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Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 
In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans-
portation Officials initiated in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and support 
of the Federal Highway Administration, United States 
Department of Transportation. 
The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board's recog-
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subject 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special-
ists in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 
The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 
The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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FOREVVORD This report is recommended to highway design engineers, safety engineers, mainte-
nance engineers, and others concerned with the selection and use of highway safety 

	

By Stafi 	devices. It should be of value also to individuals interested in the utilization of waste 

	

Transportation 	materials, especially scrap tires. The research described is concerned with incorpo- 

	

Research Board 	ration of scrap tires and other waste materials in crash cushions that can be placed 
in front of rigid immovable objects along highways to reduce accident severity. Full-
scale crash tests, sometimes in combination with pendulum and static testing and 
computer simulations, were applied to develop designs for crash cushions constructed 
of waste materials that can be employed within limitations described in the report. 

According to Federal Highway Administration Instructional Memorandum 
40-5-72 (1972) on the subject of "Use of Crash Cushions on Federal-Aid High-
ways," experience has proved conclusively that properly designed crash cushions 
provide sufficient impact attenuation to be highly effective in reducing the severity 
of accidents involving fixed objects. Before the present research was undertaken, 
several types of crash cushions that met evaluative criteria established by the Federal 
Highway Administration were approved by that organization for use on Federal-aid 
highways. All were constructed from new materials. 

The research described herein represented an effort to arrive at usable designs 
for crash cushions to be constructed from waste materials, especially scrap tires. 
The work produced a design that is a modified version of a concept originated by 
Goodyear Tire and Rubber Company that should serve adequately at selected loca- 
tions. Six full-scale crash tests were made at the Texas Transportation Institute in 
developing the design. A high rebound of free-wheeling vehicles as used in the tests 
suggests that the design should not be used where impacting vehicles could be 
returned to the traffic stream. Also, a frontal area softer than that used in the designs 
tested appears desirable to reduce the hard initial impact of light vehicles. A method 
for softening this area is proposed, but has not been tested. 

A design for a crash cushion that is constructed of stacks of tires containing 
sand and supported on round cardboard cartons to place the center of gravity of the 
stacks at the right location for impact also was produced and subjected to two full-
scale crash tests. This system can be constructed at low cost and should serve ade-
qautely where tires and sand scattered by an impacting vehicle will not enter the 
traffic stream. The feasibility of obtaining satisfactory impact attenuation from a 
system in which stacks of tires are filled with empty beverage cans, and a fiberized 
aluminum product that can be made from waste materials, was also established but 
not pursued further. 

/ 
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CRASH CUSHIONS OF 
WASTE MATERIALS 

SUMMARY 	A need exists for economical and serviceable vehicle crash cushions (impact attenu- 
ators) to reduce the severity of accidents that involve immovable fixed objects 
located along highways. The study reported herein was aimed at developing informa-
tion to aid in the fulfillment of this need through the use of scrap tires and other 
waste materials. The return of these materials to useful application serves the 
equally important purpose of reducing refuse accumulation. 

Previous research and experience have led to the establishment by the Federal 
Highway Administration (FHWA) of certain criteria for use in evaluating the 
serviceability of crash cushions. Foremost among these criteria is a requirement 
that, to be acceptable, a crash cushion must be capable of slowing 2000-lb (907 kg) 
to 4500-1b (2041 kg) vehicles at an average deceleration of not to exceed 12 g's at 
impact speeds of up to 60 mph (96.6 km/hr) without permitting the vehicle to 
penetrate to or hit the protected roadside hazard. Perfdrmance of the designs con-
sidered in this study was evaluated for compliance with the criteria established by 
the FHWA. Three scrap tire combinations and a fiberized aluminum product were 
investigated for impact-attenuation potential during the course of the work. 

Two basic crash cushion designs were subjected, to a total of six full-scale 
tests. One design was closely patterned after a configuration originated, and 
subjected to prior preliminary tests, by the Goodyear Tire and Rubber Company. 
The other was an adaptation that included, among other features, "fish scale" side 
panels to properly redirect vehicles in side hits. Impact was achieved by towing 
vehicles into both direct frontal and angular side hits at about 60mph (96.6 km/hr). 
Crash testing was supported by static and pendulum tests conducted on individual 
modules that formed the full-length cushions and by computer simulation. The 
principal sources of data in the full-scale tests were high-speed cameras, accelerators 
that measured longitudinal and transverse vehicle movement, a strain gauge that 
measured seat belt forces applied to an anthropometric dummy, and an impact-o-

graph. 
The research of the Goodyear-concept crash cushion produced a design that 

should be generally satisfactory, according to FHWA criteria, in locations where the 
relatively high vehicle rebound associated with this type of crash cushion is not 
likely to return an impacting vehicle to the traffic stream. A length of about 30 ft 
(9.1 m) should be sufficient. Fish scale panels (constructed of plywood for the 
tests) are needed to redirect vehicles properly in angle impact. Further research 
directed toward the accommodation of light vehicles is recommended. 

Two full-scale crash tests similar to those described previously were con- 
ducted on crash cushions composed of stacks of scrap tires whose annular spaces 
were filled with sand. The stacked tires and the' contained sand were supported on 
containers of heavy cardboard in order to place the center of gravity at about the 
same height as that of vehicles to prevent their overriding. Designs for compliance 
with FHWA criteria were developed based on the law of conservation of momen-
tum. Satisfactory attenuation was achieved by a cushion of 14 stacks placed over 
a 31-ft (9.4 m) length. The research indicated that the tire-sand inertia crash 



cushion should serve effectively and economically in front of rigid roadside obstacles 
in locations where sand and tires scattered by an impacting vehicle will not enter the 
traffic stream. Further search for a better means of support for the tire-sand 
assemblies is recommended. 

Pendulum tests were conducted to determine dynamic behavior of stacks of 
tires filled with empty beverage cans. Information obtained from these tests, to-
gether with information obtained from static tests conducted in previous research, 
led to the development of a crash cushion that is proposed for full-scale testing. 

Static and pendulum tests performed on small-sized specimens of a fiberized 
aluminum product were used in the development of a possible design of a crash 
cushion composed of this material. The fiberized aluminum is manufactured in a 
process that shreds and loosely compacts sheet aluminum into a relatively stable 
mass. Feasibility of the material for use in crash cushions was indicated, but the 
probable high cost is not an encouraging factor. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

PROBLEM STATEMENT AND OBJECTIVES 

Many potentially dangerous fixed objects located along 
highways cannot be moved conveniently or made break-
away. Protective crash cushions (impact attenuators) of 
various types have been developed and used in recent 
years to reduce the severity of accidents that take place at 
such locations. 

Thus far the Federal Highway Administration (FHWA) 
has accepted three basic types of vehicle crash cushions 
for use on Federal-aid highways (1). Two of these, the 
Hi-Dro cushion and the Fitch inertial barrier, are proprie-
tary. The third is the Texas modular crash cushion com-
posed of 55-gal (208 1) steel drums. For acceptance, the 
average deceleration of a vehicle after impact at speeds 
up to 60 mph (96.6 km/hr) must not exceed 12 g's while 
preventing hitting or penetrating the roadside hazard. 

Other test criteria established by the FHWA for evaluat-
ing crash cushions are (a) vehicle weight range of 2000 to 
4500 lb (907 to 2041 kg); (b) vehicle speed of 60 mph 
(96.6 km/hr); and (c) impact angle of 0 to 25 deg 
measured from the direction of roadway. 

Using the maximum permissible average vehicle de-
celeration of 12 g's, the minimum distance required to stop 
a moving vehicle can be readily determined. From physics, 
the distance required is 

D - - T/2 
(1) 

in which 
D = vehicle stopping distance, ft; 
V = vehicle speed at impact, ft per sec; 
G = average vehicle deceleration, g's; and 
g = acceleration due to gravity = 32.2 ft per sec per sec 

(9.81 m/s). 

Minimum vehicle stopping distances at various impact 
speeds are computed by applying this equation using an 
average deceleration of 12 g's and are given in Table 1. 

Two concepts have been applied in the design of crash 
cushions to slow and stop moving vehicles. One concept 
involves absorption of the kinetic energy of the speeding 
vehicle by the use of "crushable" or "plastically deform-
able" materials or structures or by the use of hydraulic 
"dashpots" placed in front of the hazard. Devices of this 
type are compression modules and require a rigid backup 
so that the compression can take place in resisting the 
vehicle impact force. The second concept involves transfer 
of the momentum of the moving vehicle to expendable 
masses of material located in the path of the vehicle. These 
masses usually have consisted of containers filled with 
sand. Other materials probably could be used. Devices of 
this type need no rigid backup because the kinetic energy 
of the vehicle is transferred to the impacted mass rather 
than being absorbed in compression. This type of crash 
cushion is sometimes called an "inertia barrier." 

Goodyear Tire and Rubber Company was searching for 
ways to dispose of scrap tires, and became one of the first 
to recognize that the use of waste materials in crash 
cushions could provide low-cost impact attenuation and at 
the same time aid in mitigating a waste disposal problem. 



According to Goodyear's R. D. Candle (2), scrap tires are 
accumulating in the United States at the approximate rate 
of 200 million per year. The rate of recycling is thought 
to be about 10 percent, leaving some 180 million tires to 
be added each year to the nation's used-parts lots, dumps, 
and landfills. This, also according to Candle, represents 
about 1 percent of the entire annual accumulation of waste 
in the United States. Laws enacted in recent years that have 
severely restricted scrap tire disposal by the classic method 
of burning and the problems that have become associated 
with finding new dumping areas and establishing landfills 
have added greatly to the need for developing methods for 
the reuse of scrap tires. 

Recognizing the possibilities of incorporating scrap tires 
in crash cushions, Goodyear designed a cushion consisting 
of a multilayered system of scrap tires tied together. Sev-
eral noninstrumented full-scale crash tests were made by 
Goodyear on a crash cushion of this design. Goodyear 
subsequently awarded a contract to the University of Cin-
cinnati to conduct a series of crash tests on a 70 ft (21.3 
m) long, 10-module crash cushion (3). Test results showed 
the application to be feasible, although of very limited 
practicability where a length of 70 ft (21.3 m) would be 
required for satisfactory attenuation. 

The objectives of the research reported herein were to 
explore further the use of waste materials in vehicle impact 
attenuators and to provide practical designs for the use of 
one or more waste materials in highway impact attenuation 
devices. In addition to further study of the Goodyear 
concept that led eventually to the development of the 
"ITT-modified Goodyear crash cushion," a tire-sand in-
ertia-type attenuator, a tire-beverage can attenuator, and 
a fiberized aluminum material were studied. 

The tire-sand crash cushion consists of stacks of used 
tires filled with sand. The tire-beverage can cushion con-
sists of stacks of used tires filled with empty beverage cans. 
The fiberized aluminum product that was tested is Fiber-
met, a proprietary material of Valley Metallurgical Proc-
essing Company, Inc. The company, in search of a method 
of recycling waste aluminum, developed the method of 
shredding and loosely compacting the waste into a stable 
mass. The process is reported to work equally well with 
manufacturing wastes or consumer wastes such as used 
containers. The loosely compacted mass, weighing in the 
range of 5 to 11 lb per cubic foot, appeared to have the 
physical qualities necessary for an energy-absorbing ma-
terial in a vehicle impact attenuator. Preliminary tests 
seemed to confirm its potential. 

RESEARCH APPROACH 

Goodyear Concept 

The study of an impact attenuation device employing the 
Goodyear concept was pursued as follows: 

Motion pictures and data from the earlier tests per-
formed at the University of Cincinnati (3) were reviewed 
and analyzed. 

Static tests and pendulum tests were conducted using 
full-scale modules. 

TABLE 1 

MINIMUM STOPPING DISTANCES FOR VARIOUS 
VEHICLE IMPACT SPEEDS TO NOT EXCEED 
12 g's AVERAGE DECELERATION 

VEHICLE IMPACT 	 MIN. STOPPING 

SPEED (MPH) 	 DIST. (FT) 

30 2.51 
40 4.45 
50 6.96 
60 10.02 
70 13.64 
80 17.81 

Design speed established by FHWA. 
1 mph = 1.6 km/hr. 
1 ft = 0.3 m. 

