degree of Injury 

Occupant risk is ultimately referenced to the degree 
of injury sustained by the vehicle occupant during 
collision. Ideally, the roadside appurtenance 
should perform so that the degree of injury is zero; 
however, this is technically unattainable, regard­
less of cost (19). 

In recent years, a number of injury scales have 
been used by highway accident investigators to quan­
tify the degree of injury and collision severity. 
The Abbreviated Injury Scale (AIS) (20), developed 
and endorsed by the American Association for Automo­
tive Medicine, has emerged as a national and inter­
national standard. The scale is presented below. 
AIS-80 is used in this report and links laboratory 
and experimental research with actual highway ex­
perience. 

Code 
0 
l 
2 
3 

Category 
No injury 
Minor 
Moderate 
Severe (not life threatening) 
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5 
6 
9 

category 
Serious (life threatening, survival 

probable) 
Critical (survival uncertain) 
Maximum (currently untreatable) 
Unknown 
Death (recorded or separate element) 

In line with current Federal Motor Vehicle Safety 
Standard (FMVSS) 208, an upper design limit for oc­
cupant protection falls between codes 3 and 4. That 
is, severe injury is accepted as long as it is not 
life threatening. This seems to be a reasonable 
upper bound for appurtenance safety performance. 
Depending on the class of appurtenance, the mechan­
ics involved, and the state of the possible, the 
developer and the highway agency would, of course, 
be encouraged to set the acceptable injury level at 
a lower code. As discussed in the subsequent sec­
tion, this can be accomplished by dividing the ve­
hicle dynamic response factor that corresponds to 
the code 3 or 4 limit by the appropriate design mar­
gin. 

Threshold Values 

Human tolerances and injury re8pom;o:i; <1ce presented 
in Table 1 as a function of the abrupt velocity 
change that occurs when the occupant, dummy, test 
animal, or cadaver hits a rigid or yielding surface 
or restraint system. Results have been assembled 
from sled tests with both human and animal subjects 
and from automobile and other types of accident 
data. It is noted that some accident statistics 
were gathered prior to 1965 and represent the more­
hostile environment of the automobile compartment 
space before the emphasis on safety, e.g., cluttered 
instrument panel, unyielding windshields, and non­
collapsible steering columns. 

Longitudinal Velocity Change 

Based principally on head impacts into windshields 
at velocities that range from 44 to 51 fps (13-16 
m/s) and a FMVSS 208 head injury criterion less than 
1000, a nominal 40 fps (12 m/s) appears to be a 
reasonable upper impact velocity threshold 
[ (l>V) limi tl for unrestrained occupants that 
strike the instrument panel or windshield. It is 
believed that the 40-fps (12-m/s) value is consis­
tent with the compartment design and padding of most 
of the current vehicle population. As a frame of 
reference, it is noted that a crash cushion designed 
to the current TRC 191 12-g_ criterion could subject 
the occupants to a 39-fps (12-m/s) impact velocity 
with the dashboard or windshield. Obviously, an ap­
purtenance developer should strive to achieve a 
lower occupant impact velocity and thus further 
reduce the risk to the occupants. The design l>V 
can be established by the equation 

(llV)design = (ilV)limii/F (4) 

where F is an appropriate factor of safety, governed 
to a large exteri..t by the state of the possible with 
the consideration that there are sometimes conflict­
ing requirements of vehicle sizes within the traffic 
population. 

For test purposes, the longitudinal impact 
velocity of the unrestrained occupant can be experi­
mentally acquired from instrumented dummies, from 
analysis of high-speed movies of dummy kinematics, 
or from calculations, if we assume that the occupant 
moves as a free missile toward the compartment sur­
f ace, propelled by vehicle accelerations. In the 
calculations, a 2-ft (0.6-m) travel space may be 
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Table 1. Summary of expected effects of abrupt velocity change on injury severity. 

Body 
Element Impact Surface 

Longitudinal Direction 

Whole 

Head 

Whole 

Contoured couch 
Couch/head pad 
Aviator restraint 
Unspecified 

Impact 
Velocity 
(ft/s) Severity 

Survival limit 
Gross injury limit 
AIS 3 
AIS ;i. 5 
OAIS .; 3 
HIC < 1000 
HIC < 700 
Fatality threshold 

Acquisition Method 

Accident cases; human in supine position 
Empirical and general testing 
Sled test of human (Capt. Beetling) 
Automobile statistics prior to 1960 
Accident data from Germany 
Wham lil sled tests with dummy 
Wham Ill sled tests with dummy 
Literature review 

5 

Ref. 

Three-point restraint 
Windshield (several types) 
Windshield (type I 0-20) 
Lap and/or shoulder belt 
Unspecified 
Unspecified 
Unspecified 
Unspecified 
Unspecified 
Unspecified 

80 
53.6 
48 
34 
47 
44 
51 
39 
39• 
323 

363 

25• 
II a 

16 

Acceptable (crash cushion) 
Preferred (crash cushion) 
Acceptable (redirectional barrier) 
Preferred (redirectional barrier) 
Preferred (breakaway support) 
Acceptable (breakaway support) 

Occupan t/vehicle in\poct based on con~tant 12gand 2-ftdistnncc 
Occupan t/vehicle impact based on constant 8g and 2-ft distance 
Occu pant/vehicle impact based on constant IOgand 2-fl dis tance 
Occupant/vehicle impoct based on constnnt Sg and 2·rt distance 
Occupant/vehicle impact ba.scd on 2250-lb car and 750 lbf/s 
Occupant/vebiclc impacl bnscd on 2250-lb c3r and 1100 lbf/ 

16,p. 335 
17, p. 211 
16, p. 341 
16, p. 342 
21, p. 217 
22,p. 560 
23, p. 155 
15, p. 34 
12, p. ID 
12, p. 10 
12, p. 10 
12, p. 10 
12, p. 10 
12, p. 10 

Lateral Direction 

Whole 

Chest 
Whole 

Vehicle interior 
Vehicle interior 
Vehicle interior 
Vehicle interior 

Vehicle interior 

Vehicle interior 
Vehicle interior 

30-37 
58 
30 
32 

23 

I 0 percent AIS ;i. 4 
I 00 percent AIS ;i. 4 
AIS .; 3 
0 percent AIS ;i. 3 

22 percent AIS ;i. 3 

50 percent ;i. 3 
10 percent ;i. 3 
Fatality threshold 
Fatality threshold 

MDAI accident files 
MDAI accident files 
FMVSS 214 Advance Notice 
Car-to-car accident statistics (France) (near-side occupant, no 

intrusion) 
Car-to-car accident statistics (France) (near-side occupant, with 

intrusion) 
Car-to-fixed-object statistics (France)b 
Car-to-fixed-object statistics (France)b 
Literature review 
Literature review 

24,p. 8 
25, p. 8 
25 
26,p. 202 

Lap and shoulder belt 
Lap belt or unrestrained 
Unspecified 
Unspecified 

31 
19 
39 
20 
18• 
143 

Acceptable (redirectional barrier) 
Preferred (redirectional barrier) 

Occupant/vehicle impact based on constant 5 g and I-ft distu1ce 
Occupant/vehicle impact based on constant 3 g and I-ft distance 

26, p. 202 

26,p.209 
26,p. 209 
15, p. 34 
15,p. 34 
12, p. 10 
12, p. 10 

Notes: Force= t:. V. I ft/s = 0.3 m/s; l lb= 0.45 kg. OAIS =Occupant Abbreviated Injury Scale. HIC =head injury criteria. MDAI =Multidisciplinary Accident Investigation. 
8 Calculated From TRC 191 criterion. bGenerally with compartment intrusion. 

assumed when actual values are unknown. 

Lateral Velocity Change 

Most human tolerance data for lateral impact have 
been acquired from automobile accident data files. 
The following factors complicate analysis of acci­
dent statistics: 

1. The occupant next to the affected side sus­
tains a higher level of injury than does the far­
side occupant (~1l.Il, 

2. The injury to the near-side occupant is 
greater when there is intrusion to the compartment 
space (~), 

3. Collisions between the side of a car and a 
fixed object are generally more severe than car-to­
car impacts (26,27), and 

4. Restraint systems provide little benefit 
other than ejection prevention for the near-side oc­
cupant (~). 

The human being may exhibit similar longitudinal and 
lateral velocity change tolerances; however, this 
fact cannot be concluded from automobile accident 
data. This is probably due to compartment-space in­
trusion, which is typical of car-to-car and car-to­
f ixed-object collisions. When the compartment space 
is not intruded, an upper lateral occupant impact 
velocity of 30 fps (9 m/s) appears to be a reason­
able limit that is consistent with the FMVSS 214 Ad­
vance Notice proposal and with accident statistics 
from France (Table 1). It is noted that compart­
ment-space intrusion rarely, if ever, occurs during 
vehicle redirectional crash tests. On the other 
hand, accident records show that side intrusion fre­
quently occurs when the vehicle skids sideways into 
a rigid narrow fixed object or even into a breakaway 

support. Breakaway performance for side-impact con­
ditions is not specified or e valuated by crash test­
ing at present. If such a requirement is deemed 
necessary in the futur e , performance of a breakaway 
device should first be assessed for the lack of com­
partment intrusion and then for occupant collision 
risk. 

To be noted in Table 2 are the lateral velocity 
changes that can be inferred by TRC 191 (12) sever­
ity er i teria. As with the threshold level of the 
longitudinal velocity change, this value is divided 
by an appropriate factor F to establish a less-se­
vere design limit. 

Accelerations 

For the unrestrained conditions, the occupant ex­
periences essentially no absolute accelerations 
prior to hitting some part of the compartment sur­
face; that is, the vehicle is accelerating relative 
to the occupant. At impact, the degree of injury 
sustained by t he occupant is indicated by the occu­
pant and compartment impact velocity. Subs equent to 
this impact, the occupant is assumed to r emain in 
contact with the surface hit and then to directly 
experience the vehicle accelerations. The occupant 
may or may not sustain further injuries, depending 
on the magnitude of these accelerations. 

Typical long-term acceleration values are pre­
sented in Table 2 for both longitudinal and lateral 
directions. For both directions it appears that an 
upper limiting value of 20 ~ is survivable, even for 
pulses of long duration. Even discounting the lower 
threshold record for smoothed 50-ms accelerations, 
current values from TRC 191 are probably unneces­
sarily conservative in order to minimize the uncon­
sidered stage 1 occupant and compartment impact. As 
with the velocity change, it is suggested that the 
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Table 2. Summary of expected effects of average acceleration on injury severity. 

Body Accelera-
Element Impact Surface tion (g) Severity 

Longitudinal Direction, Acceleration Force 

Whole Contoured couch 
Contoured couch 
Aviator restraint 
Lap and shoulder belts 
Lap belt only or no belt 

20 
40 
40 
25• 
20• 

Survival limit 
Critical long term 
Survival limit 
Reasonable limit 
Reasonable limit 
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Acquistion Method 

Sled tests; human in supine position 
Empirical 
Sled tests; human in sitting position 
Literature review 
Literature review 

Ref. 

Unspecified 12 Maximum acceptable (crash cushion) Average test vehicle acceleration calculated from stop­
ping distance 

16 , p.335 
17, p. 211 
27,p. 739 
15, p. 34 
15 , p. 34 
12, p. JO 

Unspecified 8 Preferred (crash cushion) Average test vehicle acceleration calculated from stop­
ping distance 

Unspecified JO Maximum acceptable (redirectional 
barrier) 

Maximum vehicle acceleration (50-ms avg) 

12, p . JO 

12, p. JO 

12, p. JO Unspecified 

Lateral Direction, Acceleration Force 

Whole Aviator restraint 33.6 

Aviator restraint 25 

Chest Unspecified 60 
Whole Lap and shoulder belts 25• 

Lap only or no belt 20• 

Preferred (redirectional barrier) 

Fainting shock 

Reversible injury 

Survival limit 
Reasonable limit 
Reasonable limit 

Maximum vehicle acceleration (50-ms avg) 

Sled tests; human in sitting position 

Sled tests; human seated facing forward 

FMVSS 214 performance criteria (proposed) 
Literature review 
Literature review 

SAE 700 398, 
p. 740 

SAE 700 398, 

Unspecified 5 Maximum acceptable (redirectional 
harrier) 

Maximum vehicle acceleration (50-ms avg) 

p. 742 
24,p.24 
15, p. 34 
15, p. 34 
12, p. JO 

Unspecified 3 Preferred (redirectional barrier) 

a Average over duration of event. 

20-~ upper limit be divided by an appropriate factor 
to obtain an appropriate design acceleration level. 

The vehicle acceleration values to be compared 
with the design levels are the highest 10-ms aver­
ages that occur during the pulse duration that be­
g ins at, or just prior to, the calculated time of 
occupant impact. It is noted that, when compared to 
the highest 50-ms averages, test data processed to 
the 10-ms average requirement will generally result 
in higher acceleration indices. 

Recommended th r eshold and design values for both 
occupant impact velocity and accelerations are pre­
sented in Table 3 . 

APPLICATION 

Test Conditions 

Highway appurtenances are evaluated by occupant risk 
under selected test conditions (11_). Generally ex­
cluded are tests to evaluate the structural adequacy 
of a system or device. Because of its low mass, the 
small-car tests of length of need and terminals of 
longitudinal barriers, crash cushions, and breakaway 
or yielding supports are crit i cal, s i nce velocity 
change s and acce l e r a tion leve ls are greater than 
they are for heavier vehicles. The larger passenger 
sedan end-on impact into the guardrail terminal and 
crash cushion is also evaluated for occupant risk. 

Data Acqu i sit i on and Proce s ·sinq 

Vehicle accleration data are acquired according to 
SAE J2llb, Channel Class 180, for processing and in­
tegration for free-missile velocity and displace­
ments (~). Typical test data results are shown as 
a function of time in Table 4. 

To determine the occupant impact velocity, the 
longitudinal and lateral accelerations of the ve­
hicle are integrated to acquire occupant relative 
velocity and relative displacement as a function of 
time after initial vehicle impact. At the instant 
the occupant has/ traveled, say, 2 ft (0.6 m) in the 

Maximum vehicle acceleration (50-ms avg) 12, p. IO 

longitudinal direction and/or, say, 1 ft (0.3 m) in 
the lateral direction, the occupant relative ve­
locity is calculated or read, which yields the hy­
pothetical occupant impact velocity. 

The vehicle 10-ms average accelerations are 
scanned (Table 4) from the instant of occupant im­
pact t o the end of the pul s e or impact event. The 
highest value is identified. Since the time of oc­
cupant impact is an approximation, one may wish to 
expand the time of interest from 20 to 40 ms before 
impact on through the pulse duration. It is noted 
in Table 4, for example, that very little occupant 
movement occurs in the first half of the 155-ms 
flail duration . 

Critical values from Table 4 are as follows (1 
fps= 0.3 m/s): 

Impact 
Direction 

Longitudinal 
Lateral 

Occupant Impact 
Velocity 
(fps) 

Not critical 
17.0 

Acceleration 
(s_) 

Not critical 
9.7 

These values are then compared with those in Table 3. 
For redirectional barrier impacts, the occupant 

impact velocity is sensitive to the actual vehicle 
impact conditions; that is, occupant lateral impact 
velocity will be higher when either the actual ve­
hicle impact velocity or the approach speed (or 
both) exceeds the target test conditions. Accord­
ingly, when the actual vehicle impact conditions 
vary from the target conditions, the occupant impact 
velocity should be normalized to the target condi­
tions by the following equation: 

(LW)* = [(V sin¢)1arget /(V sin¢)actuail (6V) (5) 

where (AV)* is normalized occupant impact velocity 
(in feet per second), (AV) is occupant impact ve­
locity for actual test conditions (in feet per sec­
ond) and [ (V sin4>) target/ (V sinij>) actuall is 
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Table 3. Occupant risk values. 

Appurtenance Type 

Longitudinal (X) Direction• 

Breakaway/yielding support 
Sign and luminaire 
Timber utility pole 

Vehicle deceleration device 
Crash cushion and barrier terminal 

Redirectional barrier 
Longitudinal, transition, and crash 

cushion side impact 

Lateral (Y) Direction• 

Redirectional barrier 
Longitudinal, transition, and crash 

cushion side impact 

Occupant/Dashboard Impact Velocityb (fps) 

Flail-Space Recommendation 

(LW)1imii/Fc (L'IV)design TRC 19ld 

40/2.67 15 11-16 
40/1.33 30 

40/1.33 30 32-39 

40/1.33 30 25-36 

30/1.50 20 14-18 

Occupant Ride-Down Acceleration" (g) 

Flail-Space Recommendation 

(a)1imi1/F (a)design TRC 191r 

20/1.33 15 
20/1.33 15 

20/1.33 15 

20/ 1.33 15 

20/ 1.33 15 

3 Whh resru:c-r to vchl cle .o-x rs. 
bOccu p1uu i o \\ind1hleld. tfsshboard, o r door hnpn.ct velocity; occupant pro ,1c-lled by vehicle decele ration pulse through 2-ft forward or 1-ft lateral flail space. 
~ F I,; d~l5n r~c iot. 

Vnlu e.s: enlc ul ntcl.I from Tmmiiport 11 lion R~1;:1 ;uch C{rcular 191 criteria assuming most severe inrcrpretation. 
~ Flr:1 ll ·spnco nccolc:i rl' l lan;i uo highc:a l I 0-nn: ll'werngu.s from occupant impact to completion of pulse. 

T RC 19 1 01(:4.'.t:ltifll llun• litf"(: l f.".J~ s~~t: rc. MBho.st SO-m s averages or those averaged over vehicle stopping distance and are not directly comparable. 

Table 4. Evaluation of typical redirecting barrier for occupant risk. SwRI Tesl-SRB-4 
Test Date-I0/2411979 

Vehicle Type-Mini-Au lo 
Nominal lmpac1 Vel.-60.0 mph 

Vehicle Wt . -2083 lbs 
Nominal lmpac1 Angle-15 .0 degrees 

Vehicle Occupant Occupanr 
Time-Sec. AC'c~kra 1{on ·G·~ · Vclod\ t.. ~ fl/St'!.' Ob e:J Q:1.."C'mC"11 t-lnl."'.hts 

~ .!ll _y_ ...s'.!.. ..Qii o\' 
.000 -1 .7 .7 .0 .0 .0 .0 
.005 .3 ,6 I . I 0 .0 
.OIO .6 - .2 - 0 .I .0 .0 
.015 . I . I - I , I 0 .o 
.020 .2 - .0 - . I .I -.o ,0 
,025 -.5 .o - .0 . I - .0 .0 
.030 - .3 .4 I , I - 0 .o 
.035 - 1.9 5. 1 4 .9 0 . I 
.040 - .0 3.0 3 1,4 0 , I 
.045 -2. 1 3.5 .7 2,0 . I .2 
.050 -3.0 2.3 I. I 2.4 . I .4 
.055 -2.7 4,1 I 5 2.9 2 ,5 
.060 2.2 3.2 I 3 3.6 .3 .7 
.065 -1 .9 5.2 1,6 4,4 .4 .9 
.070 -1 .2 1.5 1.8 4,6 . 5 1.2 
.075 -1.7 1. 5 2.1 4,9 .6 1. 5 
.080 -2.7 3.2 2 5 5.3 7 1.8 
.085 -1.8 3.0 2 7 5.9 .9 2.2 
.090 .2 3.2 2.7 6 3 1.0 2.5 
.095 -2.2 3.3 3.0 6.9 1.2 2,9 
. 100 . 5 4.4 l .O 7,6 1.4 3.3 
.105 -1 .0 4,5 3,2 R.J 1.6 3,8 
. I IO - .9 7.0 J J 94 I .R 4.4 
. 115 -1 .6 7.7 l .5 10 6 2.0 5.0 
.120 -2.9 6.4 4.0 11 .7 2.2 5,6 
. 125 -1 .2 6,0 4.2 12.6 2.5 6.4 
. 130 -2. 1 8.6 4.5 14.0 2 7 7,1 
. 135 1.0 .6 4 J 14 ,I J.O R.0 
.140 -1 .4 5.5 4.6 15 , I .1 .2 R.9 
. 145 - . I 4.7 4.6 15 ,8 .1 .S 9.8 
.150 .4 J.8 4.6 16.4 .1.H 10 8 
. 155 . I 4.4 46 17 .0 41 11 8 
.160 -I . I 5.7 4 8 TiiJj 4.4 m 
.165 -I 8 9 ,7._ s (I 19,S 4.7 ll 9 
.170 - .4 7,8 s. 1 20,7 5,0 IS . I 
. 175 -1.5 8.4 5. J 22 .2 5.3 16 4 
. 180 - .7 8,1 5 4 2) .4 5 6 17 8 
.185 - 1.9 5.6 5.7 24.4 5.9 19 .2 
.190 .5 5.1 5 7 25.2 6 J 20 .7 
.195 .2 4.6 5 7 26.0 6.6 22 .J 
.200 .4 J ,J 5 6 26.5 7.0 2J ,8 
.205 - .J 1,4 5 7 26.8 7) 25 ,4 

.210 - .5 I. I 5.R 27.0 .7 27 .1 

.215 .2 .7 5 8 27 . 1 BO 28 .7 

.220 .6 .7 5.7 27.2 8.J JO.J 

.225 -1.2 .s 5.R 27.l 8 7 JI ,9 

.2]0 .5 - .2 57 27.J 90 JJ .6 

.2J5 .2 - 1.8 5. B 27.0 9.4 J5 .2 

.240 - 6 · I.I 5 8 26.9 97 )6,8 

.245 - .4 6 5.9 26.9 llU 18.4 

~ - .4 - . 5 6.0 ~ 10 ~ 40.0 

Summary 
Vy - .!.LQl.QL 
Ay -.!1.L._ 
V ~·A. Non·cril ical as occupant moves less lhan 24 in , 

•10 ms moving average; analog signal sampled at minimum rate of 1000 per !->econd . 

Note: I mph - 0.45 m/s; I lb - 0.45 kg; I fps - 0.3 m/s; I in - 25 mm. 

7 
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Table 5. Typical longitudinal barrier severity tests. 

Southwest Research Institute Crash Test" 

Item 

Test condition 
Vehicle mass (lb) 
lmpn.ct speed (ntph ) 
Approach nnillc {~) 

TRC 191 evaluation 
Vehicle acceleration (highest 50-ms avg, g) 

Lateral/maximum limit 
Longitudinal/maximum limit 

TRC 191 appraisal 

Flail-space evaluation 
Occupant lateral impact velocity (fps) 

RF-22 

Barrier Type 

Vertical 
Concrete Wall 

2140 
61.9 
18.3 

16.l/S 
8.2/10 
Poor (lateral 

acceleration) 

Test 28 .0 
Normalized" 22.4 
Design limitb 20.0 

Occupant ride-down lateral acceleration (highest 10-ms avg, g) 
Test 8.6 
Design limitb 15 .0 

Flail-space appraisal Poor 

CMB-7 

GM Safety 
Shape 

2250 
57.1 
16.5 

4.6/S 
3.4/10 
Good 

22.4 
21.4 
20.0 

4.8 
15.0 
Marginal 

CMB-9 CMB-13 SRB-4 

NJ Safety F Safety Self-Restoring 
Shape Shape Thrie Beam 

2250 2250 2083 
58.9 56.4 54.7 
15.5 14.3 17.1 

6.0/S 7.3/5 9.7/5 
0.9/10 3.8/10 3.0/10 
Marginal Marginal Poor 

17.7 16.2 17.0 
17.S 17.8 16.4 
20.0 20.0 20.0 

4.9 4.6 9.7 
15.0 15.0 15.0 
Good Good Good 

aOccupant impact velocities norma1ized by the factor I (V sin1>)targel /(V sincP)3ctual]. b As suggested in Table 3. 

the ratio of target to actual vehicle impact condi­
tions. 

