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Foreword 
Recent traffic accident studies have confirmed the ever-increasing 
heavy toll of motor vehicle collisions on our highway system. As 
a consequence, highway administration officials and others con
cerned with highway safety and construction have placed increased 
emphasis on nationwide programs aimed at minimizing and pre
venting highway accidents. Engineers concerned with the design 
of roadside highway structures will find the two abridgments and 
four papers presented in this RECORD to be of considerable value 
in meeting the challanges confronting them. 

The first abridgment reports on a National Cooperative High
way Research Program Project dealing with concepts and design 
recommendations for safer luminaire supports. It summarizes 
the results of eight full-scale vehicle crash tests of luminaire 
supports. The tested bases are ranked in order of damage se
verity, and recommendations for the design of safer luminaire 
supports are presented. The second abridgement describes another 
aspect of the same program concerning a comprehensive pa
rameter study of the dynamic response of luminaire support struc
tures subjected to vehicle impacts. Full-scale tests with lumi
naire supports verified results obtained by a computer routine. 
Observations and conclusions from the study are provided for use 
in developing design criteria. 

Nordlin, Ames, and Field present technical information of sig
nificant value in their paper covering ten dynamic tests of five 
frangible lighting standard base types. The California research 
not only correlates well with the work of others but also provides 
considerable additional data relative to the dynamic structural 
response to vehicle impacts of modified frangible bases and notched 
high-tensile bolts. The tabulated data, the test sequence photos, 
and the comparative photographic and dimensional coverage of 
the ten vehicle impacts will serve as excellent reference for fu
ture research. 

Nordlin, Field, and Folsom report on six full-scale vehicle 
impacts into end-anchored, short sections of blocked-out, corru
gated metal beam guardrail. The engineering research and pho
tographic data presented in this paper are noteworthy contribu
tions to the state of the art. Advantages and disadvantages of the 
"Texas Twist" and the "California Cable" end-anchorage systems 
are presented. In addition to their evaluation of the effectiveness 
of each end-anchorage system under oblique conditions of impact, 
the researchers highlight the need to progressively increase the 
rigidity of the flexible bridge approach guardrail near the rigid 
concrete bridge rail end-post to provide a smoother transition. 

The research and development phases of a re-usable energy 
absorption protective highway barrier are discussed by Warner. 
The characteristics desired for an effective impact attenuation 
barrier are developed. Considering the associated short-lived, 
high-g initial pulse, a vehicle pulse form for minimizing vehicle 
damage andpersonal injury is described. Several crash histories 
for various configurations of flexible plastic-cell barriers using 
a metered hydraulic dispensing system are presented and com
pared with impacts on rigid obstacles. The paper also applies 
the Gadd index of severity to vehicle and occupant acceleration 



histories for protected and unprotected crashes. By using flexi
ble, impact-sensitive protective barriers at selected roadside 
hazards, considerable reductions in fatalities, personal injuries, 
and property damage are envisioned. 

The vibration of overhead sign structures due to mild winds has 
been the cause for serious concern to many engineers. Lengel 
and Sharp present the results of research on the vibration and 
damping of aluminum overhead sign structures. A 78-ft span, 
all-welded, tubular overhead sign bridge was used by the re
searchers in their analytical and laboratory research. The dy
namic behavior produced by wind-induced vibrations was studied 
and a readily adaptable solution was found. Wide ranges of wind 
power input and structural frequencies are included to serve as a 
guide for others confronted with the basic problem of undesirable 
structural vibrations. 

- F. J. Tamanini 
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Concepts and Design Recommendations for 
Safer Luminaire Supports 
THOMAS C. EDWARDS, Texas Transportation Institute, Texas A&M University 

ABRIDGMENT 

•FULL-SCALE tests were conducted to evaluate breakaway bases for luminaire sup
ports. A survey of the state highway departments was conducted to determine the base 
concepts being used or considered for use. This study revealed that there were four 
basic base concepts: (a) frangible aluminum and progressive shear inserts, (b) con
ventional cast aluminum shoe bases, (c) flanged aluminum shoe with integral riser, and 
(d) slip bases. The results of eight full-scale tests are given in Table 1. 

The safety offered by the bases was evaluated on the basis of (a) change in vehicle 
kinetic energy, (b) vehicle deformation, (c) direct damage assessment, and (d) change 
in velocity. The ranking of the four concepts in the order of most severe to least was 
as follows: 

1. Cast aluminum shoe base, 
2. Progressive shear transformer base, 
3. Cast aluminum transformer base, 
4. Triangular slip base. 

A mathematical model, which was verified by a full-scale crash test, was formulated 
to simulate the impact response of the vehicle and support. The results of a compre
hensive parameter study and the full-scale tests were used to develop recommendations 
for the design of safer luminaire supports. The recommendations follow: 

1. The base fracture energy (energy required to fracture or disengage the base) of 
any base under consideration should be determined by reliable means (laboratory tests 
or analytical means). 

2. Aluminum insert bases and other bases made of frangible material (recommen
dation based on current designs) should be constructed so that the vehicle bumper con
tacts the base instead of the supported shaft. Automobile standards should be consulted 
to determine bumper heights. 

3. The lowest base fracture energy that is consistent with static and wind strength 
requirements should be used. 

4. The initial tension or preload and the clamping bolts of slip-type attachments 
should be high enough to balance the static loads and also have a suitable factor for wind 
loads. Provision should also be made to prevent joint "walking." 

5. Concrete foundations should be constructed so as to be level with the surrounding 
ground surface. The ground clearance of most modern vehicles is approximately 6 in. 

6. The supported shaft must have sufficient strength to resist crushing or denting 
in the vehicle contact area when it is supported by a slip-type base. Existing ASTM 
A-245 Grade C, 11-gage shafts appear to be adequate. 

7. Bases having properties that are dependent on their orientation should be posi
tioned so that the direction of least resistance will coincide with the most probable ve
hicle approach angle. This is of primary importance in low-velocity collisions. Due 
consideration should also be given to aesthetics. 

Paper sponsored by Committee on Guordrai I, Median Barriers and Sign, Signal and Lighting Supports 
and presented at the 48th Annual Meeting. 
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TABLE 1 

SUMMARY OF TESTS 

Concept 

Frangible insert 
base 

Progressive
shear base 

Cast aluminum 
shoe base 

Slip base 

Test 
No, 

6 

Base 
Material 

Cast Alum. 
B-108-62T-S(607) 

A(T-6) 

Cast Alum. 
A356-T6 

201 
Stainless 

Galvanized 
Sheet 
Steel 

Cast Alum. 
A356-T6 

Cast Alum. 
A356-T6 

Cast Alum . 
A356-T6 

Steel 
A441 

Notes: Vj = vehicle velocity at contact (mph) 

Shaft 

35 ft Steel 
(straight) 

35 ft Steel 
(straight) 
40 ft M. H. 

35 ft 5 in. 
S. Steel 
(straight) 
40 ft M. H. 

35 ft Steel 
(straight) 
40 ft M. H. 

37 ft Alum. 
(straight) 
40 ft M. H. 

37 ft 2 in. 
Alum. 
(straight) 
40 ft M. H. 

28 ft Alum. 
(straight) 
30 ft M. H. 

35 ft Steel 
(straight) 
40 ft M. H. 

Vr = vehicle velocity at rear tapeswitch set (mph) 
.6.V1c = change in vehicle velocity at loss of contact (mph) 

Vehicle 
Wt. (lb) 

3580 

3340 

3880 

3620 

3700 

3580 

3820 

3640 

AV f • -c.honge in Yll1'h1cle vnloc.i l)" 01 reor tapeswitch set (mph) 
'le • t i l'l'lill' aftt!lt tn,.poc.t wh l!!n eonioc t wos lost 

All suppolti used .50· lb , rmula lcd' lundna iras ; all vehicles were 1958 Fords. 

Yeh. Velocity, Film 
(mph) 

Vi V1 4Vf 4V1c 

43. 8 36. 7 -7. 1 -5. 6 

39. 5 32. 5 -7. 0 -5. 7 

43. 1 35. 3 -7. 8 -6. 5 

44. 0 37. 3 -6. 7 -5. 9 

37. 7 28. 3 -9. 4 -9. 3 

40. 8 33. 7 -7. 1 -6. 0 

42. 2 38. 2 -4. 0 -2. 4 

40. 6 37. 7 -3. 3 -1. 9 

Vehicle Vehicle 
tJ.c Def. Damage (sec) (in.) ($) 

0. 069 14 397 

0. 140 16 459 

0. 167 16 427 

0. 080 15 427 

0. 098 20 838 

0. 105 17 484 

0. 075 11 362 

0. 172 not 
available 

8. The shaft should be as light in weight as possible, and the base fracture energy 
a minimum for all cases where the probability of low-velocity collisions is high. 

9. Supports that have mounting heights greater than 40 ft and bases with fracture 
energies greater than 9000 ft-lb should be considered with caution since they may pro
duce hazardous conditions in low-velocity collisions. 

Curves were derived that can be used to determine the vehicle and support response 
due to a collision. Curves for 30- and 40-ft mounting height steel and aluminum sup
ports struck by vehicles of 2500, 3500, and 4500 lb were prepared. These curves are 
entered with vehicle collision velocity and base fracture energy of the support base and 
are used to determine the change in vehicle velocity and the relationship of the pole to 
the vehicle. Other= curves were fo1"n1ulated that can be used to deter1nine tlie n1axirnun.1 
translation of the support toward the roadway. 

The design recommendations and curves can be used to check for the safe perfor
mance of luminaire supports. Variations from the analytically obtained values could 
occur in actual collisions due to conditions different from those assumed. However, a 
thorough knowledge of the principles of breakaway luminaire supports and prudent ap
plication of the design recommendations will result in the design of safer luminaire 
supports. 
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Parameter Study of the Dynamic Response of 
Luminaire Support Structures 
J. E. MARTINEZ and B. E. MORGAN, Texas Transportation Institute, 

Texas A&M University 

ABRIDGMENT 

•THE SAFE and efficient use of roadways requires proper illumination, and, in order 
to meet lighting requirements, luminaire supports usually have to be installed near 
the edge of traffic lanes. The increasing number of automobile collisions with these 
luminaire support structures and the severity of these collisions has led to the investi
gation of supports that will restrict impact forces to tolerable limits. 

The purpose of this study was to conduct a comprehensive parameter study by em
ploying a mathematical model verified by full-scale crash tests to investigate the ef
fects of varying the significant parameters governing the response of the structure. 
The results can be utilized in establishing design criteria and in determining a safe 
distance from the roadway at which these structures can be installed to avoid falling 
onto the traffic lane. 

THE MATHEMATICAL MODELS 

The first model studied assumes the post structure to be a rigid body under the ac
tion of constant and time-varying forces and idealizes the vehicle as a single-degree
of-freedom spring-mass system. The forces that act on the structure are the gravity 
force, the spring force due to vehicular impact, and the normal and base shear forces. 

The response of the rigid post system is governed by two sets of differential equa
tions (1). The first set predicts the behavior of the system while the post and the ve
hicle are in contact and the forces mentioned previously are present. The second set 
governs the behavior after the post has lost contact with the vehicle and is a rigid body 
moving in space under the influence of gravity. 

The second model studied was taken to be elastic and was obtained by using a finite 
element formulation. The post system in this case was idealized as an assemblage of 
twelve-degree-of-freedom beam elements, and the matrix displacement method was 
used in the development. The equations of motion were solved by a numerical scheme 
(2). A linear analysis was used in the formulation of the elastic model, and the linear 
equations derived were taken to apply only while the post and the vehicle are in contact, 
because once contact is lost, the post rotations become quite large and a linear analy
sis is no longer valid. 

The computer coding for this model allows for the determination of stresses and of 
natural frequencies of vibration. This information can prove very beneficial to the en
gineer in the design of safer and more efficient lighting structures. 

The vehicle impacting the structure was represented as a single-degree-of-freedom 
spring-mass system. The spring was assumed to be massless and incapable of resti
tution, and the rigid mass and its velocity simulate the momentum of the vehicle. In 
this study, the impact force was taken to be the value of a vehicle spring constant mul
tiplied by the difference of the vehicle displacement and the displacement of a corre
sponding point on the post. Values of the spring constant were obtained from tests con
ducted by the Texas Transportation Institute (~). 

Paper sponsored by Committee on Guardrail, Median Barriers and Sign, Signal and Lighting Supports 
and presented at the 48th Annual Meeting. 
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The effect of the base resisting force was approached from an energy consideration. 
The findings of tests revealed that it took an energy of 750 ft-lb to disengage typical 
slip type bases while an energy level of 9000 ft-lb was representative of cast aluminum 
transformer bases or steel progressive-shear type bases. The tests further revealed 
that the initial kinetic energy of the impacting vehicle was decreased by values ranging 
from 1.6 to 3 .1 times the value required to break the base. Thus, based on the test 
data and the accuracy of the reading, a decrease in the initial vehicular kinetic energy 
of three times the base fracture energy was used in the parameter study. This postu
lates that it takes twice the energy to deform the vehicle as it is fracturing the base as 
it does to disengage the base. 