A computer study using constants that were de-
veloped in the static and pendulum tests was made for 
crash cushion lengths varying from 7 to 70 ft (2 to 21 m), 
with and without redirectional capabilities. 

Six full-scale tests were conducted using crash cushion 
designs that the computer simulations showed to be most 
promising. 

Test results were compared with theoretical predic-
tions and with FHWA criteria. 

The six full-scale tests, identified as tests T-1 through 
T-6, involved two types of assembly. All tests were con-
ducted on the grounds of the TTI Highway Safety Research 
Center. Test vehicles were brought to desired speed and 
headed into the crash cushions at the desired angles by 
means of a cable-tow system designed specifically for crash 
testing. High-speed cameras, accelerometers measuring 
longitudinal and transverse vehicle movement, strain gauges 
measuring seat belt forces applied by an anthropometric 
dummy, and an impact-o-graph recorded the test data for 
analysis. The Goodyear crash cushion used in tests T-1 and 
T-2 was placed in front of a simulated elevated freeway 
exit gore. The Tn-modified Goodyear crash cushions used 
in the remaining tests were placed in front of a simulated 
bridge pier protected by a concrete median barrier in such 
a way that the redirectional "fish scales" of this design 
could be attached in accordance with the prescribed pro-
cedure. 

Tire-Sand Inertia Crash Cushion 

The study of tire-sand inertia crash cushions was pursued 
as follows: 

Previous work on a cushion of this type in another 
study (4) at the Texas Transportation Institute was re-
viewed and appraised. 

A tire-sand cushion was designed using the principle 
of conservation of momentum as well as information de-
veloped on the previous project. 

Two such crash cushions were constructed and tested 
making use of high-speed photography and the other in-
strumentation employed in the Goodyear-concept test series 
to provide information for analysis. 
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4. Test results were compared with theoretical predic-
tions and with FHWA criteria. 

Tire-Metal Beverage Can Crash Cushion 

The feasibility of using stacks of tires filled with metal 
beverage cans for impact attenuation was pursued as 
follows 

Information from a previous study (4), including 
data from static tests performed on individual modules, 
was reviewed. 

Dynamic pendulum tests were performed and the 
results integrated with information from the prior study 
for design development. 

A crash cushion design was developed and is pro-
posed for full-scale test. 

Fiberized Aluminum Crash Cushion 

The feasibility of using Fibermet modules to form a crash 
cushion was explored as follows: 

I. Static tests were conducted on eight 6- x 6-in, samples 
of various thicknesses in the laboratory. 

Dynamic tests were conducted with a pendulum on 
four samples similar in size and density to those used in 
the static tests. 

From an analysis of energy-absorbing capacity using 
the results of the laboratory tests, a possible full-sized crash 
cushion design was determined. 

CHAPTER TWO 

FINDINGS 

GOODYEAR-CONCEPT CRASH CUSHION 

The scrap tire crash cushion, as conceived by Goodyear, 
consists of a series of modules in which each module is 
assembled as shown in Figure 1. The present program of 
full-scale crash cushion tests that use the Goodyear concept 
was preceded by a program of nine full-scale tests con-
ducted by the University of Cincinnati to document the 
feasibility of the design originated by Goodyear researchers 
(3). All of the prior tests were conducted on cushions 
70 ft (21.3 m) long. The results showed that the design 
offers a feasible approach to impact attenuation but that 
further refinement is necessary before general application 
could be made. One need was a determination of the 
minimum length of cushion to provide adequate attenua-
tion so that the number of locations where the device could 
be considered for use could be maximized. Another need 
was a modification that could provide satisfactory redirec-
tion for vehicles involved in side hits. 

Static tests and dynamic pendulum tests were conducted 
on individual modules in the present study to provide con-
stants for substitution in energy equations for predicting 
minimum cushion length requirements.. This information 
was used in designing the cushions that were subjected to 
full-scale test. Fish scale sides were developed for addition 
to the Goodyear design to produce the TTI-modified 
Goodyear crash cushion with improved redirectional capa-
bilities. The various activities that led to the design of the 
crash cushions that were constructed and tested are de-
scribed and documented in Appendixes A and B. Appendix 
B also contains photographic documentation of the full-
scale tests. Summary data regarding the test conditions 
are given in Table 2. Estimates of the probable costs of  

constructing these crash cushions, and of repairing them 
after hits, are given in Table 3. Information on the costs 
of other types of crash cushions is included in Table 3 for 
comparison. 

Test T-1 

The crash cushion developed for this test consisted of five 
of the Goodyear modules shown in Figure 1. The length 
of the crash cushion was slightly more than 35 ft (10.7 
m). Two 3/4 -in. (1.9 cm) cables were threaded through 
the outside row of tires on each side of the crash cushion, 
through a diaphragm between the fourth and fifth module 
from the front, and then to ground anchors located at the 
front of the cushion (Fig. 2). 

The vehicle used in this test was a 1961 Mercury 4-door 
sedan weighing 4220 lb (1915 kg), which included the 
weight of an anthropometric dummy. The actual test 
velocity was 86.8 fps or 59.2 mph (95.3 km/hr). The 
vehicle, crashing head-on, penetrated the cushion 24.3 ft 
(7.41 m) and rebounded approximately 50 ft (15 m) to a 
position 26 ft (7.9 m) in front of the impact point. The 
vehicle had a permanent deformation of 41/2  in. (11 cm). 
The permanent set of the crash cushion was 15.3 ft (4.7 
m). The average longitudinal deceleration at the vehicle 
center of gravity was 4.8 g's. More complete data are given 
in Table 4. Figure 3 shows the vehicle before and after the 
test, and Figure 4 shows the crash cushion before and after 
the test. The vehicle was driven away and used the follow-
ing day for test T-2. Sequence photographs taken during 
the test, a detailed tabulation of events that took place 
following impact of the vehicle with the cushion, and traces 
from accelerometers mounted in the vehicle are given in 
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Figure 1. Asse,nbly of a Goodyear crash cushion module. 

TABLE 2 

SUMMARY OF CONDITIONS FOR FULL-SCALE TESTS OF CRASH CUSHIONS 
EMPLOYING GOODYEAR CONCEPT 

VEHICLE 	 IMPACT 	 CRASH CUSHION 

WEIGHT 	 VELOCITY 	 LENGTH 	 CONDITION 

ANGLE 	 PRIOR TO 

TEST 	YEAR 	MAKE 	 (LB) 	(KG) 	(MPH) (KM/HR) 	(DEG) TYPE 	 (FT) (M) 	TEST 

T-1 1961 Mercury 4220 (1915) 59.2 (95.3) 0 Goodyear 35.6 (10.8) Mint 
T-2 1961 Mercury 4220 (1915) 63.5 (102.2) 20 Goodyear 35.6 (10.8) Restored 
T-3 1964 Oldsmobile 4580 (2075) 63.9 (102.8) 0 TTI-mod. 30.0 (9.1) Mint 

Goodyear 
T-4 1964 Oldsmobile 4580 (2075) 65.6 (105.6) 0 TTI-mod. - (-) Unrestored 

Goodyear 
T-5 1965 Simca 1910 (865) 68.6 (110.4) 0 TTI-mod. 30.0 (9.1) Mint 

Goodyear 
T-6 1963 Plymouth 4130 (1875) 52.8 (85.0) 20 TTI-mod. 30.0 (9.1) Restored 

Goodyear 



6 

TABLE 3 

SUMMARY OF APPROXIMATE COSTS, IN DOLLARS, OF CRASH CUSHIONS AND ESTIMATED COSTS FOR 
REPAIRS TO 4,500-LB VEHICLE AFTER 60-MPH HEAD-ON IMPACT WITH CUSHION 

APPROXIMATE COST 

MODIFICATION OF 
EXISTING SITE 
TO ACCOMMODATE LABOR ON 	COST RANGE 

TYPE OF CUSHION 	CUSHION CUSHION AND INSTAL- OF CUSHION 
AND SOURCE OF 	COMPO- ______________ LATION OF 
COST INFORMATION 	NENTS MIN. 	MAX. CUSHION 	MIN. 	MAX. 

ESTIMATED COST FOR REPAIRS 
TO VEHICLE OF 

LABOR AND 
COMPO- 	INSTALLA- 
NENTS 	TION 	TOTAL 

Texas crash 
cushion (7) 800 500 2,500 800 2,100 4,100 400 300 700 

Fibco inertial 
barrier (8) 2,100 0 2,500 1,800 3,900 6,400 1,800 400 2,200 

Hi-Dro cushion (9) 6,400 500 2,500 3,600 10,500 12,500 300 200 500 
Goodyear crash 

cushion 150 500 2,500 800 1,450 3,450 0 100, 100 
ITI-modified 

Goodyear crash - - 
cushion' 450 500 2,500 1,200 2,150 4,150 100 150 250 

Tire-sand inertia 
crash cushion" 100 0 23500 300 400 2,900 50 200 250 

Tire-beverage can 
crash cushion 175 500 2,500 300 975 2,975 - - 400 

Fibermet 
11 

crash cushion 5,000 500 2,500 1,600 7,100 9,100 4,400 600 5,000 

Cost estimated in this report. 
Cost estimate based on information supplied by material developer. 

-3/4" CABLES EACH SIDE 

DEADMEN 

PLAN 	- 

6B8.5 x 27" POST w/ 6" dIa. x "SKID It 

LVM.I IJl!4 	 (19cm) 

Figure 2. Crash cushion comprised of five Goodyear modules. 
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TABLE 4 

DATA SUMMARY FOR TESTS T-1 THROUGH T-6 

TEST 

CHARACTERISTIC 	 T-1 	T-2 	 T-3 	 T-4 	 T-5 	T-6 

General: 	 - 
Vehicle weight, lb (kg) 4220 (1915) 4220 (1915) 4580 (2075) 4580 (2075) 1910 (865) 4130 (1875) 
Approach angle, deg 0 20 0 0 0 20 

Film data: 
Initial speed, fps 86.8 . 93.1 93.7 96.3 100.6 77.4 

mph (kph) 59.2 (95.3) 63.5 (102.2) 63.9 (102.8) 65.6 (105.6) 68.6 	(110.4) 52.8 (85.0) 
Final speed, fps 0 80.9 -18.8" -17.9 b  0 54.8' 

mph (kph) 0 55.1 (88.7) -12.8 (-20.6)" -12.2 (-19.6)" 0 37.4 (60.2)" 
Maximum penetration, 

ft (m) 24.9 (7,6) - 23.1 (7.0) 20.2 (6.1) 15.4 (4.7) - 
at time, sec 0.8 - 0.5 0.3 0.6 - 

Distance from impact to 
loss of contact, ft (m) - 15.1 (4.6)" 6.3 (1.9) 12.5 (3.8) - 28.2 (11.2)" 

at time, sec - 0.1 1.4 0.8 - 0.5 
Average longitudinal de- 

celeration from impact 
to maximum penetra- 
tion, g's" 4.7 2.6 5.9 7.1 10.2 3.0 

Residual longitudinal bar- 
rier displacement, ft 
(m) 15.3 (4.7) - 5.8 (1.8) 4.2 (1.3) 10.4 (3.1) - 

Maximum transverse barrier 
displacement, ft (m) - 4.1 (1.2) - - - 1.2 (0.3) 

Accelerometer data: 
Average longitudinal de- 

celeration, g's 5.7 4.1 4.5 6.0 7,0 1,0 
over time, sec 0.2 0.5 0.7 0.5 0.3 0.3 

Maximum longitudinal de- 
celeration, g's 12.7 10.0 16.0 16.6 24.0 4.9 

Average transverse decel- 
eration, g's - 1.8 - - - - 

over time, sec - 0.3 - - - - 
Maximum transverse de- 

celeration, g's 2.0 4.7 6.0 2,8 - 8.7 

Impact-o-graph data: 
Maximum longitudinal 

deceleration, g's - - 16.3 13.0 - 
Maximum transverse de- 

celeration, g's - - 2,0 1.6 - - 
Maximum vertical decel- 

eration, g's - - 2.8 2.2 - - 
Other: 

Residual vehicle deforma- 
tion, in. (cm) 4.5 (11.4) 24.0 (61.0) 10.0 (25.4) 18.0 (45.7) 2.2 (5.6) 1.5 (3.8) 

Maximum seat belt force, 
lb (kg) - - 1635 (742) 2030 (920) 300 (135) 440 (220) 

"At spin-out. " Speed at separation. 
-  - V 	- Vi" 

2gD 
in which 

Vi = initial speed 
g = 32.2 

D = distance traveled 
V, = final speed 

Appendix B for all of the tests. Seat-belt force traces are 
provided for tests T-3 through T-6, in which an anthropo-
metric dummy was used. 