Results from five occupant-risk tests of longi­
tudinal barriers are shown in Table 5. Test RF-22 
is on a vertical rigid concrete wall. Tests CMB-7, 
CMB-9, and CMB-13 are on concrete safety shapes. 
Test SRB-4 is on a semiflexible metal beam barrier. 

SUMMARY 

A new criterion of highway-appurtenance crash-test 
evaluation is presented. The criterion evaluates 
all appurtenances regardless of function to the same 
flail-space approach and thus presents a more-con­
sistent evaluation yardstick. The new criteria 
should simplify data acquisition and processing. 
Finally, the criteria and the suggested threshold 
values are not believed to be significantly more 
stringent or liberal than current evaluation stan­
dards. 
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Heavy-Vehicle Tests of Tubular Thrie-Beam Retrofit 

Bridge Railing 
C.E. KIMBALL, JR., M.E. BRONSTAD, AND J.D. MICHIE 

A retrofit modification has been developed for a current concrete parapet design 
that has a narrow walkway configuration to improve its safety performance 
with impacting vehicles. The retrofit was originally developed for and tested 
with subcompact and standard-sized automobiles; the successful results indi­
cated that the design might also perform with heavier vehicles that weigh up to 
40 000 lb (18 144 kgl. An earlier paper covered the automobile tests per­
formed with the original retrofit system. Reported here are findings from six 
vehicle crash tests performed with the retrofit system-four tests with the origi­
nal design and two tests with a modified design necessitated when vehicle roll­
overs occurred during the test series. The modified retrofit system successfully 
redirected a 40 000-lb intercity bus that impacted at 56.3 mph 190.6 km/hi and 
a 14.5° angle. In addition, it redirected a minicompact automobile that im­
pacted at 58.1 mph (93.5 km/h) and an 18.8° angle; the vehicle exhibited no 
tendency to wedge under the higher rail design. Tests were documented by us­
ing both vehicle accelerometers and high-speed photography. 

In a 1976 Federal Highway Administration report <lJ, 
existing bridge-rail designs used along the nation's 
highways are reviewed in terms of current safety 
performance criteria. Since the majority of these 
designs were found to be deficient in performance 
and their replacement to be cost-prohibitive, a 
methodology for upgrading their performance by 
retrofitting was developed. One existing design 
common to many states was a concrete parapet that 
has a curb and a narrow walkway. Although aluminum 
and concrete retrofits were developed for this par­
ticular bridge rail, the most promising retrofit 
system appeared to be a steel system that used a 
back-to-back triple-corrugated beam rail or tubular 
Thrie beam. Impact tests that used subcompact and 
standard-sized automobiles were successful, and it 
appeared that this system might be capable of per­
formance with a heavier vehicle such as a school bus 
or an intercity bus. This paper presents the re­
sults of the continuation program that used heavy 
vehicles. 

ORIGINAL DESIGN 

As shown in Figure 1, the original concrete parapet 
was 25 in (635 mm) high and was located behind a 
walkway 18 in (457 mm) wide that had a curb 10 in 
(254 mm) high. This configuration was retrofitted 
with a tubular Thrie beam 20 in (508 mm) wide at­
tached to the concrete by means of TS6x6x0.1875 
box-beam posts spaced at 8. 33-ft (2. 54-m) intervals 
and with intermediate collapsing-tube elements 6 in 
(152 mm) in diameter. The front of the tubular 
Thrie beam was located in line with the curb face. 
Rail height was 32 in (813 mm). 

The original test installation design was 125 ft 
(38 m) long and each end was transitioned off the 
simulated bridge deck into a single Thrie beam 25 ft 
(7.6 m) long on soil-mounted W6x8.5 steel posts. 
Each end of the rail was anchored by using a stan­
dard O. 75-in (19-mm) cable attached to a concrete 
footing 24 in (610 mm) in diameter. 

MODIFIED DESIGN 

Modification to the original retrofit design was 
deemed desirable when the large vehicle rolled on 
its side after redirection in the third and fourth 
tests of the series. These rollovers were attrib­
uted to two factors--insufficient rail height and 
the yield of the collapsing tubes that allowed rail 
deflection and corresponding vehicle body roll while 
the nonyielding curb face kept the vehicle wheels 
along a fixed trajectory. As , shown in Figure 2, 
significant changes to the barrier system were that 
the beam rail height was increased to 38 in (965 mm) 
and the 6-in (152-nun) diameter collapsing tube on 
each post was replaced by a 3-in (76-mm) diameter 
tube and a TS6x6x0.1875 box-beam spacer. This lat­
ter modification projected the beam rail 3 in in 
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Figure 1. Test installation-initial retrofit of concrete parapet that has narrow walkway. 
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Figure 2. Modified retrofit design. 
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Table 1. Summary of test results. 

Vehicle 
Weight 

Ballast Including Impact 
Barrier Adde_d Ballast Speed 

Test Design Vehicle (lb) (lb) (mph) 

RF-24 Original 1963 International chassis 
with Wayne school bus body 7 200 23 000 58.3 

RF-25 Original 1954 GMC Scenicruiser 10 200 40 000 57.2 
RF-26 Original Same as in RF-24 7 200 23 000 57.1 
RF-27 Original Same as in RF-25 10 200 40 000 59.7 
RF-28 Modified 1953 GMC Scenicruiser 10 200 40 000 56.3 
RF-29 Modified 1976 Honda Civic 0 1 840 58.1 

Not e: I lb = 0.45 kg; I mph= J.6 km/h; I In = 25 mm . 

aMeasured by movies /elect ronics (SO-ms average). bND =no data. 

Figure 3. Impact sequence for tests RF-24 through RF-29 (top to bottom I. 

front of the curb face. In addition, intermediate 
posts (with spacers but without collapsing tubes) 
were placed midway between the existing posts. 
These intermediate posts were for severe impacts 
only, in which front-rail deflections were 3 in or 
greater, and then presented an effective post spac­
ing of 4.17 ft (1.27 m). 

TEST PROGRAM 

A series of six vehicle tests was performed; the 
first four used the original barrier design, whereas 
the last two used the modified design. A summary of 
test results is contained in Table 1 and a brief 
description of each test follows. 

Test RF-24 

In the initial test of the program, a 23 000-lb 
(10 433-kg) school bus that impacted the installa-

Impact Vehicle Acceleration' (g) 
Angle 
(0) Lateral Longitudinal 

6.8 1.4/2.7 -4.6/-0.3 
7.6 1.9/1.7 -0.7/-0.7 

14.7 2.9/3 .9 -6.6/-2. I 
17.6 0.8/NDb - 1.5/NDb 
14.5 1.8/4.1 -4 .6/-4 .6 
18.8 6.5/9.6 - 4.0/-1.8 

Maximum 
Roll 
Angle 
(0) 

17 
10 
90 
90 
14 

0 

Maximum 
Permanent 
Barrier 
Deflection 
(in) 

5.4 
5.5 
6.8 
8.8 

10.0 
0 

11 

tion at 58.3 mph (93.B km/ h) and a 6.8° angle was 
readily redirected although it reached a 17° roll 
angle as shown in Figure 3 (first row). Maximum 
barrier de flection was 5.37 in (136 mm); seven tube 
elements required replacement after the test. As 
shown in Figure 4, the bus received only minor dam­
age and was reusable for test RF-26 after the front 
fender and bumper had been repaired. 

Test RF- 25 

In this test a 40 000-lb (lB 144-kg) intercity bus 
impacted the barrier at 57.2 mph (92.0 km/h) and a 
7. 6 ° angle. As shown in Figure 3 (second row), the 
barrier was deflected 5.50 in (140 mm), and the bus 
rolled to a maximum of 10° (toward the barrier) as 
it was being redirected. Six tube e lements required 
replacement prior to further testing and, as shown 
in Figure 5, damage to the bus was minimal (mostly 
sheet-metal damage and a bent wheel); it was reus-
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Figure 4. Vehicle and barrier damage, test RF-24. 

Figure 5. Vehicle and barrier damage, test RF-25. 
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Figure 6. Vehicle and barrier damage, test RF-26. Figure 9. Vehicle damage, test RF·28. 

Figure 7. Vehicle damage, test RF-27 . Figure 10. Barrier damage, test R F-28. 

Figure 8. Installation damage, test RF-27. 

Figure 11. Vehicle and barrier damage, test RF-29. 
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able for test RF-27 after the damaged wheel had been 
replaced. 

Test RF-26 

This was a test at a steeper angle (15°) then that 
of the original design by using the vehicle from 
RF-24. Impact conditions were 57.1 mph (91.9 km/h) 
and a 14. 7° angle. As shown in Figure 3 (third row) 
the school bus initially rolled toward the barrier 
as the front end was being redirected and continued 
that roll as the rear section impacted. The result 
was that the bus rolled on top of the barrier and 
slid on it until the downstream end was reached . At 
that point the bus dropped to grade and continued 
sliding an additional 95 ft (29 m). Figure 6 shows 
the extensive body damage sustained by the bus in 
the rollover. It also shows the barrier damage, 
which included deformation to six collapsing-tube 
elements, two tubular Thrie-beam rail sections, and 
one post. 

Test RF-27 

The intercity bus used for RF-25 was reused for this 
test. Impact conditions were 59. 7 mph (96 .1 km/ h) 
and a 17.6° angle. As shown in the sPquent.illl pho­
tographs of Figure 3 (fourth row), results were sim­
ilar to those of test RF-26; i.e., the vehicle 
rolled on top of the barrier, slid along it to the 
end, dropped to grade, and continued sliding an ad­
ditional 102 ft (33 m). Figures 7 and 8 show the 
extensive vehicle and barrier damage sustained dur­
ing the test. 

Test RF-28 

This was the first test of the modified retrofit 
design. Test conditions were s imilar to tho s e of 
RF-27 in which the rollover occurred. As shown in 
Figure 3 (fifth row) the bus impacted at 56.3 mph 
(90.6 km/h) and a 14.5° angle and was smoothly redi­
rected after reaching a maximum roll angle of 14°. 
The bus was only moderately damaged, as shown in 
Figure 9, and was driven from the test site. Figure 
10 shows the damage sustained by the retrofit system 
and by the concrete parapet. 

Test RF-29 

Since the rail height had been increased to 38 in 
(965 nun), this test was necessary to ensure that 
smaller automobiles would not become wedged under 
the front rail of the system. Impact conditions for 
the 1840-lb (835-kg) minicompact automobile were 
58 .1 mph (93. 5 km/h) and an 18. 8° angle. As shown 
in Figure 3 (bottom row), the vehicle was smoothly 
redirected and there was no apparent snagging. Fig­
ure 11 shows the sheet-metal damage of the vehicle 
(confined mostly to the right front fender) and the 
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rail and curb scuffing sustained by the barrier. 
The vehicle suspension and drive train were undam­
aged, and the vehicle was driven from the test site. 

CONCLUSIONS 

From the six tests performed, it appears that the 
tubular Thrie-beam retrofit is quite capable of 
redirecting the school-bus and intercity-bus classes 
of test vehicles but that some modifications are 
required in the original design to prevent the ve­
hicle from rolling on top of the barrier. The fol­
lowing observations were made concerning the retro­
fit barrier: 

1. The original design 32 in (813 mm) high is 
capable of redirecting heavy vehicles and, at shal­
low angles, vehicle roll is s light. However, at 
sharper angles (approximately 15°) vehicle rollover 
occurs during redirection. 

2. Retrofits that use the modified design 38 in 
(965 nun) high not only will redirect a heavy vehicle 
but will also greatly reduce its roll angle. 

3. The modified design performs well with a 
minicompact automobile; i.e., redirection occurs and 
there is no tendency to underride or snag the bar­
rier. 

4. Higher bending stresses are placed on the 
concrete parapet by the modified design, as shown by 
the concrete failure during test RF-28. 

5. The reduced post spacing (by use of interim 
posts) in the modified design was successful in 
achieving a stiffer barrier for heavy vehicles. 
This is shown by the smaller rail deflection of test 
RF-28 [6.88 in (175 mm)] compared with the 8.75-in 
(222-nun) deflection measured following test RF-27. 
It was observed after test RF-28 that three interim 
posts had been contacted by the tubular Thrie-beam 
rail and that they provided backup support . 

6. Some tuning of the 3-in (76-nun) tube element 
in the modified design might offer better collapse 
and energy absorption properties (for automobiles) 
than the tube that has a 0. 216-in (5. 5-nun) thick 
wall that brinells into the box-beam spacer instead 
of deforming. 
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Barrel/W-Section Barriers for Construction Zones 
DON L. IVEY AND RICHARD ROBERTSON 

The history of barrel/W-section construction barriers is traced. Three crash 
tests conducted by Southwest Research Institute are analyzed to indicate a 
probable performance zone for the current barrel/W-section design. This de­
sign is the 12-gauge W-section mounted on barrels spaced at intervals of 6 ft 3 
in (1.91 ml and filled with sand. Three new designs of barrel/W-section barriers 
are presented. By using a formal comparative structural analysis, the conven­
tional design and the three new designs are analyzed and predictions are made 
of comparative parformonce. Stabilized barrol/W·section 3 is shown to per· 
form at much more critical levels of impact than 'the current barrel/W-section 
barrier does. However, its use is applicable where large deflections can be ac­
commodated. 

Of the many barrier designs that have found use in 
construction and maintenance zones, the one that 
seems to have followed a reasonably well-defined 
evolutionary pa th is the barrel/W-section barrier. 
Over the past 10 years, steel barrels [55-gal 
(170-L) oil drums] have been put to a wide variety 
of uses by highway engineers. The range of uses 
that affect traffic is from simple delineation 
through barrel crash cushions. When barrels are ef­
fectively painted to achieve high visibility and ar­
ranged in lines to delineate the appropriate path of 
vehicles, they form a barricade, depending on their 
spacing and ballast, to discourage vehicle entry 
into an inappropriate zone. The physical effective­
ness of this barricade is almost negligible except 
when barrels are spaced closely and filled with 
heavy ballast. In this case an intruding vehicle 
will not be redirected by the lines of weighted bar­
rels unless the impact angle is extremely low, but 
significant deceleration of the vehicle will result. 

The next evolutionary step was the addition of a 
W-section (flex-beam) guardrail. It is not known 
when this step was taken, but it was probably in the 
early 1970s. Since there were quantities of used 
guardrail available, this step probably seemed natu­
ral to an engineer, and suddenly the barrel-delinea­
tion system was converted from a barrier that had 
only inertia properties to a barrier that was capa­
ble of some significant positive structural redirec­
tion. It resulted in stabilization of barrier spac­
ing in multiples of 25 ft (7. 62 m) , which is the 
standard guardrail length. 

The barrier of this type that has the most posi­
tive automobile redirection potential is the stan­
dard barrel/W-section barrier shown in Figure 1. It 
consists of steel barrels spaced 6 ft 3 in (l.91 m) 
apart that have a section of standard steel flex 
beam (12 gauge) attached directly to their sides. 
The top edge of the flex beam is 27 in (68. 6 cm) 
above the ground. The ballast normally used in the 
barrels is sand, which produces a total barrel 
weight of approximately 800 lb (363 kg). Although 
barriers that have larger spacing and lower amounts 
of ballast are commonly used, either of these 
changes results in severely decreased barrier per­
formance. 

TEST RESULTS 

Three tests of the standard barrel/W-section barrier 
were conducted and reported by Southwest Research 
Institute (SwRI) early in 1977. These tests were 
described by Bronstad and Kimball (1) in December 
1977. Principal results and descriptions of these 
three tests are given in Table 1, which shows that 
tests TB-3 and TB-4 were reasonably acceptable but 
that test TB-5 was unacceptable. Since experience 
with this barrier in the field had shown that vehi-

cles occasionally penetrate it, the performance 
range prior to testing was speculative. SwRI began 
with the relatively modest impact conditions of a 
4500-lb (2040-kg) vehicle that was moving 35.0 mph 
(57 km/h) at an impact angle of 15°. The actual 
test conditions in test TB-3 were 4303 lb (1952 kg), 
35.5 mph (57.l km/h), and 14.3°. In terms of the 
performance with respect to the impacting vehicle, 
the test was quite successful. The vehicle was 
smoothly redirected and there was minor damage; the 
deflection of the barrier was initially 1.9 ft (0.58 
m) in the major impact zone. However, the entire 
100-ft (30.48-m) test installation overturned subse­
quent to impact. Structural damage to the barrier 
was minor. Bronstad and Kimball reported that the 
barrier was easily restored to an upright position 
and reused for test TB-4. 

In test TB-4 the speed was increased to a nominal 
value of 45 mph (73.0 km/h). Actual test conditions 
were 4303 lb, 45.4 mph (73.l km/h), and 14.6°. 
Again, vehicle redirection performance was excel­
lent. The maximum deflection in the main impact 
area was 3.4 ft (l.04 m) and smooth redirection was 
produced on the vehicle. As in the 35-mph test, the 
entire length of the barrier overturned. In this 
case, due to impact damage, a few barrels needed to 
be replaced after the barrier had been set upright. 

In the final test (TB-5) the speed was raised to 
a level of 60 mph (95 km/h). Actual test conditions 
were 4424 lb ( 2007 kg) , 57. 6 mph (92. 7 km/h) , and 
15.8°. This test proved unacceptable from the 
standpoint of vehicle reaction. The vehicle moved 
into the barrier approximately 5 ft (l.52 m) while 
overturning the first four barrels encountered. It 
deformed and snagged the W-section, which severed it 
at a connection point, and proceeded to ramp on the 
last 40 ft (12.19 m) of the barrier. The vehicle 
penetrated a maximum of 16 ft (4.88 m) into the pro­
tected zone and a section of the detached rail was 
thrown approximately 30 ft (9 .14 m) inside the pro­
tected zone. All but 3 of the 17 barrels were over­
turned. The test must be considered inadequate in 
that several criteria of Transportation Research 
Circular (TRC) 191 Cll were not satisfied, specif­
ically those in the Safety Evaluations Guidelines. 
Criterion I. A states, "The test article shall redi­
rect the vehiclei hence the vehicle shall not pene­
trate or vault over the installation." Criterion 
I .B was violated because fragments of the barrier 
were displaced that could have penetrated the pas­
senger compartment. Criterion III was also violated 
because the final testing position of the vehicle 
was inside the protected area. 

In an effort to extrapolate the maximum informa­
tion from these three tests, Figure 2 was developed 
in which the impact angle is the ordinate and the 
automobile speed is the abscissa. The results of 
each of the three tests are shown by solid circles. 
From this plot, the boundary zone between acceptable 
and unacceptable performance levels for the standard 
barrier was developed Cll· It is based on a 4500-lb 
vehicle that strikes the barrier under various com­
binations of impact angle and speed. The perfor­
mance boundary zone (the area between the two 
curves) must be viewed with some reservation since 
only the middle segment is reasonably justified by 
full-scale tests. The outer end of the boundary 
zone [50-70 mph (80.45-112.63 km/h)] is probably ac­
curate, due to the fact that the basic interaction 
between vehicle and barrier is reasonably well de-
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Figure 1. Standard barrel/W-section barrier. 
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Table 1. Summary of SwR I test results. 

Test Number 

Test Parameter TB-3 TB-4 TB-5 

Vehicle 1969 Chevy 1969 Chevy 1975 Plymouth 
Impala Impala Grand Fury 

Vehicle weight (lb) 4303 ~303 4424 
Test speed (mph) 35.S 45.4 57.6 
Test angle (0

) 14.3 14.6 15.8 
Exit angle (0

) -8.0 -10.8 -60 
Vehicle accelerations (maxi-

mum 50-ms avg) (g) 
Lateral -1.9 -2.7 -2.2 
Longitudinal -0.6 -1.2 -3.5 

Vehicle rebound distance (ft) 21 23 3 
Maximum deflection (ft) 

Dynamic 1.9 3.4 s• 
Permanent 1.9 3.4 3ob 

Note: I lb = 0.45 kg; I mph = 1.609 km/h; I ft= 30.48 cm. 

;\pproxim a1c d)'1u1mic defl l.--cllon of barrier while in contact with vehicle. 
lrrm;ltion of o ne. rrdl section Ch ui wus dislodged from the barrier and knocked 30 ft Inside 

the original barrier line. 

fined by the crash tests conducted at an angle of 
15°. The inner end, between 25 and 35 mph (40.23 
and 56.32 km/h), is somewhat more questionable, 
since the high impact angle between 20° and 30° 
could allow an interaction due to pocketing that has 
not been adequately defined by the previous tests. 
For this reason, the zones of questionable barrier 
performance are shown to be between 10 and 40 mph 
(16.09 and 64.36 km/h) and between 20° and 30°. 

It is obvious that this barrier will not perform 
adequately at the level of the test parameters that 
is considered a strength test for pennf5'nent hiirri­
ers. Those parameters, defined in TRC 191 (~) as 
4500 lb (2041 kg), 60 mph (96.56 km/h), and 25°, are 
shown in Figure 2 to be well into the unacceptable 
performance zone. 

The reasons for the performance limitations of 

12 GAGE 

CONVERSIONS' 

I fl = 30.'48 cm 
I in : 2.54 cm 

5/8" DIA BUTTON HEAD BOLT 

Beam Mounting Detoll 

the barrel/W-section barrier can be summarized as 
inadequacies in structure, stability, connection, 
and geometrics. If those reasons are considered in 
the order listed, test TB-5 illustrates the inade­
quacy of the W-section bending stiffness, repre­
sented primarily by the moment of inertia of the 
cross section in the plane of primary bending. The 
vehicle severely deforms the W-section, which re­
sults in direct contact of the vehicle with the bar­
rels. 

This contact with the barrels is further aggra­
vated by the rotation of the barrels in front of the 
vehicle; this allows a ramping condition that brings 
elements of the vehicle's undercarriage in contact 
with the upper end of the barrels. This is a prob­
lem of stability and geometrics that results in 
forces so large on individual barrels that they are 
torn free of the W-section and scattered about the 
assumed construction zone. During this interaction, 
connections between W-section elements are also sev­
ered. If it is assumed that thew-section is strong 
enough to remain intact during a collision, the main 
problem is reducing the contact between the vehicle 
and the barrels. Obvious solutions seem to be (a) 
blocking out the W-section and (b) preventing the 
barrels from overturning. 

DESIGN OF UPGRADED BARREL/W-SECTION BARRIERS 

The major elements to be considered in the design of 
a barrel/W-section barrier for increased performance 
are the same as those items listed as reasons for 
the limited capacity of the standard barrier. De­
signs were developed that would increase the beam 
stiffness, increase the overall barrier stability, 
strengthen all connections. and correct qeometric 
problems. 

Although numerous new designs were proposed, all 
but two were discarded for reasons that ranged from 
low probability of performance to excess complex­
ity. The two designs that were finally accepted for 
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Figure 2. Estimate of performance boundary for standard 
barrel/W-section barrier. 

Figure 3. Stabilized barrel/W·section 1 (SBW1 ). 
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further analysis and possible testing are shown in 
Figures 3 and 4. They are designated stabilized 
barrel/W-sections l and 2 (SBWl and SBW2). 

SBWl is the barrier that demonstrated the highest 
performance potential. It is shown by Figure 3 to 
have four major changes from the standard system: 

1. Use of the double, or closed, w-section beam; 
2. Addition of a 0.75-in (2-cm) wire rope on the 

side of the barrel away from the impact plane, 
3. Use of a B-beam to form a 6-in (15-cm) block 

out from the supporting barrels, and 
4. Use of a skid channel that extends from the 

tubular W-beam through the barrel to a point of sup­
port 40 in (101 cm) behind the impact plane. 