PARAMETER STUDY 

Four different luminaire support posts were employed in the study. They included 
8 in. by 4.5 in. by 25 ft and 8.5 in. by 4.5 in. by 35 ft steel posts, and 8 in. by 4.5 in. by 
27 ft 2 in. and 8 in. by 4.5 in. by 37 ft aluminum posts. The weight of the luminaire 
was taken to be 50 lb., and the luminaire support arm, in all cases, was taken to have 
a length of 15 ft. 

The support structures were impacted by vehicles weighing 2500, 3500, and 4500 
lb., and the vehicular velocity was varied from 15 to 45 mph for each vehicle. Each 
case was investigated for vehicular approach angles of 5 and 15 deg. 

The results obtained from the parameter study reveal that impacting vehicle veloci
ties of 20 mph or less are hazardous since in all cases the post falls on the vehicle. 
At 15 mph, after impact the post is knocked loose from the foundation and strikes the 
ground before falling on the vehicle. At 20 mph, the response of the structure is quite 
similar except that the post does not hit the ground before falling on the vehicle. At an 
impacting speed of 30 mph the 30-ft post clears the vehicle in all cases, whereas the 
40-ft post has the tendency to clip the rear of the vehicle after hitting the ground. This 
effect is more pronounced when energies corresponding to transformer-type bases are 
used. An impacting speed of 45 mph causes the post to clear the vehicle. However, 
this does not necessarily create a safe situation because the post may fall on the road
way, causing a hazardous condition for other motorists. 

The study further revealed that the safe clearance velocity required of an impacting 
vehicle so that a hazardous condition will not be created for the occupants is always 
less for posts secured by slip-type base attachments than for posts secured by trans
former-type bases. These safe clearance velocities are defined as velocities that 
would only cause vehicle damage and not possible injury. A clip of the trunk of the ve
hicle by the post is not considered a condition that could cause injury. 

CONCLUSIONS 

The investigation revealed that: 

1. The slip-type post attachments confine impact forces to lower limits than the 
frangible-type design. 

2. Impacting velocities of 20 mph or less cause the post to fall on the vehicle. 
3. Impacting velocities of 30 mph may cause the taller post installations to clip the 

rear of the vehicle after hitting the ground. 
4. High impacting velocities cause the post to clear the vehicle, but this may create 

a hazardous condition if the post lands on the roadway. 
5. An increase in the vehicular approach angle normally causes the post structure 

to have a terminal position further from the roadway. 
6. The taller post installations have a greater tendency to fall on the vehicle after 

impact. 
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Dynamic Tests of Five Breakaway 
Lighting Standard Base Designs 
E. F. NORDLIN, W. H. AMES, and R. N. FIELD, 

California Division of Highways 

A study to determine the effectiveness of five breakaway light
ing standard base designs in reducing the severity of vehicle 
impacts is reported. Ten head-on full scale dynamic tests 
were conducted on 30-ft lighting standards mounted on the 
various frangible or slip base designs. All of the standards 
were steel except for one aluminum design. The tests were 
conducted on a 6-in. high cast aluminum insert base, a notched 
bolt insert design, a multi-directional steel slip base design 
developed by Texas Transportation Institute, a 20-in. high 
aluminum transformer base, and an aluminum standard fitted 
and epoxy-cemented to an 18-in. high cast aluminum sleeve 
type base. 

All of the base designs tested at moderate (40 mph) impact 
speeds broke away with tolerable impact resistance. The 
Texas slip base and the notched bolt insert designs offered the 
least resistance at this speed. The impact resistance of the 
notched bolt insert showed a marked increase when the impact 
speed was reduced to 15 mph. Similar resistance was experi
enced in the 15-mph test on the 20-in. high aluminum trans
former base. However, the impact resistance of the multi
directional slip base was essentially the same when impacted 
at 15 mph as at 4U mph, supplementing anct substantlatmg the 
findings of T. T. I. that this is one of the most effective designs 
for reducing the severity of vehicle impacts into lighting stan
dards at all speeds and angles. 

•CALIFORNIA's increased emphasis on highway safety has included a concentrated ef
fort to minimize the potential hazard of fixed objects on the roadside. The 1967 acci
dent statistics for "ran-off-the-road, hit-fixed-object" fatal accidents in California 
show an improvement over those for 1966. However, this type of accident continues 
to be the most prevaient on Caiifornia freeways, with impacts into li!!;hting standards 
accounting for 15 fatalities in 1967. At the present time, more than 30,000 rigidly 
mounted lighting standards are located along California's highways and present po
tential hazards of varying degrees to the motoring public. 

The primary purpose of the research project reported herein was to determine or 
develop, through full-scale dynamic impact testing, the most effective breakaway de
vice that can be used in a traffic-vulnerable lighting standard installation to reduce 
the severity of vehicle impacts at highway operating speeds. Data from other re
searchers (1, 2) were thoroughly analyzed and considered fully in deciding which break
away base designs to test. 

Poper sponsored by Committee on Guardrail, Median Barriers and Sign, Signe I and Lighting Supports 
and presented at the 48th Annual Meeting. 
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After reviewing the data from the initial six 40-mph tests of this series, there 
were some reservations regarding low-speed impact performance. The first low
speed test at 15 mph confirmed our suspicions that a base design that breaks away ef
fectively when impacted at 40 mph can, in fact, be an almost immovable object when 
subjected to low-speed impacts approaching a static loading condition. A review of 
resulting damage in low-speed tests reveals severe vehicular front end deformations, 
which we consider to be relatable to the damage often sustained by a broad-sliding ve
hicle impacting a fixed object within the limits of the passenger compartment (see 
Plate 3, Appendix). After reviewing the data films from the low-speed tests, consid
eration was given to continuing the research project by simulating side impacts. How
ever, no matter how conclusive the results would be for a given vehicle, they would be 
representative only of the damage that could be expected from side impacts on that 
particular vehicle. Furthermore, in the final analysis it appears that the most ef
fective breakaway base simply offers the least resistance to vehicle impact at all 
angles yet is capable of resisting the operational loads imposed upon it. 

It was significant to note that with an 18-ft setback from the edge of pavement, just 
one of the three standards tested at low speeds would have fallen into the traveled way 
(Plate 4, Appendix). In general, the pole reactions in this test series correlate well 
with work by other researchers with mathematical models, dynamic tests, and field 
performance (2, 3, 4). Of particular significance is the post-impact position of the 
lighting standard-supported on the slip base design for the 15-mph impact. 

Discussion of the data reported herein is limited to the most significant findings. 
Sequence photos, damage photos, and dynamic data derived from high-speed photog
raphy are presented as evidence of the relative efficiency of the five devices tested. 

DESIGN AND PERFORMANCE 

C.ommon to all tests was the 28-ft 6-in. high lighting standard with 12-ft mast arm 
and 30-ft luminaire mounting height. For all tests except 193, the lighting standards 
and mast arms were steel (California Type XV). For Test 193, the lighting standard 
and mast arm were aluminum. All luminaires were 400-watt mercury vapor units 
that weighed 25 lb with aluminum shell. Radio-controlled vehicles were impacted 
head-on into the standards with the planned point of contact near the midpoint of the 
bumper. The path of the impacting vehicles was parallel to the simulated edge of a 
highway pavement in the direction of travel. The test vehicles were 1966 sedans 
weighing 4,540 lb gross, including all test equipment and the dummy, with a bumper 
height of 22 in. This 22-in. height is to the leading edge near the top of the bumper 
where it makes initial contact with the pole. Crash vehicles for the 40-mph tests were 
under power through impact. For the 15-mph tests, the ignition was turned off 10 ft 
before contact and the vehicle was permitted to coast through impact. The anthro
pometric dummy was unrestrained for all tests. 

Table 1 gives the dynamic data from all ten tests, and Plates 1 and 2 (Appendix) 
show sequence photos of each dynamic test. 

It is important to note that load transfer from the vehicle to the lighting standard 
occurs at a point approximately 22 in. above the ground. In all tests conducted during 
this series, local deformation of the pole at this 22-in. height is coincident with the 
bumper height of the typical 1966 and later vehicles. Breakaway lighting standards 
impacted with older test vehicles with lower bumper heights would likely indicate 
more effective breakaway performance than is warranted under current operating 
conditions. In other words, the lower the impact point, the more effectively the load 
will be transmitted into any base-type breakaway device before the pole collapses. 
Therefore, when comparing results of other researchers with the results of this se
ries, correlation as to the effectiveness of any particular device may not, in all cases, 
be evident. 

Cast Aluminum Insert Base (Tests 182, 183, and 191) 

The 6-in. high frangible aluminum insert bases used for these three tests were cast 
from material conforming to the requirements of ASTM Designation B-108, alloy 
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TABLE I 
BREAKAWAY LIGHTING STANDARDS 

(Vetiiele · I966 Sedan- Weight 4 540Ib• w/ 1ns1rum111ntotion and dummr) 

TEST NO. 181 182 183 191 192 193 194 195 196 197 

SHAFT TYPE Shel StHI StHI Slul StHI Aluin. SIHI SIHI SIHI Steel 
AND HEIGHT 28'-g" 28'-6" 28'-6" 28'- &" 2e•-e• 28'-fl" 2:e'-e" 28!..6" 28'-6" 28'-15" 

Notch 6 Frang 6"'Frono S"'Fronv N01ch Coll AT. No!ch Tua, Tu.as Alum 
BASE TYPE boll • Alum Al ln•ert AllnHrl ~b-~~~ SIHV8 bOllt Slip Slip Tron, 

H·950°f lnHrl (ModiJ~ lr.tn.r11f_,, 8QU HJ05~ ••= .... bou: 

INITIAL (MPH)• 
40! 39 7 412 47.7 399 392 14,9 40,4 15 8 15 9 VELOCITY 

FINAL (MPHJ' 
356 37 6 45 2 390 34.f> 0 390 14 9 0 VELOCITY 

" l>. VELOCITY I- 41 36 2 ,5 19 36 14.8 14 10 159 
(MPH) 

" l>. MOMENTUM 0 850 750 51 0 390 740 3040 290 210 3270 
(LB SEC) 

TIME IN POLE 
0 170 0 212 0 136 0 107 0197 2 5 4 0 11 4 0 130 376 CONTACT (SEC) 0 

TIME TO POLE 
z 

RELEASE (SEC.) 0 024 0025 0018 0 009 0027 0 115 0 ,009 0010 0 4 70 

DE FORMATION 
Minor 

30° 25° 5• 10° 90° 
Minor None None None 

OF POLE Bend Bend Bend Bend Bend 

MAXIMUM! HOOD 12" 12 5
11 12' 12• 2' 9 • 2 1" 9" 1,5" 21" 

~rnl~~ERJMPER 19 24" 20 5,f 19" 2" 19" 2 1' 9" 3• 21• .. 
• ln1tlol V1loc1tv-onr091 veloc11r colculot,d o>Ju I 1nltr>Jol prior 10 1mp0c:1 

•• Fino I v,lo c ily-D>J.,O1,1, velocily calculoled ov,r 1' int,rval afl,r polt 1011 contocl with IHt v1hic1, 

SG'70A, heat-treated ot a T-6 temper. The side wall thickness of the casting was 
¼in. 

Test 182 was conducted at 40 mph on an unmodified cast aluminum insert with the 
hand hole facing away from the traveled way. Figure lA and Plate 5 show design de
tails. As the base failed on impact, the standard was kicked up and ahead of the test 
vehicle (Figure lB). The lower portion of the pole shaft hit the roof as the test vehicle 
progressed under it. The top of the pole shaft came to rest about 30 ft beyond the 
foundation. The force of impact not only collapsed the front end of the test vehicle 
about 24 in. but the pole shaft was damaged beyond repair with a 30-deg bend at the 
point of contact. In addition, the foundation anchor bolts were bent approximately 30 
nAO' !JU7!J'll' fT"nrn thA rH-rArHnn nf imn~rt 
--c:, -·•-J ------ --- ---- -- ----- -- ---- ... ~--· 

Test 183 was conducted at 40 mph on a cast aluminum insert base modified by drill
ing a series of four 1-in. diameter holes at 2½-in. centers in each of the three side 
walls (modification 1) and the hand hole was oriented toward impact. Figure 2A and 
Plate 5 show design details. It was anticipated that the base would fracture through 
this weakened cross section, thus reducing the impact resistance. However, upon 

Figure 1A. Figure I B. 



Figure 2A. Figure 2B. 

impact, the base failed through the base flange in much the same manner as in Test 
182. There was no evidence of fracture through the weakened plane of the drilled 
holes (Fig. 2B). The lighting standard was kicked ahead and up, clearing the vehicle 
by 3 ft as it passed through the impact zone. It settled to the pavement with the top 
approximately 35 ft beyond the anchorage. The shaft was bent to approximately 25 
deg at the point of first contact and was damaged beyond repair. The anchor bolts 
were bent approximately 30 deg. Vehicle damage was much the same as sustained 
during Test 182, with a 20-in. deformation to the front end. 