The front module of the crash cushion and front of the 
vehicle were raised approximately 2 to 3 ft (1 m) during 
impact. The vehicle settled back to ground level and re-
bounded to the final position. This ramping condition is 
not desirable and, at the recommendation of representa- 

tives of Goodyear Tire and Rubber Company, two cables 
were added in subsequent test series. They ran just above 
the ground and through the center two rows of tires to 
eliminate a vehicle's ramping tendency. The test vehicle 
was completely free-wheeling whereas a vehicle impacting 
an attenuator under actual conditions would be in a 
forward gear. This should reduce the rebound of the 
vehicle. In fact, the drive train would malfunction if an 
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Figure 3. tehicle condition before test i-I and after. 

appreciable amount of rebound were experienced in the 
field. 

An important feature of the Goodyear crash cushion is 
the potential reuse of the tires after an impact. When 
properly installed, the crash cushion can be restored to its 
original position in a matter of minutes. Figure 5 shows 
the cushion being restored. All that is necessary is that the 
hold-down cables be loosened, the tires moved into place, 
and the cables retightened. 

Test 1-2 

The crash cushion was restored approximately to the origi-
nal condition following test T-l. The vehicle used in T-1 
was reused in this test. Test T-2 was an agle impact in 
which the vehicle inipacted the second module approxi-
mately 7 ft (2.2 m) from the nose of the cushion. The first 

Figure 5. Crash cushion being restored to its o,uti,iol position. 

Figure 4. Crash cushion condition before test T-1 and after. 

or front module was left in place. The vehicle pocketed 
and spun out clockwise approximately 270 deg and camp 
to rest 36 ft (11 ni) to the left of the edge of the crash 
cushion and approximately 40 ft (12.2 m) behind the rear 
of the harrier. The entire right front corner of the vehicle, 
including headlights, radiator, motor mounts, bumper, 
fenders, tie rods, frame and running gear, was damaged. 
This type of spinout is considered dangerous by many 
highway engineers. The vehicle would have crossed up to 
three lanes of traffic while spinning out of control. The 
pertinent test data are presented in Table 4. Figure 6 
shows the vehicle before and after test T-2. (The "before" 
view is the same as the "after" view shown in Fig. 3 except 
for the test designation). Figure 7 shows the crash cushion 
before and after the test. Additional information is pro-
vided in the Appendixes. 

Tests 1-3 and T-4 

The crash cushion for tests T-3 and T-4 was the TT'I-
modified version of the Goodyear cushion used for tests 
T-1 and T-2. Primarily, modifications included: 

Addition of fish scales to provide redirectional capa-
bilities. 

Addition of longitudinal cables in the center of the 
cushion to hold it near the ground. 

Addition of long steel skid plates under the fish scale 
supports so that they would slide without "digging in." 
(Skid plates would not be necessary in installatiuiis where 
the crash cushion was placed on concrete pavement.) 

Addition of diaphragms across the cushion at each 
fish scale to add stability to the fish scales and to equalize 
the force on the cables during an angular impact. 

Addition of positive ties between the various modules 

- 

04, 



so that separation would be less likely to occur when the 
cushion was impacted on the side as in test T-2 ( Fig. 7). 
or when the cushion is being repositioned. 

6. The length of the harrier was reduced to approxi-
mately 30 ft (9 m) to verify this as an optimum length 
for a crash cushion. 

A soft" nose was retained by using one module from 
the first installation. Figure 8 shows the basic arrangement 
of the TTI-modified Goodyear crash cushion. Figure 9 

shows vjCws of the cusliioii pi ioi to testitie. Tests T-3 and 
T-4 had two main objectives: one was to verily the corn-
puter simulation for it head-on vehicle impact of the modi-
fied crash cushion: the other was to determine whether or 
not an errant vehicle that impacted it crash cushion a 
second time before crews could restore it to its original 
condition would be protected. The latter objective fol-
lowed upon an observation in tests T-1 and T-2 that the 
cushion, following comprcssion, rgiined about 75 pcieiit 
of the maximum deformation. 

The vehicle used in both tests was a 1964 Oldsmobile, 
which weighed 4580 lb (2.091) kg) including the 1 M-lh 
(75 kg) anthropometric dummy. Figure 10 shows the 
vehicle before and after test T-3. Figure Il shows the 
crash cushion after test T-3. Figure 10 doubles asa record 
of the vehicle before test T-4. Figure 12 shows the vehicle 
atter test 1-4. and Figure 13 shows the crash cushion after 
test T-4. The vehicle was operable after test T-3 even 
though the radiator was damaged. After test T-4, the 
vehicle was inoperable. 

Table 4 gives a summary of data for tests T- I through 
T-6. It is especially interesting to note that the maximum 
longitudinal deceleration increased only from 16.0 	s to 
16.6 g's. and the average longitudinal deceleration (from 
the film data) increased from 5.9 g's to 7.1 g's. The vehicle 
suffered secondary collisions in both tests T-3 and T-4 (see 
Appendix B for accelerometer traces): that is to say, the 
deceleration force reached it peak just after impact. As the 
vehicle slowed, the deceleration force decreased until the 
shock wave traveling through the crash cushion reached the 
rigid harrier and rebounded, causing a buildup ol the de-
celeration force. This buildup was predicted from the wave 
equation simulation (Appendix A) and has been termed 
the secondary collision. The increase in deceleration values 
from tests T-3 and T-4 are directly attributable to the in-
crease in the severity of the second collision. The damage 
to the vehicle wic much greater in test T-4 than in T-3, but 
even considering the damage and the somewhat higher 
deceleration values of test T-4, the average deceleration 
levels were within the 12 g maximum limit recommended 
by FHWA (1). 

Another interesting feature of tests T-3 and T-4 is the 
vehicle rebound to points well in front of the original loca-
tion of the cushion face in the same manner as in test T- I. 
In test T-3, the vehicle rebounded 111 ft (34 m) hack of 
the point of impact. In test T-4, the rebound was 22.6 ft 

(6.9 m). This vehicle was not in gear, whereas a vehicle 
impacting under actual conditions would be. The remote 
braking system was not used in either test. 

Severe damage suffered by the first several diaphragms 

WIN 

Figure 6. Vehicle condition before test 1-2 and after. Top 
photo shouts damage f,i,ui test f-I. 

-. 

.... •• A 

Figure 7. Crash cushion co,idition before test T-2 and after. 

during these head-on impact tests pointed up a serious 
design deficiency in the system. The damage was apparent 
in test T-3 where the first fish scales and post supports on 
each side of the cushion separated from the first diaphragm. 
The diaphragm was the failure mechanism. Four other 
diaghragms suffered various degrees of failure. The next 
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Figure 8. TTI-,nodifled Goodyear crash cushion. 

- 

 

Figure /0. Vehicle condition befoi ' test 1-3 and after. 
A izI/iropometric dunznzy can be seen in driver's .reat. Vehicle is 
still operable. Figure 9. Modified crash cushion prior to testing. 
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Figure II Modified cia s/i cushion a) tel test 1-3. 
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Fic,'ure /2. Veli ic/c condition nIle, test 1-4. 1 chicle was in-
operable. 

two tish scales with their post supports were separated 
from the diaphragm during test 1-4 and the previously 
damaged parts were further damaged. 

Additional details are presented in the Appendixes. 

Test T-5 

The i ad lied G&sodyeai ci cisli cuslijuti was i elm lt fuu tcsts 
1-5 and '1-6. The damaged diaphragms were replaced and 
the five fi cait oies were icioforced by adding steel straps 
along their tops and bottoms between the posts. 

A 1965 rear-engine Simca, weighing 1910 lb (886 kg) 
including the anthropometric dummy, was used for test 
T-5. This test was designed to determine the effect of a 
lighter vehicle as it strikes the crash cushion head-on. The 
impact velocity was 69.6 mph (110.4 km/hr). The entire 
front end of the vehicle was crushed beyond use or repair. 
Figure 14 shows the vehicle before and after the test. After 
the test, the vehicle was entered from the rear door and 
the front seat removed so that the dummy could he re-
moved. 

The average longitudinal deceleration was 10.2 g's. still 
within the 12 g limit, but the maximum seat belt force was 
only 300 lb (135 kg) (see Appendix B for the trace of the 
seat belt strain gauge data). Passenger compartment col-
lapse prevented development of the seat belt force that 
would have been in keeping with the deceleration force on 
the vehicle, This seenis to indicate that the driver or other 
occupants of the front seat would have suffered serious 
injury. A complete summary of the data is presented in 
Table 4. 

The crash cushion compressed in a wave action as antici-
pated, and the fIsh scales operated as redesigned for a 
head-on impact. The strengthening of the diaphragms 

I 

riJ :4  

I'ii,'ure 13. ..!odi/ied crash c,i.shio;, after test I -4. 

allowed the crash cushion to collapse smoothly and the fish 
scales to telescope in a relatively even manner. Two of the 
diaphragms suffered moderate damage. The addition of 
the steel reinforcing straps prevented a failure. The vehicle 
was severely crushed and the steering mechanism damaged. 
This obviously caused a large amount of drag and the crash 
cushion did not recover to the extent anticipated. The 
residual deformation of 10.4 ft (3.17 iii) was almost twice 
the amount that would he anticipated from comparisons 
with previous tests. Figure IS shows the crash cushion 
before the test and the vehicle embedded in the crash 
cushion after the test. Additional details are presented in 
the Appendixes. 
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Figure 15. After test 1-4, the cots/i cushion was rebuilt for 
tests '[-5 and 1-6. Botton photo shotis the test 1-5 vehicle 
embedded in the crash cushion after its head-on impact. 

Figure 14. Vehicle condition before test T-5 and after. 

 

22' I" 

Figure 16. The test T-O vehicle i,npacted the side of the modified c,ash, cushion at a 20 angle. 
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Figure 17. Vehicle condition before test 1-6 and after Figure /8. Modified crash cushion before lest [-6 and after. 

Test T-6 

Test T-6 was an angle impact. The crash cushion used in 
test T-5 was restored approximately to its original position 
for this test. All of the original tires, hardware, and ac-
cessories from test T-5 were reused and no additional ma-
terial was added. 

The test vehicle was a 1963 Plymouth weighing 4130 lbs 
(1974 kg). The impact angle was 20 deg from the right 
side of the barrier. Figure 16 shows a layout of the crash 
cushion and test angle. The impact velocity was 52.8 mph 
(85.0 km/hr). The vehicle redirected as anticipated with-
out incident. Considerable sheet-metal damage was sits-
tamed on the left side. The summarized test data in Table 
4 show that the decelerations were well within the tolerance 
limit recommended by FH\VA. Figure 17 shows the test 
vehicle before and after the test. The crash cushion ex-
hibited only superficial damage to the fish scales. There 
was no other noticeable damage to the diaphragms or sup-
port posts, although the residual displacement of several 
of the posts amounted to as much as 10 in. (25 cm). 
Figure 18 shows the crash cushion before and after the 
test. It is evident that only minor restoration would be 
required to put the cushion in near mint condition. Also, 
the crash cushion could suffer additional impacts without 
restoration and perform essentially as designed whether 
impacted from the same side, the opposite side, or head-on. 
Additional details are presented in the Appendixes. 