SBW2 is shown in Figure 4. There are three major 
design changes from the standard barrier: 

1. 
[this 
pared 

2. 
3. 

of the 

Use of the double, or closed, 
also affects a 3.25-in (8-cm) 
with the standard barrier]; 

Grouping the barrels in sets of 
Changing the distance between 
groups of barrels to 12 ft 6 in 

W-section beam 
block out com-

three; and 
the centroids 
(3.8 m). 

3 3 
ENO TREATMENT '"""' .. ""j 3 ~ 

6~ 33/Bx12 .5 B·BEAM 
3/4"- 317 WIRE ROPE 

(STD HM· TF-15/RE-1-701 

812l8.2 CHANllEL 
(FLANGES DOWN) 

Top View (Barrel Q Skid Detail) 

Each of the design changes for SBWl and SBW2 is 
responsive to a specific limitation of the standard 
system, except the final item under SBW2, which was 
required for practical reasons. 

The two designs were submitted to Federal Highway 
Administration contract managers and to certain 
other interested engineers, including Dexter Jones 
of the Texas State Department of Highways and Urban 
Transportation. Jones reviewed these designs criti­
cally and stated that SBWl was too complicated to 
construct; he suggested several changes. These sug­
gestions were used to develop design SBW3 (Figure 5). 

Design SBW3 is very similar to SBWl and incorpo­
rates three major changes from the standard system: 

1. Use of the double, or closed, w-section; 
2. Use of a 6-in block out from the supporting 

barrels, and 
3. Use of a skid plate welded to the base of the 

barrel. 

This design was developed to keep the structural 
characteristics of the SBWl barrier but to eliminate 
its complexity. The following analysis of the 
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Figure 4. Stabilized barrel/W-section 2 (SBW21. 
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Figure 5. Stabilized barrel/W-sectiori 3 (SBW3). 
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structural characteristics of all the designs will 
show their similarities. 

ANALYSIS OF PROPOSED SYSTEMS 

An approach that may be termed "comparative struc­
tural analysis" was used to analyze the barrier sys­
tems. Comparative structural analysis requires the 
listing and/or development of a number of perfor­
mance factors by which the relati ve performances of 
new designs and known de signs can be compared. For 
example, if it is known that the standard barrie r 
performs reasonably up to a certain level by using a 
beam stiffness of BS1 and if beam stiffness is one 
of the factors that limits the performance level o f 
the standard barrier, it may be assumed that raising 
beam stiffness to level BS2 will have a positive 
effect on the performance of a new barrier. Compar­
ative structural analysis is not new. It is contin­
ually practiced in the field of collision dynamics 
engineering in a less formal format and has resulted 
in some major design improvements. 

The comparative factors developed here can be 
shown by theory and by analysis of test results to 
affect barrier performance significantly (1_). The 
factors developed are defined as follows. 

Mass Mobilization Factor 

Mass mobilization (MM) is the average weight of the 
barrier in pounds per 10 ft (3 m) of length . 

Beam Stiffness Factor 

Beam stiffness (BS) is defined as the moment of in­
ertia of the beam cross section about the axis of 
major bending (in inches) divided by the cube of the 
unsupported beam length between major attachment 
points: BS = Iy/L3

• 

Table 2. Structural properties of individual barrier designs. 

Barrier Design 

Standard 
Barrel/W-

Design Property Section SBWI SBW2 SBW3 

Beam 
Area• (in2 ) 1.99 3.98 (4.18) 3.98 3.98 
Iy" (in4 ) 2.31 16.42 (245) 16.42 16.42 
Ix (in4) 30.00 60.00 60.00 60.00 
Ieq (in4 ) 7.33 x 10-3 34.38 34.38 34.38 
Lb (ft) 6.25 6.25 10.58 6.25 

Barrel spacing (ft) I at 6.25 1 at 6.25 3 at 12.5 1 at 6.25 
Full barrel weight (lb) 800 800 800 800 

Note: I in 2 = 6.45 cm 2 ; I in4 = 41.62 cm4 ; 1 ft= 30.48 cm; l lb= 0.45 kg. 
aThe larger values are appropriate wherever the barrier is operating in the positive moment 

condition (i.e., the cable is jn tension). 
bunsupported beam length. 

Table 3. Factors that indicate barrier 
performance. 

Design Factors 

MM (Ib/10 ft) 
BS" (in) 
TS (in3 ) 

usb (lb/ 1 o ftl 
UA (lb/ 10 ft) 

Barrier Design 

Standard 
Barrel/W-Section 

1360 
5.47 x 10-6 

0.098 x 1 o-3 

1070 (1150) 
680 
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Torsional Stiffness Factor 

The torsional stiffness (TS) factor is the equiva­
lent polar moment of inertia (as defined for the de­
termination of torsional rotation in response to an 
applied torque) divided by the unsupported beam· 
length between attachment points (in cubic inches): 
TS = Jeq/L. 

Unit Stability Factor 

Unit stability (US) is the maximum force that can be 
applied at the automobile impact level to a 10-ft 
length of barrier without creating a rotational bar­
rier acceleration (in pounds per 10 ft). It is to 
be used only on systems not rigidly attached at the 
base. 

Unit Attachment Factor 

The maximum force that the attachment of the barrier 
to the pavement or ground surface generates (in 
pounds per 10 ft of barrier) is the unit attachment 
(UA) factor. This includes friction forces and the 
lateral forces generated by adjacent pavement layers 
as well as the strength of such positive attachments 
as dowels, bolts, footings, and the like. 

Each of these five factors has been calculated 
for the three new barrel/W-section designs (SBWl, 
SBW2, and SBW3) and, for comparison, the standard 
barrel/ W-section barrier. Properties of the barrier 
s ystems are listed in Table 2, and the values of the 
factors for each barrier system are given in Table 3. 

Comparison of the factors given in Table 3 shows, 
in general, relatively high values for the three new 
designs. MM increases to 1530 lb/ 10 ft (695 kg/ 3 m) 
for SBWl and SBW3 and to 2080 lb/ 10 ft (945 kg/ 3 m) 
for SBW2. These increases in barrier mass should 
result in lower barrier deflections. 

BS increases radically for SBWl and SBW3. BS is 
calculated as Iy/ L3 

, where Iy was increased 
from 2.31 in' to 16.42 in' (96.15-683.45 cm•) 
due to the use of the double w-section beam. L re­
mains constant at 6 ft 3 in. BS increases only 
moderate ly for SBW2. Although the value of Iy is 
increased to 16. 42 in' as in SBW3, the clear span 
of the beam in SBW2 is increased to 10.58 ft (3.22 
m). The adverse effect of L 3 in BS is almost 
equivalent to the pos itive ef fect of increased Iy· 

TS is most important to bar r ie r stabili t y . It is 
the lack of torsional stiffness that allows the 
first few barrels to be overturned while o ther bar­
rels remain upright and the connecting single W-sec­
tion is relatively unstressed. Although TS is cal­
culated by dividing the equivalent section polar mo­
ment of inertia (Jeql by the clear span between 
barrel supports, the major contribution is from the 
equivalent polar moment of inertia . The value of 
Jeq for the closed double W-section is 4790 times 
as large as that for the open single section. Cal-

SBWl 

1530 
39.9 x 10-6 (580 x 10"6 ) 

0.46 (NC)" 
13 570 (39 170) 
770 

SBW2 

2080 
8.04 x 10-6 

0.27 
9590 (35 190) 
1040 

SBW3 

1530 
39.9 x 10·6 (580 x 10-6 ) 

0.46 (NC)3 

8850 (34 450) 
770 

Note: 1 lb= 0.45 kg, 1 ft= 30.48 cm, 1 in= 2.54 cm; I m 3 = 16.38 cm
3 

aThe Jarger values are appropriate wherever the barrier is operating in the positive moment condition (i.e., the cable is in tension). NC 
= not computed. 

b(ncluding the torque generated by adjacent beam sections. 
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culations indicate that the torque necessary to pro­
duce a yielding shear stress on the closed section 
is 22.4 lbf•ft (29 232 N•m) at a rotation in 6 
ft 3 in of 2.8° compared with a torque on the open 
section of 0 .13 lbf •ft (169. 7 N°m) at a rotation 
in 6 ft 3 in of 132°. This greater stiffness in­
crease in the torsion mode mobilizes much more of 
the barrier to resist overturning. 

Probably the single most important factor that 
indicates relative barrier performance is unit sta­
bility. This factor, based on the analysis of the 
structure shown in Figure 6, is a value of force F 
that can be applied to a 10-ft section of barrier 
without producing an angular acceleration (i.e., 
movement that leads to overturning). It can be 
shown that this force is defined by the barrier 

Figure 6. Free-body diagram that represents 10 ft of barrier. 

Su pport 

Beam 

- Positive Acceleration, ax 

-Pos1t1v~ V~loc1ty, v, 

Figure 7. Influence of e.g. height on the unit stability factor. 
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weight and barrier dimensions as follows: 

F = W[(r -µY)/(a - .Y)] (y <a) (I) 

or 

F = -W[(r + µy)/(a -y)] (Y >a) (2) 

where 

F lateral force applied by an impacting vehicle, 
W barrier weight, 
r = horizontal distance from the barrier center 

of gravity (e.g.) to the required rotation 
point for overturning, 

µ coefficient of friction, 
~ height of force F, and 
y vertical distance from the ground surface to 

the barrier e.g. 

Equations 1 and 2 are the result of eliminating ax 
in the equations developed from a summation of mo­
ments about the point of incipient rotation A and a 
summation of forces in the X-direction (where g is 
acceleration of gravity): 

Y-MA=O 

Fa =(W/g)ax.Y + Wr (3) 

:EFH = 0 

F = (W/g)ax + µW (4) 

The force so derived is directly proportional to the 
weight of the barrier and a nonlinear function of 
the dimensions a, r, and y and the coefficient of 
friction µ. Equations 1 and 2 must not be taken 
literally for all imaginable values of ax. For_ex­
ample, the equations imply that as a approaches y, F 
approaches oo. Consideration of Equations 5 and 6 
indicates that this is theoretically true as long as 
µ is less than the static overturning ratio r/a. 

:EMA= 0 

Fa= Wr (5) 

:EFH = 0 

F=µW (6) 

This is practically impossible, however, since con­
sideration of Equation 3 indicates that ax must 
approach oo in order for F to approach "°· It is 
emphasized that the optimum position of the e.g. of 
an inertially responding and sliding barrier of this 
type is on the same vertical level as the applied­
force position. Figure 7 illustrates this fact but 
limits the applied-force level to those practically 
achievable. 

The applicability of Equations 3 and 4 for any 
value of ax does depend on whether µ is less 
than the ratio r/a. If µ is greater than r/a (see 
Equations 5 and 6), the barrier will tip over before 
it starts to move laterally (i.e., lateral velocity 
conditions less than zero). This is why it is of 
fundamental importance to performance that the bar­
rels skid on the surface rather than dig in. 

The values in parentheses for US in Table 3 in­
clude the basic US value plus a value of force 
(2F). This force is the value necessary to place 
adjacent segments of rail into a yield stress condi­
tion of torsion. As an example. adjacent beam seq­
ments of SBWl and SBW3 are double closed W-beam sec­
tions 6 ft 3 in long. This beam can accept a torque 
of 22.4 lbf•ft before the material yields in 
shear, when a total rotation of one end with respect 
to the other is 2.8°. By dividing this moment by 
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dimension a (the height of applied collision load), 
the necessary force F' to produce this torque is 
calculated. The result is a hybrid stability fac­
tor, which to some degree accounts for the tremen­
dous increase in torsional stiffness of all the bar­
riers. 

UA will be of great significance to barriers that 
are mechanically attached to support media, but it 
is only a reflection of MM in the case of a barrier 
subject only to friction that acts at the base. In 
this case, the factors calculated are simply the 
MM-value multiplied by the coefficient of friction, 
which is assumed to be 0.5. 

TESTS OF SBW3 

Based on the analyses of SBWl and SBW2 and the com­
parable characteristics of SBW3, a decision was made 
to test the relatively simple SBW3. These tests 
were designated 3825-1 through 3825-4 and conducted 
on the installation shown in Figures 5 and 8. The 
test installation was placed on unpaved level soil 
similar to that found in construction zones. The 
installation was 250 ft (76.2 m) long, which in­
cluded a 25-ft (7.63-m) end treatment (Figure 8). 
The details of each test and the subsequent results 
are summarized in Table 4. The vehicle damage is 

Figure 8. Test installation and layout for SBW3 tests. 

CONVERSIONS : 

I fl = 30.48 cm 
I in. = Z.54 cm 
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given in terms of the Traffic Accident Scale Damage 
Index (TAD), determined from National Safety Council 
Bulletin 1 (~), and the Society of Automotive Engi­
neers (SAE) damage classification (2_). 

Test 3825-1 

A 1975 Plymouth Grand Fury that weighed 4500 lb in­
cluding instrumentation was used in this test. Ini­
tial impact occurred 1.5 ft (0.46 m) downstream from 
barrel 6. The rear of the car contacted the rail 
near the point of initial impact. Contact with the 
barrier was maintained through barrel 14. The car 
was exceptionally stable during redirection and left 
the rail at a 3.5° exit angle. The maximum dynamic 
rail deflection was 2.1 ft (0.54 m). The rail re­
bounded 0.3 ft (0.09 m), leaving a 1.8-ft (0.64-m) 
deflection after collision. 

Figure 9 gives sequential photographs of this 
test. The maximum 50-ms average transverse acceler­
ation was 4 ~· which is within the acceptable 5-~ 
limit given in TRC 191. The lateral acceleration 
when the vehicle motion became parallel to the bar­
rier was only 1.3 ~· The longitudinal 50-ms average 
was a modest -1. 4 ~· Damage to both vehicle and 
barrier was negligible. The same vehicle was used 
to conduct test 3825-2. 

Barrel No. 

1
-------"'-24~9'-6" '\,---:1 
. 24'-9" 

1 

32Spacu@'V6'·3"=200'-o" ., 2 4 '.9" .. 

16 ggzg;gggggzz@ZZZA22Z§ b1 

Table 4. Summary of SBW3 test results. 

Test Number 

Item 3825-1 3825-2 

Parameter 
Vehicle 1975 Plymouth Grand Fury 1975 Plymouth Grand Fury 
Vehicle weight (lb) 4500 4500 
Test speed (mph) 44.3 61.7 
Test angle (0

) 15 15.5 
Exit speed (mph) 33.3 51.9 
Exit angle (0

) 3.5 12.3 
Vehicle accelerations (maxi-

mum 50-ms avg) (g) 
Transverse 4.0 4.6 
Longitudinal -1.4 -2.0 

Maximum deflection (m) 
Dynamic 2.1 5.4 
Permanent 1.8 5.0 

Vehicle damageb 
TAD 1-RFQ-1 l-RFQ-2 
SAE OIRFEWI OIRFEWI 

Note : I lb = 0.45 kg; I mph= t.6 km/h; 1 ft = 0.3 m. 

a Impact parallel to thci l).!;lrrhu :i t the end terminal. 
bsec Traffic Accident l;>11ca Project Bulletin 1 (~)and SAE damage classification document (~)· 

3825-3 3825-4 

1974 Plymouth Fury Ill I 975 Plymouth Grand Fury 
4500 4500 
62.4 61.4 
22.5 O' 
45.4 NA 
18 NA 

5.43 -3 .07 
-1.36 -15.78 

II NA 
10.7 NA 

1-RFQ-3 12-FD-3 
OIRFEW2 12-FDEWI 
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Figure 9. Test 3825·1. 

0.140 0 .390 

Figure 10. Test 3825-2. 

0. 104 0 .312 

Figure 11. Vehicle before and after test 3825-2. 

The barrier was pushed to its original position 
in 30 min by two men and a forklift. The extent of 
the permanent deformation was isolated to one 2S-ft 
(7.63-m) rail segment between barrels 6 and 10 that 
had a O.S-in (1.27-cm) permanent set. The damage to 
the rail segment was so slight that replacement was 
not considered necessary. Four barrels in the imme­
diate area of impact were slightly deformed adjacent 
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to the wooden block. The barrels were not replaced 
because the deformations were not sufficient to af­
f cct performance. 

Test 382S-2 

In the second test a 197S Plymouth Grand Fury that 
weighed 4SOO lb including telemetry equipment im­
pacted the barrier at 1S.S 0 and 61.7 mph (99.34 
km/h). Figure 10 gives the sequential photographs 
of this test. The vehicle remained quite stable 
during redirectioni it exhibited no tendency to 
mount the rail. The vehicle exited the barrier at 
an angle of 12.3° and a speed of Sl.9 mph (83.S6 
km/h). The maximum SO-ms average transverse accel­
eration was 4.6 ~· This compares favorably with the 
S-3 acceptable limit from TRC 191. The longitudinal 
acceleration was -2. 0 ~· well within the s-~ pre­
f erred 1 imi t. The maximum rail deflection was S. 4 
ft (1. 6S m) , but the vehicle only penetrated into 
the protected zone 4.7 ft (1.43 m). The vehicle be­
fore and after test 382S-2 is shown in Figure 11. 

Two men and a forklift were needed to push the 
barrier back to its original position. Restoration 
was completed within 60 min. Significant permanent 
deformation was confined to the 2S-ft rail section 
between barrels 6 and 10. The maximum permanent set 
was 3. 9 in (9. 90 cm) located 2 ft (0. 61 m) down­
stream from barrel 7. This rail section and barrels 
6 through 8 were replaced before testing continued. 

Test 382S-3 

The test vehicle, a 1974 Plymouth Fury, impacted the 
barrier at 22.S 0 at a velocity of 62.4 mph (100.4 
1.-/'L..\ mt..- ---L.!_,_ ---.l-1...._..::i _ ..__..__., -& ..t~nn ,L. 
l'\.111/ UJ. .J.Ut VCUJ..1,,;.J...C Wt=.1.~UCU a l..UL.Q.J... UJ.. "':l:JUU .J...Ur 

which included the telemetry equipment. The vehicle 
and the barrier before and after the test are shown 
in Figures 12 and 13. 

Sequential photographs of test 382S-3 are pre­
sented in Figure 14. Point of impact occurred 3 ft 
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Figure 12. Vehicle before and after test 3825·3. 

Figure 14. Test 3825·3. 

0.1 29 0.385 

Figure 15. SBW3 installation restored after test 3825-3. 
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Figure 13. SBW3 installation before and after test 3825-3. 

0.640 l .035 

(0.9 m) downstream of barrel 14. At approximately 
0.21 s, the vehicle swung into the rail 2.5 ft (0.76 
m) downstream of barrel 15. By 0. 236 s, the up­
stream barrels were beginning to rotate. By 0.641 
s, the first of the upstream barrels had fallen over 
and succeeding downstream barrels began to fall. 
But in the vicinity of the vehicle, the barrels re­
mained upright and resisting throughout the test. 
The vehicle exited the rail at an angle of 18° and a 
velocity of 45.4 mph (73.0 km/h). The maximum dy­
namic deflection of the barrier was 11 ft (3.35 m); 
this returned to 10.7 ft (3.26 m) after the test. 

The barrier was returned to its original position 
by three men and two forklifts in 90 min. The ex­
tent of the permanent deformation after reposition­
ing was between barrels 13-20. The maximum deforma­
tion, 5. 7 in (0.15 m), occurred at barrel 16. The 
restored barrier is shown in Figure 15. The 25-ft 
rail section between barrels 13 and 17 was re­
placed. Bar re ls 14 through 18 were also replaced 
before testing continued. 

Test 3825-4 

In this test, a 1974 Plymouth Grand Fury impacted 
the terminal of the barrier at 0° and 61.4 mph (98.9 
km/h). The vehicle weighed 4500 lb including telem-
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Figure 16. Test 38254. 

0.047 0. 364 
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etry equipment. Sequential photographs are pre­
sented in Figure 16. 

As shown in the sequentials, impact occurred at 
the end of the terminal. The W-beam began to buckle 
upstream of barrel 2 and folded inward toward the 
back of the barrier, which caused the vehicle to 
ride up and over it. Outward buckling occurred at 
barrels 2 and 3. The vehicle yawed to the left and 
came to rest behind the barrier. Damage to the 
front of the vehicle was extensive. 

The peak longitudinal acceleration was high and 
would have been much too high for a small vehicle. 
we therefore propose to reduce the sand ballast in 
the end barrel to roughly 200 lb (90. 7 kg) and to 
elevate the e.g. of this sand to prevent the vehicle 
from ramping on the end barrel. 

Although the barrier was not repaired following 
test 3825-4, it was severely damaged upstream of 
barrel 3. Repairs that would have been required to 
restore the barrier included the replacement of the 
first two sections of W-beam and the first eight 
barrels. 

CONCLUSION 

Th e technique of comparative structural analysis in­
dicated the high probability that barriers SBWl, 
SBW2, and SBW3 would perform at a level of impact 
much more critical than those accepted by the stan­
dard barrel/ W-section barrier. 

This statement has been verified by the first 
three tests of SBW3. The performance of this design 
is excellent; there is one major drawback--the rela­
tively large barrier deflection. The barrier is not 
highly portable and should be considered for use 
only when it is expected that it will be needed at 
one point for a considerable period. Unless surplus 
barrels and the W-section are available, the cost is 
comparable with that of conventional portable con­
crete median barriers. 

We recommend the use of this barrier design when 
cost factors warrant it and when deflections during 
anticipated vehicle collisions can be accommodated. 
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Methodology for Evaluation of Safety Improvement 
Alternatives for Utility Poles 
PATRICK T. McCOY, RICHARDT. HSUEH, AND EDWARD R. POST 

The object of this paper is to present the formulation and demonstration of a 
methodology for evaluation of safety improvement alternatives for utlllty 
poles. It Is o total·annual-cost method of economic anaiysis, which features 
tho calculation of expected annual occident and collision maintenance cost.s 
on the probabilities a.nd severities of single-vehicle collisions with utility poles 
and other fixed objects on the roadside. The probabilities and severities of 
these collisions are In turn computed from a definition of the speed and vol· 
ume of traffic, distribution of vehicle 1izos, ond the numbers, types, and loca· 
tions of utility poles and other fixed objects on the roadside. The methodology 
can be usod to evaluate several types or improvement altornativcs, including 
multiple use of poles, relocation of poles, breakaway poles, impact·attenuation 
systems, and underground placement of utility lines. It can also be used to 
evaluate alternatives for a specific situation or for various combinations of traf· 
fie and roadside conditions in order to identify the circumstances for which 
each is most economical. The methodology is demonstrated for various traffic 
and roadside conditions on two hypothetical street sections typical of many 
arterial street sections in Lincoln, Nebraska. The results of this demonstration 
show the applicability of the methodology nnd serve to illustrate the sensitivity 
of the selection of the best alternative to traffic and roadside conditions. 

The serious accident problem associated with the lo­
cation of utility poles close to the edge of road­
ways, particularly in urban areas, has been the sub­
ject of considerable research in recent years. Some 
studies have been concerned with the nature and ex­
tent of the problem, whereas others have concen­
trated on developing various countermeasures. But 
few studies have been directed at determining the 
cost-effectiveness of alternative countermeasures 
OJ. 

During the past year, the Civil Engineering De­
partment at the University of Nebraska--Lincoln has 
been conducting research on the design and testing 
of a breakaway-pole concept for wooden utility poles 
(l_) • As part of this research, a methodology was 
developed for evaluating various safety improvement 
alternatives for utility poles. It has been used 
during the conduct of the research to compare the 
concept being dev'eloped with other countermeasures 
in order to define the concept's cost limits of eco­
nomic feasibility for various traffic and roadside 
conditions. 