9 

Test 191 was conducted at 48 mph on the cast aluminum insert base mounted on the 
same anchorage as was used for Test 182 (the previously damaged bolts were repaired 
by straightening and welding on new studs) . In a furthe1· effort to reduce the impact 
resistance noted in Tests 182 and 183, two 1-in. by 31/,.-in. slots were milled through 
the three side walls near the base flange (modification 2) where the fracture occurred 
in the insert bases in the preceding two tests. Figure 3A and Plate 5 show design 
details. The hand hole was oriented facing away from the traveled way. Upon im
pact, the aluminum insert again failed in a combination of shear and tension with the 
fracture taking place through the milled slots as anticipated (Fig. 3B). The two right
hand bolts were bent 30 deg and the two left-hand bolts were sheared off at the surface 
of the concrete foundation. The lighting standard was kicked ahead and up, clearing 
the vehicle by 7 ft as it passed through the impact zone. The top of the pole settled to 

Figure 3A. . Figure 3B. 
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the pavement 25 ft beyond the anchorage. The shaft was dented 2 in. and was not con
sidered salvageable. The vehicle sustained the least front end deformation (19 in.) ob
served in the three frangible aluminum insert tests. 

The performance of the 6-in. cast aluminum insert with the second modification as 
in Test 191 under moderate impact was satisfactory. However, due to concern over 
the loss of side-wall cross section induced by the slots, it was concluded that this de
vice should not be adopted as a design standard unless subsequent cyclic vibration tests 
are performed to insure that wind loads would not cause premature operational fatigue 
failure. Such tests were not within the scope of this research study. 

Notched Bolt Inserts (Tests 1811 192, and 194) 

A notched bolt insert concept designed to provide structural support equivalent to 
that provided by the conventional ASTM A-307 anchor bolt but with a notch machined 
in it to induce instantaneous shear failure under lateral impact was proposed as a 
breakaway device. Three impact tests were performed on installations incorporating 
the notched bolt inserts, two at 40 mph and one at 15 mph. The notched bolts were 
fabricated from 17 -4 PH stainless steel, which is a martensitic precipitation harden
ing stainless steel of high tensile strength and low impact resistance. Although maxi
mum strength and hardness are achieved by hardening at 850 F, in this condition, the 
material is brittle and the fatigue characteristics are questionable for this application. 
As the hardening temperature is increased, the material has better fatigue character
istics, better corrosion resistance, and is less susceptible to stress corrosion crack
ing. However, as the heat-treating temperature is increased, the impact resistance 
is also increased. 

Test 181 was conducted on bolts heat-treated at 950 F and Tests 192 and 194 used 
bolts heat-treated at 1050 F. Prior to heat-treating, a notch is machined in the bolt 
insert to reduce its diameter from the standard 1 in. to 7/ie in., as shown in Plate 5. 
The notched inserts are threaded into 3-in. long sleeve nuts, which in turn are threaded 
onto the regular anchor bolt. 

Test 181 was conducted at 40 mph on the assembly shown in Figure 4. Upon impact 
the lighting standard was kicked ahead and up and cleared the vehicle by 6 ft as it 
passed through the impact zone. The top of the pole came to rest 16 ft beyond the 
anchorage. Damage to the lighting standard consisted of a minor c.itmt at l.ht: J:JUiuL uf 
contact with the vehicle. Although the A-307 anchor bolts bent 30 deg, they were suc
cessfully straightened for use in a succeeding test. Vehicle deformation (18 in.) was 
less than sustained during any of the frangible aluminum insert tests. From the stand
point of impact resistance at 40 mph, the notched bolts performed efficiently and dum
my driver decelerations were almost negligible. However, there is some concern as 

Figure 4. 

to the possibility of stress corrosion 
cracking occurring in this material in a 
950 deg heat-treatment condition after 
extended exposure to Vv"ind loadL-ig and ac = 
companying vibration. It was therefore 
agreed that the heat-treatment tempera
ture should be increased to improve the 
fatigue characteristics. However, since 
an increase in treatment temperature al
so increases the impact resistance, an
other proof test was conducted using the 
revised heat treatment. 

Test 192 was conducted at 40 mph on 
the same notched bolt insert design as 
was used for Test 181 with the following 
modifications: (a) heat treatment was in
creased from 950 deg to 1050 deg and (b) 
a 3-in. high grout pad was cast around the 
sleeve nuts and epoxy-bonded to the con-



crete foundation (Fig. 5). Upon impact the 
notched bolts failed as before and the 
standard was kicked ahead and up 4 ft 
over the vehicle as it passed through the 
impact zone. The standard came to rest 
with the top approximately 12 ft beyond 
the anchorage. The point of impact was 
off-center on the vehicle bumper and close 
to the supporting brackets. Consequently, 
the vehicle sustained only very minor 
damage, consisting of a 1 ½-in. dent in the 
bumper and a slight dent in the grill and 
hood. The light standard was bent 10 deg 
and the steel pole base plate was de
formed. The grout pad was damaged and 
broken out around the right sleeve nut. Figure 5. 
No discernible decelerations were re-
corded in the unrestrained dummy. Be-
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cause of the off-center point of impact by the vehicle on the reinforced section of the 
bumper, no valid correlation could be made between the results of Tests 181 and 192 
concerning the increase in impact resistance presented by the notched studs with the 
higher temperature treatment. 

In the first notched bolt test (181) the vehicle experienced most of the damage, 
whereas the principal damage in Test 192 was sustained by the pole. Although the per
formance of this design when impacted at 40 mph was very satisfactory, a third test 
was considered necessary to determine the impact characteristics of the notched bolts 
at a lower speed under loading approaching a static condition. 

Test 194 was conducted on the same notched bolt design as was used for Test 192 
(1050-deg treatment and 3-in. grout pad around sleeve nuts) but with a 15-mph vehicle 
impact speed and the ignition cut off prior to contact (Fig. 6). Upon impact, the bolts 
failed primarily in tension and the standard remained vertical and in contact with the 
car, "walking" for 6 ft before falling forward and to the left. The pole came to rest 
within 3 ft of the 18-ft offset line used to simulate the edge of pavement. The base of 
the standard remained under the front bumper, 18 in. from the anchorage . The ve
hicle sustained extensive damage (21-in. deformation) but the lighting standard was 
only slightly dented. The test results from this 15-mph test indicate the performance 
of this device as a breakaway design to be marginal under low-speed impact. Further 
research into the metallurgical properties of the 17 -4 PH steel is necessary before 

Figure 6. 

this concept could be accepted as an effective 
breakaway device for the inevitably wide range 
of operational impact conditions. 

Cast Aluminum Sleeve Base With 
Aluminum Pole (Test 193) 

In this test the lighting standard consisted of 
a tapered, welded aluminum pole fitted and 
epoxy-cemented to an 18- in. high cast aluminum 
sleeve shoe base (Fig. 7A). The base extends 
12 in. inside the aluminum pole. This serves 
not only as an effective struc.tural connection 
but also reinforces the pole to resist collapse 
on impact and to transmit more effectively the 
impact load into the frangible base. Plate 6 
gives design details. 

The vehicle impacted the pole head-on at 40 
mph. Upon contact, the pole collapsed and bent 
to an angle of approximately 90 deg at a point 
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Figure 7A. Figure 7B. 

35 in. above the concrete foundation. As the cast aluminum base failed (Fig. 7B) the 
car bumper was deformed 19 in. into and back under the vehicle. The collapse and 
bending of the pole caused it to hang up under the bumper and remain in contact with 
the vehicle for a relatively long period of time. However, after releasing from the 
car, the pole cleared the vehicle by 4 ft and the top of the pole came to rest about 25 
ft beyond impact. Vehicle decelerations were low and dummy decelerations were 
negligible. With the 22-in. bumper height (typical of most American passenger vehi
cles now in operation and production), the pole was contacted above the reinforced sec• 
tion. Consequently, as the pole collapsed, the load was transmitted to the base pri
marily in bending rather than in shear. The Texas Transportation Institute reported 
a more favorable breakaway action in a test on this base design using a 1958 model 
test vehicle with a 14-in. bumper height. 

Cast Aluminum Transformer Base (Test 197) 

The 20-in. high tapered cast aluminum alloy transformer base tested conforms to 
the requirements of ASTM Designation B-108, alloy SG70A, heat treated to a T-6 
temper. The top of the base accepts the 11½-in. bolt circle steel lighting standard 
base and the bottom requires a 15-in. bolt circle. Figure BA and Plate 6 show design 
details. 

The vehicle impacted near the top of the transformer base at a speed of 15 mph. 
The impact side of the base fractured but remained hung up on the anchor bolts. The 

Figure BA. Figure 8B. 
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remainder of the base (Fig. 8B) and lighting standard remained in contact with the ve
hicle and was pushed along in the vertical position for about 10 ft before falling ahead 
and to the left of the vehicle. A portion of the pole and the entire mast arm protruded 
16 ft beyond the 18-ft offset simulating the edge of the traveled way. This test illus
trates, as did that on the notched bolt insert design, the significant increase in impact 
resistance that might be expected with any frangible system as the impact velocity is 
decreased from the 40-mph to the 15-mph range. 

Multi-Directional Slip Base (Tests 195 and 196) 

Two impact tests were conducted using a multi -directional slip base adapter pat
terned after (and very similar to) that developed and tested by the Texas Transportation 
Institute. However, some modifications were necessary to accommodate the Califor
nia Type XV steel pole base configuration. Details of the design tested are shown in 
Plate 7. 

The two 18¼-in. diameter, 1-in. thick mild steel plates on the slip base were held 
together with three 1¼-in. black bolts conforming to ASTM Designation A-307 (Figs . 
9 and 10). Bolt torque was approximately 50 ft-lb, which is equivalent to about 2000 
lb bolt tension. Each of the top washers was pinned to the upper 1-in. plate with two 
1/a-in. she·ar pins to prevent the bolts from walking out of the s lots due to wind vibration. 

Test 195 was a 40-mph head-on impact. Upon contact, the base parted instanta
neously and the pole kicked up and ahead, clearing the vehicle passing underneath by 
5 ft. The luminaire broke loose from the mast arm and fell directly over the founda
tion. While falling, the mast arm rotated 180 deg in the clockwise direction and the 
pole came to rest approximately on line 25 ft beyond impact. Vehicle damage was mild 
with only a 9-in. penetration into the hood and bumper. 

Test 196 used the same slip base adapter as in Test 195. In fact, the installation 
and parameters were identical except that impact speed was reduced to 15 mph and 
the ignition on the test vehicle was cut off 10 ft prior to impact. 

As in the previous test, the base again parted instantaneously on impact with very 
little damage to the front of the tes t vehicle (3-in. bumper penetration). However, be
cause of the low impact speed, the pole did not kick up high enough to clear the test 
vehicle and fell back on top of it as it passed under, denting the roof and cracking the 
windshield. As the car continued under the pole, the pole base struck the rear part 
of the roof, shattering the rear window. Judging by the minor extent of roof denting 
and by the broken glass, injuries to occupants of the vehicle, if any, would likely have 
been minor. This reaction (the pole falling on the vehicle), although not desirable, 
will doubtless occur with any breakaway device at certain critical low speeds. 

Based on front-end damage, high-speed film analysis, and impactograph intensity 
readings, this low-speed test was an extremely mild impact. Excluding the secondary 

Figure 9. Figure 10. 
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impact, there was a momentum change of only 210 lb-sec, as compared with a 290 lb
sec change for the 40-mph impact using this same base. This indicates that the im
pact resistance of the multi-directional slip base is relatively independent of impact 
speed, whereas other breakaway concepts, particularly when breakaway requires a 
frangible metal failure, are highly dependent on the rate of load application. 

GENERAL OBSERVATIONS 

Vehicle Deformation 

Although the depth of the deformation of the bumper and hood of the vehicles used in 
this test series is subjective and should not be used as the sole criterion for basing 
the relative effectiveness of the various breakaway base designs, a close examination 
of the damage indicates that this information generally correlates with the change in 
speed through impact, and particularly with the reaction of the dummy driver. The 
difference between 19-, 20-, and 21-in. deformation on the same model vehicle is 
important when observing the intimacy of adjacent collapsed parts and, particularly, 
the displacement of the engine and any localized buckling of the frame and body. Mea
surements indicate that a 20-in. deformation of the hood and bumper of the 1966 sedan 
is the maximum the vehicle can sustain before engine displacement and frame buckling 
occurs. For instance, the vehicle in Test 181, with 18-in. maximum deformation 
after impact, required only a bumper, grill, radiator, and fan to place it back in 
operating condition. Test vehicle 193, sustaining a 19-in. maximum deformation, re
quired the same repair as 181 plus replacement of the water pump. The 21-in. maxi
mum deformation of both hood and bumper resulting from Tests 194 and 197 displaced 
the engine and warped the frame, resulting in the total loss of those vehicles. Plate 
3 shows relative deformation of the test vehicles for the various tests. 

Consideration must also be given to the manner in which the lighting standard sepa
rates from the frangible base during impact. When the vehicle overrides the pole, 
such as experienced in Tests 182 and 193, extensive bumper deformation was noted, 
yet only moderate hood deformation and subsequent low dummy decelerations were 
recorded. Critical examination of the damage is therefore important and deforma
tions reported in Table 1 must be interpreted subjectively ali::mg- with photographi:; of 
the actual damage. 