Summary of Test Results, Goodyear Concept 

Both the Goodyear crash cushion and the modified Good-
year crash cushion performed well in reducing impact 
severity. The average longitudinal decelerations for all of 
the six tests conducted were well below the maximum 
allowable average deceleration of 12 g's (1). In addition. 

the peak transverse deceleration levels were below the 
171 IWA criterion. 

The full-size vehicles impacted both types of cushions 
head-on in the 60-mph (96.6 km/hr) range without sus-
taining much more than superficial sheet-metal damage. 
The lighter vehicle suffered much more serious damage in 
a head-on hit (Fig. 14). Further modification is needed 
to lessen the impact force that produces the severe damage 
to lightweight vehicles. 

Both types of crash cushions performed well in terms of 
protecting the fixed object for a head-on impact. They also 
provided protection to the fixed object when impacted at 
an angle toward the front of the cushion. From the results 
of test T-2 and past experience with installations that will 
pocket a vehicle, it appears that the Goodyear crash 
cushion would not protect the fixed object when impacted 
at the interface between that object and the crash cushion. 
Again, drawing on past testing experience and the results 
of test T-5, it appears that the TTI-modified crash cushion 
(Fig. 8) would provide a maximum of protection to the 
fixed object. This would result primarily from the effect of 
the cables and the fish scales in redirecting the vehicle. 

Both types of crash cushions require more space than 
do the three FHWA-approved vehicle impact attenuators, 
due primarily to accumulated thickness of material, such 
as the tire sidewalls and treads, between the vehicle and 
fixed object. This thickness causes the vehicle to "bottom 
out" while a considerable distance from the fixed object. 

Neither of the types could he highly rated, according to 
test data, with respect to secondary effects in head-on im-
pact. In tests T-l. T-2. and T-3 the impacting vehicle 
rebounded to a point well in front of the original position 
of the face of the crash cushion. For certain installations, 
such as a freeway exit gore, this rebound could create an 
extremely dangerous condition by returning the impacting 



14 

vehicle to the traffic stream. For an angle impact, a vehicle 
will pocket in the Goodyear crash cushion and tend to spin 
out of control across the paths of oncoming traffic. Use of 
the modified Goodyear crash cushion with fish scales will 
tend to redirect the vehicle into the first lane of traffic, 
more like the hydrocell installations and the Texas crash 
cushion having redirection capabilities. 

To appraise the usefulness of the one-dimensional wave 
equation as a design and evaluation aid, the crash cushions 
used in tests T-1, T-2, and T-5 were simulated, the wave 
equation was computed, and the results were compared. 
These comparisons are given in Table 5. Identical vehicle 
speeds and weights were used for the test results being 
compared in all instances. The correlation is amazingly 
close for maximum or peak deceleration, stopping distance, 
and average deceleration, with the exception of the maxi-
mum deceleration for test T-5, where the simulation value 
is 26 percent higher than the measured value. A possible 
reason is the soft spring evident in the vehicle used for test 
T-5. Undoubtedly the peak was reduced by the energy 
absorbed by the vehicle, whereas the simulation assumed 
an infinitely hard spring in the vehicle. This would increase 
the energy absorbed by the crash cushion. 

Once the modules were assembled, prior to installation 
in the crash cushion, holes were drilled in the bottom of 
each tire for the removal of water. Early experience 
showed this to be a desirable practice. 

Either type of crash cushion discussed herein may be 
used for vehicle impact attenuation in locations where 
vehicle rebound would not interfere with normal traffic 
flow. A suitable location would be at a bridge pier situated 
some distance from traffic lanes. 

Because impact of a lightweight vehicle produces an 
extremely high deceleration, a soft nose is recommended 
for the crash cushion. One possible method of softening 
the nose is to use three, rather than five, tires as shown in 
Figure 19. The reduced number of tires has less effect on 
the vehicle's speed and, consequently, reduces the decelera- 

tion upon impact. This application is recommended for 
future research. 

The cost of scrap tires is low; expenses involve personnel 
salaries and wages and equipment charges incurred when 
loading and hauling the tires from disposal areas to the 
assembly point. Table 3 shows a comparison of estimated 
costs for the three systems approved for installation by 
by FHWA (1) and for the systems that are included in the 
present investigation. Collecting and hauling costs are in-
cluded in the values shown in the table. Both of the tire 
crash-cushion systems are much less expensive in terms 
of first cost and maintenance costs than the other systems. 

TIRE-SAND CRASH CUSHION 

In a previous research project (4), TTI researchers, using 
random selections of passenger vehicle tires of 14-in. (36 
cm) and 15-in. (38 cm) rim sizes, weighed and measured 
more than 100 tires when empty and when full of sand. 
The average weight of the sand-filled tires was 230 lb (104 
kg) nominal. The average height was a nominal 71/2  in. 
(19 cm). Using these data and the theory of conservation 
of momentum,an inertia crash cushion was designed, con-
structed, and tested to stop a 4500-lb (2041 kg) vehicle 
traveling at 60 mph (96.6 km/hr). In this earlier test, the 
vehicle-cushion interaction performed as predicted for a 
time and then the vehicle vaulted. 

The sand-filled tires had been supported by 3 or 2 tires 
with used beverage cans placed upright in the annular 
space. Each supporting tire provided a height of 51/2  in. 
(14 cm) so that the center of gravity of the mass would 
be approximately the same as the center of gravity of the 
vehicle. An examination of high-speed motion picture film 
of the test led to the conclusion that the primary cause of 
the vaulting was the accumulation of the supporting tires 
under the vehicle. It appeared that a "friable" support 
would either eliminate or greatly reduce the tendency of 
the vehicle to ramp. Portions of the report (4) that con- 

TABLE 5 

COMPARISON OF ACTUAL TEST DATA WITH COMPUTER SIMULATION 
DATA ON SPECIFIC VEHICLE CONDITIONS FOR SELECTED TESTS 
ON GOODYEAR-CONCEPT CRASH CUSHIONS 

VEHICLE CONDITIONS 

LONGITUDINAL STOPPING 
WEIGHT SPEED DECEL. (g's) DIST. 

TEST DATA 
NO. 	TYPE (LB) (KG) (MPH) (KM/HR) MAX. AVG. (FT) (M) 

T- I 
Actual 4220 1915 59.2 95.3 12.7 4.7 24.9 7.6 
Simulation 4220 1915 59.2 95.3 13.0 5.6 20.7 6.3 

T-3 
Actual 4580 2075 63.9 102.8 16.0 5.9 23.1 7.0' 
Simulation 4580 2075 63.9 102.8 13.1 5.6 24.0 7.3 

T-5 
Actual 1910 865 68.6 110.4 24.0 10.2 15.4 4.7 
Simulation 1910 865 68.6 110.4 30.3 9.9 15.6 4.8 

Sec footnote c of Table 4 



15 

PLAN 
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SEE FIGURE I FOR ASSEMBLY OF TIRES 

Figure 19. Design proposed to achieve a soft-nose crash cushion. 

cern the development of weights; design of the prototype; 
and the construction, testing, and recommendations for 
future design are presented or paraphrased in Appendix A. 

A review of the market in the current project suggested 
that cardboard containers, such as used by movers, could 
offer the kind of support needed for the sand-filled tires. 
Several were obtained in heights of 12 in. (30 cm) and 
18 in. (46 cm) with diameters of 22 in. (56 cm). The 
wood bottoms with which they are provided were turned 
up to support the sand and tires. 

Modules were developed for the design of prototype 
cushions as shown in Figure 20. The new prototype design 
is shown in Figure 21. The basis for this design is pre-
sented in Appendix A. Two cushions of this design were 
constructed for test. Figure 22 shows the design weights 
and the constructed weights for the modules individually 
and for the complete cushions. 

Both tests were recorded by a documentary camera with 
a film speed of 64 frames per second. In addition, two 
high-speed cameras set at film speeds of 200 frames per 
second were used to obtain data. Each vehicle was instru-
mented with a triaxis impact-o-graph. The 1961 Ford used 
in test I-i also was instrumented with longitudinal and 
lateral accelerometers mounted on the frame members. 
The output from these accelerometers was filtered through 
an 80-Hz filter. Copies of the accelerometer and impact-o-
graph traces are included in Appendix B. 

Test 1.1 

The first test was a head-on impact by a 1961 Ford 4-door 
sedan weighing 4170 lb (1893 kg). The impact speed was 
59.0 mph (95 km/hr). Figure 23 shows the vehicle and 
crash cushion before the test. Cardboard cylinders, which 
are stiffened by a metal band around the top rim, support 
plywood tops on which are piled the sand-filled tires. The 
tires are covered with polyvinyl sacks as protection against 
water accumulation from precipitation and for aesthetic 
improvement. 

In this test, the first module penetrated the vehicle grill 
and was completely contained under the hood. The second 
module entered under the hood and was similarly con-
tained. Immediately thereafter, the vehicle showed a tend-
ency to submarine. Also, after the vehicle came to rest, its 
attitude showed an abnormal amount of weight on the 
front suspension. Figure 24, which shows the vehicle and 
crash cushion after the test, indicates the presence of the 
added weight. 

Several tires were hurled through the air in the general 
direction of the vehicle's initial motion. Figure 25 shows 
the final location of those lying outside the immediate area 
of the impacted crash cushion. 

The front of the vehicle (bumper, grill, radiator) was 
damaged to the extent that the vehicle was inoperable and 
had to be towed from the site. Loose sand covering the 
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53.8 mph 43.8 mph 32.5 mph 22.3 mph 13.2 mph 6.9 mph 1.8 mph 

57.1 mph 51.8 mph 45.0 mph 37.3 mph 28.5 mph 202 mph 9.1 mph 

TOTAL NO. TIRES = 48 	TOTAL WEIGHT = 11,040 lb 

NOTE: VEHICLE WILL STOP BY PLOWING ACTION 

Figure 21-. Design of an inertia crash cushion. 



19 

I;, , 

~. YA4 	 j I .0 ~ 

i 	 - 	 tA AL AAAAAAv44VY4'W 

0- 7.j_J 
4. 

- 

-i..- :—'---- 

Fieure 26. Condition of tPst vehicle and crash cushion before 
the head-on impact test 1-2. 

system and steering system were damaged such that the 
vehicle could not be moved under its own power. The 
rear-mounted engine appeared to suffer no damage. 

Summary of Test Results for I-i and 1-2 

The tire-sand inertia system interaction with an impacting 
vehicle is predictable within reasonable limits. Figure 29 
shows a series of time-displacement curves, based on data 
from film analysis, for tests 1-1 and 1-2, respectively, com-
pared with the theoretical curves. The first of these is a 
curve based on the assuiilptioii tlidt all of the impacted 
mass remains independent of the impacting vehicle. '1 his 
is the lower curve in each set. The actual displacement of 
the vehicle in the "momentum" stage is approximately 10 
percent greater than that predicted by theory. A similar 
comparison was made in 1971 (4) on a test that showed 
even closer correlation. 

It was stated previously that the first two modules were 
carried with the vehicle. Using this knowledge and allow-
ing the vehicles to take on the additional weight of these 
modules, new time-displacement predictions were com-
puted. The resultant curves are also plotted in Figure 29. 
These curves are very close to the actual event curves. 

These results indicate that the behavior of a vehicle 
impacting a cushion can be predicted with reasonable 
accuracy. Average decelerations for given impact speeds 
computed from the theory tend to be conservative. It 
would be necessary only to add mass in as large a quantity 
as possible to stop the vehicle completely by "plowing" 
action. 

— 	_.J_ITI l.64- 

- 

Figure 27. Conditio,i of test vehicle and cushion after test 1-2. 

28' HOOD 
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Figure 28. Final location of certain tires which were outside the 
immediate area of the impacted crash cushion in test 1-2. 