The methodology developed computes the total an­
nual cost of an alternative, which includes its cap­
ital recovery and annual maintenance costs plus the 
expected annual cost of accidents between a single 
vehicle and a fixed object on the roadside. Based 
on a description of the speed and volume of traffic 
and the size, location, and type of fixed objects 
along the roadway, the probabilities and severities 
of single-vehicle collisions with the fixed objects 
are computed. The accident costs of these colli­
sions are then computed and added to the capital re­
covery and annual maintenance costs of the improve­
ment alternative. By comparing the total annual 
costs of the alternatives and the existing condi­
tion, the most economical course of action is iden­
tified. The methodology can be used to evaluate a 
specific case or it can be used to evaluate the 
total annual cost of various alternatives over a 
range of traffic and roadside conditions to identify 
the circumstances for which each would be most eco­
nomical. 

This paper presents a description of the formula­
tion of the methodology. Also included are the re­
sults of a demonstration of its application, in 
which the total annual costs of a number of safety 

improvement alternatives were compared for various 
traffic and roadside conditions typical of some ar­
terial streets in Lincoln, Nebraska. The alterna­
tives evaluated were (a) relocating the utility 
poles to increase their la teral distance from the 
edge of the roadway , (b) retrofitting the utility 
poles to make them break away when hit, and (c) 
placing the utility lines underground. 

FORMULATION 

The methodology developed is basically the conven­
tional annual-cost method of analyzing alternatives, 
in which the total annual costs of the existing con­
dition and the alternatives are computed and com­
pared to identify the one with the lowest annual 
cost. The total annual cost of an alternative or 
the existing condition is computed (in dollars per 
year) as follows: 

~C =A+ C + NMC + CMC (l) 

where 

EC total annual cost of improvement alternative 
or existing condition, 

A expected annual accident cost of improve­
ment alternative or existing condition, 

C capital recovery cost of improvement alter­
native or existing condition, 

NMC annual normal maintenance cost of improve­
ment alternative or existing condition, and 

CMC annual collision maintenance cost of im­
provement alternative or existing condition. 

The distinguishing feature of the methodology is the 
computation of expected accident costs and colli­
sion-maintenance costs based on probabilities and 
severities of potential single-vehicle collisions 
with fixed objects (including utility poles) on the 
roadside. A description of the calculation of these 
costs follows. 

Accident Costs 

The general equation used to compute the expected 
annual accident cost of an improvement alternative 
or existing condition is as follows: 

where 

A 

E 

P (Ee ,v/E) 

P(w) 

p (Cwe ,F/E ) 
,v e,v 

(2) 

expected annual accident cost 
(dollars per year): 
encroachment rate (number of road­
side encroachments per mile per 
year): 
probability of an encroachment at 
angle e and speed v given that 
an encroachment has occurred 
[EevEP(Ee,v/E) = 1.0]: 
decimal fraction of vehicles of 
size w in 
[EwP(w) = 1.0): 
probability of a 
e and speed v 

traffic stream 

collision at angle 
of a vehicle of 
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size w with a fixed object of type 
F given an encroachment at angle 

ACw,F 
e,v 

e and speed v; 
accident cost of 
angle e and speed 
of size w with a 
type F; 

a collision at 
v of a vehicle 

fixed object of 

encroachment and collision angle 
( 0) 1 

v : encroachment and collision speed 
(mph); 

w vehicle size designation, which 
defines width and weight of vehi-
cle; and 

F fixed-object type designation, 
which defines size and impact se­
verities of fixed object. 

In Equation 2, the effect of an improvement 
alternative or existing condition is determined by 
the probability and severity of collision terms 

[P(Cw,F/E ) and ACaw,'vF]. These and the other vari-a ,v a ,v 
ables in this equation are described below. 

Encroachment Rate 

Knowledge of the rate at which vehicles encroach on 
the roadside of various types of roadways is very 
limited. In fact, the only pure encroachment data 
available are those of Hutchinson and Kennedy (1_) , 
which were collected on freeway medians. More re­
cently, Glennon and Wilton (_!) have estimated en­
croachment rates for different classes of roadways 
as linear functions of average daily traffic (ADT). 
These relationships, which were derived from an 
analysis of roadside accident rates for various 
classes of roadways and a comparison of the freeway 
encroachment rate determined by Hutchinson and 
Kennedy with the roadside accident rate on freeways 
in Missouri, are presented below. (It should be 
noted that these encroachment rates are for the to­
tal number on both sides of the roadway; therefore, 
if only one side of a roadway is being considered, 
as is often the case with utility poles, the rate 
should be divided by 2.) 

Class of Roadway 
Rural highway 

Interstate 
Multilane divided 
Wide two-lane (roadbed ~36 ft) 
Narrow two-lane (road <36 ft) 

Urban highway 
Interstate 
Multilane divided 
Major arterial street 

Encroachment 
Rate 
(no./mile/year) 

o.ooo 9 
o.ooo 59 
o.ooo 742 
0.001 21 

0 .o 00 9 
0.000 9 
0.001 33 

Probabilities of Combinations of Encroachment 
Angle and Speed 

As in the case of encroachment rates, knowledge of 
the probabilities of combinations of encroachment 
angle and speed is also extremely limited. There­
fore, for purposes of developing the methodology, 
these probabilities are computed by combining the 
distributions of encroachment angles and traffic 
speeds as follows: 

P(Eo,v/ E) = P(Eo/E)P(v) (3) 

where P(Ee/E) is the probability of an encroach­
ment at angle e given that an encroachment has oc­
curred [EeP(Ee/E) = 1.0] and P(v) is the 
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probabill ty of a vehicle speed v in the traffic 
stream [ tvP (v) 1. O]. Thus, encroachment speed 
is assumed to be equal to the traffic speed on the 
roadway and independent of encroachment angle. Of 
course, the point-mass model presented by Ross (.?_) 

indicates that some high-angle high-speed encroach­
ments are not possible. However, because of the 
lack of encroachment data to support this theory and 
because of their low probabilities of occurrence, no 
adjustment is made to account for the apparent im­
possibility of high-angle high-speed encroachments. 

In the methodology, the range of encroachment an­
gles is divided into six intervals. The interval 
probabilities, which were derived from the encroach­
ment-angle distribution reported by Hutchinson and 
Kennedy (3), are presented below. The encroachment 
angle is "".issumed to be independent of vehi cle size 
and type of roadway. 

Encroachment 
Angle ( 0

) 

<7. 5 
7 .5-12.5 
12.5-17.5 
17.5-22.5 
22.5-27.5 
>27.5 

Probabili tv 
0 .48 
0.20 
0.12 
0.08 
0.05 
0.07 

Encroachment speeds are assumed to be normally 
distributed; the standard deviation is ±5.0 mph, 
which is representative of many roadways (6). The 
range of encroachment speeds is divided into five 
intervals based on the speed limit on the roadway. 
The probabilities of speeds within these intervals, 
based on the assumption that the speed limit (S) is 
equal to the 85th-percentile speed, are presented 
below. Encroachment speeds are also assumed to be 
independent of vehicle size. 

Encroachment 
Speed (mph) 

<(S - 12.5) 
( S - 12. 5) to ( s - 7 • 5) 
(S - 7.5) to (S - 2.5) 
(S - 2.5) to (S + 2.5) 
~(S + 2.5) 

Probability 

0.07 
0.25 
0.39 
0.23 
0.06 

Thus, in the methodology, 30 combinations of en­
croachment angle and speed are evaluated for each 
combination of vehicle size and fixed-object type. 

Vehicle Size Probabilities 

The probabilities and severities of single-vehicle 
collisions with fixed objects on the side of a road­
way are dependent on the size of the encroaching ve­
hicles. In general, the wider an encroaching vehi­
cle is, the greater the probability is that it will 
collide with a fixed object on the roadside. Like­
wise, the smaller a vehicle is, the greater the se­
verity of its coUision will be with a fixed ob­
ject. Therefore, the methodology dev·eloped in this 
research is designed to account for these effects of 
vehicle size. 

The encroachment rates are assumed to be inde­
pendent of vehicle size. Therefore, the probability 
that an encroaching vehicle will be of a particular 
size is assumed to be equal to the decimal fraction 
of vehicles of that size in the traffic stream. 

Collision Probabilities 

The probability that an encroaching vehicle will 
collide with a fixed object on the side of the road­
way depends on (a) the number, size, and location of 
the fixed objects on the roadside and (b) the width 
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Figure 1. Idealization of roadside. 
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of the encroaching vehicle and the angle of its en­
croachment. In general, the more fixed objects 
there are along the roadside, the greater the proba­
bility of a collision will be. 

To facilitate the formulation of this method­
ology, the description of the roadside is idealized 
in terms of rows and types of fixed objects as il­
lustrated in Figure 1. The designation of each type 
of fixed object defines the size and severities of 
collision with a particular type of fixed object. 
For example, nonbreakaway utility poles 1 ft in di­
ameter would be one type of fixed object that might 
be found on the roadside. Since the subject of this 
study is utility poles, they are the type of fixed 
objects that are of the greatest concern. However, 
other types of fixed objects cannot be ignored, be­
cause their sizes and locations could reduce the 
probability of a collision with a utility pole. In 
general, the greater the number of other fixed ob­
jects on the roadside is, the lower the probability 
of colliding with a utility pole is. 

The equation derived for computing the collision 
probability is as follows: 

n 

P(Ct,:,F/Eo,v) = .~ P;(ct,nEo,v) · P;.1 (NCb".v/Eo,v) 
1=1 

where 

P. (Cw,F/E ) 
1 e,v e,v 

P. (NCW /E ) 
1 e,v e,v 

(4) 

probability of a collision at an­
gle e and speed v of a vehicle 
of size w with a fixed object of 
type F in row i given an 
encroachment at angle e and 
speed v, 
probability of no collision at 
angle e and speed v of a vehi­
cle of size w with a fixed ob­
ject of any type in row i 
given an encroachment at wangle 
e and speed v [P. (NC ) = 

w,F 1 0,v 
1 - E?i<ce,/Ee,v>J, 

1.0, and 
number of rows of fixed objects. 

The probability of a collision with a fixed ob­
ject in one row is dependent on the probability that 
an encroaching vehicle will not collide with a fixed 
object in a preceding row (i.e., a row closer to the 
roadway). However, given that an encroaching vehi­
cle has not collided with a fixed object in a pre­
ceding row, the probability that it will collide 
with a particular type of fixed object in row i is 
the product of two other conditional probabilities: 

(5) 
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h w,F/ were Pi (xe,v Ee,v> is the probability that the en-

croachment path of a vehicle of size w will inter­
sect the location of a fixed object of type F 
in row i given an encroachment of angle e and 

speed v, and P. (Cw
0 

,F/xw
0 

,F) is the probability that 
l. ,v ,v 

there will be a collision at angle e and speed v 
of a vehicle of size w with a fixed object of type F 
in row i given that the vehicle is on an intersect­
ing path at angle e and speed v. 

The conditional probability that an encroaching 
vehicle will be on a path that intersects the loca­
tion of a fixed object of a particular type in row i 
is proportional to the length of the roadway within 
which this could occur. As illustrated in Figure 2, 
this length for a single fixed object is a function 
of the encroachment angle, the width of the vehicle, 
and the diameter of the fixed object. This rela­
tionship is defined by the following equation: 

where 

Lw,F 
e ,v, i 

(6) 

length of roadway within which encroach­
ment path at angle e and speed v of a 
vehicle of size w would intersect the 
location of a single fixed object of 
type F in row i (ft) , 
diameter of fixed object of type F in row 
i (ft), and 
width of encroaching vehicle of size w 
(ft). 

However, if fixed objects in row i are close enough 
together, the presence of those upstream will screen 
those downstream, thus reducing the length of road­
way within which the locations of those downstream 
could be intersected by encroaching vehicles. This 
reduction would be equal to the amount by which 
their roadway lengths overlap, as illustrated in 
Figure 3. 

Due to a lack of data on the effects of roadway 
geometrics on the frequency and nature of encroach­
ments, it is assumed that the distribution of en­
croachments along the length of a roadway is uni­
form. Therefore, the probability that a vehicle 
encroachment will be on a path that intersects the 
location of a fixed object in row i is as follows: 

N; 

P;(Xt,:,F/Eo,v) = (i/5280) .~ (Lt,v~i,j - Ot,v~i,j) 
Fl 

(7) 

where 

N. 
1 

Lw,F 
e,v,i,j 

0
w,F 
e ,v, i, j 

number of fixed objects of type F per 
mile in row i, 
length of roadway within which en­
croachment path at angle e and speed 
v of a vehicle of size w would inter­
sect the location of the jth fixed ob­
ject of type F in row i (ft), 
and 
portion of Lw,F .. that overlaps with e,v,i,J 
that of other fixed objects in row i 
upstream of the jth fixed object of 
type F in row i (ft) • 

The conditional probability [P. (cw
0

,F;xw
0

,F)] that 
1 ,v' ,v 

an encroaching vehicle on an intersecting path with 
a fixed object in row i will collide with that fixed 
object given that it has not collided with one in a 
preceding row is a function of the lateral distance 
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Figure 2. Length of roadway within which encroachment at angle e would 
intersect location of fixed object. 
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between the edge of the traveled way and row i. The 
greater this distance is, the farther the vehicle 
must travel along its encroachment path to reach the 
fixed object and the less likely it is that it will 
collide with it. This conditional probability is 
determined from the appropriate distribution of lat­
eral extent of encroachments shown in Figure 4. 
These distribution curves were derived from an 
analysis of the encroachment data reported by Hutch­
inson and Kennedy (3). It is assumed that these 
distributions are independent of encroachment speed 
and vehicle and are only dependent on the encroach­
ment angle. 

Collision Costs 

The accident costs of a collision with a fixed ob­
ject are computed as a function of the severity of 
the collision in terms of the probability that an 
injury accident would result. The relationship be­
tween accident costs and probability of an injury 
accident shown in Table 1 is the one used in the 
methodology developed in this study. 

This relationship, developed by Post (ll in pre­
vious research, equates various levels of injury­
accident probability with a percentage distribution 
of accident severities [i.e., percent fatal, percent 
nonfatal-injury, and percent property-damage-only 
(PDO) accidents]. The mean accident costs shown in 
Table 1 are computed by applying the percentage dis­
tributions to the following figures for unit acci­
dent cost: $150 000 per fatal accident, $5800 per 
nonfatal-injury accident, and $850 per PDQ accident. 
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Figure 4. Distributions of lateral extent of encroachments. 