Impactograph Recox·dings 

Deceleration recordings traced by triaxial mechanical stylus impact-type instru
ments located in the chest cavity of the dummy and on the rear floor of the vehicle are 
shown in Plate 8 (Appendix). Deceleration readings from the impactograph are fil
tered values due to the low-frequency response (23 cps) of the instrument. In effect, 
this means that the relatively smooth traces recorded in the dummy cover durations 
in excess of 40 miiiiseconds. However, the data are significant for comparison pur
poses with other tests. 

As can be seen from the dummy's impactograph traces, the only tests showing de
celeration forces of any significant magnitude were the low-speed impacts using the 
notched bolt inserts and the 20-in. high cast aluminum transformer base as breakaway 
devices. This would likely be true of any breakaway system dependent on frangible 
metal failure. 

CONCLUSIONS 

All designs tested offer a significant reduction in impact resistance at moderate 
impact speeds (approximately 40 mph) when compared with conventional rigid base 
designs. The Texas Transportation Institute multi-directional slip base and the notched 
bolt designs offer the greatest reductions in impact resistance of those tested at this 
speed in this test series. However, the commonly used 20-in. high cast aluminum 
transformer base and the experimental notched bolt insert designs offer little reduc
tion in impact resistance when impacted at lower speeds (15 mph). Based on the data 
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derived from the ten impact tests, the overall breakaway performance of the T. T. I. 
multi-directional slip base design at both high- and low-speed impacts is considered 
to be superior to all other designs tested in this project. 

Caution should be used in locating any breakaway lighting standard close to the 
traveled way. Pole trajectories after impact indicate that the problem of pole en
croachment into the traveled way is minimized with the T. T. I. slip base design. Even 
at a 15-mph impact speed, the slip base was carried approximately 40 ft beyond the 
foundation and in the direction of impact, resulting in the least encroachment toward 
the traveled way of the three designs tested at that speed. 
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Appendix 
Plate 1. Sequence Photos (Test Nos. 181, 182, 183, 191, 192). 
Plate 2. Sequence Photos (Test Nos. 193, 194, 195, 196, 197). 
Plate 3. Deformation of Vehicles. 
Plate 4. Pole Locations Before and After Impact. 
Plate 5. Frangible Aluminum Base Insert (Unmodified) (Test 182). 

Frangible Aluminum Base Insert (Modification 1) (Test 183). 
Frangible Aluminum Base Insert (Modification 2) (Test 191). 
Notched Bolt Insert Detail (Tests 181, 192, 194). 

Plate 6. Cast Aluminum Sleeve Base (Test 193). 
Cast Aluminum Transformer Base (Test 197). 

Plate 7. Texas Slip Base (Tests 195, 196). 
Plate 8. Impactograph Data. 
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PLATE I 

TEST 181 IMPACT + 0. 17 SEC I +0.38 SEC I+ 0 .59 SEC 

TEST 182 IMPACT + 0.20 SEC I +0.45 SEC I+ 0 .70 SEC . 

TEST 183 IMPACT + 0.25 SEC I +0.40 SEC I+ 0.75 SEC 

TEST 191 IMPACT + 0.05 SEC I+ 0.35 SEC I+ 0.55 SEC 

TEST 192 IMPACT + 0 .10 SEC I +0.20 SEC I+ 0.75 SEC 

TEST SEQUENCE PHOTOS 
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PLATE 2 

TEST 193 IM PACT + 0 .25 SEC I +0.50 SEC I+ 0.95 SEC 

TEST 194 IMPACT + 1.25 SEC I+ 2.35 SEC I+ 2.65 SEC 

TEST 195 IMPACT + 0 .07 SEC I+0. 19 SEC I+ 0.34 SEC 

TEST 196 IMPACT + 0 .25 SEC I +0.95 SEC I+ 1.80 SEC 

TEST 197 IMPACT + 1.75 SEC I+ 2.75 SEC I+ 3.55 SEC 

TEST SEQUENCE PHOTOS 
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PLATE 3 

18" Def. 24" Def. 

20" Def. 19" Def. 

2" Def. 19" Def. 

21" Def. 9" Def. 

3" Def. 21" Def. 
DEFORMATION OF VEHICLES 
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Plate 7 

t" D, 4 EQUALLY SPACED HOLES ON AH" B.C. 
USE 4- i" D BOLTS, 3" LONG, W/WASHERS 

,--- - 1¾"0 

3 EQUAL~Y SPACED SLOTS ON A ts¼" B.C. 
USE 3-1 fD BOLTS, 4

11 
LONG, W/WASHERS 

i" !!2-------

-1----.., 
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STANDARD TYPE Xl!: 
STEEL POLE 

·-
I . 

I() 

TEXAS SLIP BASE ADAPTER 
TESTS 195 AND 196 

CARBON STEEL TUBING, 
l" 
4 WALL 
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Plate 8 

IMPACTOGRAPH DATA 

TEST NO. VEHICLE DUMMY (unrestrained) 
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Hydraulic-Plastic Cushions for Attenuation of 
Roadside Barrier Impacts 
CHARLES Y. WARNER, Brigham Young University 

A review of accident experience shows that collision with fixed highway 
obstacles is an important factor. Cushions constructed of water-filled 
plastic cells have been tested and found effective in reducing the severity 
of barrier impacts. Human tolerance data are briefly reviewed. Accel
eration pulseforms recommended in the literature are discussed in the 
light of recent research dealing with vehicle-occupant-restraint inter
actions. A vehicle pulseform incorporating ahigh-g, short-time, initial 
pulse is suggested for consideration. Data of several cushioned and 
unprotected barrier collisions are compared in terms of vehicle crush, 
vehicle rebound and coefficient of restitution, measured vehicle accel
eration histories, and the Gadd index of severity applied to vehicle 
measurements. The comparisons show a significant advantage in sur
vivability for crashes involving cushioned barriers. Some aspects of 
the cellular cushion construction are presented in the light of design 
flexibility and maintainability. 

•A PERSISTENT drive is taking place on a national scale toward improving equipment, 
environment, and public understanding in attempts to decrease the shocking annual loss 
of life and property in traffic accidents. The development of ever-safer highways and 
vehicles through combined government and industry efforts has produced gratifying 
results to date. According to the National Safety Council, during 1967 the death rate 
on the new Interstate Highway System averaged 3.15 deaths per 100 million vehicle
miles as compared to i.6 deaths per 100 miliion vehicie-miles on ali highways in tile 
United States that year (1). The emphasis given to lane separation and wide median 
strips in our modern Interstate System has resulted in a decrease in head-on collision 
losses. But while deaths and economic loss due to head-on collisions are decreasing, 
the proportion of all automobile accidental deaths due to collision with fixed objects in 
or near the roadway has increased almost 50 percent since 1940 (1). In 1966, about 
13,300 deaths were attributable to such fixed-object collisions (2)-:- This amounts to 
over 20 percent of the 53,000 motor vehicle deaths for that year-:-

Several concepts have been proposed in an effort to reduce this toll. Automobiles 
are made safer with improved restraint systems, more effective padding, bettei' glass 
characteristics, and energy-absorbing bodies and components. Highways have been 
improved by breakaway signs, buried guardrail ends, etc. Other concepts being 
studied for improvement of our Interstate System include the elimination of many 
obstacles, such as bridge supports and large signposts, from the roadway environment. 

At present, economic considerations prevent the full elimination of fixed-obstacle 
hazards. Large directional signs, bridge abutments, structural columns, and bridge 
railings are examples of fixed obstacles that will be with us for a long time to come (3). 

Many approaches to the problem of obstacle protection by energy absorption have -
been suggested, with varying degrees of success. Several devices of this nature in
volve metal deformation ranging from smashing oil drums or beverage cans to elaborate 

Paper sponsored by Committee on Guardrail, Median Barriers and Sign, Signal and Lighting Supports 
and presented at the 48th Annual Meeting. 
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systems involving programmed strain of metal bands or rods. Natural vegetative 
growths have been used with some success. Arrays of sandbags and of shearable wood 
posts have been designed and tested. One system that offers considerable promise for 
protection of fixed highway obstacles consists of soft, flexible plastic tubes filled with 
water. The tubes are equipped with orifices that allow water to escape at a rate that 
provides a predetermined vehieular deceleration upon impact. This device has many 
inherent advantages, which are enumerated and discussed in the following. 

DESCRIPTION OF DEVICE 

The basic building block of the hydraulic-plastic cushions is a 6-in. diameter, 40-
in. long hollow cylinder of polyvinyl chloride, having a wall thickness of ¼-in. (Fig. 1). 
The cylinder is sealed at the lower end by a cast-in-place diaphragm. The upper end 
is partially closed by an orifice diaphragm fastened in place at the time of assembly. 
Cushion units are constructed by assembling the cylindrical cells into the depth, width, 
and "stiffness" desired for a safe deceleration of the impacting vehicle. The plastic 
may be joined by glue, thermal welding, or mechanical fasteners, allowing great 
flexibility in the assembly operation. Any desired orifice configuration can be used, 
ranging from a soft, large orifice-area tube to a very stiff closed-in tube. The energy 
attenuation effect is produced by a combination of distortion energy in the flexible 
plastic wall and momentum transfer to the fluid, which is expelled at a controlled rate 
through the orifices. 

The tough vinyl plastic carries with it a "memory" that tends to restore desired 
original geometry after fluid removal. Usually, the only maintenance required is 
refilling with liquid. Occasionally a tear in the plastic must be mended. The simple 
modification of individual cell characteristics by regulation of orifice configuration, 
together with the great latitude offered to the designer in assembling cells into a pro
tective cluster, makes possible the design of an efficient cushion for almost any im
pact attenuation problem. 

BIOME CHANICAL CONSIDERATIONS 

Eiband (4), Stapp (5), Kornhauser (6), and others (7, 8) have accumulated and dis
cussed data- relating to human tolerance to acceleration. - Tests using human subjects 
indicate a safe tolerance to rate-of-onset of about 500 g's per second. Studies by Stapp 
indicate a definite decrease in tolerance to acceleration with increasing rates of onset 
(5). At 50 g's per second onset, restrained humans have endured 45 g's without ob
servable damage. At 1370 g's per second onset, definite signs of physical damage 
were evident from a maximum loading less than 40 g's. 

Perhaps the most important variables in a safety analysis of crash measurements 
are those which influence occupant loads. Some of these have not always been mea
sured in crash tests. Occupant loadings in conventional automobile impacts are af
fected by two major factors. First, and most difficult to specify dynamically, the 
force transfer function due to the 
restraint system must be deter -
mined, since this system presents 
the only safe means of applying de
celerative loads to the occupant. 
The second consideration is, of 
course, the acceleration history of 
the vehicle. Although this is quite 
readily measured by photographic 
or electronic means, the data 
alone cannot determine the surviv
ability of th,e crash. 

The problem under considera
tion here is therefore quite com-

POP OPEN CAPS 
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Figure l. Hi-Dro Cushion Cell unit. 
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pulseform for oc-

plex. Whereas the characteristics 
of the cushion are under direct in
vestigation, it is the cushion + ve
hicle + restraint devices, considered 
as a system, that determine crash 
survivability. 

For the purposes of this paper, 
the complex interrelationships of the 
vehicle and its occupants have been 
ignored, assuming use of an effec
tive restraint system. This is prob
ably a conservative viewpoint, inas-
much as a properly designed restraint 

system will tend to decrease deceleration levels felt by the occupants. On this basis, 
the tolerable vehicle deceleration is equal to that of a normal seated human being in 
the forward-facing direction. 

In a recent research prospectus (2), the U. S. Bureau of Public Roads suggested 
the following requirements for vehicle deceleration: 

The average permissible deceleration of the impacting vehicle during the 
highest peak period (maximum permissible duration not to exceed 0.04 
seconds) should be limited to about 12 g's while preventing actual im
pacting or penetrating of the roadside hazard, The equipment shal I be 
designed to prevent the maximum onset rate from exceeding 500 g's per 
second, 

In view of the variables involved in human tolerance, vehicle response to impact, 
and effectiveness of restraint systems to be used in the foreseeable future, the pulse
form shown in Figure 2 has been suggested as a standard for comparison (10). It 
consists of a 500-g per second rate of change of acceleration leading to a 10-g maxi
mum average acceleration. 

This pulseform is, by all standards, safe for the average, well-restrained human. 
It is perhaps uneconomical, however, because it requires the vehicle-restraint-crash 
cushion system to be over-protective, in view of the 40-g well - restrained tolerance. 
From an economic standpoint, this may result in programs that provide more than 
adequate protection for some highway obstacles, with no protection for others. The 
net result might be less protection than could be afforded under conditions of higher 
(perhaps 20 g) limits. 