Impact angle: Head-on Head-on 

Film data: 
Initial speed, fps 86.5 90.4 

mph 59.0 61.6 
Maximum forward pene- - tration, ft 33.5 25.3 
Final speed,' fps 0 0 

lASS Average deceleration, g's 3.5 5.0 
Time duration, sec 0.922 0.889 

2" FRONT END Impact-o-graph data: 
)EFORMATION Deceleration, g's 

Peak 
Longitudinal 15.2 11.9 
Transverse 7.0 5.0 
Vertical 1.6 2.4 

Average longitudinal 3.0 6.3 

Accelerometer data: b  
Deceleration 

Peak 
Longitudinal, g's 14.7 	- 
Transverse, g's 4.6 	- 

Average 
Longitudinal, g's 3.5 	- 
over time, sec 0.573 	-. 

23'- 0" 
If 
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TABLE 6 

DATA SUMMARY FOR TESTS I-i AND 1-2 

TEST CONDITION 	 TEST I-i 	TEST 1-2 

Vehicle: 
Make Ford Renault 
Model 4-Door Dauphine, 

sedan sedan 
Year 1961 1961 
Wt.,lb 4170 1950 
Deformation, 

O 	 front to back, ft 0.8 2.3 

Figure 25. Final location of certain tires which were outside 
the i,nmediate area of the impacted crash cushion in test 1-1. 

At maximum forward motion. 
U There are no accelerometer data for test 1-2 
1 mph = 1.6 km/hr. 
1 ft = 0.3 m. 

(2) 

The terms are as defined previously (see Eq. 1) Chapter 
One, except that D in this case is the vehicle's maximum 
forward penetration, in feet. The average deceleration from 
the accelerometers was obtained by mechanically integrating 
the acceleration-time curve to the boundary stated and di-
viding by the change in time. Appendix B presents sequence 
photographs taken during each test, a detailed description 
of the events that followed each impact, traces from ac-
celerometers mounted in the vehicle, traces from a strain 
gauge mounted on the seat belt, and traces from an impact-
0-graph mounted in the vehicle. 

Test 1-2 

The second test was a head-on impact by the 1961 Renault-
Dauphine. The sedan was a rear-engine model weighing 
1950 lb (885 kg). The impact speed was 61.6 mph (99 
km/hr). 

Figure 26 shows the vehicle and crash cushion before  

the test. The cushion is of the same design and construc-
tion as that for test T-1. A summary of major data from 
the test is given in Table 6. Additional information is 
given in the Appendixes. 

In test 1-2, the first module penetrated the vehicle's front 
luggage compartment and was completely contained. The 
second module also entered and was contained in the front 
luggage compartment. Thereafter, the vehicle had a tend-
ency to submarine. Also, after the vehicle came to rest, its 
attitude showed that there was added weight on the front 
suspension. Figure 27 shows the vehicle and crash cushion 
after the test. 

Again, several tires were hurled through the air in the 
direction of the vehicle's initial motion. Figure 28 shows 
the final location of those tires outside of the immediate 
area of the impacted barrier. The tire marked number 1 
landed on its tread and rolled a considerable distance be-
fore stopping. 

The sheet-metal body forward of the passenger com-
partment was severely damaged and the front suspension 
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Figure 76 	Condi ion of test vehicle and crash cushion before 
the head-on i,?lpaCt test 1-2. 
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Figure 27. Condition of test vehicle and cushion after test 1-2. 

system and steering system were damaged such that the 
vehicle could not be moved under its own power. The 
rear-mounted engine appeared to suffer no damage. 

Summary of Test Results for I-i and 1-2 

The tire-sand inertia system interaction with an impacting 
vehicle is predictable within reasonable limits. Figure 29 
shows a series of time-displacement curves, based on data 
from film analysis, for tests 1-1 and 1-2, respectively, com-
puied with the theoretical curves. The first of these is a 
curve based uii the assumption that all of the impacted 
mass remains independent of the impacting vehicle. This 
is the lower curve in each set. The actual displacement of 
the vehicle in the "momentum" stage is approximately 10 
percent greater than that predicted by theory. A similar 
comparison was made in 1971 (4) on a test that showed 
even closer correlation. 

It was stated previously that the first two modules were 
carried with the vehicle. Using this knowledge and allow-
ing the vehicles to take on the additional weight of these 
modules, new time-displacement predictions were com-
puted. The resultant curves are also plotted in Figure 29. 
These curves are very close to the actual event curves. 

These results indicate that the behavior of a vehicle 
impacting a cushion can be predicted with reasonable 
accuracy. Average decelerations for given impact speeds 
computed from the theory tend to be conservative. It 
would be necessary only to add mass in as large a quantity 
as possible to stop the vehicle completely by "plowing" 
action. 

o .  
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Figure 28, Fittal location of certain tires wide/i were outside the 
un,nediate area of the impacted crash cushion in test 1-2. 
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TEST I-I DATA 

PHASE I 

MOMENTUM 
PHASE U  
PLOWING 40 

30 

MODULE I MODULE 2 

061 
	

\ 	THEORETICAL CURVE (MODULES I 8 2 

GO WITH VEHICLE) 

THEORETICAL CURVE 

0 	 100 	200 	300 	400 	500 	600 
	

700 	800 	900 
TIME IN MILLISECONDS 

Figure 29. Time-displacement curves compared with theoretical curves for tests 1-1 and 1-2, 

The actual severity in terms of peak g's can be predicted 
from the weight of the vehicle, the weight of the module, 
and the impacting speed. The severity of the average g's 
can be controlled by the length of the crash cushion. The 
spacing used in these tests was ample and could be short-
ened until the modules are almost touching. 

The results of both tests indicated that the tire-sand 
crash cushion performed well in reducing impact severity. 
Average vehicle decelerations were well below the 12 g 
maximum tolerable (1). Neither vehicle was operable at 
the conclusion of testing. In the case of the standard-size  

vehicle, sand from the cushion that accumulated on the 
engine and its accessories was probably a major responsible 
factor. The attenuative action of the cushions in both tests 
suggests that a fixed object behind them would be well 
protected. 

The results of both the theoretical analysis and the tests 
suggest that crash cushions designed on the basis of the 
theory presented should give satisfactory service. 

Generally, the tire-sand inertia crash cushion could be 
used in front of rigid obstacles along the roadside where 
the scattering sand and tires are not likely to fall on the 
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paved traveiway. The tire-sand crash cushion has a serious 
side effect of hurling sand-filled tires through the air (Figs. 
25 and 28). Some of these missiles have weighed approxi-
mately 100 lb (45 kg) after coming to rest. Neither the 
tires nor the sand are desirable on a driving surface. 

Values are given in Table 3 for approximate costs of 
various impact attenuators. The tire-sand attenuator dis-
cussed here could be constructed at a nominal cost of 
approximately $400. 

TIRE-BEVERAGE CAN CRASH CUSHION 

As stated previously, the use of "crushable" or "plastically 
deformable" material in front of a hazard offers vehicle 
impact attenuation as a means of improving safety. Several 
tires stacked and filled with empty beverage cans, such as 
shown in Figure 30, represents a possible module for a 
crash cushion of this type. The first step in determining 
the probability that a cushion constructed of modules of 
this kind could serve effectively was a series of static tests 
on four individual modules during the study reported in 
Reference (4). To the information derived from these 
tests were added the results of pendulum tests on two 
similar modules conducted under the present study. The 
same pendulum system used in studying the dynamic 
characteristics of the Goodyear module was used in these 
two tests. The pendulum weight was 1000 lb (454 kg); the 

drop height was 18 ft (5.49 m). Results indicated the 
module to be capable of absorbing 17.23 ft-kips (23,360 J) 
of energy at a compression of 19 in. (48 cm). This is 
comparable to the energy absorbed by steel drums in the 
modular crash cushion (5). The kinetic energy of a vehicle 
weighing 4500 lb (2043 kg), traveling at 60 mph (96.6 
km/hr), would be 542 ft-kips (735,000 J). The minimum 
number of modules required to stop the vehicle then would 
be 542/17.23 = 32 (approximately). Thirty-three modules 
probably would be used. Consequently, a possible crash 
cushion fabricated from the tire-beverage can modules 
could be as shown in Figure 31. Details of the develop-
ment of this design are presented in Appendix A. 

The cost of a crash cushion of this type is estimated to 
be between $1,075 and $3,075, depending on the site 
modifications required. These values assume $175 for 
materials, $500 to $2,500 for site modifications, and $300 
for labor. Repair costs are estimated to be approximately 
$400 for a 60 mph (96.6 km/br) head-on impact with a 
4500-lb (2041 kg) vehicle. The estimated costs for con-
structing and repairing this type of crash cushion may be 
compared with those for other cushion types by referring 
to Table 3. 

It is possible that containers other than scrap tires, such 
as plastic-coated cardboard shipping drums, could serve 
better than tires. 

Although laboratory tests and theoretical analyses indi-
cate that a crash cushion composed of tires filled with 
empty beverage cans holds promise for serving satisfac-
torily as a vehicle impact attenuator, full-scale tests must 
be conducted before practical application is made. 

AVG. 0.0. 	26.25" 

STEEL TIE R00 

 

WITH STEEL WASHER 
P(.ATE 8 NUT ON 

EXTERIOR GRADE. 	 EACH END 

17 OIA. P,vwOoD(.....,' 
DISC, 3/8 THICK 	I 	FiLL 	I 

WITH 

8EV. 

CANS 

AVE. WEIGHT PER UNIT " 100 lb 

Figure 30. Proposed module of waste automobile tires and 
metal beverage cans for use in energy-absorbing compression-
type crash cushion. 

24 NOMINAL 

Figure 31. Proposed design for energy-absorbimig crash cushion. 

FIBERIZED ALUMINUM CRASH CUSHION 

As indicated previously, twelve small Fibermet samples 
(6 x 6 in. of various thicknesses) were tested in the labora-
tory to determine the feasibility of using the material in 
protective crash cushions. Eight of the samples were tested 
statically and four were tested dynamically with a pen-
dulum. Force-displacement curves were developed from 
the tests, and data necessary for the design of a crash 
cushion were drawn from them. A comparison of the 
results of the dynamic tests and the static tests indicated 
that the dynamic load factor (DLF), defined as the ratio 
of the dynamic energy at any time to the energy (work) 
that would have resulted at that time from the static appli-
cation of the load, would vary from 1.15 to 1.35. A con-
servative value of 1.25 was used in designing a prototype 
cushion. 

The crash cushion design is based on energy absorption 
by plastic deformation. Applying the criteria of the FHWA 
(1) as previously noted herein, a crash cushion of 12-sq ft 
(1.1 sq m) frontal area and 26-ft (7.9 m) length was indi-
cated to be capable of providing adequate safety. Details 
of the development of these dimensions are given in 
Appendix A. 

The data from the tests indicate that a substantial varia-
tion would exist in the energy absorption qualities of the 
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material. The number of samples tested in the study was 
not adequate to determine a standard deviation from the 
mean although it appears that the standard deviation would 
be high. A reputable commercial testing laboratory has 
results that indicate static resistance-density relationships 
(and energy absorption) substantially higher than those 
found by the TTI researchers. For example, the commer-
cial laboratory results indicate that a material of 7-lb-per-
cubic-foot density will absorb 2100 ft-lb (2850 J) energy 
statically, whereas according to ITT the figure would be 
1500 ft-lb (2030 J). This difference suggests significant 
inconsistencies in the product. 