)( 

... ...1.00 
z u ... z 
~ ,_ ~ .80 
:~~ 
a:; :E .... < i5: .60 -

~~~ 
Oc<~ 
>- u z .40 
!::a:i < =LI.. J: 
~ 0 :;; .20 
Oii ... 

~ < ... ::.l 
(!) 0 10 20 

ANGLE O F ENCROACHMENT, 9 

0"-9"'7.5° 

30 40 

7.5° L 9 "°12.5° 
12.5° L 9 b 22.5° 
22.5° L 9 

LATERAL DISTANCE FROM EDGE 
OF TRAVELED WAY 

Table 1. Relationship between mean accident cost and injury-accident 
probability. 

Nonfatal- Mean 
Injury- PDO" Injury Fatal Accident 
Accident AcdUeuls AcdUenls Acciuenls Cusl 
Probability (%) (%) (%) ($) 

0.1 90 10 0 I 400 
0.3 60 40 0 2 300 
0.5 40 60 0 3 820 
0.7 IO 88 2 8 190 
0.8 0 96 4 11 570 
1.0 0 94 6 14 450 

3 PDO = Property damage only. 

The probability that a collision with a fixed ob­
ject will result in an injury accident is a function 
of the angle and speed of impact, the size of the 
vehicle involved, and the type and size of fixed ob­
ject struck. By using mathematical modeling and 
computer simulation, the probabilities of an injury 
accident were computed for collisions with breakaway 
(B) and nonbreakaway (N) wooden utility poles in re­
search conducted at the University of Nebraska (~_). 

These values, presented below for a 4500-lb vehicle, 
were used in the demonstration of the methodology 
presented in this paper. Similar relationships can 
be developed for other types of fixed objects. How­
ever, for an in-depth discussion of the derivation 
of such relationships, the reader is referred to a 
study by Post and others (~). 

Vehicle Impact 
Speed (mph) 
10 
15 
20 
25 
30 
35 

Other Costs 

Probability of 
Injury Accident 
B N -- ---
0.19 0.28 
0.28 
0.42 
0.57 
0.62 
0.62 

0.45 
0.59 
0.74 
0.89 
1.00 

When the methodology presented in this paper is ap­
plied, the capital recovery and maintenance costs in 
Equation 1 should be based on local unit costs and 
interest rates. Also, the collision maintenance 
cost of an improvement alternative or existing con­
dition is computed in the same way as the accident 
cost is computed except that, in using 
Equation 2, the term for collision accident cost 
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(ACw,F) is replaced with a term for collision mainte­e ,v 
nance cost, as follows: 

CMC = E~8 ~{P(Eo,v/E) ~w [P(w) ~F P(q'//Eo,v)(CM;,;,F)] f (8) 

where CMC is the expected annual collision mainte­

nance cost (in dollars per year) and CM;:~ is the 

maintenance cost of a collision at angle and 
speed v of a vehicle of size w with a fixed object 
of type F. Depending on the amount of knowledge the 
user of the methodology has regarding the collision 
maintenance cost of the improvement alternative or 
existing condition, the term for collision mainte­
nance cost in Equation 8 could be an average colli­
sion maintenance cost for all collisions or it could 
be related to the severity of the collision as is 
the term for collision accident cost. 

DEMONSTRATION 

To demonstrate the use of the methodology presented 
in this paper, it was used to evaluate utility-pole 
safety improvement alternatives on two hypothetical 
sections of arterial street typical of several in 
Lincoln, Nebraska. Also, to illustrate the effects 
of traffic volume and number of other fixed objects 
on the relative costs of the alternatives, they were 
evaluated over a range of traffic and roadside con­
ditions. A computer program was written and used to 
calculate the terms for collision accident and col­
lision maintenance costs of the total-annual-cost 
equation (Equation 1). A description of the cases 
evaluated and the results of the evaluations follow. 

Streets· 

The two street sections used in this demonstration 
were 1000 ft long. Each had utility poles on one 
side, which were uniformly spaced at 80-ft intervals 
and set back 2 ft from the edge of the traveled 
way. The utility poles were standard 40-ft, class 4 
poles made of southern yellow pine. The injury­
accident probabilities of collisions with these 
poles were assumed to be the same as those presented 
in the section on collision costs for nonbreakaway 
poles. 

On one of the sections (street A), the fixed ob­
jects other than utility poles were located in the 
same row as the utility poles (i.e., 2 ft from the 
edge of the traveled way) and, on the other (street 
B), they were located in a row 10 ft from the edge 
of the traveled way. The numbers of fixed objects 
in these rows were varied from none to 20 (i.e., O, 
6, 13, and 20 fixed objects). In each case, the 
fixed objects were distributed at random throughout 
the 1000-ft length of the section. All fixed ob­
jects were assumed to be 1 ft in diameter, and they 
were assigned the same injury-accident probabilities 
as those for the nonbreakaway utility poles. 

In all cases, the speed limit on the street was 
35 mph, and all vehicles in the traffic stream were 
standard-sized passenger cars that were 6.5 ft wide 
and weighed 4500 lb. The encroachment rate used for 
a major urban arterial street was 0.001 33 accident 
per mile per year. The encroachment angle and speed 
probabilities used were those shown previously. The 
evaluations were conducted for two traffic volumes: 
15 000 and 30 000 ADT. 

Thus, on each of the two streets, eight cases 
were evaluated (i.e., four numbers of fixed objects 
times two traffic volumes) • 
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Improvement Alternatives 

For each of the eight cases on each street, the fol­
lowing three improvement alternatives were evaluated: 

1. Breakaway: The utility poles were made to 
break away by applying the breakaway concept de­
veloped at the University of Nebraska--Lincoln (~). 

The utility poles were assigned the injury-accident 
probabilities given in the section on collision 
costs for breakaway poles, thus reducing the proba­
bility that a collision with a utility pole would 
result in an injury accident. 

2. Relocate: The utility poles were moved 2-10 
ft from the edge of the traveled way, thus reducing 
the probability of a collision with a utility pole. 

3. Underground: The utility poles were removed 
and the utility lines were placed underground, thus 
eliminating collisions with utility poles. 

The capital and maintenance cost data for the ex­
isting conditions and the improvement alternatives 
were provided by D. Redding, supervisor of transmis­
sion and substation of the Lincoln Electric System. 
The capital cost data are presented in Table 2. All 
alternatives were assumed to have 30-year service 
lives and zero salvage values, and a 10 percent in­
terest rate was used. Also, the normal maintenance 
costs of alternatives were assumed to be the same, 
and the collision maintenance costs of the existing 
conditions and of the breakaway and relocation al­
ternatives were all computed by using an average 
collision maintenance cost of $250 per collision. 
The collision maintenance costs computed by using 
Equation 8 are presented in Table 3 for 15 000 ADT 
(multiply these costs by 2 to obtain costs for 
30 000 ADT). As noted, the collision maintenance 
costs for 30 000 ADT were twice those for 15 000 ADT 
because the encroachment rate is a linear function 
of ADT; therefore, there were twice as many colli­
sions for 30 000 ADT. 

RESULTS 

The annual accident costs for 15 000 and 30 000 ADT 
are shown in Figure 5 (top and bottom, respec­
tively). These costs include the accident costs of 
collisions with other fixed objects in addition to 
those of collisions with utility poles. 

The number and location of utility poles on 
street A are the same as those on street B. There­
fore, at a given traffic volume, the annual accident 
costs are the same on both streets when there are no 
fixed objects other than utility poles along the 
streets. However, when there are other fixed ob­
jects, the annual accident costs are higher on 
street A because the fixed objects on street A are 
closer to the edge of the traveled way and thus more 
likely to be struck by an encroaching vehicle. 
Likewise, on either street, as the number of fixed 
objects is increased, the accident costs increase 
because of the greater probability of collisions 
with fixed objects. Of course, at some point as the 
number of fixed objects is increased, the probabil­
ity that an encroaching vehicle will be on a path 
that intersects the location of a fixed object 
reaches 1. At this point, the annual accident cost 
for a particular alternative is maximized. 

In all cases, the existing condition has the 
highest annual accident cost, and the underground 
alternative has the lowest. However, on street A, 
the order of the other two alternatives with respect 
to annual accident cost reverses as the number of 
fixed objects is increased. With fewer fixed ob­
jects or with none, the relocation alternative has 
the lower annual accident cost. But with more fixed 
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Table 2. Capital cost data. 

Alternative 

Existing 
Breakaway 
Relocate 
Underground 

Unit Cost 
($) 

0 
20fpole 
30 OOOfmile 
I Bfft 

First Cost 
($) 

0 
260 

5 700 
18 000 

Capital Recovery' 
Cost($) 

0 
30 

630 
1950 

8Capital recovery ractor ror 1 O percent interest rate, 30-year service life, and zero salvage 
value= 0.11. 

Table 3. Collision maintenance costs for 15 000 ADT. 

No. of Fixed Objects 

Alternative 0 6 l3 

Costs for Street A($) 

Existing' 210 140 117 
Breakaway' 210 140 115 
Relocateb 170 105 75 
Undergroundc 0 0 0 

Costs for Street B ( $) 

Existi11gr1 210 2 10 210 
Breakaway' 210 210 210 
Relocateb 170 115 95 
Underground' 0 0 0 

~Utility poles located 2 ft from e dge or trnvt lcd way. 
Utility poles located 10 ft from edge of ltnve led way. 

c No utility poles. 

20 

45 
45 
45 

0 

nu 
210 

40 
0 

objects, the breakaway alternative has the lower an­
nual accident cost. This is because, when there are 
fewer fixed objects, the effect of the increased 
offset of the utility poles as in the relocation al­
ternative is greater than the reduced collision se­
verity is of utility poles as in the breakaway al­
ternative. However, where there are more fixed 
objects, the probability that an encroaching vehicle 
will be on a path that intersects the location of a 
fixed object increases, which causes the screening 
of fixed objects by the utility poles to become the 
dominant factor. This favors the breakaway alterna­
tive because collisions with breakaway utility poles 
are less severe than are those with fixed objects. 

However, on street B, the screening effect of 
utility poles is less significant because the fixed 
objects are located farther back from the edge of 
the traveled way. Consequently, on street B, the 
relocation alternative has a lower annual accident 
cost than the breakaway alternative does over the 
entire range of the number of fixed objects evalu­
ated. 

Also, in all cases, the annual accident costs for 
30 000 ADT are twice those for 15 000 ADT. This is 
because the encroachment rate used is simply a lin­
ear function of ADT. 

The total annual costs for 15 000 and 30 000 ADT 
are shown in Figure 6 (top and bottom, respec­
tively). A comparison of the curves for total an­
nual cost shown in Figure 6 indicates that the best 
alternative when there are 13 or fewer fixed objects 
is underground placement of utility lines. But as 
the number of fixed objects is increased, the in­
crease in accident costs of fixed-object collisions 
offsets the effect of removing the utility poles. 
Thus, on street A, underground placement is no 
longer the lowest cost alternative, and breakaway 
poles become the best alternative due to the screen­
ing of fixed objects by the utility poles described 
earlier. However, on street B, this screening ef-
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Figure 5 . Annual accident costs for 15 000 (top) and 30 000 (bottom) ADT. 
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feet is less significant because the fixed objects 
are farther from the - edge -of the traveled way. 
Therefore, underground placement is the best alter­
native for a greater number of fixed objects on 
street B. 

The results shown in Figure 6 for 30 000 ADT show 
a similar best-alternative pattern. However, on 
street B, because of the higher annual accident 
costs, the effects of zero utility-pole accident 
costs by using underground placement are not off set 
as quickly with increased numbers of fixed objects. 
Thus, underground placement is the best alternative 
in all cases for 30 000 ADT on street B. 

CONCLUSIONS 

The demonstration of the methodology presented above 
indicates its applicability to a variety of improve ­
ment alternatives and various traffic and roadside 
conditions. Also, it illustrates the sensitivity of 
the sele ction of the best improvement alternative to 
traffic and roadside conditions. However, generali­
zation concerning the relative economies of the al­
ternatives should no t be made on the basis o f thes e 
results. It must be remembered that these results 
were for only one vehicle size, one utility-pole 
spacing, and one other type of fixed object, which 
was assumed to have the same collision properties as 
the nonbreakaway utility poles. Again, the purpose 
of the demonstration was not to identify the best 
alternatives for all conditions but to show the ap­
plicability of the methodology and some effects of 
traffic and roadside conditions on the relative 
economies of the alternatives. Also, although not 
described in this paper, the demonstration was con­
ducted with the aid of a computer program of the 
methodology, which obviously facilitated the compu­
tations. 

Finally, it should be noted that meaningful re­
sults from the use of the methodology require that 
local unit cost data be used. The costs used in the 
demonstration will most likely not be appropriate 
for other times and other places. Also, in the pre­
sentation of the formulation of the methodology, the 
results of research on the nature and frequency of 
roadside encroachments and collision severities, 
which are used i,n the calculation of accident and 
collision maintenance costs, were included. Their 
inclusion was primarily for the purpose of showing 
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Loads on Bridge Railings 
JAMES S. NOEL, T.J. HIRSCH, C.E. BUTH, AND A. ARNOLD 

Recent and ongoing research studies have addressed the problem of improving 
the performance of bridge-railing systems and extending the range of vehicles 
that can be restrained. This paper summarizes the results of one of these 
studies. A series of full-scale crash tests was completed that used several repre­
sentative vehicle geometries and weights and an instrumented concrete barrier. 
The measured resultant loads, locations, and distributions are tabulated and 
discussed. Because the wall is relatively rigid-at least in comparison with most 
bridge railings-it is an obvious conclusion that the reported force magnitudes 
represent an upper limit. They are expected to be considerably smaller for col­
lisions with more-compliant barriers. An equal corollary is that the contact 
duration will be longer. 
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the nature of these factors and how they are incor­
porated within the methodology. However, the integ­
rity of the methodology would not be compromised if 
the values of these factors were modified in accor­
dance with the results of more recent (or future) 
research. In fact, such modifications should be 
made as more knowledge is gained. 
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The American Association of State Highway and 
Transportation Officials (AASHTO) Standard Specifi­
cations for Highway Bridges OJ sets forth design 
requirements for bridge railings. These require­
ments include limits on certain geometrics and set 
forth design loads. The basic load is a 10-kip 
static force applied at any location along the lon­
gitudinal axis of the railing; t he vertical distri­
butio n depends on the railing configuration. The 
specifications further require that elastic struc­
tural analvsis and desion Procedures be employed. 
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These requirements are intended to produce bridge­
railing designs that will function adequately for 
most traffic conditions that involve full-sized au­
tomobiles; the reserve load capacity of the railing, 
besides its elastic strength, offers some degree of 
protection for heavier vehicles such as school buses. 

Characteristics of the vehicle population are 
changing. The advent of the smaller, subcompact 
automobile and its increasing popularity present new 
considerations to the designer of bridge railings. 
Also, recent catastrophic accidents that involved 
large vehicles have brought about an increased 
awareness of a need to provide better protection for 
these vehicles. Several recently completed and on­
going research studies have addressed the question 
of design requirements and performance standards for 
bridge railings. This paper presents a portion of 
the results from one of these studies. 

An instrumented concrete wall designed specif­
ically to measure the magnitude and location of 
vehicle impact forces was constructed. The rela­
tively rigid wall, as shown in Figure 1, consisted 
of four 10-ft-long concrete panels each supported by 
four link-type load cells. Each of the massive 
panels (42 in high and 24 in thick) had an acceler­
ometer to account for inertia factors. Surfaces 
that made contact with adjacent panels (and the sup­
porting slab) were Teflon coated to minimize fric­
tion. A simple computer program was used to calcu­
late force magnitudes and locations panel by panel 
from the electrical outputs. A static calibration 
of the system provided the correspondence factors 
required by the computer program. The results were 

Figure 1. Instrumented wall. 
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successfully confirmed by using a dynamic calibra­
tion that involved a large mass and contact pad. 

Eight actual full-scale impact tests were com­
pleted: two used subcompact 1800-lb sedans, two 
used compact 2250-lb sedans, two used full-sized 
4500-lb sedans, one used a 66-passenger 20 000-lb 
school bus, and one used a two-axle 32 000-lb inter­
city bus. In most of the tests, the angle of impact 
was 15° 1 liowever, in two tests, it was more than 
20°. Vehicle speeds in all tests were near 60 mph. 

The results of these tests were measured and re-
corded on magnetic tape and on film. These data 
were analyzed to determine the resultant magnitudes, 
locations, and distributions of the contact forces. 
Once the time-changing magnitudes and locations of 
the resultant forces on the four instrumented wall 
segments during each collision are known, it is nec­
essary to make judgments concerning the distribu­
tions of the contact (or bearing) stresses. 

The first of these judgments concerned how to 
handle force spikes and other rapidly changing phe­
nomena observed from the instrumented-wall outputs. 
These spikes are of little consequence to the re­
quired structural integrity of bridge railings. 
Therefore, maximum forces were obtained by averaging 
the data over 0.05-s intervals. Two such 0.05-s 
intervals were inevitably appropriate for each of 
these tests--one for the initial impact of front 
fender, bumper, and wheel with the rail and one for 
the second, or final, impact as the rear of the ve­
hicle rotates into the rail. Each 0.05-s increment 
was chosen to give the largest average resultant 
force. 

Figure 2. Measured data from test that used 4740-lb vehicle, 59.9 mph, and 
24.0°. 
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Figure 3. Measured data from test that used 20 030-lb vehicle, 57.6 mph, and 
15.0°. 
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Figure 4. Measured data from test that used 32 020-lb vehicle, 60.0 mph, and 
15.0°. 
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Figure 6. Longitudinal distribution for initial impact (top) and final impact (bottom) of 4740-lb vehicle at 59.9 mph and 24.0°. 
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Table 1. Distribution of forces calculated from the instrumented-wall tests. 

Resultant 
Test Condition 

Weight Speed Angle Impact Height Magnitude 
(lb) (mph) (0) Phase (in) (kips) 

2 050 59.0 15.5 Initial 17.0 18.4 
Final 18.7 8.4 

2 090 58.5 2 1.0 Initial 19.0 21.1 
Final 20.7 13. l 

2 800 58.3 15.0 Initial 18.1 18.5 
Final l 5.3 13.9 

2 830 56.0 18.5 Initial 19.3 22.0 
Final 21.3 22.5 

4 680 52.9 15.0 Initial 21.4 52.5 
Final 24.0 28.3 

4 740 59.9 24.0 Initial 21.8 59.9 
Final 22.5 28.3 

20 030 57.6 15.0 Initial 29.0 63.7 
Final 32.7 73.8 

32 020 60.0 15.0 Initial 26.3 85.0 
Final 28.4 211.0 

Three examples of these resultant forces averaged 
over two 0. 05-s intervals are shown in Figures 2a, 
3a, and 4a for the impacts of the 4500-lb sedan, the 
school bus, and the intercity bus, respectively. 
Figures 2b, 3b, and 4b show the resultant heights 
during the same time intervals. 

Definition of the manner in which the resultant 
forces are assumed to be distributed over the con­
tact area also required engineering judgments. It 
was considered obvious that bearing pressure was 
present at all points of contact between the vehicle 
and the wall. It was equally obvious that the 
largest pressures by far were where the elements of 
the vehicle frame, especially i.:.11~ wlieelo, made con­
tact with the wall. To include all these considera­
tions in determining the pressure distribution 
seemed unduly complex. So, to simplify, it was 
decided to distribute the pressure as one-half a 

DIRECTION 

OF TRAVEL 

Maximum Force (kips/ft2 ) 

Contact Contact 
Height Length Per Unit Per Unit 
(ft) (ft) Area Length 

2.33 5.0 3.89 5.76 
2.58 7.6 1.11 1.82 

2.67 6.0 3.25 5.52 
3.00 8.0 1.35 2.58 

2.50 5.0 3.85 5.8I 
2.08 10.8 1.82 2.01 

2.92 4.8 3.65 7.61 
3.00 10.2 1.52 3.48 

3.08 7.3 5.73 11.24 
3.25 10.7 2.01 4.16 

3.17 6.5 7.18 14.49 
3.25 14.5 1.48 3.06 

2.17 12.3 5.88 8.12 
1.58 25.5 4.51 4.54 

2.58 6.3 12.90 21.20 
2.25 15.0 15.40 22. 10 

sine wave in both the horizontal and vertical direc­
tions. This consideration yielded the following 
equation: 

R = £0 LL qmax sin(rrx/L) sin(rry/D) dydx (1) 

where qmax is the maximum bearing intensity in 
kips per square foot, R is the resultant force in 
kips, and the coordinates x and y and the dimensions 
L and D (all in feet) of the rectangular contact 
area are shown in Figure 5. [To calculate the mag­
nitude of the maximum pressure between the vehicle 
and the wall, the following equation was used: 
qmax- \J::7.:1 l\.l.l:JOJ (11~/4DLj = 1 • .1.0 k.ipo/ft 2

.] 

The length of the contact area was measured from the 
plan-view movie frame that fell nearest the center 
of each 0.05-s time interval (for both the initial 
and the final impacts). 
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An example of how these two frames looked (in 
this instance for the 4500-lb vehicle that impacted 
at 24 °) and how the longitudinal distributions of 
contact pressure were deduced from them is indicated 
by Figure 6 (top and bottom). The depth dimension 
was deduced by subtracting the 3-in sill height (see 
Figure 5) from the height of the resultant to find 
D/2 or, when the resultant lay above (39/2) + 
3 = 22.5 in (the mid height of the wall panels), by 
subtracting the resultant height from 42 in to find 
D/2. After integration and inversion to solve for 
the maximum intensity in terms of the measured re­
sultant, one finds that qmax = R (n 2 /4DL). The 
double-sine distribution for the initial impact of 
the 4740-lb vehicle at 59.9 mph and 24° is shown in 
Figure 5. 

A summary of results from all tests is given in 
Table 1. Data for both the initial and the final 
phases of the impact are given for each test. The 
column headed Height gives the distance from the 
pavement surface to the resultant impact force, 
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whereas the column headed Contact Height gives the 
vertical dimension over which the force was distri­
buted. Similarly, the contact length is the dis­
tance along the railing over which the force was 
distributed. These values were used to derive the 
data in the last two columns, which contain peak 
values (for the half-sine-wave distribution) of 
force per unit area and per unit length. 

It should be noted that the force measurements 
were obtained from a nondeflecting barrier and rep­
resent the upper bound of forces that would be ex­
pected on service railings. Tests conducted on ser­
vice railings that had typical deflection capabili­
ties result in forces significantly lower than those 
shown in Table 1. 
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Strength of Fillet Welds in Aluminum Lighting Poles 
JAMES S. NOEL, C.E. BUTH, AND T.J. HI ASCH 

Tests were performed to ascertain the inherent strength of aluminum fillet 
welds such as those used to make lighting support poles for highways. It was 
found that two sources of excess strength beyond that recognized by current 
design specifications were often available. One was that the strength of a fillet 
weld when loaded so that the resultant forces are perpendicular to its length is 
35-45 percent greater than when it is loaded parallel to its length . The other, 
applicable only to members that are hollow and round or near-round (as are 
virtually all the aluminum highway lighting support poles). was that the shape 
factor for such cross sections was 1.31 rather than 1.12, the shape factor often 
used for most metal structural shapes. Examples of a near-round member in· 
elude many-sided polygons and ellipses in which the major and minor axes are 
nearly the same length. Because the shape factor represents excess strength 
beyond first yield, this finding represents a [(1 .31/1 .12) - 1] 100 percent 
= 17 percent increase in load-carrying capacity. A method is suggested for 
amending the applicable specifications to reflect these greater strengths. 

Weld sizes used by manufacturers of spun-aluminum 
lighting poles were established primarily on the 
basis of tests conducted by the individual com­
panies. Al though experience has shown that these 
weld sizes are satisfactory, both state and federal 
highway engineers have questioned whether they can 
be justified by using only the requirements of the 
American Association of State Highway and Transpor­
tation Officials (AASHTO) OJ. 

The AASHTO specifications refer to the Aluminum 
Association's Specifications for Aluminum Bridge and 
Other Highway Structures (_£), which calls for an 
allowable shear stress of 30 MPa in fillet welds of 
filler alloy 4043 with parent alloy 6063. This 
allowable stress was established on the basis of 
longitudinal shear stress tests of fillet welds and 
a bridge safety factor of 2 .64. 

The geometry at the base of most aluminum highway 
support poles is similar to that shown in Figure 1. 
The relatively thin-walled circular pole is con­
nected into a cast-aluminum base flange by a circum­
ferential fillet weld or welds as shown. Bending of 
the pole by the forces of nature causes the fillet 
welds to be stressed perpendicular to their length­
wise (circumferential) direction. Part of the 
purpose of this study was to determine whether an 

allowable stress greater than 30 MPa should be used 
because of the difference in strength between trans­
verse and longitudinal loading of fillet welds. 

The effect that the circular shape of the weld 
has on the bending strength of the joint was also 
included among the objectives. The · published allow­
able stresses for bending of round and elliptical 
tubes take into account the greater strength of 
these shapes compared with that of other shapes. 
But these same effects are not recognized by the 
allowable stresses prescribed for circumferential 
welds. 

The Tapered Aluminum Pole Group of the National 
Electrical Manufacturers Association elected to 
support a program designed to quantify the signifi­
cance of these effects and, if possible, to suggest 
how the results could be incorporated into the 
existing specifications for such structures. 

STRENGTH OF TRANSVERSE VERSUS LONGITUDINAL FILLET 
WELDS 

Comparison of the results of the tests of weld 
splices in flat-bar specimens confirmed what has 
long been known by structural engineers, namely, 
that the load-carrying capacity of a fillet weld 
transverse to the direction of a tensile traction is 
considerably greater than that of a fillet weld 
parallel to the traction. Spraragen and Claussen 
(]) report that tests of fillet welds in the 1920s 
and 1930s had already determined that transverse 
fillets would carry up to 40 percent more load than 
would parallel fillets. Usually this difference in 
strength is ignored by design specifications, which 
are predicated on the weakest possible configuration 
for the weld and load. Associated commentaries and 
textbooks usually explain that the excess strength 
is disregarded, primarily to simplify calculations 
(il. 

A simple strength-of-materials approach to demon­
strating the excess strength, as opposed to a 
theory-of-elasticity approach, is quite convincing. 
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Figure 1. Typical pole base section. 
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Consider a free body of a transverse weld on a 
double-lap shear specimen (Figure 2). For equilib­
rium in the horizontal direction, we have a tensile 
force P of the same magnitude on the horizontal 
face. In order to maintain complete equilibrium of 
the weld, a shear force P on the vertical face and a 
tensile force P on the horizontal face must be 
included. This results in a homogeneous state of 
plane stress everywhere in the weld such as that 
shown on a small cubical element in Figure 3a or, 
with Mohr's circle, that in Figure 3b. From the 
latter, one promptly sees that the maximum shear 
stress is •max P/sL or 'max 0.707 
(P/Athroatl, where s is the weld leg size and L is 
the weld length. In other words, the maximum shear 
in welds loaded transversely is only 71 percent as 
great as the maximum shear stress in a longitudinal 
fi 1 let welcl s11bject.ecl to the same force. So it 
follows that the transverse shear strength should be 
1.41 times as great as the longitudinal shear 
strength. 

Much more complete explanations of this phenome­
non can be found; one of the more elaborate is that 
offered by Kato and others (2_,&_). Their analysis 
used the von Mises criterion for yield, assumed the 
direct stress on the tensile face of the transverse 
weld to be uniformly distributed, and neglected the 
geometrical changes that occur during loading. 
Their conclusions were that a unit length of trans­
verse weld could carry 1.46 times the load that a 
symmetrically loaded unit length of longitudinal 
weld could. These conclusions were subsequently 
confirmed by using a dense mesh finite-element 
computer program (1J. One advantage of fini te-ele­
ment approaches for such calculations is that elas­
tic solutions can be compared with elastoplastic 
solutions, a comparison that, in this instance, 
revealed little difference in the relative capaci­
ties of transverse and parallel fillet welds irre­
spective of the assumed material behavior. 

The analyses have been very carefully corrobo­
rated by tests, especially for steel (~_,2_,.§_). 

However, there appears to be a paucity of comparable 
data for aluminum. This explains the motivation for 
performing the tests reported here. 

Data summaries of flat-bar tensile test samples 
that have transverse and longitudinal splice welds 
are given in Table 1. The statistical summary is 
given below: 
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Statistic 
(MPa) 

Avg, all 
specimens 

SD 
Lowest 

value 
Mean minus 

3 SD 

Type of Weld 

Transverse 

177 
14 

150 

135 

Longi­
tudinal 

132.0 
11.1 

112.0 

98.6 

The double-lapped, butt-joint test specimens were 
fabricated by using 4043 weld wire on 6063-T4 alumi­
num plate that was then precipitation heat treated 
(artificially aged) to the T6 temper after welding. 
All welds were terminated by using saw cuts to 
assure as little variation as possible in the effec­
tive lengths. The entries in the column headed 
Nominal Weld Stress at Failure were calculated by 
dividing the failure load by the weld length and the 
throat depth. The table indicates that a few of the 
welds had unequal leg lengths (sizes). The throat 
depth for a fillet weld that has unequal leg lengths 
is defined in Figure 4. 

A comparison of the magnitudes of the average 
weld failure stresses in the two test configurations 
clearly and expectedly showed that the transverse 
weld was 177 MPa/132 MPa = 1. 34 times as strong as 
the longitudinal weld. This result led directly to 
the decision to recommend that Table 7.1.3.2 [Allow­
able Shear Stresses in Fillet Welds for Bridge Type 
Structures in the Alumination Association's Specifi­
cations for Aluminum Bridge and Other Highway Struc­
tures (_~)] be amended by adding a tabulation of 
allowable stresses for fillet welds loaded trans­
versely in which the allowables are increased by a 
factor of 1. 36. Thus, the allowable stress of 30 
MPa (4.4 ksi) specified for 4043 fillets on 6063-T6 
aluminum would be increased to 41 MPa (6. 0 ksi) . 
The justification is equally as applicable for 4043 
welds on other aluminum alloys (see Figure 5). 

BENDING LOADS VERSUS AXIAL LOADS 

Tubes Welded to Flat Base Plate and Loaded in Axial 
Tension 

The 12 specimens tested in this series were tubes 
12. 7 cm in diameter and approximately 2 .1 m long 
welded to a flat base plate. An increasing axial 
tensile load was applied until failure occurred. 
The loading system consisted of a frame that had a 
hydraulic ram connected to the specimens by using a 
collect system. The failure mode was simultaneous 
failure around the circumferential weld and approxi­
mately on Lhe plane defined by the throat of the 
weld based on the inscribed right triangle indicated 
in Figure 4. 

The stresses in the welds at failure were calcu­
lated by using the following formula, which results 
in the conventional computation of stress on the 
throat of the weld: 

ft= P/m/l(d + iJ;) 

where 

ft tensile transverse shear stress (MPa), 
P applied load (N), 
~ throat depth (mm), and 
d outside diameter of tube (mm). 

(I) 

Failure stresses calculated by using Equation 1 are 
presented in Table 2. 
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Tubes Welded to Fl at Bas e Pl ate and Loade d i n Bending 

Each of the 12 specimens for this type of test 
consisted of a tube 12.7 cm in diameter and approxi­
mately 3 m long that had a 4.77-mm wall and was 
attached to a flat aluminum base plate by a single 
circumferential fillet we ld. The specimens were 
loaded as cantilever beams. An increasing load was 

Figure 2. Free body of a simple transverse fillet weld. 

Figure 3. Simplified stress state hypothesized for 
fillet weld loaded as shown in Figure 2. 
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applied a measured distance from the weld until 
failure occurred. The loading rate was such that 
the time to failure was approximately 3 min. Fail­
ure mode was rupture of the weld in the region of 
highest tensile stress. 

Stresses in the welds at failure were computed by 
using the following formula, which is based on 

-P/1L•cr1 

l P/1L 

( P/1L, - P/1L) 
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Table 1. Flat·bar specimens with transverse and longitudinal welds. 

Average Weld Size 
(cm) 

Weld Length 
(cm) 

Specimen with Transverse Weld 

0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.63 5 x 0.63 5 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 
0.635 x 0.635 5.08 

P-1 
~0.952cm 

= 
Specimen with Longitudinal Weld 

0. 762 x 0.635 14.5 
0.635 x 0.635 14.'/ 
0.635 x 0. 762 14.6 
0.635 x 0.7 I I 14.4 
0.762 x 0.635 14.5 
0.762 x 0.635 14.2 
0.635 x 0.635 14.7 
0.635 x 0.635 15.0 , .. f 762cm 

I p 

45.7cm 

11 

Failure Load 
(kN) 

38.8 
38.3 
37.8 
34.l 
38.3 
45.5 
40.6 
46.2 
44.0 
44.9 
41.4 
39.6 
41.2 
40.5 

,,.r-v-
~ 

78.7 
85.0 

102.0 
96.I 
95.4 
97.7 
89.6 
80.9 

45.7 cm 

~ 
~ 

Nominal Weld 
Stress at 
Failure (MPa) 

170 
168 
165 
150 
168 
199 
178 
203 
193 
174 
181 
174 
181 
177 

1 ,_p 

112 
128 
143 
141 
135 
141 
136 
120 

p 

elastic theory and results in the stress on the 
throat of the weld: 

where 

Mb applied bending moment (N"mm), 
c (d + 2\jl)/2, 
d inside diameter of weld (mm), and 
I (Tr/64) [ (d + 2'1')" - d"] . 

(2) 

A comparison of the maximum str~sses measured in 
the bending tests (summarized in Table 3) with those 
measured in the tension tests indicates a ratio of 
164 MPa + 101 MPa = 1.62. This increase is 
credited to the excess strength over and beyond the 
moment attained when the extreme fiber first yields. 

Tubes Welded to a Sleeve and Loaded in Axial Tension 

In this group of nine tests, the specimens consisted 
of two tubes 20. 3 cm in diameter and approximately 
1.4 m long with 4.77-mm walls. The tubes were 
connected at the ends by a sleeve and two circum­
ferential welds so that tension applied to the 
system would cause a transverse load on the welds. 
Each tube was inserted 1.27 cm into the sleeve. The 
specimens were connected by means of a collect 
system to an expanding frame that applied an in­
creasing tensile load until failure occurred, 
Failure occurred simultaneously around the circum­
ferential weld. The welds consistently failed on a 
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Figure 4 . Method used to 
compute throat depth based 
on leg lengths of fillet weld. 

THROAT DEPTH • I col ton 1 ~ "' 

plane that approximated the throat of the weld based 
on the inscribed right triangle. 

The stresses in the welds at failure were calcu­
lated by using the same method as that for the welds 
between tube and base plate. Table 2 presents these 
values also. The statistical summary from Table 2 
is shown below: 

'.!'.:a~e of Weld 
Statistic To Flat To 
(MPa) Plate Sleeve 
Avg, all 

specimens 102. 0 113 . 0 
SD 22.0 10 . 2 
Lowest 

value 70.0 99.0 
Mean minus 

3 SD 35.5 82.5 

Tubes Welded to a Sleeve and Loaded in Bending 

The specimens for this test were two tubes 20.3 cm 
in diameter and approximately 1.4 m long with 
4.77-mm walls. They were connected at the ends by a 
sleeve and two circumferential welds. The specimens 
were supported simply and had a span length of 2.6 
m; they were loaded to failure by using two equal 
concentrated loads spaced 23 cm on either side of 
the midspan. This loading condition produced bend­
ing moment in the absence of beam shear on the weld 
joints. The applied load was incremented until 
failure occurred. The loading rate was such that 
the time to failure was 5 min. The welds failed 
consistently on the throat plane based on the in­
scribed right triangle. The failure mode was rup­
ture of the weld in the region of highest tensile 
stress. 

Weld failure stresses for these specimens were 
computed by using the elastic bending equation (used 
also for the tubes welded to a flat plate) and are 
presented in Table 3. 

Again, the ratio of the average maximum bending 
stress to the average maximum axial stress is 137 
MPa/113 MPa = 1.21. Although it is not 1.31, it 
should be noted that the maximum axial stress of 113 
MPa is well above the ultimate stress expected to be 
nominal for this weld in simple tension. An in­
flated denominator would cause the ratio to appear 
too small. 



Transportation Research Reco rd 796 

Figure 5. Table 7.1.3.2 from Specifications for 
Aluminum Bridge and Other Highway Structures 
(~) showing changes suggested by test results. 

TABLE 7. I. 3 .2 
ALLOWABLE SHEAR STRESSES IN FILLET WELDS 

FOR BRIDGE TYPE STRUCTURES* -ksi 

Filler Alloy t 1100 4043 I 

Parent Alloy 

3003 2 .8 4 .4 
Alclod 3004 4.4 

5052 4 .4 
5083 
5154 
5456 