The requirements of a limited onset rate for vehicle acceleration has very little to 
do with occupant acceleration and therefore provides small benefit in occupant safety. 
Under certain conditions, the opposite may be true. In a recent computer simulation 
of vehicle-occupant behavior, Rennecker 
investigated the relationship between ve
hicle and occupant loadings at 30 mph (11). 
His results did not demonstrate a con
nection between vehicle and occupant 
rates-of-onset. Another significant re
sult of Rennecker's research, confirmed 
in an independent study by Kaufmann and 
Larsen (12), demonstrated a surprising 
aspect oft he phase-magnitude relation
ships between vehicle and occupant load
ings. Both studies found that a pulseform 
similar to Figure 3, featuring a short
duration, high initial load on the vehicle 
(30-50 g, 10 milliseconds) can actually 
result in reduced occupant loads as com
pared to a square-wave. Apparently, a 
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means should be devised to measure 
vehicle crash severity on the basis of 
probable injury sustained by an "average" 
occupant using an "average" restraint 
system. Such a standardized means of 
measurement would greatly simplify 
comparisons among impacts, and provide 
a uniform basis for design of vehicles, 
highways, and restraint devices. Such a 
standardization would also substantially 
increase the cost-effectiveness of experi
mental vehicle crash investigations. 

UNPROTECTED CRASHES 

Measurements from the passenger 
compartments of experimentally crashed 
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Figure 4. Crash histories. 

vehicles yield acceleration pulseforms similar to those shown in Figure 4 (10, 18). 
Martin and Kroell reported an acceleration for a "1967 composite car" in a 30-mph 
impact as shown in Figure 5, together with crash test data of Stonex (13, 14). Even 
at the relatively low speed of 30 mph, impact with a rigid barrier constitutes a critical 
hazard. Design of a device that will provide a more acceptable response presents a 
unique engineering challenge. 

In the absence of definitive limits of vehicle acceleration,, such a design must be 
qualitatively evaluated on a comparative basis. The cushioned-crash data discussed 
in the following are compared with the uncushioned-crash "control" pulseforms in 
Figures 4 and 5. 

TEST PROCEDURE 

Several tests are discussed in this section. They are representative of more than 
40 full-scale crash tests conducted at Brigham Young University to measure the effec
tiveness of the hydraulic-plastic cushion concept. Impact speeds up to 60 mph were 
employed. 

The initial phase of the test program involved the use of a ram vehicle, which was 
basically a 1961 ¾-ton Chevrolet pickup rebuilt to incorporate safety devices and in
strumentation to allow measurement of forces and accelerations caused by impact. It 

acted as a rigid impacting mass, making 
no provision for cushioning due to vehi
cle "crush." It was designed for use 

35 

30 

I 
Ii 
ii 1960 FORD STATION WAGON 
11 /33 MPH BARRIER CRASH (STONEX [14)) I 1r 

26 ~ :: 
1• •1 
11 ,, 

I!) 20 I'', i\il I 1967 "COMPOSITE CAR" 30 MPH BARRIER 

CRASH, ( MARTIN AND KROELL (13]) z 
~ 15 

::': 
<( 
a: 
~ 
"' 0 

"' Q 

RAM VEHICLE, 29.6 MPH, 8 FT 

CUSHION CRASH (WARNER (10]) 

Figure 5. Comparison of 30-mph protected and 
unprotected crashes, 

with a live driver at low-velocity im
pacts (measured accelerations in low
speed cushioned tests suggested that 
the live-driver limit was above 35 mph, 
the highest live-driven test in this 
series). An aircraft seat was installed 
in the vehicle in place of the standard 
seat. It incorporated a wide lap belt 
and padded shoulder harness with single
buckle release. This restrained the 
driver fully under acceleration condi
tions exceeding those predicted for the 
tests, yet enabled him to escape the 
vehicle rapidly in case of unforeseen 
difficulties. 

It was not feasible to employ a live 
driver for vehicle crashes at speeds 
exceeding 35 mph. Stock vehicles, re
motely guided by a driver in a towing 
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Figure 6. Pressure and deceleration (1960 Ford 
wagon, 45 mph). 

vehicle, were chosen for these high-speed 
tests. Every effort was made to assure 
that the vehicles were representative of 
those that could be expected to be involved 
in an accidental crash. Vehicles were 
accelerated to test speed under their own 
power, with assistance from adirectly 
coupled offset towing vehicle that released 
the crash-bound vehicle in the proper tra
jectory shortly before impact. Accelera
tions were measured on the floor of the 
passenger compartment. 

Pressure and acceleration instrumenta
tion was mounted on the cushion unit for 
each test. High-speed motion-picture 
cameras placed in strategic locations pro
vided visual recording of the events of the 
test. A speed trap measured speed shortly 
before impact. 

Acceleration-time histories for the more significant tests in the series are reported 
in the following. Most of the data are from battering-ram tests in the 20 to 35 mph 
range. Two full-scale crash tests at about 45 mph are also reported. 

TEST RESULTS 

Two-Pulse Characteristics 

Dynamic considerations suggest that the initial acceleration peak observed in all 
tests is due primarily to the inertia of the liquid in the cells . A l arge force is r equired 
to initiate motion of this fluid mass. Film records s how that liquid is already flowing 
rapidly from cells near the center of the unit before the vehicle penetrates very far. 
Further penetration into the unit meets increased opposition as the motion of the cells 
is constrained and the pressure is distributed over a greater area of the deformed tubes. 

Pressure measurements cc!".iirm these 0bs~rv~ti nn~. rnnsider the pressure 
traces displayed in Figure 6. The pressure in a cell near the vehicle experiences 
two pressure peaks, while that in a cell near the barrier has a single sharp pulse. 
The time position of this back- row pulse bears out the existence of a pressure 
wave, observed in high-speed film to move ahead of the vehicle at a rate about 
double that of the vehicle-cushion interface. This wave is reflected off the rigid 
obstacle, causing a buildup toward the second force peak as the vehicle penetrates 
the cushion. A similar response was observed in most tests. 

Configuration Comparisons 

Figure 7 compares two battering
ram impacts at about 30 mph. In Test 
13, a 6-by-12 cell cushion unit was 
struck. In Test 29 the same 6-by-12 
unit was used in series with an 8-by-4 
unit. Notice that the initial pulse is 
almost idential in the two tests, indi
cating a strong dependence upon the 
liquid inertia of the first few rows of 
cells. The time of occurrence and 
severity of the second peak is, how
ever, significantly different in the two 
cases. The deeper cushion unit gives 
a much lower, longer secondary peak. 

0 0,1 Q 0.15 
TII\IE,SEC 

Figure 7. Comparison of depth at 30mph (ram vehicle). 
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The secondary peak is apparently 
the result of several phenomena that 
occur simultaneously. As the vehicle 
passes into the cushion, the higher
speed pressure wave preceding it 
strikes the rigid barrier surface and 
is reflected. The superposition of 
pressure waves eventually builds to a 
second peak. The geometry of the 
cell package has an important bearing 
on the position and magnitude of this 
peak. Other combined effects are the 
rapid loss of cell-void air space and 

15 
C) 

Figure 8. 

an increasingly broader load distribution with penetration as the circular cells 
collapse. 

Similar trends are exhibited in Figure 8, comparing 21-mph tests, where a greater 
contrast in cushion depth is represented. The secondary acceleration peak is barely 
manifest in the case of the deep, soft cushion, and is delayed. The moderation and 
delay provided by the increased cushion depth is due to a phase mismatch in the super
posed pressure waves traversing the unit. 

Figure 9 shows the dependence of overall response upon impact velocity for a fixed
cushion configuration. The magnitude of the first peak bears a significant dependence 
on velocity. Note the velocity-dependence of second-peak position and magnitude. 

The second peak should be sensitive to the reflection characteristics of the cushion
barrier interface. Appropriately spaced voids along that interface and throughout the 
unit can be used to materially diminish the magnitude of the second peak. 

Examination of the acceleration responses in general indicates that the force build
up usually occurred more rapidly than it should have. A softening of the initial rows 
of cells will be required to moderate this rapid onset. The use of voids and large
orifice cells can remedy this problem. 

Vehicle Crush and Rebound 

The three tests performed at about 45 mph using stock automobiles give an interest
ing comparison in vehicle rebounding. In the two cushioned tests, the automobiles re-

15 6•t6~ 
9 FT. CUSHION 'LLl.J 

10 

bounded about 25 ft from the point of impact. Vehicle 
crush, confined to a 3½-ft wide area in the hood and 
grille, was about 18 in. in each cushioned test. Figure 
10 shows the conditions of one 45-mph cushioned test. 
In the unprotected 45-mph test (Fig. 11), vehicle crush 

5 TEST 2e (352. MPH) of about 38 in. took place across 80 percent of the car 

10 I 
.. ~~ST25 (27.5MPH) 

width, causing extensive frame and passenger com
partment distortion. This is roughly in agreement 
with the results given by Emori for frontal collisions 
(15). Using his correlation of crush vs impact speed, 
iTTs seen that the 45-mph cushioned impacts yielded 
a crush equivalent to 20 to 25 mph unprotected impacts. 
In a later paper, Emori compares the overall coeffi
cient of restitution for frontal impacts, showing a 
highly plastic deformation at 45 mph, but a more elastic 
collision at 20 mph, the ratio of restitution coefficient 
being about 4 (16). The rebound distances measured 
in the BYU tests are thus consistent with an effective 

5

0

1~ TEST22C14.4MPHl impact speed of 20 to 25 mph in a 45-mph cushioned 
Ll.~__:_~~=======-=---- crash. 

A mild paradox arises from the safety implications 
of vehicle rebound. A large rebound, indicative of 

Figure 9. Impact velocity effects. smaller deformations and acceleration loadings, is 
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Figure 10. Results of 45-mph cushioned impact. 

Figure 11. Unprotected lmpoct at 45-mph. 
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characteristic of good automobile pro
tection. However, alarge rebound sug
gests the danger of car-to-car collisions 
in a traffic situation. Low rebounds, 
while minimizing danger to other traffic, 
indicate a high-deformation, high-force 
primary collision. This phenomenon is 
apparently more dependent on the charac
teristics of the vehicle than the cushion, 
although some cushion effect may be 
present. The low-speed tests, where the 
vehicle effects were minimized, generally 
showed a much smaller rebound. An in
expensive device, designed to snag and 
hold the rebounding vehicle, can easily be 
included in a cushion unit installation. 

Figure 12. Typical water displacement after 45-
mph test-9-ft unit. 

Crash Energy Absorption 

A 4000-lb vehicle, brought to rest from 45 mph, must dissipate about 270,000 ft-lb 
of kinetic energy. In an unprotected rigid-barrier impact, this energy is commonly 
absorbed by the vehicle alone. Measurements from the protected 45-mph cushioned 
tests indicate a vehicle absorption of less than 40,000 ft-lb and a cushion absorption 
of over 230,000 ft-lb, or about 85 percent of the total energy in the 45-mph impact. 

Durability 

Durability of the units tested was excellent. Cushions were impacted repeatedly 
without signs of wear. Some tearing was seen to occur at points of stress concentra
tion on some high-speed runs. A few cells exhibited poorly cured plastic. Rarely, a 
cell wall was cut by sharp vehicle parts. On-site maintenance using a heat-gun weld
ing technique or glued patches proved satisfactory for most repairs. 

Post-test water level measurements show that a large portion of the initial charge 
of water remains in the unit after impact, suggesting some capacity for repeated im
pacts without immediate refilling (Fig. 12). 

Crash Severity 

The effectiveness of the cushion is dramatically exhibited by the comparisons given 
in Figures 10 and 11, which show actual damage to similar vehicles in similar impacts 
with and without the benefits of the cushion. 

As a summary means of estimating relative injury hazard, the Gadd 2.5-power 
weighted-impulse severity index was calculated for the six impacts shown in Figures 
4 and 5 (17). The results are given in Table 1. Although the data in the table do not 
include restraint system effects, they do show an indication of severity. In the 30-mph 

TABLE 1 

COMPARISON OF GADD SEVERITY INDEX FOR PROTECTED AND 
UNPROTECTED CRASHES 

Barrier Crash Condition 

1967 composite car, 30 mph 
1960 Ford wagon, 33 mph 
4700-lb battering ram, 29 .6 mph 
1956 Ford sedan, 47 mph 
1959 Ford sedan, 45 mph 
1960 Ford wagon, 45 mph 

Gadd Sever ity 

Index, g '/, - sec 

70.2 
70.6 
15. 38 

211. 7 
150. 0 
115. 3 

Crash 
Characteristics 

No cushion 
No cushion 
8-lt cushion 
No cushion 
Some cushioning 
9 - lt cushion 

0 Wood-eort~ barrier ; less severe then concrete ba rrie r; some barrier deformati on (10 ). 
6Heod-ol" crash, equ iva lent in severity to 47-mph barri e r c rash; see Emori (~). -

References 

Martin and Kroell (13) 
Stonex (14) -
BYU Test13a 
Seve ryb ( 18 ) 
BYU Test33a 
BYU Test 32a 
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range, a 4.5-to-l ratio of severity is seen in comparing unprotected and protected 
tests. At 45 mph, the ratio is about 2-to-1. 

DESIGN FLEXIBILITY 

The basic structure of the cushion units makes possible a fine-scale tailoring of 
cushion characteristics to fit the individual needs of any given installation. Design 
variables that may be significantly altered are the orifice area and the initial water 
level. Some cell spaces may be left empty to "soften" those areas of the cushion that 
require it. 