The nominal weight of the crash cushion without hard-
ware would be in excess of 1 ton (0.91 Mg) for a material 
of 7 lb/ft3  density. This weight coupled with the size (4 
ft (1.2 m) wide, 3 ft (0.9 m) high, and 26 ft (7.9 m) long), 
would require a crane and several men to install or repair 
the cushion. A cushion assembled of smaller modules, say 
2 ft (0.6 m) thick and weighing approximately 168 lb (76 
kg) each, could be placed by hand. Also, if the criteria, 
such as the vehicle speed, for a crash cushion were changed 
for a specific installation, module design could be easily 
altered in 2-ft (0.6 m) increments to fit the geometric 
limitations of a particular site. The use of modules would 
allow for selective replacement of damaged material after 
a cushion had been hit. The selectivity feature would save 
several hundred dollars for each repair in terms of man- 
hours and material. 	- 

A crash cushion could be designed with two 3/4 -in. (1.9 
cm) cables installed on each side to provide for lateral 
stability. The cables could be supported on tie rods be-
tween W6 >< 8.5 posts. These posts are a standard design 
modified for this installation; they raise the cushion off the 
ground so that the cushion center of gravity will be about 
the same as that of a standard passenger vehicle (±22 in.— 

FIBER DIRECTION 

SHREDDED ALUMINUM 

COVE RED 	VIYL> 

I 3,o I.D. TUBES 

--- ' 

0.56 m). The posts would serve the additional function 
of supporting the 2-ft (0.6 m) by 4-ft (1.2 in) redirectional 
panels, or fish scales. Figure 32 shows the elements of this 
prototype design. Special features of the design are that 
the posts and fish scales are adapted from other standard 
crash cushion designs. The holes formed in the modules 
can double for recesses to hold temporary carrying handles. 
The primary purpose of the holes is to provide cross-
bracing between posts on opposite sides of the cushion to 
add post stability and lateral stability to the entire system. 

The results of the laboratory tests and theoretical anal-
yses encourage the belief that a crash cushion of fiberized 
aluminum of the nature tested could probably provide 

31Lk'.." 
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Figure 32. Proposed Fibermet crash cushion elements. 	 B. METAL-CLAD FISH SCALE 
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satisfactory vehicle impact attenuation. Full-scale tests 
would be needed prior to practical application. 

Data from the developers of Fibermet indicate that the 
material cost will be from $1.00 to $2.00 per lb, f.o.b. the 
factory. A cost of $2.00 per lb, Lo.b. the job site, would 
seem to be a realistic average. Accordingly, material costs 
will be approximately: 

2200 lb (998 kg) of Fibermet @ $2.00 $4,400 
260 lb (117.9 kg) of steel, x-braces, 

posts and cable 	 300 
Fish scales 	 300 

Total material costs: 	 ,UUU 

The cost of site modification will be in the same general 
price range as that for other crash cushions, because this 
figure includes drilling and installing cable anchors and 
modifying the backup structure to accommodate a crash 
cushion. A comparion of costs is given in Table 3, in 
which sources of cost information are indicated. A primary 
consideration pointed out by the manufacturer of Fibermet 
has been that the salvage value of aluminum will pay a 
large portion of the costs of repairing the barrier after im-
pact. The going price for salvage aluminum in the Texas 
area is $0.02 per lb; for 2200 lb (998 kg) this would 
amount to $44. The labor and installation column for repair 
costs has been reduced by that amount. The resultarit figure 
is $300 minus $44 = $256, say $250, the value used in 
Table 3. The initial cost of a Fibermet crash cushion will 
probably exceed that of most of the other crash cushions 
that have been approved by FHWA or studied on this proj-
ect. Furthermore, the estimated replacement-repair costs 
are nearly twice as high as those for the system with the 
next highest cost. 

- - .-- 
	 SKID PLATE 
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CHAPTER THREE 

CONCLUSIONS AND SUGGESTED RESEARCH 

CONCLUSIONS 

Goodyear-Concept Crash Cushions 

The results of studies described herein indicate that crash 
cushions consisting of module assemblies of scrap tires as 
suggested by the Goodyear Tire and Rubber Company, and 
designed in accordance with procedures set forth in this 
report, can serve effectively and economically in reducing 
the severity of highway accidents involving fixed objects. 
Criteria that have been established by the Federal Highway 
Administration for crash cushions to be used on Federal-
aid highways can be met. A modified version of the origi-
nal Goodyear cushion to which "fish scale" sides are added 
improves performance where redirectional capabilities are 
required. 

Goodyear-concept crash cushions may now be used on 
a provisional basis with reasonable confidence that per-
formance will be up to expectations. Because of a tendency 
for vehicles to rebound on head-on impact, use should be 
limited to locations where rebound is not likely to return 
the vehicle to the traffic stream. These cushions are indi-
cated to have a unique advantage in affording a consider-
able degree of protection in second vehicle hits that may 
take place between an initial hit and full restoration. 

Prior to complete acceptance of the Goodyear-concept 
crash cushion, additional testing should be conducted as 
outlined in the following section on "Suggested Research." 

One Goodyear-concept crash cushion of the size indi-
cated to offer satisfactory impact attenuation in the tests 
of this study removes up to 400 scrap tires from existing 
stockpiles. Recycling of this nature, according to the En-
vironmental Protection Agency, is an acceptable method 
for reducing the undesirable accumulation of waste ma-
terials. 

Additional specific conclusions include: 

The crash cushion must be held on the ground by 
cables or by some other equally effective hold-down device 
to avoid a tendency toward ramping. 

A positive means of drainage, as a hole drilled 
through the bottom of each tire, must be provided to avoid 
the collection of water in the tires. 

Crash cushions tested and reported herein cause ex-
tremely high initial deceleration forces, especially for light-
weight, rear-engine vehicles. 

Tire-Sand Crash Cushions 

This study's results indicate that vehicle crash cushions 
fabricated from scrap tires in the manner reported herein 
are technically and economically feasible for reducing the 
severity of highway accidents involving fixed objects. Ap-
plying procedures described, which include application of 
the theory of conservation of momentum, criteria that have 

been established by the FHWA for cushions to be used on 
Federal-aid highways can be met. 

Tire-sand crash cushions may now be used on a pro-
visional basis with reasonable assurance that satisfactory 
performance will be achieved. They should be considered 
for installation, however, only at locations where the effects 
of flying or rolling tires, flying or loose sand, or other debris 
associated with the cushion would not become a secondary 
hazard to traffic. 

Before complete acceptance, additional testing outlined 
in the following section on "Suggested Research" should be 
conducted. 

The tire-sand crash cushion offers a means for reducing 
the stockpile of scrap tires. 

Some specific conclusions are: 

The supports for the tire-sand components of the 
cushion modules should be between 10 and 15 in. (25 to 38 
cm) high in order to place the center of gravity at the 
proper location with respect to the center of gravity of the 
average automobile. 

Cardboard carton supports should have metal edges 
on the rims (edge placed on ground) and be waterproofed. 

The tires filled with sand should be covered with 
plastic or other waterproof protection to keep the sand dry. 

Tire-Beverage Can Crash Cushion 

The crash cushion described herein consisting of modules 
of scrap tires filled with empty beverage cans is indicated 
by analytical and laboratory study to have potential for 
satisfactory vehicle impact attenuation. Full-scale tests are 
needed before any service application is made. 

Fiberized Aluminum Crash Cushion 

Data from this research indicate that Fibermet is a ma-
terial that could be developed into an effective first-genera-
tion vehicle impact attenuator. A crash cushion of this 
material could be aesthetically pleasing, perhaps more 
pleasing than some of the systems now in use. The modules 
deformed during impact could be replaced without power 
equipment other than a truck. Relatively high cost is the 
major negative factor in the use of Fibermet in crash 
cushions. 

Full-scale testing is needed before practical application. 

SUGGESTED RESEARCH 

Goodyear-Concept Crash Cushion 

Additional full-scale tests on crash cushions applying the 
Goodyear concept are needed to: 
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Develop a safer nose for' impact by lightweight ve-
hicles. 

Develop diaphragms of adequate strength to with-
stand head-on impacts with heavy vehicles. 

Determine a vehicle's rebound characteristics from 
head-on impact when the vehicle is in gear or under power 
at impact. 

Determine the effect of extreme weather conditions 
on the stiffness of tires and on the attenuation value of a 
crash cushion. 

Determine the effect of debris collection, particularly 
dust, such as might occur in a "dust bowl" area of the 
country. 

Determine the redirectional capabilities of the crash 
cushion having fish scales when impacted at or near the 
interface of the crash cushion with the rigid barrier. 

Tire-Sand Crash Cushion 

Additional full-scale tests of tire-sand inertia crash cushions 
should be conducted with both 2000-lb (907 kg) and 
4500-lb (2041 kg) vehicles to investigate other means of 
supporting and assembling tire-sand modules. These rec-
ommended tests would be directed principally at determin-
ing the sensitivity of the height of the modules. The height 
of the front module appears to be particularly critical. 

Tire-Beverage Can Crash Cushion 

Further testing in connection with the tire-beverage can 
crash cushion, either full-scale or pendulum, should be 

undertaken to verify the dynamic load factor. The value of 
1.15 indicated by this study is inadequately supported and 
is not consistent with those, which vary from 1.5 to 1.8 
(7, 14), of other crash cushion designs. The 23.2-mph 
(37.3 km/hr) speed of impact used in the pendulum tests 
also was much slower than the 60-mph (96.6 km/hr) 
design condition. Design details for such items as a system 
for holding the module elements together, as well as a 
cable and fish scale assembly (or other redirection device) 
need to be developed. When these are completed, a series 
of full-scale tests should be conducted on prototype models 
starting with head-on impacts by 2,000-lb (907 kg) and 
4500-lb (2041 kg) vehicles. These would be followed by 
a series of side impacts at the center and rear of the crash 
cushion. Considerations should be given also to the de-
velopment of a module using a container other than scrap 
tires. One possible container would be a vinyl-coated 
cardboard drum of approximately 55-gal (208 1) capacity. 
These or similar containers are readily available. 

Fiberized Aluminum Crash Cushion 

The apparent noncompetitive position of Fibermet as a 
crash cushion does not encourage further consideration of 
this material in this use. If the competitive position should 
undergo a favorable change, full-scale testing with' 2000-lb 
(907 kg) and 4500-lb (2041 kg) vehicles in head-on im-
pacts would be desirable. The initial design of the test 
cushion could be as proposed in this report. 
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APPENDIX A 

PRELIMINARY TESTS AND ANALYSES 

GOODYEAR CONCEPT 

Nine full-scale tests were conducted by the University of 
Cincinnati (3) on a 70-ft (21 m) crash cushion to docu-
ment the feasibility of the design developed by Goodyear 
researchers At the completion- of this series -of tests, Uni-
versity of Cincinnati researchers concluded that the Good-
year design was feasible and should be refined. The test 
impacts in this series were head-on and off-center and were 
documented in degrees that became more comprehensive as 
confidence in the feasibility increased. The first tests were 
documented by 8-mm cameras. The remainder were docu-
mented by 16-mm high-speed cameras as well as longitudi-
nal accelerometers. Tests No. 3, 4, 5, and 6, all head-on, 
were well documented. Table A-i summarizes these four 
tests using data developed by the University of Cincinnati 
researchers and by TTI researchers using the Vanguard 
Motion Analyzer. During the review and analysis of the 
film, TTI researchers observed a series of phenomenon 
shown in Figure A-i. The tires on the nose of the crash 
cushion were compressed at impact (a) and as the vehicle 
penetrated the crash cushion the number of compressed 
tires increased (b). This process generally continued until 
the vehicle had reached its maximum forward motion. One 
additional phenomenon was observed. After the vehicle had 
slowed considerably, a shock wave of five or six compressed 
tires advanced in front of vehicle at nearly constant speed 
(c). There was no rigid backup for the crash cushion and 
the wave went to the end of the cushion and dissipated. 
These phenomena are similar to the assumptions made for 
the one-dimensional wave equation developed by Hirsch 
(5). These observations suggested that a wave equation 
could be used to predict the behavior of a Goodyear crash 
cushion. To verify the applicability of the equation, sev-
eral constants were needed, including a dynamic spring 
constant, a tire-ground coefficient of friction, and a co-
efficient of restitution. These constants were developed by 
a combination of static and dynamic testing. 

Five static tests were conducted at the TTI on a module 
of scrap automobile tires arranged in the design originated 
by the Goodyear Tire and Rubber Company. The module 
consisted of 15 layers of 5 tires, a total of 75 tires (see 
Fig. 1). The over-all dimensions were approximately 5 ft 
(1.5 m) high, 7 ft (2.1 m) wide, and 7 ft (2.1 m) deep. 
The module was assembled by threading six 3/,3-in. (0.5 
cm) cables through holes cut in the heads of the tires. The 
layers were then alternated and the cables laced through 
the tires until 15 layers were in place. Cable clamps were 
used to tie off the cables. The weight of the tires com-
pressed the unit into a compact stable mass. It was an-
ticipated that this module would be used in full-scale test-
ing and 1-in. (2.54 cm) holes were drilled in the bottom of 
the tread of each tire to provide future drainage. 