~~~· 6061, 6351 4.4 
4.4 

t Volues controlled by the shear strength of the parent metal . 
t Minimum e.cpected shear strengths af filler alloys ore ' 
t Alloy 1100 7.5 ks1 

4043 11.5 
5356 17 
5554 17 
5556 20 

Noto: 1 ksi ~ 6.89 MPa. 

5356 
5554 

6.5 
6.5 

6.5 

6 .5 
6t 

39 

5556 

7t 

7.5 
7.5 
7.5 
7.5 
6t 

Table 2. Tubes welded to flat base plate and to a sleeve and loaded in axial 
tension. 

The calc ulated s hape fac tor for t ypical light­
ing-pole dimensions is about 1. 31. This can vary 
from 1. 27 a nd more f o r ve r y t tiin-wal.led circular 
shapes to 1.70 for solid circular shapes. Average Weld Size 

(cm) 
Failure Load 
(kN) 

Nominal Weld Stress at Failure 
(MPa) 

Tube Welded to Flat Base Plate 

0. 709 x 0.640 
0.663 x 0.643 
0.691 x 0.68 1 
0. 782 x 0.686 
0.785 x 0.749 
0.688 x 0.663 
0. 744 x 0.627 
0.818 x 0.782 
0.8 13 x 0.777 
0.927 x 0.792 
0.798 x 0.757 
0.945 x 0.879 

0 .478 cm Wall 

Tube Welded to Sleeve 

0.874 x 0.739 
0.823 x 0.749 
0. 729 x 0.632 
0.805 x 0.7 54 
0.871 x 0.556 
0.632 x 0.589 
0.693 x 0.533 
0. 780 x o. 765 
0.8 18 x 0.653 

2.35 
2.56 
2.52 
2.44 
2.22 
2.37 
1.55 
2.06 
2.65 
1.90 
1.6 1 
2.24 

119 
134 
125 
114 
99 

120 
78 
88 

113 
75 
70 
83 

38.8 105 
38.4 I 05 
38.5 123 
38.4 106 
30.4 99 
36.6 130 
32. 9 119 
40. l 11 2 
39.8 11 9 

0.478 cm Wall 

1 ~:;~ P• 

· 1 

1---•P 

Shape factors for wide-flange shapes vary from 
about 1.10 to 1.18; the most frequent value is about 
1.12 <..!!> • 

If one then compares the plastic moment of cir­
cular sections with the plastic moment of wide­
flange sections, that for the circular section would 
be expected to be about 1.31/1.12 = 1.17 times 
greater than that for the typical wide flange. 

TYPICAL LIGHTING-POLE BASES 

Nine specimens configured as similar as possible to 
actual luminaire supports were then tested to assure 
the practicality of liberalizing the design allow­
ables as suggested by theoretical considerations and 
laboratory tests. The cylindrical tube structures 
were 7.6 m long, had an outside diameter of 25.4 cm, 
and were 6. 5 mm thick. This tube was inserted 1. 27 
cm into a cast-aluminum (356-T6) socket base and 
connected by means of a fillet weld all around the 
top of the base. These cantilevered beams were then 
subjected to a transverse end load. The transverse 
loads were increased at a rate that caused the 
average time to failur e to be about 4 min. In all 
cases, failure was a result of a rupture of the weld 
in the region of maximum tensile stress. Failure 
occurred near the plane formed by the throat of the 
weld based on the inscribed right triangle. 

The transverse shear stresses in the welds at 
failure were computed by using the following equa­
tion: 

(3) 

where f b is t he transver se shear stress on t he 
thr oat of the weld i n megapascals a nd d is t he 
outside diameter o f the tube i n millimeters. 

I t shoul d be noted t ha t str esses computed in t his 
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Table 3. Tubes welded to flat base plate, to a sleeve, and into a support socket 
and loaded in bending. 

Average Weld Size 
(cm) 

Failure Load 
(kN) 

Tubes Welded to Flat Base Plate 

0.663 x 0.599 
0.663 x 0.650 
0.841 x 0.826 
0.815 x 0.805 
0. 704 x 0.693 
0.693 x 0.650 
0.704 x 0.683 
0.785 x 0.767 
0.879 x 0.874 
0.838 x 0.798 
0.973 x 0.798 
0.886 x 0.810 

0.478 cm Wall 

Tube Welded to Sleeve 

0.843 x 0.792 
0.846 x 0.681 
0.693 x 0.686 
0. 734 x 0. 729 
0.810 x 0.620 
0.925 x 0.894 
0. 7 52 x 0.645 
0.719 x 0.559 

0.478 cm Wall 

4.18 
4.00 
4.46 
4.46 
4.09 
3.86 
4.09 
4.09 
4.57 
3.77 
4.27 
3.61 

43.6 
49.4 
44.3 
46.9 
48.3 
46.6 
39.0 
32.4 

Tube Weld ed into Support Socke t 

0.787 x 0.597 
0.762 x 0.561 
0.978 x 0. 770 
0.813 x 0.693 
0.747 x 0.660 
0.935 x 0.724 
0.930 x 0.914 
0.869 x 0. 726 
0.919 x 0.757 

6.11 
6.70 
8.35 
7.32 
7.07 
7.25 
7.21 
7.09 
7.78 

0.556cm Wall 

~ 

Failure Moment 
(kN·m) 

11.8 
11.5 
12.5 
12.5 
11.5 
10.8 
11.5 
11.5 
12.9 
10.6 
12.0 
10.2 

12 .7cm 

23 .3 
26.3 
23.6 
25.0 
25 .8 
24.9 
20.8 
17.3 

44.6 
48.7 
60.6 
53.2 
51.3 
52.7 
52.3 
51.5 
56.5 

3.05m 

Elastic Failure 
Stress (MPa) 

201 
189 
160 
165 
177 
174 
179 
159 
156 
139 
145 
128 

p 

121 
150 
146 
146 
170 
116 
128 
119 

182 
209 
193 
195 
201 
178 
154 
179 
187 

1 

manner are based on elastic theory and a section 
modulus based on the weld throat, without regard to 
the direction of the applied load relative to the 
orientation of the weld. These stresses are given 
in Table 3. They vary from 152 to 207 MPa: the 
average is 186 MPa. Such luminaire bases thus 
demonstrate a factor of safety against their ul ti­
mate strength of 186 MPa/ (1. 36 x 1. 31 x 30 MPa) "' 
3. 4, which is well above the prescribed 2. 64 [we 
recall that the specifications (.~) allowed a shear 
stress of 30 MPa]. 

The statistical summary from Table 3 is given 
below: 
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Type of Weld 

Statistic 
(MPa) 

To 
Flat 
Plate 

Avg, all 
specimens 164.0 

SD 21.l 
Lowest 

value 128.0 
Mean minus 

3 SD 101.0 

Into 
To Support 
Sleeve Socket 

137 .o 186 
19.0 160 

11.6 154 

80.1 139 

CONCLUSIONS AND RECOMMENDATIONS 

The data and theory presented here are in agreement 
with research reported in the literature and support 
the following conclusions: 

1. The transverse shear strength of fillet welds 
is greater than the longitudinal shear strength. 
Commentaries and textbooks usually explain that the 
excess strength is disregarded, primarily to sim­
plify design calculations. Tests reported here 
indicate that aluminum transverse welds are 34 
percent stronger ·than longi tudina.l welds. A simple 
strength-of-materials calculation indicates that 
transverse fillet welns mAy havP. as much as 36 
percent more strength than longitudinal fillet 
welds, wher eas a more-sophisticated solution based 
on the theory of elasticity by Kato and Morita (l) 
suggests an even greater increase in strength, 
namely, 46 percent. 

It is recommended that an allowable shear 
strength of 1. 36 x 30 MPa = 41 MPa for aluminum 
fillet welds made of 4043 weld on 6063 parent metal 
aged to T6 temper after welding be permitted in 
typical lighting poles. 

2. Round and oval tubular members and other beams 
of ductile materials exhibit bending strengths in 
excess of those predicted by elastic analysis proce­
dures. This is due to the fact that, at ultimate 
loads, plasticity theory better describes the be­
havior of such members. Plasticity theory predicts 
that typical aluminum lighting-pole sections would 
exhibit strengths about 31 percent in excess of 
those predicted by elasticity theory. For wide­
flange shapes and similar shapes, the excess 
strength is about 12 percent. This indicates that 
rounded and oval members are about 17 percent (1.31 
f 1.12 = 1.17) stronger in bending than are wide­
f lange shapes and similar shapes. This additional 
strength is recognized by the aluminum specifica­
tions (£) for the members themselves but not for the 
welds. 

It is recommended that this 17 percent increase 
in the allowable stress in these types of aluminum 
beams be extended to the weld metal in circumfer­
ential joints in such members. 

3. The two factors recommended above are addi­
tive. In other words, in a situation in which a 
circular-shaped fillet weld is subjected to a trans­
verse shear as a result of bending moment, the 
allowable stress based on the throat area of the 
weld would be 30 MPa x 1.36 x 1.17 = 48 MPa. 

4. The AASHTO Specifications for Structural 
Supports for Highway Signs, Luminaires and Traffic 
Signals (!) permit allowable stresses to be in­
creased by 40 percent when stresses are produced by 
wind or seismic loading. Since the controlling 
design load for lighting poles is due to the wind, 
this 40 percent is especially significant and should 
be used. When this is done, the allowable stress 
would be 30 MPa x 1.36 x 1.17 x 1.40 = 68 MPa. 

5. Table 7.1.3.2 of Allowable Shear Stresses in 
Fillet Welds for Bridge Type Structures in the 
Aluminum Association's Specifications for Aluminum 
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Bridge and Other Highway Structures (l) s hould be 
amended by adding a tabulation of allowable stresses 
for fillet welds loaded transversely in which the 
allowables are increased by a factor of 1.36. Thus, 
the allowable stress of 30 MPa specified for 4043 
fillets on 6063-T6 parent metal shown would be 
increased to 41 MPa (footnoted to allow a further 
increase by a factor of 1.17 to 48 MPa if the fillet 
is joining round or near-round members subject to 
bending). The allowable of 41 MPa (6.0 ksi) is 
consistent with the factor of safety of 2.64. When 
it is intended that another factor of safety be used 
[for example, 2.34 in the Aluminum Association 
Specifications for Aluminum Structures (~JI, this 
allowable could be modified accordingly if care is 
taken to assure that the shear strength of the 
parent metal is not exceeded. 
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Crash Tests of Light-Post Thrie-Beam Traffic Barriers 
JAMES E. BRYDEN AND KENNETH C. HAHN 

Thrie-beam corrugated steel rail (a W-beam that has a third corrugation) was 
tested as a single-rail upgrading for discontinuous bridge-rail panels and on 
S3x 5.7 posts as a guiderail and double-faced median barrier. Tests were per­
formed to determine rail deflection characteristics, structural adequacy, veh i­
cle decelerations, and vehicle damage. Ten-gage Thrie beam was used for all 
tests. As a bridge-rail upgrading, the Thrie beam is suitable for 60-mph, 25° 
impacts by 4500-lb vehicles. As a guiderail or median barrier on S3X5.7 posts, 
it appears suitable as a longitudinal barrier, based on tests with 2250-lb and 
3500-lb vehicles. Proposed design deflections for Thrie-beam guiderails and 
median barriers are close to those for box-beam guiderails and median barriers. 
Further testing of these guiderail and median-barrier designs would yield better 
definition of impact and redirection characteristics and would better indicate 
what actions could be taken to reduce the impact between the vehicle's wheel 
and the posts. 

New York's most frequently used longitudinal traffic 
barrier systems consist of steel rail elements-­
cable, W-beam, or box beam--mounted on S3x5. 7 steel 
posts. These light-post barriers depend primarily 
on rail tension or beam bending to redirect impact­
ing vehicles because the posts yield on impact to 
prevent snagging of vehicles. Traffic accident 
studies confirm that their performance has generally 
been very good (_!_,l). 

A new rail element called a Thr ie beam was de­
veloped several years ago. It is a W-beam that has 
a third corrugation added. Tests reported by South­
west Research Institute (}) claim good performance 
for this rail element in strong-post designs, and 
other tests (!) indicate that tubular Thrie-beam 
bridge rail performs well as a bridge-rail upgrading 
system. However, before the work reported here was 
done, the Thrie beam had not been tested on S3x5.7 
posts. 

Despite the generally good performance of New 
York's light-post barriers, the Thrie-beam rail ele­
ment seems to offer distinct advantages over current 
designs. The standard height of W-beam rail on 

S3x5.7 posts in New York State is now 33 in to the 
rail top. Less height increases the chances that 
large cars may penetrate the barrier (1). However, 
at the 33-in mounting height, small cars may tend to 
lodge beneath the rail. 

To protect vehicles from snagging on rigid ele­
ments behind the 6-in vertical face of the box beam 
when there is a transition to a bridge parapet, a 
second rail element must be introduced before the 
transition. This second rail requires special hard­
ware and must be terminated safely upstream well 
behind the main rail. Downstream, the box beam must 
be terminated flush with the concrete face to elimi­
nate snag points. Very often the approach guiderail 
is a W-beam element that requires a complicated 
transition to box beam upstream of the bridge before 
the transition to the bridge parapet or rail. 

Finally, a box-beam median barrier is troublesome 
to maintain. To replace any damaged posts, rail 
sections either 18 or 36 ft long that weigh 400 or 
800 lb must be removed by using heavy mechanized 
equipment. Proper alignment of post paddles and 
rail slots and reassembly of the internal tube 
splices are difficult. Also, an impacted box-beam 
median barrier may bend at the mounting slots. 
Straightening damaged rails is very difficult and 
reassembly is impossible unless the rail elements 
are perfectly straight. 

Because it is 20 in deep, Thrie-beam performance 
is much less sensitive to mounting height, and its 
resistance to penetration is greater for both small 
and large cars. At bridge parapets, the need for a 
transition from W-beam to box beam is eliminated. 
Neither the W-beam nor the Thrie beam need be termi-
nated at concrete anchors. Instead, 
available transition of W-beam to 
bolted in place to maintain rail 

a commercially 
Thrie beam is 
tension. Beam 
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depth reduces the snag potential at bridge-rail 
parapets. 

A 10-gage Thrie-beam rail on S3x5. 7 posts could 
result in a median barrier or guiderail that has 
sufficient bending resistance and tension to produce 
defl.,clium; similar Lo Lhose of box-beam median bar­
riers or guiderails. Mounting details are similar 
to those for the W-beam and simpler than those for 
the box beam. Maintenance problems would be elimi­
nated if the Thrie beam could be substituted fo r t he 
box beam. By using S3x5.7 posts, the cushioning 
effect of the light-post systems would be maintained. 

The overall aim of this study was to develop 
Thrie-beam traffic barriers and upgraded bridge 
rails that would result in improved motorist safety 
and lower maintenance costs. The safety aim would 
be realized through impact performance superior to 
that of current barrier designs (greater resistance 
to penetration), smoother transitions to bridge 
rails and parapets, and stronger and more forgiving 
bridge rails. The economic aims would be realized 
by eliminating special transitions and hardware and 
by easing median-barrier maintenance procedures as 
compared with those for box beams. 

METHODOLOGY AND DESCRIPTION OF SYSTEMS 

This study consisted of eight full-scale crash tests 
to determine the performance of Thrie beam for 
bridge-rail upgrading, guiderails, and double-rail 
median barriers. Testing details were taken from 
Transportation Research Circular 191 (.2_), and two 
major variations were used. For the bridge-rail 
tests, the standard impact conditions of 60 mph and 
25° with a 4500-lb vehicle were the target condi­
tions. For the guider ail and median-barrier tests, 
however, a 3500-lb vehicle weight was used because 
New York's light-post rail systems were developed by 
using 3500-lb vehicles and standard design deflec­
tions are based on that weight. Tests were also 
performed with 2250-lb sedans to evaluate impact 
severity. 

Bridge-Rail Upgrading 

The first Thrie-beam application tested was an up­
grading of discontinuous-panel bridge railings. 
Such railings, designed to meet the 1957 American 
Association of State Highway Officials (AASHO) spec­
ifications (.§_), were installed in New York State 
through the mid-1960s. A three-post railing panel 
34 in high, which is common on New York bridges, was 
chosen for testing. 

A concrete footing 3 ft wide and 3 ft deep was 
used to anchor the bridge rail for these tests. It 
protruded 6 in above grade to present a 6-in curb 
height, which is common to almost all New York 
bridges; the remainder was below ground. For the 
transition tests, a firmly anchored timber curb, 
also 6 in high, was added to simulate the granite 
curb normally used on bridge approaches. 

Thrie beam that was 10-gage rather than 12-gage 
was used because the added stiffness would help dis­
tribute impact loads over more bridge-rail posts, 
which reduced the chance of pocketing at panel ends 
and helped in the transition from guiderail to 
bridge rail. The first design (Figures 1 and 2) was 
tested by impacting on the bridge and on the 
approach guiderail. It consisted of spliced sec­
tions of 10-gage Thr ie beam mounted directly onto 
the bridge rail; the rail top was 33 in above the 
pavement:. Tne rail was ne.Lo in plac.:e at eac.:h 
bridge-rail post by four 3/4-in bolts--two in each 
corrugation valley--around the post and through the 
5/8-in backup plates. The approach rail was W-beam 
33 in high that transitioned to the Thrie beam 53 ft 
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upstream of the bridge and was mounted directly onto 
S3x5. 7 steel posts on 6-ft 3-in centers. Near the 
bridge, post spacing narrowed to 4 ft 2 in (three 
spaces) and 3 ft 1-1/2 in (six spaces). The 
connection between post and rail was a single 
5/16-in bolt at each post, except for the 
unconnected backup posts. An expansion splice, 
which consisted of a piece of Thr ie beam 6 ft 3 in 
long that had the splice bolt holes elongated to 
2-1/2 in, was installed at the bridge's upstream 
end. The 5/8-in splice bolts and the 5/16-in 
mounting bolt used in the expansion splice were 
installed handtight to permit longitudinal rail 
movement when the bridge expanded and contracted. 
Such a splice was used in each of these upgrading 
tests to determine whether splice slippage would 
adversely affect impact performance. 

The first test was to confirm the system's ade­
quacy to redirect vehicles that impacted on the 
bridge at standard conditions (4500 lb, 60 mph, 
25°). The second test, which had an impact 10 ft 
upstream of the bridge rail, was conducted to deter­
mine whether the transition from guiderail to bridge 
rail that used S3x5.7 posts was strong enough to 
prevent rail pocketing and vehicle snagging on the 
end of the bridge rail. 

After unsatisfactory performance in the second 
test, the transition was redesigned for the third 
(Figures 2 and 3). Five W6x8.5 posts on 3-ft cen­
ters were added just upstream of the bridge, and an 
S3x5.7 post pattern similar to that used in the pre­
vious two tests was installed upstream of the W6x8.5 
posts. The transition was further strengthened by 
doubling the rail element for one and one-half rail 
lengths. The double rail extended 3 ft onto the 
bridge and 16 ft back onto the guiderail. The sec­
ond rail element was simply placed over the first, 
and the splice bolt holes were adjusted as necessary 
to provide bolt clearance. The Thrie-beam approach 
rail was not tested at the change from light to 
heavy posts. Unlike the box beam, the wide bearing 
area of the Thrie beam does not cut into the vehicle 
sheet metal and thus keeps the vehicle's wheel~ r el­
atively far from the heavy posts. 

Impacts that used small cars at 15° were not in­
cluded in the bridge-rail tests. Earlier tests by 
others (ld.l had already confirmed that Thrie-beam 
railing systems resulted in satisfactory redirection 
of small cars. Thus, as long as the strength of the 
bridge-rail upgrading proved adequate, redirection 
of small vehicles would not be a problem. 

Guiderail and Median-Barrier 

Bridge-railing upgrading tests were followed by two 
tests of guiderails (Figures 4 and 5). Ten-gage 
Thrie-beam rail mounted 33 in high on S3x5. 7 posts 
at 6-ft 3-in centers was impacted by intermediate 
and compact cars. 

Three tests of a median barrier were performed 
(Figures 5 and 6). Back-to-back 10-gage Thrie beam 
was bolted directly to S3x5. 7 posts by using one 
5/16-in bolt per rail at each post. Because of a 
possible wheel-snag problem detected in the two 
guiderail tests, rail height was reduced to 30 in. 
A post spacing of 6 ft 3 in was tested by using both 
an intermediate and a compact car, and a post spac­
ing of 12 ft 6 in was tested with an intermediate­
weight vehicle. 