A vehicle pulseform such as that shown in Figure 3, while difficult to achieve by 
adjustment of vehicle parameters only, appears to be well within the realm of cushion 
possibilities. It is feasible to design a cushion + vehicle + restraint system that will 
satisfy requirements for optimum passenger deceleration. 

Analytical studies are now in progress. A computer model has been constructed 
that adequately represents the behavior of the individual cells and of small cell clusters. 
A more elaborate model, capable of representation of a complete cushion, is being con
structed as a development tool. The use of these models, together with continued 
engineering tests under way at Brigham Young University and elsewhere, will allow 
significant design improvements. 

MATCHING VEHICLE MASS 

Adequate protection for fixed- obs tacle impacts suggests that the device used be 
capable of protecting occupants of automobiles weighing from 1500 to 4500 lb (9). One 
approach to this involves the series connection of two cushions, so that a heavy vehi
cle might penetrate a soft, light-vehicle cushion in front, but be properly restrained 
by the stiffer cushion next to the obstacle. This conceptually simple solution has the 
disadvantage that almost twice the space needed for a single-speed unit would be re
quired, restricting the number of existing obstacles that can be protected. 

An alternate solution employs a cushion device that automatically "hardens" itself 
to match the mass of the impacting vehicle. The hydraulic-plastic cushion is well 
suited to this application. A vehicle having a mass greater than the design value would 
penetrate a "soft" unit at higher-than-design speed, causing extra-fast water ejection. 

The use of spring-loaded poppet valves in 
exhaust orifices of some cells would allow 
the rate of water loss to be controlled 
(Fig. 13). Selection of a spring of proper 
stiffness would regulate the threshold flow 
rate at which the poppet would start to 
close. The restriction of area that results 
from a small motion toward closure causes 
an increase in velocity through the poppet 
port, further increasing the pressure 
differential . The net effect is that the 
valve closes, restricting the flow area and 
"hardening" the cell. The popet is held in 
the closed position until the pressure is 
released. A cushion unit incorporating 
these self-hardening cells in strategic lo
cations would be "soft" in response to a 
light vehicle, but "hard" to a heavy vehicle. 

Hydraulic bench tests of a model orifice 
pla:te have· shown the easibility of this 
poppet-valve concept (3) . Further tests 
are being conducted on-full-scale units to 

Figure 13. Cellequippedwithself-closingvalve. provide design information. 
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PERFORMANCE IN SERVICE 

Space does not permit a complete accounting of accidental impacts with units al
ready installed on California state highways. Typical of many accident reports is one 
that credits the presence of a cushion unit with possibly saving three lives in a 55-mph 
bridge abutment collision (19). 

CONCLUSIONS 

A significant number of current highway deaths are attributable to impacts with fixed 
roadside obstacles. Tests of a prototype water-plastic impact cushion under full-scale 
crash conditions indicate that this concept is practicable as a means of protection from 
injury and property damage. 

Analysis on the basis of selected crash responses from the literature and from the 
tests reported here showed that the prototype water cushions tested are capable of 
effective crash protection. The distribution of softened and hardened cells throughout 
the cushion provides great flexibility in design for particular needs. 

The automatic matching of cushion stiffness to vehicle mass can be accomplished 
by the use of a self-closing valve to hydraulically stiffen individual cells. 

Results of prototype tests show that effective crash cushioning can be provided for 
fixed highway obstacles. The cushions give promise that any desired pulseform can 
be achieved by proper design. Repeated impacts sustained by cushions during tests 
suggest high reliability, low maintenance, and continued protection even after use. 
Operational latitudes available to the designer are very broad. The life-saving efficacy 
of the device has already been proved in practice by several accidental impacts with 
installations in California. 

If the effective use of proper lap-belt restraint is assumed, it may be concluded that 
the presence of a well-designed water-plastic cushion package considerably enhances 
the probability of survival of head-on barrier impacts. These results give substantial 
recommendation for the use of cushion clusters as protection for high-hazard obstacles 
along the nation's highways. 

ACKNOWLEDGMENTS 

The author gratefully acknowledges the support and assistance of Mr. Grant Walker, 
Mr. Rudolf Limpert, and Mrs. Nancy Tippetts for suggestions and labor involved in 
the preparation of this paper. Financial support for the research reported here was 
provided by Rich Enterprises, Sacramento, California. 

REFERENCES 

1. Accident Facts, 1967 and 1968 Editions. National Safety Council, Chicago. 
2. Stonex, K. A. Roadside Conditions and Traffic Operation as Factors in Fatal 

Accidents. Governor Reagan's Traffic Safety Conference, Los Angeles, Dec. 
14-15, 1967. 

3. Warner, C. Y. Performance of Hydraulic-Plastic Cushions in Barrier Impacts. 
Presented at First Internat. Conf. on Vehicle Mechanics, Wayne State Univ., 
Detroit, July 1968. 

4. Eiband, A. M. Human Tolerance to Rapidly Applied Accelerations: A Summary 
of the Literature. National Aeronautics and Space Administration Memo 5-19-
59E, 1959. 

5. Stapp, J. J. The Problem: Biomechanics of Injury. Sympo:,ium, April 1967, High
way Safety Research Inst., Univ. of Michigan, p. 169. 

6. Kornhauser. Structural Effects of Impact. Spartan Books, Baltimore, p. 101-120. 
7. Patrick, L. M. Human Tolerance to Impacts-Basis for Safety Design. SAE 

Paper 1003B, Jan. 1965. 
8. Fraser, T. M. Human Response to Sustained Acceleration. NASA SP-103, 1966. 
9. New Concepts of Other Promising Systems to Enhance Accident-Survivability. 

Research Prospectus, U. S. Bureau of Public Roads, 1968. 



34 

10. Warner, C. Y. Engineering Evaluation of Water-Filled Plastic Cells in Fixed 
Barrier-Automobile Impacts. BYU, Mechanical Engineering Research Rept. 
RSCB-2, Jan. 1968. 

11. Rennecker, D. N. A Basic Study of Energy-Absorbing Vehicle Structure and Oc
cupant Restraints by Mathematical Model. Automotive Safety Dynamic Model
ling Symposium, SAE Conf. Proc., Anaheim, Calif., Oct. 1967. 

12. Deceleration Waveforms Using Optimal Control Theory. First Internat. Conf. 
on Vehicle Mechanics, Wayne State Univ., Detroit, July 1968. 

13. Martin, D. E., and Kroell, C. K. Vehicle Crash and Occupant Behavior. SAE 
Paper 670034, Automotive Engineering Congress, Detroit, Jan. 1967. 

14. Stonex, K. A. The Single Car Accident Problem. SAE Trans., 1965, Paper 811A, 
Automotive Engineering Congress, Detroit, Jan. 1964. 

15. Emori, R. I. Analytical Approach to Automobile Collisions. SAE Paper 680016, 
Automotive Engineering Congress, Detroit, Jan. 1968. 

16. Emori, R. I. Mechanics of Automobile Collisions. First Internat. Conf. on 
Vehicle Mechanics, Wayne State Univ., Detroit, July 1968. 

17. Gadd, C. W. Use of a Weighted-Impulse Criterion for Estimating Injury Hazard. 
Proc. Tenth Stapp Car Crash Conf., SAE, New York, 1966. 

18. Severy, D. M., Mathewson, J. H., and Siegel, A. W. Head-on Collisions Series Il, 
Trans. SAE 67, 1959. 

19. Walker, G. W. Personal Communication to the author, Dec. 1967. 



Dynamic Tests of Short Sections of 
Corrugated Metal Beam Guardrail 
ERIC F. NORDLIN, ROBERT N. FIELD, and J.J. FOLSOM, 

California Division of Hig)lways 

The results of six full-scale vehicle impact tests into anchored short 
sections (less than 100 ft) of 27-in. high blocked-out corrugated metal 
beam guardrail are reported. Tests were performed on three free
standing sections using two different end anchorage systems. Tests 
were also performed on three simulated bridge approach guardrail 
flares using a cable anchor assembly on the upstream or approach end 
and a rigid attachment to the concrete bridge rail end post at the other 
end. The tests were conducted at speeds ranging from 56 to 63 mph 
and approach angles varying from 24 to 33 deg, using 1964 to 1966 
s edans weighing approximately 4500 lb. 

The results of two tests on short guardrail sections with sloping 
beam anchorage ("Texas twist") indicate that this system is struc
turally adequate when struck in the center, but performance is ques
tionable with regard to impacts into the ramped ends. As a result of 
four tests, an effective cable-type end anchorage system for short free
standing sections of guardrail was developed. In addition, an efficient 
bridge approach guardrail flare design was developed that provides a 
relatively smooth transition from the semiflexible blocked-out beam 
guardrail (8 by 8-in. posts 6-ft 3-in. 0. C.) through a semirigid sys
tem (10 by 10-in. posts 3-ft 1 ½-in. 0. C.) to a rigid reinforced con
crete bridge rail. 

•UNTIL recently, short sections of free-standing unanchored metal beam guardrail 
(less than 100 ft) have been installed rather indiscriminately as protection from strik
ing almost every conceivable highway appurtenance. However, operational experience, 
confirmed by recent full-scale testing (1), bas shown that these short sections can be 
completely ineffective in preventing penetration when subjected to a severe impact by 
an errant vehicle. 

It was the purpose of this research effort to test and/or develop corrugated metal 
beam guardrail end anchorage systems that would be effective both in preventing pene
tration and in redirecting a 4500-lb vehicle impacting the metal beam guardrail at a 
speed of 60 mph and an approach angle of 25 deg. 

PROCEDURE 

Test Parameters 

The test vehicles used in this study were 1964-66 sedans weighing approximately 
4500 lb with dummy and instrumentation. Under their own power, they were guided 
into the guardrail test installation by radio remote control. Impact speeds ranged 
from 56 to 63 mph at approach angles of 24 to 33 deg. The procedures followed to 
prepare, remotely control, and target the test vehicles were generally similar to 
those used in past test series and are detailed in previous reports ~' ~). 

Poper sponsored by Committee on Guardrail, Median Barriers and Sign, Signal and lighting Supports 
and presented at the 48th Annuo I Meeting. 
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Figure 1. 

All tests generally followed the crite
ria outlined by the HRB Committee on 
Guardrails and Guideposts in 1962 for 
full-scale testing of guardrails (!). 

Instrumentation 

Photographic and mechanical instru
mentation procedures and equipment em
ployed in this test series were generally 
similar to those used in past test series 
and are detailed in previous reports (~, ~. 

Design and Performance 

Common to each of the six test instal-
lations was the basic guardrail design. 

The current Califomia standard metal beam guardrail consists of a 12-gage (0.105-
in.) corrugated steel beam mounted 27 in. high overall, blocked-out with 8 by 8-in . 
by 1-ft 2-in. treated Douglas fir blocks on 8 by 8-in. by 5-ft 4-in. treated Douglas fir 
posts spaced 6 ft 3 in. on centers. 

The guardrail test installations varied in length and/or end anchorage system. Spe
cific installation details and the results of each dynamic test follow. 

Test 133-The first guardrail end anchorage design tested was developed by the 
Texas Highway Department and is referred to as the "Texas twist". The installation 
for Test 133 consisted of a 62. 5-ft section of corrugated metal guardrail beam. The 
25-ft long center portion of California standard guardrail was anchored at each end 
with 18 ft 9 in. of the beam section twisted 90 deg axially, bent down and bolted to fab
ricated steel posts cast in 18-in. diameter by 5-ft deep concrete cylindrical footings. 
The sloped end anchorage beam had no intermediate supports (Fig. 1). 

The test vehicle impacted near the center of the barrier at 56 mph and 30 deg and 
remained in contact for about 35 ft before being effectively redirected a:t an exit angle 
of 7 deg (see Plate A, Appendix) . Vehicle dynamics through impact were considered 
good, with the vehicle sustaining moderate front end damage (Fig. 2). The permanent 
deflection of the guai:dra:il beam was 2. 8 ft horizontally (bacK) and 6 in. vel'i.icctiiy (ujJ). 

All beam sections were damaged. A 3/s-in. wide crack was opened in the down
stream concrete footing and the upstream footing was displaced approximately 2½ in. 
toward impact (Fig. 3). 

Figure 2. Figure 3. 
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Figure 4. Figure 5. 