The module was turned over so that the tires were up-
right, and the module was placed between two steel plates 
thatcompletely covered the ends. Two 3/4 -in. (1.9 cm) 
cables were threaded through the plates and modules and 
tied to a tension load cell. The load cell was then tied to 
a third cable threaded through a block and tackle arrange-
ment to give a power factor of approximately 5 to 1. Fi-
nally, the cable was tied to a winch. A suitable framework 
was placed between the module and the winch to allow for 
a full 7 ft (2.1 m) of movement. The module was placed 
on two pipes that served as tracks on which the tires could 
slide while being compressed, thereby reducing the values 
of friction as low as practicable. 

This test module was then subjected to a series of five 
force-displacement tests. The force-displacement curves for 
the first three tests were amazingly close. The two curves 
for the remaining tests indicated some relaxing of the com-
bined spring, probably caused by exceeding the elastic limit 
of individual tires or possibly breaking the cords of the 
tires. An average of the tests is plotted in Figure A-2 along 
with an assumed dynamic spring constant. Figure A-3 
shows the force versus percent displacement curve with 
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TABLE A-i 

SUMMARY OF DATA FROM FOUR TESTS ON GOODYEAR CRASH CUSHIONS" 

VEHICLE 	 IMPACT 
LONG. ACCEL. 

WEIGHT 	 SPEED b 	 DURA 	STOPPING DIST." 	(g's) 
TEST 	 MAKE AND _____________ 	

TION 

NO. 	YEAR 	MODEL 	(LB) 	(KG) 	(MPH) (FPs) 	(KM/SIR) 	(SEc) 	(FT) (M) 	 AVG." MAX. 

3 	1961 	Ford 
4-door 
sedan 	3600 	(1630) 	48 70.4 (77.2) 0.735 19.2 (5.85) 4.0 6.5 

4 	1961 	Ford 
4-door 
sedan 	3600 	(1630) 	50 73.4 (80.5) 0.758 19.2 (5.85) 4.4 11.5 

5 	1961 	Ford 
4-door 
sedan 	3600 	(1630) 	42.5 62.3 (68.4) 0.949 20.1 (6.12) 3.0 11.5 

6 	1959 	Rambler 
wagon 	3500 	(1590) 	47 69 (75.6) 0.816 18.3 (5.58) 4.0 5.5 

"Tests conducted by University of Cincinnati. 
b Reported initial speed, Vs. 
o Estimated value. 	Film speed was estimated by relating reported initial speed of vehicle and observed displacement 	of 	vehicle per 	frame 	prior to 

impact, or 	
frames 	= 	Vs 

 
seconds 	displacement/frame 

d Using wheelbase of vehicle as displacement reference. 
= average deceleration to maximum penetration = Vs2/2gD. 

Estimated from University of Cincinnati report. 
Accelerometer. 

the corresponding dynamic spring constant. The dynamic 
spring constant is discussed later. 

Six pendulum tests were conducted on another 75-tire 
module similar to that used in the static tests. Figure A-4 
shows the pendulum frame and the ram advancing on the 
tire module. The backup wall (not shown) is steel and is 
thoroughly reinforced and braced. The design of the backup 
wall was in accordance with the philosophy that a pendu-
lum test is not to test the wall but, rather, the object be-
tween the pendulum and the wall. The wall can be shifted 
in 12-in. (30 cm) increments along a path tangent to the 
pendulum arc. In addition, the wall can be removed and 
the bolt pattern used to attach directly items to be tested, 
such as luminaires, when the item struck will absorb only 
a portion of the energy of the ram. A motorized block and 
tackle system is used to raise the ram to the starting posi-
tion. The ram is released by an electrically operated "heli-
copter" hook. The pendulum striking height can be ad-
justed within a wide range depending on the requirements 
of the item being tested. The maximum radius of swing is 
approximately 40 ft (12 m) for an impact height of 21 in, 
(11.34 cm). Drop heights of up to 30 ft (9 m) can be 
obtained. Four basic rams are available at the present time. 
Their weights are 100, 1000, 2000, and 2600 lb (45.4, 454, 
907, and 1179 kg, respectively). The first three rams have 
relatively small impact faces. The 2600-lb (1179 kg) ram, 
designed for this project, has an impact face 4 ft (1.22 m) 
wide by 3 ft (0.91 m) high. The large face was made by 
welding a /8-i, plate to the 2000-lb (907 kg) ram and 
then rigidly bracing the plate. 

For this series of tests, the wall was placed approximately 
3 ft (1 m) from the face of the ram at rest. The ram was 

Fl_~111111  
a 

b 

WAVE TRAVEL 

C 

Figure A-i. Qualitative representation of wave propagation in 
Goodyear crash cushion. 

raised slightly, and the 7-ft (2.1 m)-long tire module was 
set in place firmly against the backup wall. The instrumen-
tation was checked, whereupon the ram was raised to a pre-
determined height and released. Instrumentation included 
two high-speed movie cameras operating at a nominal 400 
frames per second. An accelerometer was attached to the 
ram and a "tape switch" was mounted on the face of the 
tires. Both were connected directly to the visicorder with 
flexible electrical cable, a procedure that eliminates the 
need of more complicated telemetry equipment. 

In the first test, GTM-1, the module was placed as de-
scribed and the ram was released from a height of 15 ft 
(4.5 m). Test GTM-2 was conducted on the module with-
out restoration and the ram again was dropped from 15 ft 
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(4.5 in). The module was restored and the tests were Fe- 	Data from the high-speed motion picture analysis are given 
run as tests GTM-3 and GTM-4, for which the ram was 	in Table A-2. The accelerometer trace was synchronized 
again dropped from a height of IS ft (4.5 m). The module 	with the high-speed film and ram weight. and force-displace- 
was restored for test GTM-5. for which the drop height was 	ment curves developed for each test. Typical curves are 
5.5 ft (I .7 ni). The module was again restored and the 	shown in Figure A-S. 
drop height was increased to 28 ft (8.5 m) for test GTM-6. 	The one-dimensional wave equation appeared to offer an 

acceptable basis for the design and analysis of the Good-
year crash cushion. The data, therefore, were analyzed and 

	

I / 	 reduced so that they could he used as input to the existing 
computer program (15). 

50 	5 LAS OF 5 TIRES .75 	 /1 	 The mass of a crash cushion is an important factor in its 
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Hirsch (4). The average weight was found to be 18.5 lb 

(8.39 kg). A 7-ft (2.1 m) module containing 75 tires 

(15 rows of 5 tires each) would weigh approximately 

1388 lb (630 kg). 
The spring constant required for analysis was determined 

by comparing the work done in static tests of the module 
to the energy absorbed during pendulum tests on the simi-
lar module. The area under the force-displacement curves 
at a given displacement was used as the measure of the 
energy absorbed. This comparison as ratio of dynamic to 
static energy yielded a dynamic load factor (DLF) that 
varied from 1.73 to 1.95, the average being 1.89. A rea-
sônable value for the DLF would be 1.9 or 2.0. Also, the 
technique of using a pendulum appears to be a reasonable 
method for determining the dynamic spring constants 
within the limits of displacement encountered. Static test-
ing where the total displacement is at least 80 percent of 
the module length appears to provide excellent data on 
which to base a linear spring constant. A DLF of 1.9 or 
2.0 applied to the static value should give fairly accurate 
results for impact speeds of 60 mph (96.6 km/hr) or 

higher. -for lower speeds the results would probably be  

conservative. From these comparisons, a spring constant 
of 9.6 kips per foot for a 7-ft module (14,285 kg/rn for 
a 2.1 m module), or 67.2 kip-foot per foot (67.2 kip m/rn), 
is indicated. These values are shown as the idealized lines 
in Figures A-2 and A-3. 

The apparent coefficient of restitution varied from 0.15 
to 0.27. These values include the retarding effects of fric 
tion of the tires on the concrete surface. When corrected 
for the friction component, the average is approximately 
0.3. This is the value used in the comparison. 

The coefficient of friction (12) varies inversely with the 
speed of the vehicle and the weight on the tires. Also, the 
value varies according to the tire tread design, the condition 
of the tire tread, and the condition and type of roadway 
surface. The coefficient of friction for lightly loaded tires 
with full tread could vary from 0.5 to 0.8 at an average 
speed of 30 mph (48 km/hr). A value of 0.5 was chosen 

as being conservative. 
Several combinations of input data were used to verify 

the wave equation as a tool for predicting the crash cushion 
behavior. These included using a simple secant value for 
the' spring constant. Various DLF values varying from 

TABLE A-2 
DATA FROM PENDULUM TESTS WITH A WEIGHT OF 2600 LB 
ON A GOODYEAR TIRE MODULE 

TEST NO. 

INITIAL VELOCITY 

(F1's) 	(KM/HR) 

MAXIMUM DISPLACEMENT 

(IN.) 	(CM) 	(5EC) 

RETURN VELOCITY 

(FP5) 	(KM/FIR) 

GTM-1 32.0 (35.1) 50.6 (128.5) 0.236 -12.5 (-13.7) 

GTM-2 31.9 (35.0) 50.3 (127.8) 0.215 -12.5 (-13.7) 

GTM-3 30.9 (33.9) 55.6 (141.2) 0.233 -14.8 (-16.2) 

GTM-4 32.1 (35.2) 53.1 (134.9) 0.234 -14.1 (-15.5) 

GTM-5 18.6 (20.4) 39.2 (99.6) 0.289 -11.7 (-12.8) 

GTM-6 44.0 (48.3) 63.4 (161.0) 0.205 -17.7 (-19.4) 

0 	10 	20 	30 	40 	50 	60 

DISPLACEMENT (IN.) 

Figure A-5. Force-displacement curves typical of 1/lose developed for each of the pendulum tests. 
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approximately 1.8 to 2.1 were used. Also, various co-
efficients of restitution were used from 0.2 to 0.4. A DLF 
of approximately 1.9 and a coefficient of restitution of 0.3 
proved to be the most descriptive. Figure A-6 depicts the 
input information and basis for the one-dimensional wave 
equation. Table A-3 is a comparison of University of Cin-
cinnati tests No. 3, 4, 5, and 6 with the stress-wave equa-
tion computer simulation (one-dimensional wave equation). 
The computer simulation compares very favorably with the 
actual test data. The stress-wave equation computer simu- 

lation appears to be a reliable tool with which to study the 
Goodyear crash cushion. 

As a further step, a parameter study of a 3500-lb (1590 
kg) vehicle impacting the Goodyear crash cushion was 
made. The length of the crash cushion, the variable for 
this first study, was altered by changing the number of 7-ft 
(2.1 m) modules contained in the crash cushion. The as-
sumed spring constants (K's), the assumed weight of half 
a module, and the frictional resistance which is based on 
a value of 0.5 are shown in Figure A-6. The coefficient of 

TABLE A-3 

COMPARISON OF RESULTS FROM ACTUAL TESTS ON THE GOODYEAR CRASH CUSHION COMPARED WITH 
THOSE OBTAINED FROM COMPUTER SIMULATION OF THE STRESS WAVE EQUATION 

TEST VEHICLE IIVIPACT 

WEIGHT SPEED DURA- STOPPING DIST. 
LONG ACCEL. 
(g's) 

NO. YEAR MAKE (LB) (KG) (MPH) (KM/HR) (5EC) (FT) 
TION  

(M) AVG. MAX. 
3 
4 

1961 Ford 3,600 (1630) 48 	(77) 0.8 18.8 (5.7) 4.1 - 
5 

1961 Ford 3,600 (1630) 50 	(80) 0.8 19.2 (5.8) 4.4 11.5 
6 

1961 Ford 3,600 (1630) 42.5 	(68.5) 0.8 19.8 (6.0) 3.0 11.5 1959 Rambler 3,500 (1590) 47 	(76) 0.8 18.3 (5.5) 4.0 Computer - 
simulation" - - 3,500 (1590) 48 	(77) 0.9 19.3 (5.8) 3.9 12.5 

University of Cincinnati researchers conducted test on a crash cushion 70 ft (21-rn) long, 7 ft (3.1 rn) wide, 5 ft (1.5 m) high, composed of 750 tires weighing 14,000 lb (6360 kg). 
Texas Transportation Institute researchers conducted computer simulation. 
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Figure A-6. Idealization of Goodyear crash cushion for verifying the one-dinsensional wave equation. 
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restitution (not shown) was assumed to be 0.3. The results 
of the study are summarized in Figure A-7, which shows 
the maximum penetration or stopping distance, the peak 
deceleration, and the average deceleration. It is interesting 
to note that the stopping distance increases as the length of 
crash cushion increases and the average deceleration de-
creases as the length increases. The peak deceleration ap-
pears to decrease as the crash cushion is lengthened to 
about 20 ft (6 m) and then remains constant as the length 
is increased to 70 ft (21 m). This phenomenon is discussed 
further in connection with parameter studies using 2000-lb 
(908 kg) and 4500-lb (2041 kg) vehicles. 