Ten-gage Thr ie beam was used for the guiderai 1 
and median-barrier designs because it permitted du­
plication of deflection properties of box-beam bar­
riers without the use of close post spacings and it 
eliminated the need to change beam thickness at 
bridge-rail transitions. Also, a single rail thick­
ness for guiderail and bridge rail simplifies main-
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Figure 1. Bridge-rail upgrading (tests 22 and 23). 
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tenance inventory requirements and prevents the in­
correct rail thickness from being used during 
repairs. 

The guiderail and median barrier for these tests 
was installed on an asphalt pavement constructed 
over compacted gravel. This represents typical 
practice in New York State, where guider ail on new 
construction is installed on paved shoulders and 
medians. This condition may offer slightly greater 
post resistance than direct embedment in soil. How­
ever, New York's standard S3x5.7 posts include a 
soil plate 8x24 in, shown in past tests <ll to 
develop the full strength of the post even in weak 
soils. Thus, although the typical New York State 
post embedment tested may appear stiffer than direct 
soil embedment does, post reactions would probably 
be similar for both cases. 

Figure 2. Details of bridge-rail upgrading (tests 22, 23, and 23A). 

ELEV AT ION FOR TBS TS 22 AND 2 3 

:---
' __________________________________ J 

•Backup posts only, 
not connected to rail 

A..i 

ELEV AT ION FOR TEST 2 3A 

c~ 

ExpRns ion 

Double--c.h!ckne.!lls chr.l e-bcam 1a'911 

Top rail: S"x2"x0.156" tube 
Poet: 411x4 11xO.lS6 11 tube 
Lower rails: 4 11xl~11xO. l80" tubes 
Base plate: l2 11x~11xl 11 

3/4 11x6~11 A 325 bolts 
through 411x8 11xS/811 ~-'"lllf-1 
backup plates 

22'l" 

2S':I" 

@ 3' 3 

W 6x8.5 post, 
S 1 111 long (typical) 

S 3x5. 7 post 5'3 11 long 
with 8"x24"x!.z;" soil plate 

S/ l6 11 xl~ 11 A 307 bolt 
(not used on backup posts) 

21'2:" 

Z4\i" 

12"xl2" timber curb to 
simulate granite curb 
(not used for Test 22) 

, .1 
1111 

~J 

*Backup past onl v, 
not connected to rail 

S/16"xt!s: 11 A 307 bolt 

Double- thlc_knMli 
thI"ie-beam 

Zl -· 

24~" 

• ao ok~lll~J • • 
• - !II t ... 

" . . 
Anchor bolts l 'i ,

1
,
1 l"xl7" A 36 ~ J 

(3 per post) JUI 
811x8 11x1-;11 Y "V!! 
anchor plate ~ 

Ho. 5 longitudinal r11bat"s_ 
• 4 vertical and hori- { 

:t0nt•l rebars 

~ J..2" min 
SECTION A-A (Test 22) 

I 

12"xl2" timbe~~:~-::) 
simulate granite curb 

SECTION B-B (Test 23) 

I ~ ___ _ __ J 

12 11x12 11 timber curb to 
simulate granite curb 

SECTION C-C (Test 23A) 

All post-rail 
connections are 
5/16 1 'xl~ 11 long 
A 307 bolts, 
one per past 
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Figure 3. Bridge-rail upgrading (test 23A). 

Figure 4. Guiderail with large car (test 24, top) and small car (test 25, bottom). 

RESULTS 

Bridge-Rail Upgrading Tests 

Three full-scale crash tests of the Thrie-bearn 
bridge-rail upgrading are summarized in Table 1. 
For the three tests of this upgrading, target impact 
conditions were 4500 lb, 60 mph, and 25°, although 
actual impact conditions varied somewhat. 

For the first test (test 22), a 4500-lb sedan 
impacted the upgraded system at 25° and 53.3 mph 10 
ft downstream from the first bridge-rail post. Im­
pact occurred on the stone shield below the front 
bumper and on the right front wheel. No appreciable 
vaulting was apparent, because of the 6-in curb. 
The vehicle was in contact with the curb for 27 ft 
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Figure 5. Details of guiderail (tests 24 and 25, top) and median barrier (tests 
26, 27, and 26A, bottom). 

GUIDERAIL (Tests 24 and 25) 

~/l fi"xl~" long A 307 bolt 

S 3x5.7 po st with 
811x2l1"xlt,11 soil plate 

MEDIAN BARRIER (Teets 26, 27, and 26A) 

5/l6"xl~" long A 307 bolts 

0 .., 

~S 3x5. 7 pos t with i 8"x24"x1<" soil plate 

u 

Figure 6. Median barrier that has 6-ft 3-in post spacing. 

and with the rail assembly for 12 ft. Maximum dy­
namic rail deflection was 0,5 ft. On impact, the 
car rolled -2° (lett) • The hood latch and right 
hood hinge broke, which allowed the hood to open and 
fall back over the windshield. As the car left the 
rail, it pitched +3° (down) and yawed a maximum of 
+17° (left) before straightening out along the exit 
trajectory. Redirection was fairly smooth and the 
car exited the system at 3°. After having left the 
barrier, the car traveled an add itional 125 ft 
turning to the right because of the severe damage t~ 
the right front suspension and sheet metal. The 
highest 50-ms decelerations were 9. B 9. longitudinal 
and 2.B 9. lateral. The vehicle suffered extensive 
front-end sheet-metal and suspension damage. 

Rail damage was limited to one bent bridge-rail 
section and post and one bent Thrie-beam section. 
Permanent rail deflection was 0.2 ft, but no slip­
page occurred in the expansion splice at the end of 
the bridge. Slight bowing of the bridge-rail base 
plates resulted at posts on either side of impact, 
but neither the bridge-rail system nor the anchorage 
appeared close to fai lure. Based on this test the 
Thrie-beam bridge- rail upg rading appears to 'have 
adequate strength to withstand impacts on the rail 
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Table 1. Results of bridge-rail upgrading tests. 

Variable 

Point of impact 

Vehicle weight (lb) 
Vehicle speed ~mph) 
Impact angle ( ) 
ExH angle (°) 
Maxi mum roll (0

) 

Maxi mum pitcl1 {0
) 

Maximum yaw (i 
Con.tact distance b (rt) 
Contact timec (ms) 
Deflection (ft) 

Dynamic 
Permanent 

Deceleration (g) 
50-ms avg 

Longitudinal 
Lateral 

Maximum peak 
Longitudinal 
Lateral 

Avg continuous 
Longitudinal 
Lateral 

Test 

22 

10 ft onto 
bridge 

4500• 
53.3 
25 
3 
-2 
+3 
+17 
27, 12 
273 

0.5 
0.2 

9.8 
2.8 

14.5 
6.4 

l.9 
0.8 

45 

23 23A 

10 ft before 10 ft before 
bridge bridge 

4600• 4570' 
5 l.7 60.9 
24 25 
22 ll 
-7 +4 
+6 - 3 
+19 -22 
22, 18 21 , 21 
317 398 

2.9 3.l 
1.8 1.2 

' 
9. 1 NA 
3.8 NA 

13.5 NA 
6. 1 NA 

2.1 NA 
0.9 NA 

a 1975 Plymouth used for test 22; 1970 Chrysler, for test 23; and 1967 Chrysler, for test 
l3A. 

b flrS I distance is on the curb; second, on the rail. 
cTime is for the longer contact dista nce. 

at standard strength-test conditions of 4500 lb, 60 
mph, and 25°. 

For the second test (test 23), a 4600-lb sedan 
impacted the approach rail at 24° and 51.7 mph 10 ft 
upstream of the first bridge-rail post. Impact was 
on the stone shield and right front wheel, and again 
no vaulting was seen when the 6-in curb was im­
pacted. The car was in contact with the curb for 22 
ft and with the rail for 18 ft. Maximum dynamic 
barrier deflection was 2.9 ft. On impact, the car 
began to redirect smoothly, but the Thrie-beam rail 
on the S3x5. 7 posts deflected enough to result in 
pocketing at the leading end of the bridge rail. 
The subsequent sharp redirection and exit from the 
rail caused the car to roll -7° while it pitched 
+6°. During the exit along a 22° trajectory, the 
car yawed +19° as it crossed back across the pave­
ment; it finally came to rest about 150 ft from the 
impact. The highest 50-ms decelerations were 9.1 g 
longitudinal and 3.8 s. lateral. A sharp dropoff at 
the edge of the test pad caused the vehicle to roll 
over before coming to rest, but this was not di­
rectly attributable to the impact performance of the 
railing system. 

Vehicle damage before the rollover was similar to 
that incurred in the previous test--bent front fen­
ders, shifted bumper, dents on the right side, and 
suspension, wheel, and tire damage. Four guiderail 
posts were bent over on impact, and two others were 
deflected backward. Two Thrie-beam sections were 
damaged, as were three bridge-rail posts and one 
horizontal rail. Maximum permanent deflection of 
1.8 ft was recorded on the approach guiderail, and 
the maximum permanent deflection on the bridge rail 
was 3 in at the first post. Again, no slippage oc­
curred at the expansion splice. In addition, the 
base plate of the first bridge-rail post was bowed 
upward. 

Because of the pocketing and steep redirection 
experienced in test 23, the approach guiderail sys­
tem was stiffened for the next test as previously 
described. For test 23A, a 4570-lb vehicle impacted 
at 25° and 60. 9 mph 10 ft upstream from the first 
bridge-rail post. The right front wheel impacted 
the 6-in curb with no apparent vaulting, and the 
right front fender impacted the rail. The car was 

in contact with the curb and rail for 21 ft; there 
was a maximum dynamic deflection of 3 .1 ft. The 
vehicle was smoothly redirected at an exit angle of 
11°. Maximum vehicle roll was +14°, and maximum 
pitch was -3°. The car was airborne abou t 8 in as 
it left the curb. There was no measurable vehicle 
yaw until well afer the vehicle left the rail, when 
the damaged right front suspension resulted in a yaw 
of -22°. The accelerometer system malfunctioned on 
impact, so no deceleration data were recorded. How­
ever, based on the barrier deflection observed, re­
view of test films, and recorded impact speed, de­
celerations would probably have been similar to 
those recorded in the first two tests. The vehicle 
suffered damage to the front-end sheet metal and 
bumper, the right-side fenders and doors, the 
right-side tires and wheels, and the suspension. 
Also, hood-latch failure caused a cracked front 
windshield when the open hood fell back onto the 
glass. None of the guiderail posts were damaged, 
although five were pushed back. All three bridge­
rail posts in the first panel were bent backward; 
there was a maximum permanen t deflection of 6 in. 
At the first post, the base-plate weld was broken 
and the plate was bowed upward. The second base 
plate was bowed, but the weld remained intact. Both 
thicknesses of Thrie beam were damaged in two rail 
panels; the result was a total of four damaged 
pieces. Maximum permanent deflection of the 
Thrie-beam approach rail was 1.2 ft, and again no 
slippage occurred at the expansion splice. 

Guiderail Tests 

Two full - scale crash tests of the Thrie-beam guide­
rail are summarized in Table 2. For both tests, 
10-gage Thrie-beam rail was mounted at a height of 
33 in and post spacing of 6 ft 3 in was used. 

In test 24, a 3600-lb sedan impacted at 56.0 mph 
and 26°. Before impact, the car snagged momentarily 
on the guidance-system release post; the result was 
a +5° vehicle pitch at impact. Initial vehicle-rail 
contact was on the right end of the front bumper and 
right front fender. As the rail deflected, the bot­
tom twisted under slightly, and a maximum dynamic 
deflection of 3. 6 ft was observed. The right front 
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Table 2. Results of guiderail tests. 

Test 

Variable 24 25 

Vehicle weight (lb) 36008 23008 

Vehicle speed ~mph) 56.0 60.9 
lmpaot ongl<! ( ) 26 25 
IMt angle (0

) II 6 
Moxim11m roll 0

) -13 -3 
Maximum pitch (0

) +5 +15 
Maximum yaw (0

) -7 -90 
Contact distance (ft) 30 50 
Contact time (ms) 555 821 
Deflection (ft) 

Dynamic 3.6 2.1 
Permanent 1.3 0.8 

Deceleration (g) 
50-ms avg 

Longitudinal 7.3 3.8 
Lateral 9.4 5.2 

Maximum peak 
Longitudinal 27.7 27.0 
Lateral 29.l 23.7 

Avg continuous 
Longitudinal 0.9 I.I 
Lateral 0.1 0.6 

al974 Matador used for test 24; 1973 Vega , for test 25. 

Table 3. Results of median-barrier tests. 

Test 

Variable 26 27 26A 

Vehicle weight (lb) 3500' 2240' 3500' 
Veh clc speed ~mph) 60.9 68.9 63.3 
Impact angle ( ) 25 25 25 
Exit angle (0

) II 13 II 
Maximum roll (0

) +10 +16 +16 
Muximum pi I oh i°l +5 +8 +4 
Mnicimun~ yaw ( ) -8 -22 -13 
Contact d(sta nce (ft) 20 25 46 
Contact time (ms) 394 332 542 
Deflection (ft) 

Dynamic 2.2 1.2 3.9 
Permanent 1.0 0.8 2.5 

Deceleration (g) 
50-ms avg 

Longitudinal 11.2 9.8 2.8 
Lateral 6.6 4.9 8.0 

Maximum peak 
Longitudinal 23.7 31.8 12.8 
Lateral 24.3 27.7 17.6 

Avg continuous 
Longitudinal 3.6 1.9 0.7 
Lateral 3.3 1.3 2.9 

3 1973 Matador used for tesr 26: 1973 Vega, for test 27: and 1972 Ford, for 
test 26A. 

wheel contacted the exposed posts and bent them to 
the ground. The force of these impacts on the wheel 
was so great that the wheel was torn completely off 
the car. After about 30 ft of contact, the vehicle 
left the rail at an angle of 11°. Due to the miss­
ing right front wheel, the vehicle rolled a maximum 
-13°, yawed -7°, and pitched +S 0

• Vehicle contain­
ment and redirection appeared acceptable, in spite 
of the wheel contact with the exposed posts. A 
total of six posts were damaged--the first was 
pushed back by the rail but not hit by the car; the 
next four were deflected by the rail and then bent 
completely down by the right front wheel; and the 
last ~as deflected slightly by the Lail anU irnpat:tecl 
by the right front wheel, at which point the wheel 
separated from the car. Decelerations were not very 
h igh if the wheel snag is taken into account. Maxi-
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mum 50-ms averages were 7.3 'l longitudinal and 9.4 'l 
lateral. 

Vehicle damage included a bent front bumper, 
crushed right front fender, flattened right rear 
tire, and dented right-side doors and right rear 
fender. 'l'he right tront tire and wheel were torn 
completely off the car. Three sections of Thrie 
beam were dented and six S3xS.7 posts were bent 
over, the middle four completely to the ground. 
Permanent barrier deflection was 1.3 ft. 

For test 25, a 2300-lb sedan impacted the barrier 
at 60.9 mph and 25°. Initial redirection was 
smooth; the maximum dynamic deflection was 2 .1 ft. 
Again, the right front wheel impacted the exposed 
posts and was driven back into the wheel well. 
After about lS ft of contact, the car rolled -3°, 
pitched +15°, and then spun out, but the right front 
corner remained in contact with the rail. After 
sliding along the rail about 3S ft further, the car 
exited at an angle of 6° but yawed -90°. Maximum 
50-ms average decelerations were quite low for the 
high speed and angle impact--3.8 'l longitudinal and 
5.2 'l lateral. Containment and redirection were 
generally quite acceptable, in spite of the impact 
of the wheel on the exposed posts. Vehicle damage 
included both front fenders crushed, the hood sprung 
and driven back to the windshiP.lrl, t.he right side 
dented, and the right front wheel broken from its 
suspension and driven back under the chassis. 
Barrier damage was limited to two bent Thrie-beam 
sections and four damaged S3x5. 7 posts. The first 
was deflected back, but the other three were bent 
nearly to the ground by the wheel impact. Permanent 
rail deflection was 0.8 ft. 

Median-Barrier Tests 

Results of three full-scale crash tests of Thrie­
beam median barriers are summarized in Table 3. 
Because the two previous guiderail tests resulted in 
contact of the wheel with the exposed posts, the 
mounting height of the Thrie-beam rail was reduced 
to 30 in. Post spacing was 6 ft 3 in for the first 
two tests, but for the third it was increased to 12 
ft 6 in to permit greater dynamic deflections. It 
was hoped that this would reduce deceleration and 
wheel-post impact problems but still hold dynamic 
deflections similar to those experienced with the 
box-beam barrier systems. 

In test 26, a 3500-lb sedan impacted the rail at 
60.9 mph and 25°; there was contact between the 
vehicle's right corner and the rail. Redirection 
was generally smooth and resulted in a maximum 
dynamic deflection of only 2.2 ft. Again, the 
exposed posts were impacted by the right front 
wheel, which was driven back against the wheel well 
and firewall. Maximum vehicle roll was +10° about 
10 ft after initial barrier contact. This roll was 
caused partly by the damage to the right front wheel 
and partly by the barrier's tipping out slightly at 
the top. After 20 ft of contact, the vehicle exited 
at 11°, pitched +5°, and yawed -8°. Peak SO-ms 
decelerations were 11. 2 'l longitudinal and 6 .6 'l 
lateral. Vehicle damage included bent front bumper 
and headlight assembly, crushed right front fender, 
sprung hood and right front door, dented right-side 
doors and rear fender, mangled right suspension, and 
right front wheel and tire torn from the suspension 
and driven back against the inside fender and 
firewall. Six Thrie-beam sections were bent--three 
each on the front and back of the posts--and six 
S3~S. 7 pc:::;t::; ncre bent at the ground llne; t:neir 
tops were deflected from 3 to 12 in. Permanent 
barrier deflection was 1.0 ft. 

In test 27, the 2240-lb sedan impacted at 68.9 
mph and 25°. Despite the severe impact, redirection 
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was relatively smooth; the maximum dynamic deflec­
tion was 1.2 ft. The right front wheel again im­
pacted the exposed posts and was driven back against 
the inner fender and firewall. During 25 ft of con­
tact with the barrier, the vehicle rolled a maximum 
of +5° as the barrier top tipped back, but no no­
ticeable yaw or pitch was observed. As the vehicle 
exited along a 13° trajectory, roll and pitch became 
more severe (+16° roll and +8° pitch). However, 25 
ft after the vehicle's departure, roll was back to 
0°, pitch was +5°, and yaw was -22°. Peak 50-ms de­
celerations were 9. 8 g_ longitudinal and 4. 9 g_ lat­
eral. 

Vehicle damage included bent bumper, buckled 
hood, crushed right front fender, dented right-side 
sheet metal, sprung right-side door, and damaged 
right front suspension. Also, the right front tire 
was pulled partly off its wheel and wedged between 
the bent suspension and the inside fender wall. 
Barrier damage included four bent and buckled 
Thrie-beam sections--two each on the front and back 
of the posts--and five S3x5.7 posts bent back from 3 
to 12 in measured at the top of the posts. Per­
manent barrier deflection was 0.8 ft. 

In the final test of Thrie-beam median barrier 
(test 26A), post spacing was increased to 12 ft 6 
in. The 3500-lb sedan impacted at 63.3 mph and 
25°. Redirection was smooth i the maximum dynamic 
deflection was 3.9 ft. Because rail deflection was 
greater and post spacing was increased, the right 
front wheel was not damaged by the posts. However, 
the rail did tip out somewhat at the top, which was 
reflected in the vehicle trajectory. The vehicle 
exited at an 11° angle 46 ft after contact. Maximum 
roll was +16°, pitch was +14°, and yaw was -13°. 
Overall, decelerations were less severe than in the 
first two tests; peak 50-ms averages were 2.8 !J. 
longitudinal and 8.0 g_ lateral. 

Vehicle damage was also less severe than in tests 
26 and 27. The bumper, right-side fenders, and 
doors were dented and the right-side tires were 
flattened, but the wheels and suspension remained 
intact. Barrier damage was also lighter; four 
Thrie-beam sections were bent, all on the front of 
the system, and five posts were bent over from 4 to 
18 in at the top of the post. Permanent deflection 
was 2.5 ft. 

DISCUSSION OF RESULTS 

The upgraded bridge rail developed during this re­
search performed well and appears to offer a suit­
able alternative to other upgradings developed else­
where (4). Its principal advantage is that it uses 
a single thickness of 10-gage Thrie-beam rail bolted 
directly to the existing bridge rail, which elimi­
nates the need for the tubular Thrie beam. In the 
transition from light-post (S3x5.7) guiderail to the 
bridge rail, however, it was necessary to double the 
rail element and add heavy posts (W6x8.5) to prevent 
excessive deflection and pocketing at the first 
bridge-rail post. Vehicle decelerations experienced 
in these tests were not excessive and were compar­
able with those reported for other tests of very 
stiff bridge-railing systems. Vehicle redirection 
was good, except for test 23, which resulted in 
pocketing. That design was then modified and 
performed well in test 23A. Vehicle damage was 
moderate if the severity of the impacts is taken 
into account and compared favorably with other tests 
of upgraded bridge rails. Although impact speed in 
test 22 (on the bridge) was less than 60 mph, de­
flection and rail damage were moderate. Based on 
the results of that test, the upgraded railing sys­
tem has strength adequate to withstand 60-mph 25° 
impacts from 4500-lb vehicles. This bridge-rail 
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upgrading system thus appears suitable for implemen­
tation. Although no test was performed at the tran­
sition from light to heavy posts, the other two 
transition tests provide evidence that this part of 
the transition will perform satisfactorily. In 
tests 23 and 23A, the Thrie-beam rail effectively 
prevented wheel contact with the first bridge-rail 
post and with the W6x8.5 posts. The 20-in depth of 
the Thrie-beam rail thus should prevent wheel con­
tact at the change from S3x5. 7 to W6x8. 5 posts. It 
must be remembered that the light posts separate 
from the rail on impact and bend over at the ground 
line and are thus exposed to wheel impact. The 
heavy posts, on the other hand, which are rigidly 
connected to the rail, are deflected back on impact 
and continue to be protected against wheel impact by 
the rail. 

The guiderail and median-barrier designs also 
appear to offer acceptable performance i deflection 
characteristics are similar to those of the box-beam 
guiderail and median barrier now standard in New 
York State. Deflection characteristics for all four 
barriers are given in Table 4. First, standard de­
sign deflections for box-beam barriers are given. 
Based on a 60-mph 25° impact by a 3500-lb vehicle, 
design deflections for these barriers vary from 2 to 
5 ft, depending on the rail element and post spacing 
selected. Next, actual test deflections for the 
Thrie-beam barriers are presented, which ranged from 
about 2 to 4 ft. Finally, proposed design deflec­
tions are provided for Thrie-beam guiderail and me­
dian barrier at two post spacings each. These de­
sign deflections were estimated from actual test 
results; corrections were added for impact speed, 
angle, and test-vehicle weights. The deflection for 
guiderail that has a post spacing of 12 ft 6 in is 
based on the effects of post spacing observed in the 
median-barrier tests and in earlier tests of W-beam 
light-post guiderail (~). 