Test 134-Although Test 133 demonstrated that the "Texas twist" anchorage system 
was structurally adequate, it was felt that the geometric characteristic of the sloping 
beam end anchorages presented a potentially hazardous condition. The sloping beam 
could form a ramp upon which an impacting vehicle might climb and vault the barrier. 
Therefore, in Test 134 (installation identical to Test 133), the point of impact was 
shifted upstream, with the vehicle impacting the barrier within the sloping beam por
tion, 4. 9 ft from the concrete end anchor, at 63 mph and 24 deg. The beam at this 
point was too low to effectively resist the vertical downward force of the impacting 
left front wheel, which deflected the beam down, permitting the front wheel to ride up 
and over the beam. This reaction of the beam imparted a rolling moment to the ve
hicle, which completely overturned as it vaulted the barrier. The vehicle came to 
rest 180 ft beyond impact in a regained upright position (Plate B). The end section of 
beam was flattened and one post and block-out block was shattered (Fig. 4). The ve
hicle sustained major front, side, and top damage and was considered a total loss 
(Fig. 5). These test results were later substantiated by a test on a sloped-end anchor
age design by the Ontario Highway Department (5) in which similar vehicle reaction 
was observed. -

Test 135-In an attempt to provide adequate and efficient end anchorage, a cable 
end anchor system was developed which has subsequently been adopted as a California 
standard (see Exhibit 1, Appendix). Test 135 was the first test using this system of 
anchorage. The test installation consisted of a 50-ft length of corrugated metal beam 

guardrail constructed as a parabolic flare 
In order to reduce the lever arm effect of 
the axial force acting about the posts, 
block-out blocks were not installed on 
the end posts and 4-in. thick blocks were 
used on the posts next to the end. Each 
end of the beam was secured with a ¾
in. steel cable (breaking strength 21. 4 
tons) attached to the beam with a special 
fitting between the first and second posts 
(Fig. 6 and Exhibit 1). The other end of 
each cable was clamped to a 1¼-in. eye
bolt cast in an 18-in. diameter by 5-ft 
deep cylindrical concrete footing (Figs. 
7 and 8). 

The vehicle in Test 135 impacted the 
barrier between posts 2 and 3 at 59 mph 
and 28 deg. The vehicle remained in 

Figure 6. contact with the barrier for approxi-
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Figure 7. Figure 8. 

mately 22 ft before being effectively redirected at an exit angle of 24 deg (Plate C). 
All beam sections were damaged and both anchors were displaced approximately % 
in. toward impact (Fig. 9). The test vehicle sustained moderate front-end damage 
(Fig. 10). 

Although vehicle dynamics and barrier reaction were considered satisfactory through 
impact, deceleration forces were fairly severe, as there was a tendency for the ve
hicles to pocket the beam. Analysis of high-speed film revealed that this pocketing 
was due, at least partially, to the parabolic configuration of the barrier, since the 
curved beam had to deform through a straight line before the restraining force of the 
anchor was effectively developed. As a result, it has been recommended that all short 
sections of guardrail be flared and placed on a straight line between anchor points, 
even though there is a possibility of increasing the collision impact angle by doing so. 

rfest i36-Since Lhe cable ,u11..:i1ur wa~ elie.:; tiv t ii1 a.<ldiiig bc;a.riihJ.g oti"eugth tv ~ shc:rt 
section of free-standing guardrail, it was felt it would also be satisfactory for anchor
ing the upstream end of a bridge approach guardrail flare. 

The installation for Test 136 consisted of a 53-ft section of California standard 
guardrail with enough curvature in the first 12 ft from the bridge rail end so the re
mainder of the barrier could be placed on a straight line with a 4-ft end offset from a 
projection of the bridge rail line (Fig. 11). The downstream end of the guardrail beam 

Figure 9, Figure 10. 
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Figure 11. Figure 12. 

was secured to a nonreinforced concrete simulated bridge rail with two 1-in. diameter 
high-strength bolts through 11/a-in. diameter holes bored through the concrete. An 8 
by 12 by 18-in. wood block was placed between the beam and the concrete (Fig. 12). 

The test vehicle impacted the guardrail at 60 mph and 33 deg 18 ft upstream of the 
end of the simulated bridge rail, pocketing the beam severly (Fig. 13 and Plate D). 
As the vehicle was being redirected, the nonreinforced concrete bridge rail failed 
through the connection holes, allowing the beam to pull free and permitting the vehicle 
to penetrate the barrier. As the vehicle progressed through impact, the right front 
wheel struck the end of the concrete rail, throwing the vehicle into a violent roll-over. 
The vehicle came to rest 45 ft beyond initial impact in an upright position. Two sec
tions of beam were damaged, three timber posts broken off, and four block-out blocks 
shattered. The vehicle sustained major front, side and top damage and was consid
ered a total loss (Fig. 14). 

Analysis of the data film indicated that even if the concrete bridge rail connection 
had not failed, beam deflection and pocketing had already occurred to such an extent 

Figure 13. Figure 14. 
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Figure 15. Figure 16. 

that the vehicle would not have been redirected sufficiently to avoid an end-on collision 
into the concrete rail. 

Test 137-To correct the deficiencies noted in Test 136, several modifications were 
made for the Test 137 installation. To depict a typical installation more accurately, 
a simulated California standard Type 1 bridge rail end post was constructed of rein
forced concrete in accordance with design details typical of current operational instal
lations. A 50-ft section of metal beam guardrail was constructed on a straight line 
so that the upstream end was offset 4 ft from the projected bridge rail line (Fig. 15). 

The block between the guardrail beam and the concrete end post was constructed of 
¼-in. steel plate rather than wood (Fig. 16 and Exhibit 2) to add rigidity to the system 
and prevent the crushing of the block that occurred in the previous test. 

To minimize the pocketing noted in Test 136 and to provide a smooth transition 
from the semiflexible guardrail to the rigid bridge rail, the guardrail post spacing 
near the bridge rail was decreased from 6 It 3 in. to 3 ft 1½ in. and the size of the 
three wood posts immediately adjacent to the bridge rail was increased from 8 by 8 
in. to 10 by 10 in. The upstream end of the guardrail was anchored with the same 
cable anchorage installation used in Test 136 (Exhibits 1 and 2). 

The vehicle impacted near the center of the guardrail section at 61 mph and 27 deg 
:rn<l rP.mained in contact with the barrier for approximately 22 ft before being effec
tively redirected at an exit angle of 16 deg (Plate E). 

The guardrail beam sustained a permanent deflection of 2. 1 ft (Fig. 17). Although 
vehicle dynamics in this high-speed oblique angle collision were considered good 
through impact, the left front wheel was torn off and the vehicle sustained major front
end and undercarriage damage. The vehicle was considered a total loss (Fig. 18). 

Test 138-Although operational experience in California indicates the chances for a 
head-on collision involving "beam spearing" into the end of a flared guardrail section 

Figure 17. Figure 18. 
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Figure 19. Figure 20. 

are not great, the upstream cable anchorage system does present a potential hazard. 
In Test 138 (installation identical to Test 137) the vehicle impacted the guardrail at 61 
mph and 25 deg into the end terminal section, upstream of the cable-to-beam connec
tion. The beam bent, the left front wheel rode up and over the cable anchor eye-bolt, 
and the vehicle, straddling the cable, impacted post No. 1. The cable failed in tension 
as the vehicle, pushing the beam ahead of it, penetrated the barrier (Plate F and 
Fig. 19). 

The vehicle sustained major front-end damage, with both front wheels smashed 
back under the engine compartment, and was considered a total loss (Fig. 20). It is 
significant to note that, although the cable parted and the vehicle penetrated the bar
rier, there was no roll-over action and deceleration forces were no more severe than 
those recorded in the oblique angle impact of Test 137. However, the primary decel
erating force was in the longitudinal direction (the more critical) rather than in the 
lateral direction as experienced in most oblique-angle barrier impacts. 

CONCLUSIONS 

The following conclusions relative to corrugated metal beam guardrail are based on 
analysis of the results of the full-scale tests conducted during this series as well as 
two pertinent previous tests and operational experience: 

1. The results of Tests 131 and 132 reported in an earlier publication (1) indicate 
that an unanchored corrugated metal beam guardrail section up to 62. 5 ft inlength is 
ineffective under severe impact loading. These tests further indicate that any un
anchored guardrail section, regardless of length, is vulnerable to penetration when 
struck within 30 ft of either end. 

2. Although Test 133 demonstrated the structural adequacy of the "Texas twist" 
design in providing effective anchorage for short sections of guardrail, Test 134 
showed that a hazardous condition exists when vehicle impact occurs at the upstream 
sloping beam end anchorage. 

3. Tests 135 and 137 illustrated the effectiveness of the cable-type end anchorage 
in preventing penetration of vehicles impacting short sections of guardrail. 

4. Test 135 indicated that a parabolic layout line for an anchored guardrail section 
will increase the likelihood of pocketing over that of a straight section between the 
same two end anchor points under similar conditions of impact. 

5. Test 138 indicated that the effect of a high-speed oblique angle impact into the up
stream end of a cable-anchored guardrail, although severe, is less hazardous than a 
similar impact into sloping beam guardrail end anchorage systems. This would be 
particularly true for sections of guardrail that are flared away from the traveled way, 
thereby minimizing the chances of head-on end impact. 
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6. Test 136 pointed out the need for more rigidity in the bridge approach guard
rail near the concrete bridge rail end post to provide a smooth transition from the 
semiflexible corrugated beam guardrail to the rigid bridge rail. Results of this test 
also indicated the need for a structurally adequate and properly blocked-out connec
tion of the guardrail beam to the bridge rail end post. 

7. Test 137 proved that an effective bridge approach corrugated metal beam guard
rail can be achieved by halving the guardrail post spacing, increasing the post size 
adjacent to the bridge rail, and by using a structurally adequate blocked-out connec
tion to the bridge rail end post. 
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Vibration and Damping of Aluminum 
Overhead Sign Structures 
J. S. LENGEL, Aluminum Company of America, and 
M. L. SHARP, Alcoa Research Laboratories 

The wind-induced vibration characteristics of a 78-ft span aluminum 
overhead sign structure and the damping requirements to prevent 
significant vibration were investigated. stresses in chord members 
introduced when sections of the truss were bolted together and stresses 
in members at typical joints during vibration were also evaluated. 

Stresses as high as 12,900 psi were determined in a chord member 
near a splicing flange when the bolts were tightened. Average stresses 
from strain gage readings taken near all four splicing flanges and in 
members near two joints when the structure was force-vibrated were 
generally slightly less than the average values calculated assuming 
pin joints in the truss and simple supports. Peak stresses in the 
members were as much as double the average stresses. 

Single amplitudes at midspan of the structure as high as ±0.44 in. 
were measured during wind-induced vibration. The greatest response 
occurred when the component of velocity of wind normal to the truss 
was between about 7 and 12 mph. The calculated velocity required 
for vortices shed from the chordmember·s tobe in resonance with the 
natural frequency of the truss was 9 mph. 

A single Stockbridge-type vibration damper, attached to the test 
structure at midspan, prevented vibration in the wind. Three different 
damper sizes were tried: 15, 31, and 35 lb. All were effective in 
preventing vibration. 

Laboratory tests of the three models of dampers established the 
efficiency of the dampers (power dissipated) for frequencies from 
about 4 to 11 cps, the range of frequencies expected in overhead sign 
structures. These data and information on the power supplied by the 
wind to these structures provide means for the choice of dampers for 
other similar structures. 

-OVERHEAD sign structures have occasionally been observed to vibrate in the presence 
of mild winds during the period before sign panels were installed. In some cases cracks 
were developed adjacent to welds at critical locations, such as near a splicing flange. 
Metallographic examination confirmed that the-se failures resulted from fatigue action, 
presumably from wind vibration. 

In order to investigate vibration characteristics and means of p1·eventing vibration, a 
full-sized overhead sign structure was erected for tests. The investigation was divided 
into three parts: 

1. Measurement of stresses introduced during fabrication and by forced vibration; 
2. Determination of vibration characteristics; and 
3. Investigation of effectiveness of vibration dampers. 

Paper sponsored by Committee on Guardrai Is, Median Barriers and Sign, Signal and Lighting Supports. 
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TEST STRUCTURE 

The 78-ft span test truss is shown in Figure 1. The truss was comprised of welded 
tubular members of 6061-T6, representative of structures of this type. The truss had 
two sections of equal length that were joined by bolts in the field. The member sizes 
were based on a wind loading of about 30 psf and a sign area of 300 sq ft. The attach
ment of the truss to the end supports by U -bolts is commonly used for this type of 
structure. 

STRESSES INTRODUCED BY FABRICATION AND VIBRATION 

Stresses Introduced by Fabrication 

Significant stresses (prestresses) were developed in the chord members, as sum
marized in Table 1, when the two sections of the truss we1·e bolted together. The loca
tion of the SR-4 strain gages (A5-l) and the type of misalignment are shown in the 
sketches in Table 1. To obtain the values shown, the truss was supported on each side 
of the splicing flanges, the bolts were loosened, the gap at the edge of the flange was 
measured at 4 points, and the bolts retightened. Stresses were calculated from the 
strain readings taken after the bolts were loosened and tightened. 

It is probably not possible to eliminate all mismatch at the splicing flange. Because 
the stresses vary with width of gap, however, it is desirable to minimize the mismatch. 
Other built-in stresses, such as residual stresses due to welding, were not evaluated, 
but these are also detrimental if fatigue action is present. 

Stresses Introduced by Vibration 

Dynamic stresses produced by forced vibration for a ½-in. amplitude are given in 
Figure 2. These stresses varied lineal'ly with amplitude for single amplitudes in the 
range of 1/s to ½ in. The truss was vibrated at its natural frequency, 6.6 cps, in the 
vertical direction at a constant amplitude by means of a mechanical oscillator. A dif
ferential transformer was used to monitor vertical deflection at midspan. Deflections 
and strains were recorded simultaneously by a Brush direct-writing oscillograph. 

There was some bending in most of the members. The maximum stresses near the 
splicing flange were as much as 50 percent greater than the average stress in the chord 
member. Stresses in the members near the joints also reflected some bending. The 

~ 
CONNECTION 
TOP CHORD 
TO END POST 

DETAIL A 

DETAIL B 

l'-3· 

,LJ.1---,Jl.tv'" 
78 ' 

,•_13115 r MEMBER SIZES 

3/4 " DIA LI-BOLTS ~ TUBE SIZE 
304 STAINLESS STEEL fr 3/4"DIA 

I [ AL BOLTS 
10 Y4 

POST Q15I/B " 

1112 DIA 
Al/CHOR 
BOLTS 

DETAIL B DETAIL C 

CONNECTION CAST BASES 
BOTTOM CHORD A356 · T6 

TO END SUPPORT 

1r 11
12 " MAX 

dlb::::=J 11
1
12 • 

~~4'DIA 
STEEL BOLTS 

DETAIL D 

SPLICING FLANGES 
A356-T7 

Figure I. Experimental aluminum sign structure. 

o 41/2" DIA XO 120" 

b 3 " DIA XO 125" 

2 " DIA XO 125" 

33/4"DIA X 0 . 125" 

2l12 " DIA XO 188" 

10" DIA , X 0 .250 " 

9 6 W' 5_40 

3 112"DIA XO 125" 

MEMBERS • ARE AT ENDS OF 
SECTIONS ONLY 



TABLE 1 

ERECTION STRESSES IN CHORDS AT SPLICING FLANGES 

Chord A Chord B Chord C Chord D 
Position 

on Chord Stress, Gap, Stress, Gap, Stress, Gap, Stress1 Gap, 
psi in.* psi in. psi in. psi In. 

Top +6400 '!,, +4000 '!,, +12,900 11;,. +8700 '%2 
Bottom -5400 •;,, -5100 •;,. -12 , 500 0 -9500 ¼2 
Right side +7700 •;., -5200 ½, -4,000 '/,. -2600 <;,, 
Left side -8600 '/,. +5300 '/,.. +4,600 '!,, +900 '/2, 

*Gop measured at edge of splicing flange when bolts were loose. 
Bolt torque 1350 in.-lb. 
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maximum stress was as much as double the average stress in one member. These 
peak stresses should not affect the static strength of the structure but would be detri
mental to fatigue life. 

The calculated average stresses in Figure 2 are based on the assumption of pin 
joints and simple supports at the ends of the truss. Generally, the calculated stresses 
were slightly greater than the average stress values obtained from test. Local bending 
of the tube walls undoubtedly contributes to the disagreement in some cases. 

Combined Effect of Prestress and Vibration Stresses 

For a given stress due to vibration, cracks will form in the presence of high pre
stress at shorter lives than would be the case for no prestress. Significantly, most of 
the cracks that have been reported in structures of this type have occurred near splic
ing flanges, an area of high prestress. Large numbers of cycles of stress can be ac
cumulated over a relatively short period of time. For the test truss with a natural 
frequency of 6.6 cps, over 570,000 cycles per day can be accumulated. To prevent fa
tigue cracks, therefore, it is necessary to prevent the vibration or to reduce the am
plitudes to low values. 

VIBRATION CHARACTERISTICS OF TEST STRUCTURE 

The midspan deflections of the truss due to wind-induced vibration and the wind 
speed and the wind direction were monitored during April and May of 1967. Wind ve
locities were generally between 5 and 20 mph, with gusts occasionally as high as 40 to 
50 mph. The structure always vibrated vertically at its first mode frequency, 6.6 cps. 
There was no evidence of lateral, longitudinal, or torsional vibrations. No vibrations 
of individual members were noted. The structure had the greatest response to wind 
when the component of velocity normal to the truss was between 7 and 12 mph. 

The response of the truss to winds of these velocities suggests that the vibration 
was caused by vortices (1) shed primarily from the chord members. The frequency of 
vortices shed from a cylindrical body (~) is 

where 

f = frequency, cps; 
V = velocity of wind, mph; and 
d = diameter of cylinder, in. 

i = 3.26V 
-d- /1\ , ... , 

For the 4½-in. diameter chord member a 9-mph wind is required to have the vorti
ces shed at the same frequency as the natural frequency of the structure. Vibration 
can also occur at wind speeds slightly less than or greater than that required by Eq. 1 
for resonance (_; ~). 

WAYS TO PREVENT VIBRATION 

Three ways to prevent or to limit the amplitudes of wind-induced vibration in struc
tures (_; ~ ~) are 

1. Use of structures having sufficient stiffness so that the natural frequencies of 
the structure will not be in resonance with the frequency of vortex shedding for all ex
pected wind velocities; 

2. Use of "spoilers" to disturb the flow of air over the structure and thus break up 
the regular pattern of vortex shedding; and 

3. Use of damping for the structure. 

All three approaches were considered. Damping the structure by the use of Stock
bridge-type vibration dampers was found to be the most practical and economical 
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solution. Thus, a detailed study was limited to the third item. Sufficient damping 
must be supplied so that the power that can be dissipated by the dampers always ex
ceeds the power that can be put into the structure by the wind. Figure 3 shows an anal
ysis of vibration of a structure based on power considerations. This structure would 
vibrate to amplitude A, the amplitude at which the power that can be dissipated by na
tural damping is equal to the power that can be input from the wind. When sufficient 
damping is provided so that the power that can be dissipated is always greater than the 
power that can be input by the wind, as shown by the upper dashed line, vibrations can
not be initiated or sustained by the wind. 

POWER INPUT TO STRUCTURE BY WIND 

Information has been published on powe1· input by the wind and/ or lift forces for cy
lindrical bodies(_; i, 1), Apparently, however, little information is available for the 
power from the Wind that is supplied to more complex structures such as sign struc -
tures. Because the chord members seem to be the elements that were most instru
mental in the vibration, the equation developed by Farquharson and McHugh (4) for 
power input to a tube vibrating in sine waves was used to estimate power input to the 
test structure. If it is assumed that the four chords were entirely responsible for the 
vibration, the equation can be expressed as follows: 

p = 35.3 x 10-
8
Ld

4£3 [2,220 (*Y -13,100 (iY + 36,300 (*Y] (2) 

where 

P = power input, in.-lb/sec; 
d = diameter of chord, in.; 
L = truss span, ft; 
y = single amplitude of vibration, in.; and 
f = natur al frequency of vibration of structure, cps, 

To verify the adequacy of Eq. 2, power inputs from the wind to the test structure 
were calculated from the maximum rate of increase of amplitude as follows: 

P = 2oUf (3) 
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where 

P == power, in.-lb/sec; 
6 == natural log of ratio of two amplitudes divided by the number of cycles between 

amplitudes; 
U == potential energy in structure, in.-lb; and 
f == frequency, cps. 

The power dissipated by natural damping in the structure was determined from the 
records of the free response of the structure following mechanical excitation in the 
absence of wind. This was added to the power given by Eq. 3 to get the total power in
put from the wind shown in Figure 4. Figure 4 shows that Eq. 2 slightly overestimated 
the power input from the wind. Because the chord members are somewhat larger than 
other members of the truss it is reasonable that this member would be instrumental in 
any wind-induced vibration. Since vortex shedding occurs for all tubes, however, all 
members of the structure conceivably could contribute to the power input from the wind. 
This effect is apparently somewhat nullified by shielding of some members by others. 
The maximum single amplitude of wind-induced vibration measured was ±0.44in. Single 
amplitudes between 0.42 and 0.44 in. were recorded three times. 

Sign panels when placed on the structure reduce the power that is supplied by the 
wind in at least two ways: (a) the weight of the panels reduces the natural frequency of 
the structure (power varies as the cube of the frequency-see Eq. 2); and (b) the signs 
shield members from the wind, thus reducing power input. In addition, structural 
damping is provided by the connections of the signs to the truss. Therefore, structures 
with signs should be and have been found to be less susceptible to wind-induced vibra
tion than are structures without signs. 

POWER DISSIPATED BY STRUCTURE AND DAMPERS 

Natural Damping in the Structure 

The power dissipated by natural damping in the structure was calculated for various 
amplitudes of vibration by the use of the free vibration response of the structure as 
shown in Figure 5 and Eq. 3. The natural damping is small and would probably be 
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Figure 5. Osei llograph records of truss vibration. 
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Figure 6. Stockbridge-type vibration dampers. 

somewhat different for each structure of this type because of differences in details at 
the bolted connections and differences in soil conditions from one installation to an
other. Because of this possible variation, the power dissipated by natural damping of 
the structure is neglected in subsequent work in this paper. 

Stockbridge -Type Vibration Dampers 

The stockbridge-type vibration dampers shown in Figure 6 were evaluated in this 
investigation. These dampers were attached to the test truss at midspan. The total 
power dissipated by the structure and each 
of the dampers was obtained from natural 
decay of amplitudes (see Fig . 5 for one 
case) and Eq . 3. T he power dissipated by 
the structure itself (shown in Fig. 7) was 
subtracted fr om this total power to get the 
net power (also shown in Fig . 7) that was 
dissipated by one damper of each type. 
The power supplied by the wind is also 
given. Even without considering the damp
ing from the structure, one damper of any 
of the types considered was sufficient to 
prevent detrimental vibration in the struc
ture. At no time during the tests of wind
induced vibration was there an indication 
that the truss could vibrate in the wind 
when one damper of any type considered 
was at midspan of the truss. The truss 
with a damper at midspan was force-vi
brated several times when winds were 
favorable for vibration to see if it was 
possiblefor thetrussto sustain vibration. 
In each case the vibration quickly stopped 
after the oscillator was turned off. 
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Figure 7. Damping 78-ft span structure. 
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DAMPING REQUIREMENTS FOR OTHER STRUCTURES 

Figure 8 shows Eq. 2 in graphical form for quick calculation of power input from the 
wind to overhead sign trusses. 

The natural frequency of the structure (first mode) can be estimated accurately with
out a detailed dynamic study by the use of the following equation (.'.!_): 

f = 3.55 

../o 
(4) 

where 

f = frequency, cps; and 
D = maximum static deflection of truss under its own weight plus any weights that 

vibrate with it, in. 

In calculating the dead-load deflection, pinned joints may be assumed. Normally, 
trusses are supported by end posts that are laced together. In these cases the trusses 
are essentially simply supported. 

Laboratory tests were conducted to determine the effectiveness of the stockbridge
type dampers shown in Figure 6 over the range of frequencies expected in overhead 
sign structures. The power dissipated by the damper was evaluated from the free vi
bration response of a beam. The power dissipated shown in Figures 9 to 11 was cal
culated using data from deflection-time traces and Eq. 3. The points for which test 
data were obtained were connected by smooth curves. The potential energy, U, used 
in this case was equal to the energy stored in the beam. Any energy stored in the 
damper itself was neglected. This provides conservative values for the power dis
sipated by the damper. Data for single amplitudes of vibration of about 0.6 in. or less 
were obtained. Dampers that are effective in this range of amplitudes will also pre
vent vibration at higher amplitudes. 

Several structures with spans from 60 to 140 ft having various wind loadings and 
sign areas have been analyzed for damping requirements using the information shown 
in Figures 8, 9, 10, and 11. The power 
input from the wind was not large in any 
1;ai:jt:: a11ct could be disaipatGd by Gn~ d~mpc~ 
of the proper type. The 31-lb damper was 
relatively efficient for all cases considered 
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Figure 10, Power dissipated by 15-lb damper. Figure 11. Power dissipated by 35-lb damper. 

and thus would probably prevent wind-induced vibration in most overhead sign 
structures. 

SUMMARY AND CONCLUSIONS 

Static and vibration tests of a 78-ft span overhead sign structure have shown the 
following: 

14 

1. Fabrication stresses as high as 12,900 psi were developed in the truss chords 
as a result of mismatch of the bolting flanges. Peak stresses as much as 50 percent 
greater than average values were also measured during forced vibration. The addition 
of these to the unknown but ever-present residual welding stresses makes it clear that 
wind vibrations must be prevented in sign structures to avoid fatigue cracks. 

2. The greatest response of the 78-ft span sign structure to wind occurred when 
velocities normal to the structure were between about 7 and 12 mph. The truss vi
brated in its first mode at a frequency of 6.6 cps. Calculated wind velocity corre
sponding to vortex shedding from the chord members at this frequency is 9 mph. 

3. Prevention of vibration in overhead sign structures requires sufficient external 
damping so that the sum of the power dissipated by the damper and that absorbed by the 
structure itself exceeds the power input from the wind. Power input by the wind can be 
predicted by Eq. 2 and the power absorbed by dampers can be determined from labora
tory data such as that shown in Figures 9 to 11. It is conservative to neglect the damp
ing provided by the structure in this type of calculation. 

4. A single stockbridge-type vibration damper, in either 15, 31, or 35-lb sizes at
tached to the test structure at midspan, prevented vibration in the wind. The middle 
size should be adequate for most sign trusses. 
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