Tests of both guiderail and median barri.er gen­
erally resulted in acceptable performance. The de­
celerations recorded in these tests seem reasonable 
for the severe test conditions. Although some 
values exceed the guideline recommendations of 10 !l 
longitudinal and 5 g_ lateral, these impacts were at 
25° rather than at 15°. Compared with previous 
tests of barrier systems (1_,2_-11) now classified as 
operational in the American Association of State 
Highway and Transportation Officials (AASHTO) bar­
rier guide, some of the deceleration values are 
somewhat higher but are still within reasonable 
limits for 25° impacts. The two small-car tests, on 
the other hand, resulted in surprisingly moderate 
deceleration values, especially if the 25° impact 
angle and very high speeds (61 and 69 mph) are taken 
into account. Some vehicle roll was experienced 
during redirection, but none of the vehicles ap­
peared close to rolling over. Exit angles were all 
acceptable, although some vehicles did yaw sharply 
toward the barrier after exit because of steering 
and suspension damage. Vehicle damage was moderate 
for all these tests, especially if the high impact 
speeds and 25° impact angles are considered. No 
damage to passenger compartments resulted, and dam­
age was generally limited to the right front sheet­
metal, grill, bumper, and right front suspension. 
Vehicle damage appears comparable with that result­
ing from other tests of Thrie beam and W-beam on 
heavy posts (1_,2_-11), which includes damage to the 
suspension. Because of the high speeds and impact 
angles for small-car tests, direct comparison with 
other tests is not possible. However, these results 
seem favorable if the high severity of these impacts 
is considered. 

The only disappointing aspect of the test was the 
damage to the front wheel and suspension experienced 
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Table 4. Summary of barrier deflections. 

Barrier Type 

Existing box-beam barrier 
6x 6x3/16-in guiderail 
6x 6x 3/ 16-in guiderail 
6x8x J/4-in median barrier 
6x8x 1/4-in median barrier 

Tested Thrie-beam barrier 
Guiderail 
Median barrier 
Median barrier 

Proposed Thrie-beam barrier 
Guiderail 
Guiderail 
Median barrier 
Median barrier 

Figure 7. Attitudes of several light-post barriers before and after impact. 
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1. 22- S/8" .,j 

THRIE-BEAM CUIDERAIL 
33-in. mounting height 

THRIE-BEAM GUIDERAIL 
30-in. mounting height 

611 x6"x3/16" BOX-BEAM GUIDERAIL 
30-in. mounting height 

CABLE GUIDERAIL 
30-in. mounting height 

W-BIW! GUIDERAIL 
33-in. 1110unting height 

in four of the five guiderail and median-barrier 
tests. In spite of this damage, which resulted from 
contact between the wheel and the posts, vehicle 
decelerations were within acceptable ranges. Fur­
ther, this suspension damage generally did not re­
sult in unaccevtable vehicle trajectcriee . Such 
damage is not uncommon for impacts at high angles 
and high speeds and has been reported in tests of 
several barriers now in wide use Q.,~-11). Several 
of these earlier tests also resulted in complete 
removal of the front wheel. Further, several tests 
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Impact Conditions 

Post Vehicle 
Spacing Speed Angle Weight Deflection 

(0) (ft) (mph) (lb) (ft) 

3 60 25 3500 4 
6 60 25 3500 5 
3 60 25 3500 2 
6 60 25 3500 4 

6'4 56 26 3600 3.6 
6'4 

12'h 

6'4 
121/2 

6'4 
l 2Yz 

61 25 3500 2.2 
63 25 3500 3.9 

60 25 3500 4 
60 25 3500 6 
60 25 3500 2 
60 25 3500 3.5 

used full-sized cars rather than the intermediate­
sized cars used here. 

Although this contact between wheel and posts did 
not appear to result in unacceptable performance, it 
is desirable to eliminate such damage if possible. 
Examination of the barriers after impact and closP. 
examination of the test films revealed two factors 
that contributed to the wheel-post impact problem. 
First, these barriers were all installed on an as­
phalt pavement: the posts were driven through sev­
eral inches of asphalt. Combined with the 8x24-in 
soil-support plates, this resulted in posts that 
bent at the pavement surface on impact and did not 
push through the asphalt. This installation 
condition is typical in New York State, where guide­
rail and median barrier are frequently installed on 
asphalt shoulders or medians that are paved over 
compacted gravel subbases. This very stiff re­
straint may have increased the severity of the 
wheel-post impact somewhat. The second contributing 
factor is the relatively high stiffness of the bar­
riers tested and the greater depth of the Thrie-beam 
section. As the rail deflected on impact, the rail 
mounting bolt was snapped, but the posts were bent 
back by the rail. However, the small amount of post 
exposed prevented contact of the post with the ve­
hicle bumper or sheet metal. Instead, the main 
force on the post was imparted by the wheel, which 
resulted in the suspension damage experienced. For 
W-beam, cable, or box beam installed on light posts, 
the shallow rail depth would permit more vehicle 
sheet-metal contact on the post, which would partly 
bend it down before it was struck by the wheel. For 
W-beam and cable, greater deflections would also 
help eliminate this problem. The relation of sev­
eral light-post barriers before and after impact is 
shown in Figure 7, and it can be seen that the Thrie 
beam is the most critical case for wheel-post impact. 

The first effort to reduce contact between wheel 
and posts was to lower the rail height from 33 to 30 
in. However, as seen in Figure 7, this cannot be 
expected to have much effect, because contact occurs 
after the rail and post have separated and the post 
has been bent laterally by the deflecting rail. The 
second effort, which was successful, was to increase 
post spacing from 6 ft 3 in to 12 ft 6 in as in the 
last test (test 26A) . By increasing the spacing, 
greater deflection was permitted, which helped to 
move the wheel behind many of the posts and to per­
mit the bumper and sheet metal to contact and bend 
""" posts longitudinally. Increasing post spacing 
also results in fewer posts to contact. Depending 
on impact conditions, it is much more likely that 
the vehicle can be redirected without a severe 
wheel-post impact. Damage to the right front 
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suspension was successfully eliminated in test 26A, 
which used the wider post spacing. 

Additional tests of the Thrie-beam light-post 
barriers are needed to provide performance data by 
using other post spacings and 12-gage rail sec­
tions. In addition, 60-mph 15° impacts by small 
cars will provide confirmation that this barrier 
system provides very good protection for small cars, 
although this is already indicated by the 60-mph 25° 
impacts reported here. Based on these tests, the 
10-gage Thrie-beam barrier on S3x5.7 posts spaced at 
12 ft 6 in and mounted at a height of 33 in appears 
suitable for both guider ail and median-barrier use 
on a trial basis. To reduce front-suspension dam­
age, closer post spacings should be limited to tran­
sl tions to more-rigid barriers. Limited field in­
stallations of this barrier system appear justified 
at this time, especially used as a bridge-rail up­
grading. Because of the wheel-post impact problem, 
this barrier system does not provide a significant 
improvement in impact performance over existing bar­
riers but it does provide three distinct advantages 
over existing systems. It performs well as a 
bridge-rail upgrading; it can be more readily 
transitioned to rigid barriers; and its greater 
depth provides improved vaulting-underride protec­
tion. As with any new barrier system, careful docu­
mentation of initial field installations is neces­
sary to confirm the good performance indicated by 
these tests. 

CONCLUSIONS 

Based on eight crash tests of Thrie-beam bridge-rail 
upgrading, guiderail, and median barrier, the fol­
lowing findings can be stated: 

1. A bridge-rail upgrading that consists of 
10-gage Thrie beam bolted directly to discontinu­
ous-panel bridge rail performed well during a full­
scale test. This upgrading system is suitable for 
60-mph 25° impacts by 4500-lb vehicles. 

2. A 10-gage Thrie-beam transition from guide­
rail to bridge rail mounted on S3x5.7 posts was not 
stiff enough to prevent pocketing at the end of the 
bridge rail. 

3. A redesigned transition to bridge rail that 
used a double layer of 10-gage Thrie beam mounted on 
W6x8.5 posts performed well and is suitable for 
60-mph 25° impacts by 4500-lb vehicles. 

1 
4. Five tests of guider ail and median barrier 

that consisted of 10-gage Thrie beam mounted on 
S3x5. 7 posts resulted in satisfactory vehicle 
containment, redirection, and deceleration. 

5. Damage to the front wheel and suspension 
occurred in four of these five tests; it was caused 
by impact between wheels and posts. This damage was 
no more severe than that reported in many earlier 
tests of operational barriers, and the total vehicle 
damage in many cases was less. 

6. Lowering the rail-mounting height from 33 to 
30 in intensified the wheel-post contact problem 
because it reduced the chances that the post would 
be bent longitudinally by the bumper, sheet metal, 
and frame. 

7. Increasing post spacing from 6 ft 3 in to 12 
ft 6 in reduced conflict between wheels and posts by 
increasing barrier deflection and reducing the num­
ber of posts available for impact. 

8. Guiderail and median barrier that consist of 
10-gage Thrie beam mounted at 33 in on S3x5. 7 steel 
posts appear to be suitable longitudinal barriers. 
They offer several distinct advantages compared with 
barriers now in use, which includes excellent 
properties as a bridge-rail upgrading system, simple 
transition to rigid barriers, and lower suscepti-
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bility to vaulting or underride problems compared 
with narrower rail elements. 

9. Testing should continue to determine barrier 
characteristics at other post spacings and mounting 
heights and under less-severe impact conditions. 
Efforts should also continue to reduce conflict 
between wheel and posts, especially when the need 
for low dynamic deflections requires use of 
relatively close post spacings. 

10. Design deflections are presented for this 
barrier system that are very close to those for 
box-beam guiderail and median-barrier systems. 
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SERB: A New High-Performance Self-Restoring Traffic 
Barrier 
M.E. BRONSTAD, C.E. KIMBALL, JR., AND C.F. McDEVITT 

This paper describes the development and evaluation of a unique guardrail sys· 
tern. Features of this barrier include a simple gravity·dependent self·restoring 
stage for automobile impacts that bottoms at a second stage that is capable of 
redirecting large vehicles. Screening of preliminary designs was accomplished 
by computer simulation and cost analyses. The prototype barrier design was 
revised into a final configuration based on crash test results. The self-restoring 
barrier (SERBI guardrail has successfully redirected vehicles that range from a 
950·kg (2100.lbl mini automobile to a 18 OOO·kg (40 OOO·lb) intercity bus at 
95 km/h (60 mphl and a 15° angle. A unique feature of the new system is the 
self-restoring elastic 0.3-m (11-inl deflection of the rail, which provides forgiv­
ing redirection for most passenger car impacts without damage or permanent 
deformation of the system. 

This paper describes the development and evaluation 
of a unique high-performance guardrail system. Fea­
tures of this barrier include a simple gravity-de­
pendent self-restoring stage for automobile impacts 
that bottoms at a second stage that is capable of 
redirecting large vehicles. The finalized design is 
a product of an in-depth investigation conducted by 
Southwest Research Institute for the Federal Highway 
Administration. Design criteria were developed 
first and conceptual designs were subsequently 
screened by computer simulation and cost analyses. 
The barrier system selected for crash test evalua­
tion is considered the best of all design concepts 
investigated during the course of the project. A 
total of seven crash tests were conducted on proto­
type and finalized design installations. Included 
in the evaluations were mini, subcompact, and full­
sized cars as well as school and intercity buses. 

BACKGROUND 

In the early 1970s, crash test evaluations in the 
United States began to use heavy vehicles to eval­
uate high-performance barriers. The collapsing ring 
bridge rail (1) and the concrete median barrier were 
subjected to - impacts by intercity buses (_£) and 
tractor trailers (ll· The conditions of impact 
varied considerably, since there was no recognized 
standard impact condition for these heavy vehicles. 
Indeed, there were no standard heavy vehicles speci­
fied for crash testing. 

The objective cf thi:: stud~/ was to design high­
performance guardrail and median-barrier concepts. 
It was recognized that many agencies were replacing 
flexible metal barriers with concrete in urban areas 
due to frequent requirements for damage repair. A 
goal of this design study was to provide the agen-

cies with a forgiving flexible barrier that would 
not require significant maintenance and at the same 
time would provide containment and redirection of 
infrequent impacts by heavy buses and trucks. A 
survey of selected states that were known to have 
significant heavy-vehicle traffic was conducted to 
determine deflection limits for the systems. Selec­
tion of design vehicles was also a consideration. 
The final product of the investigations was the set 
of design criteria for the high-performance self­
restoring barrier (SERB) system given below: 

1. Impact severity: 
t ion for subcompact car 
(60 mph) and 15° angle, 

Provide forgiving redirec­
for impacts up to 9 5 km/h 

2. Strength: Contain 
(40 000-lb) intercity bus 

and redirect an 18 000-kg 
impacting at 95 km/h and 

15° angle, 
3. Damage repair: Allow no significant damage 

during typical shallow-angle impacts with cars, and 
4. Cost: Minimize installation cost. 

SERB BARRIER 

The SERB barrier is a staged system designed to be 
self-restoring for most impacts that occur at shal­
low angles. The tubular Thrie beam is mounted on 
alternate posts by using a double-hinged pivot bar 
and cable assembly (Figure la). When impacted by a 
vehicle, the beam deflects up and backward, provid­
ing 0.3 m (11 in) of stroke before bottoming on the 
posts (Figure ld). As the beam is displaced, the 
vehicle follows the upward motion, which provides a 
banking effect that enhances smooth redirection. 
After bottoming, the SERB guardrail is a very strong 
barrier l.0 m (38 in) high capable of redirecting 
heavy vehicles that impact at 95 km/h and a 15° 
angle. 

FINDINGS 

The first three crash 
prototype design shown 
summarized in Table 1). 
Thr i~-Ut=d1f1 Lail is 

tests were conducted on the 
in Figure 2 (all tests are 

In this design, the tubular 
single-

hinged pivot bar. The rail 0.8 m (30 in) high be­
came 0.9 m (35 in) high when it bottomed against the 
wood posts. Tests SRB-1 and SRB-2, which used pas­
senger vehicles, were successful. Rollover of the 
school bus in test SRB-3 (Figure 3) led to the de-
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Figure 1. Final SERB design. 

PIVOT 

r 
34" 

Note: 1 ft = 0.3 m; 1 in = 25 mm. 

(a) Design Description 

(b) Photograph 

33" 

(c) At Impact (d) At Bottom of Stroke 

Table 1. Summary of crash test evaluations of SERB guardrail. 

Vehicle Impact 
Barrier Weight' Speed 

Test Design Vehicle (lb) (mph) 

SRB-1 Original 1974 Chevrolet Vega 2 650 58.6 
SRB-2 Original 1973 Chevrolet Impala 4 700 60.6 
SRB-3 Original 1972 International chassis with 20 000 56.9 

Wayne school bus body 
SRB-4 Modified 197 4 Honda Civic 2 083 54.7 
SRB-5 Modified 1970 Chevrolet chassis with Wayne 20 000 60.5 

school bus body 
SRB-6 Transition 1974 Oldsmobile Delta 88 4 832 56.2 
SRB-7 Modified 1956 GMC Scenicruiser 40 000 57.0 

Note: 1 lb= 0.45 kg; l mph= 1.6 km/h; l in= 25 mm. 
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sign modification described in Figure 1. Findings 
from the crash tests conducted on the finalized de­
sign are described in the following discussion. 

Test SRB-4 

The final barrier design installation was impacted 
with a 1974 Honda Civic that weighed 945 kg (2083 
lb) at a speed of 88.0 km/h (54.7 mph) and a 17.l° 
angle. As shown in Figure 4, the vehicle was 
smoothly redirected and there was no barrier dam­
age. Vehicle damage was limited to sheet-metal de­
formation (Figure 5) • 

Test SRB-5 

A 1970 Chevrolet-Wayn~ school bus that weighed 9070 
kg (20 000 lb) impac_~ed the barrier at a s,peed of 
97.4 km/h (60.5 mph) and a 13.8° angle. As shown in 
Figure 6, the bus was smoothly redirected and the 
maximum roll angle was 27°. 

Damage to the installation included two beam sec­
tions, one post fractured below grade, one post 
split, most beam-pivot-bar attachment bolts sheared, 
and some support-cable lag bolts pulled out. 

The bus damage was moderate during contact with 
the barrieri however, extensive damage occurred dur­
ing recovery when the bus impacted another barrier 
installation. This damage prevented meaningful 
posttest photographs. 

Figure 2. Prototype barrier installation. 

Maximum Barrier Deflection 
Impact Vehicle Accelerationb (g) 
Angle Dynamic Permanent Permanent 
(0) Lateral Longitudinal (in) Post (in) Rail (in) 

17.2 5.6 -2.0 12.0 0 0 
24.6 9.2 -6.6 29.4 6.0 4.0 
17.5 5.9 -3.0 31.0 19.0 12.8 

17.1 6.4 2.3 10.8 0 0 
13 .8 9.4 -1.2 36.0 I I. I 10.0 

25.3 6.4 -5.4 10.5 7.8 7.8 
15.8 4.7 -3.3 47.1 19.5 21.8 

8 Weight includes vehicle, two anthropomorphic dummies, and instrumentation. Buses are ballasted with loose sandbags in seats. bSO-ms average. 
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Figure 3. Test SRB-3. 
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Figure 5. Vehicle and barrier condition after test SRB-4. 

Figure 6. Test SRB-5 . 
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Figure 7. SERB end treatment. Figure 8. Results of test SRB-6. 

Figure 9. Test SRB-7. 
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Figure 10. Results of test SRB-7. 

I. 

Figure 11. SERB median-barrier concept. 

5/8" DIA TORQUE ROD 
[THIS ROD TWISTS ELASTICALLY 
THAU ROTATION((:)) OF BEAM SYSTEM 
(UP TO BOTTOMING), TORQUE ROD FIXED TO 
BRACKET ON ONE END AND FIXED TO POST ON 
OPPOSITE END. ] 

(a) Isometric View 

(b) Rotation of SERB Up to Bottoming 

Note: 1 ft = 0.3 m; 1 in = 25 mm. 
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TUBULAR 
THAIE BEAM 
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SERB End Treatment 

The end of the SERB guardrail features a rigid steel 
support post set in concrete i four cables provide 
longitudinal anchorage (Figure 2). In order to 
shield the rigid support post, an end treatment was 
designed that uses standard W-beam guardrail termi­
nals. A transition from a guardrail breakaway cable 
terminal (BCT) to the rigid end post was effected as 
shown in Figure 7. Other W-beam terminals or a 
crash cushion could also be used at the end. 

Test SRB-6 

The SERB end treatment was subjected to evaluation 
according to Transportation Research Circular (TRC) 
191 (4) criteria for transition sections, i.e., a 
2040-kg (4500-lb) car that impacts at 95 km/h and a 
25° angle at the most vulnerable location. 

A 1974 Oldsmobile that weighed 2192 kg (4832 lb) 
impacted the system 4.5 m (14.6 ft) upstream of the 
rigid end post with a speed of 90.5 km/h (56.2 mph) 
and a 25.3° angle. The vehicle was smoothly re­
directed (Figure Bb) i maximum beam deflection was 
200 mm (7.8 in). 

For the test conditions, vehicle damage was typi­
cal for impacts with rigid barrier systems (Figure 
Bd). Barrier damage (Figure Ba and c) consisted of 
one Thrie-beam section, a transition section, and 
two posts. 

Test SRB-7 

A 1956 GMC Scenicruiser intercity bus that weighed 
18 140 kg (39 908 lb) impacted the barrier at a 
speed of 91.8 km/h (57 mph) and a 15.8° angle. As 
shown in Figure 9, the bus was smoothly redirected 
and the maximum roll angle was 38°. 

Damage to the installation was moderatei it in­
cluded three rail sections and five broken posts, as 
shown in Figure 10. Maximum dynamic deflection of 
the railing system was 1.2 m (4 ft). Damage to the 
bus included the sheet metal, window, and baggage­
door area (Figure 10). The bus was driven from the 
test site. 

CONCLUSIONS AND RECOMMENDATIONS 

A high-performance guardrail system was developed in 
this project primarily by using computer simulation 
and crash test evaluation. The original design cri­
teria were met by the final design configuration. A 
late inclusion of a mini-sized car in the test ma­
trix posed no problem in terms of achieving desir­
able barrier performance. 

Barrier Desig n 

The original design of this barrier was accomplished 
by using BARRIER VII (,2.) computer simulations. It 
is noteworthy that no changes were made to the beam, 
post, or post spacing of the guardrail system during 
its development. The 75-rnrn (3-in) change in railing 
height and revised hinge details demonstrably im­
proved the performance of the final barrier for 
school buses, as shown by test SRB-4, but neither of 
these changes is pertinent when the capability of 
the simulation model is considered. Comparisons of 
experimental and simulation values demonstrated that 
the SERB guardrail performed much as predicted. 
Modeling of the wood posts in soil has always pre­
sented simulation difficulties, and this best ex­
plains the superiority of the car simulations (no 
post movement) as compared with those for the bus. 

The predictable behavior of the SERB concept 
would allow other barriers to be readily designed 
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for either higher or lower service conditions. By 
varying post size and/or spacing, for example, a 
more economical system could be achieved. Of 
course, the performance of this system would be 
changed with regard to barrier capacity for vehicle 
containment and/or maximum deflections. 

Demonstrated Performance 

Demonstrated performance of this unique barrier in­
cludes the following results: 

1. No barrier damage or permanent deformation 
during an impact at 88 km/h (55 mph) and a 17° angle 
although maximum barrier deflection was 280 mm (11 
in) i 

2. Vehicle acceleration values near compliance 
with TRC 191 for both Honda and Vega impacts (in 
this regard, the SERB guardrail is currently unique) i 

3. Containment and redirection of a wide range 
of test vehicles at a nominal 95 km/h and 15° angle 
[test vehicles included 945-kg min1car, 9070-kg 
school bus, and 18 140-kg intercity bus, all of 
which were driveable after having left the barrier 
(the SERB guardrail is unique among all known bar­
riers for this perform~ce range)] i 

4. Barrier damage f~ an impact at 95 km/h and a 
25° angle with a 2040-kg car does not compromise the 
serviceability of the SERB guardrail, al though re­
pairs would be desirablei 

5. For the most severe strength test (intercity 
bus) , the goal of 1. 2-m maximum dynamic deflection 
was met; and 

6. An end treatment that included transition to 
an approved guardrail terminal was evaluated at the 
length-of-need zone. 

Recommendation 

The SERB guardrail system described is recommended 
for immediate installation when serious considera­
tion of heavy-vehicle containment is warranted. 
Cost of the system is considered competitive. It is 
estimated to be $21-$27/linear ft ($17-$24 for ma­
terials, $2-$4 for labor). 

For median-barrier applications, a more-efficient 
use of dual beams is suggested in Figure 11 i how­
ever, tests have not been conducted on this configu­
ration. Figure 12 shows a SERB application for saw­
tooth medians. 

SERB Adv an tag es 

Advantages of the SERB guardrail systems when com­
pared with other metal barrier systems include the 
following: 

1. Damage repair from typical shallow-angle im­
pacts is projected to be minimal; 

2. Forgiving redirection is provided for all 
cars as well as containment of heavy vehicles under 
severe impact conditionsi 

3. The 1. 2-m maximum deflection during the in­
tercity bus test (a design goal) makes application 
of the SERB guardrail to current roadside clearances 
reasonable even when heavy-vehicle containment is a 
serious consideration. 

Advantages of the SERB system when compared with 
concrete barriers include the following: 

1. Stable redirection of all classes of cars 
with minimal rollover potentiali 

2. Demonstrated performance with heavy vehicles 
such as the school bus and the intercity busi 

3. Demonstrated well-behaved performance without 
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Figure 12. SERB median-barrier concept for sawtooth medians. 

12 GAGE 
TUBULAR 
THRIE BEAM 

Noto: 1 ft • 0.3: 1 n • 25 mm. 

PRECAST CONCRETE 
PANEL 

variables such as foundation support and rebar con­
figurations, i.e., lightly reinforced to heavily 
reinforced concrete barriers and minimal to sub­
stantial foundation support; and 

4. Definite advantage in performance for high 
angles of attack, i.e., those greater than 15°. 
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