The parameter study was extended to include both the 
Goodyear crash cushion and the modified Goodyear crash 
cushion impacted by two vehicles of different weights. The 
first series was based on the crash cushion module exactly 
as developed by Goodyear researchers and shown in Fig-
ure 1. TT'I researchers assumed that redirectional capabili-
ties would be required and the second series studied was a 
modified model having a diaphragm inserted after every 
fourth layer of tires. These diaphragms were used to sup-
port fish scales on either side of the crash cushion (Fig. 
A-8). These additions had the effect of increasing the mass 
of the crash cushion and changing the basic module length  

from 7 ft (2.1 m) to 8 ft (2.4 m). The increase in module 
length had the effect of reducing the spring constants as 
shown in Figure A-6. 

In addition to the two types of crash cushions, the follow-
ing combinations were investigated: vehicle weights of 
2000 lb (908 kg) and 4500 lb (2041 kg); lengths of the 
Goodyear crash cushion of 7 ft, 14 ft, 21 ft, 28 ft, 35 ft, 
42 ft, and 70 ft (2.1, 4.2, 6.4, 8.5, 10.6, 12.8, and 21.3 m, 
respectively); and lengths of the modified Goodyear crash 
cushion of 8 ft, 16 ft, 24 ft, 32 ft, 40 ft, 48 ft and 80 ft 
(2.4, 4.9, 7.3, 9.7, 12.1, 14.6, and 24.3 m, respectively). 
All simulated impacts were head-on at 60 mph. The com-
puter constants were those shown in Figure A-6 with a 
coefficient of restitution of 0.3. 

Accelerometer data were plotted against time for each 
of the crash cushion lengths simulated. When the vehicle 
weight and velocity are constant, there is an initial peak 
acceleration that is the same for each type of crash cushion 
regardless of length. For the shorter crash cushions, there 
is an apparent "secondary collision." The "secondary col-
lision" value is generally higher than the initial value for 
the 7- and 14-ft (2.1 m and 4.2 m) cushions and the modi-
fied 8- and 16-ft (2.4 m and 4.9 m) cushions. This is 
shown in Figures A-9, A-b, A-il; and A-12. As the 
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Figure A-7. Results of a parameter study in which a 3,500-lb (1590 kg) vehicle impacted a Goodyear crash cushion. 
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Energy absorbed by the spring action, either plastic or 
elastic, of the crash cushion. 

Friction of the portion of the crash cushion moving 
over the horizontal surface and anchor cables. 

A significant quantity of energy also may be absorbed by 
the vehicle, especially for light vehicles (see test T-5). This 
absorbed energy has been neglected. Conservative values 
for design will result. The kinetic energy (KE) * of the 
vehicle may be expressed by the well-known equation: 

UI..,. Jul 1. 111111 Jul uuulilU 	I ui UI II 
hIiIiIuIuIiIiIuIiI,l,liIiIiI,I,Iuluhlulduhlihl, IiIuIuIiI,IiIiI

22 OL= 
uui•uiiui •u•• 

—I 
in which 

W0 V0 2 
(KE)0 = 	 (A-i) 

2g 

ELEVATION 

Figure A -8. TT!-rnodified Goodyear crash cushion 

length of the crash cushion increases, the severity of the 
secondary collision decreases until it is no longer noticeable 
in the longer 70- or 80-ft (21 m or 24 m) crash cushions 
(Fig. A-13, A-14, A-15, and A-16). The gradual decay 
with increased length was observable in the intermediate 
length tests. 

Figures A-17 through A-20 were developed from the 
simulated accelerometer data. The decelerations in g's and 
the stopping distances are plotted against the original 
lengths of the crash cushions. The higher peak decelera-
tions for the shorter crash cushions are demonstrated. The 
average decelerations were determined by integrating the 
acceleration-time curves up to the time that forward mo-
tion stopped and determining the average ordinate. These 
curves demonstrate the effect of the "secondary collision" 
and its decay with the length of the crash cushion. They 
were used to evaluate both types and the various lengths 
of crash cushion. It was observed that the peak decelera-
tions for the modified Goodyear crash cushion were notice-
ably higher than those for the Goodyear crash cushion 
when impacted by the heavier vehicle. However, the pene-
tration and average decelerations were approximately the 
same for both cushion types. The crash cushion tested in 
tests T-1 and T-2 (Fig. 2) was developed from curves 
shown in Figures A-17 and A-19. The modified Goodyear 
crash cushion used for the remaining full-scale tests was 
based on curves of Figures A-18 and A-20. A lighter-
weight and softer nose was added to reduce initial force 
predicted from the wave equation. 

A second and simplified method of simulation developed 
during the study is based on individual modules acting 
independently with relation to each other. The effect of 
time and, consequently, the "wave motion" has been ne-
glected. This method produces results that are adequate 
for design and for preliminary investigations for research, 
and can be solved on a desk calculator. 

The principal factors that reduce the kinetic energy and, 
consequently, the speed of a vehicle impacting a crash 
cushion are: 

W0  = the weight of the vehicle; 
V0  = the initial velocity of the vehicle; and 
g = the acceleration due to gravity. 

The crash cushion may be idealized according to Figure 
A-21 (a). An assumption that only one spring compresses 
at a time will be reasonably correct according to high-speed 
photography of the tests. This neglects the time-interaction 
of the springs. When a vehicle hits a crash cushion in a 
head-on impact and the first spring is compressed, the re-
sulting change in kinetic energy of the vehicle, caused by 
the spring only [Fig. A-21(b)], is expressed as 

(tKE)spru,g 
 Fd

--_ 	 (A-2) 

in which 

F = the maximum force on the spring; 
d = the distance the spring is compressed. 

The maximum force may be expressed as: 

F=kd 	 (A-3) 

in which 

k = the spring constant. 

This relationship may be substituted in Eq. A-3, which then 
becomes: 

1 .4 2 

(LKE) spring = 

	

2 	
(A-4) 

In addition to the energy absorbed by the spring, energy 
is lost by the friction of the module on the surface. The 
weight is distributed over the length of the module, and the 
average length that the first module will move will be ap-
proximately equal to one-half of the compressed distance. 
This component then equals: 

	

(1KE)iriction  = W1d 
2 	

(A-5) 

in which 

W1  = the weight of the crash cushion module; and 
IL = the coefficient of friction between the surface and 

the module. 

* The general nomenclature used throughout the remainder of this 
appendix is given at the end of the appendix. 
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Figure A-9. Deceleration vs. time for impact with Goodyear 
crash cushions both 7 and 14 ft (2.1 and 4.2 m) long by a 
2,000-lb (908 kg) vehicle at 60 mph (96.5 km//zr). 
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Figure A-b. Deceleration vs. time for impact with Goodyear 
crash cushions both 8 and 16 ft (2.4 and 4.9 in) long by a 
2,000-lb (908 kg) vehicle at 60 mph (96.5 km//zr). 
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Figure A-il. Deceleration vs. time for impact with Goodyear 
crash cushions both 7 and 14 ft (2.1 and 4.2 rn) long by a 
4,500-lb (2043 kg) vehicle at 60 mph (96.5 km/hr). 
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Figure A-12. Deceleration vs. time for impact with Goodyear 
crash cushions both 8 and 16 ft (2.4 and 4.9 in) long by a 
4,500-lb (2043 kg) vehicle at 60 mph (96.5 km//zr). 

The total change in kinetic energy for the first module is: 

(iKE)1= 
k1d12 + WidtL 	

(A-6) 

The reduction in kinetic energy attributed to compressing 
the second module is then: 

(KE)2 =— + W1d2+ W2d2tt 
	

(A-7) 

If all of the modules are uniform, the change in kinetic 
energy for the ith module, as shown in Figure A-21(c), 
can be written: 

(KE)= - +(2  'W)i.ul 	(A-8) 

If the effect of the additional weight of the modules on the 
velocity of the vehicle is neglected, the total energy that 
may be absorbed by a crash cushion of n (number of) 

modules is: 

it 

KE= (KE) = 	+(,212 1 w)d 

(A-9) 
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Figure A-13. Deceleration vs. time for impact with a Good-
year crash cushion 70 ft (21.3 m) long by a 2,000-lb (908 
kg) vehicle at 60 mph (96.5 km/hr). 

TIME (msec) 

Figure A-14. Deceleration vs. time for impact with a TI!-
modified Goodyear crash cushon 80-ft  (24.4 m) long by a 
2,000-lb (908 kg) vehicle at 60 mph (96.5 km/hr). 
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Figure A-15. Deceleration vs, time for impact with a Goodyear 
crash cushion 70 ft (21.3 m) long by a 4,500-lb (2043 kg) 
vehicle at 60 mph (96.5 km/hr). 
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Figure A-16. Deceleration vs. time for impact with a TI!-
modified Goodyear crash cushion 80 ft (24.4 m) long by a 
4,500-lb (2043 kg) vehicle at 60 mph (96.5 km/hr). 

The effect of the weight of the modules is accounted for by 
using Eqs. A-i through A-8 and solving module by module. 
From Eq. A-i, the initial kinetic energy of the vehicle is: 

KE0 
w0vO 	

(A-b) 

and, from Eq. A-2, 

KE, = KE0  - 
kd2  Wd 
	(A-il) 

from which the velocity just prior to impacting the second 
module may be obtained as: 

it2gKE, 
(A-i2) 

	

V1 
= 	0  + W, 

The deceleration over the length d is: 

V 2 _V 2  

	

G= 	1 	 (A-13) 2gd 

For the ith module, 

1 KE = KE 1  - 
kd2  2i-1 
  

w) d (A-i 4) 

and the velocity 
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Figure A-21. Compressing sequence of Goodyear crash cushion modules. 

vj='/_
2gKE (A- 15)  

and 

W0+iW 
d=h/W0V0 	 (A-20) 

and the deceleration over the length di is: / 	kg 

- v For all spring constants equal; that is, 
(A-16) 

2gd k1 =k2 =. . k1l (A-2 1) 
A value for the average deceleration may be computed as: then, 

V 2 
Ga 	° 	 (A17) g 

- 2gnd =1- k 	 (A-22) 
n 

in which n is the number of complete modules included in 
the calculations. Table A-4 gives a set of sample calcula-
tions on a module-by-module basis. The value of 0.5 for 
the coefficient of friction is compatible with studies by Ivey, 
etal. (12). 

A third method of simulation is based on the additional 
assumptions that the modules are weightless and that the 
entire crash cushion acts as a unit. Then, an equivalent 
spring constant ke is determined from the relationship  

and Eq. A-19 becomes: 

(A-23) 

Full-scale tests of the Goodyear-concept crash cushions 
are documented in Appendix B. 

TIRE-SAND CRASH CUSHION 

11 	1 	1 	1A 18 	
The concept on which the inertia crash cushion is based - 

k2 + 	
' 	

/ k3 	' - 	 is reported in Reference (4). Pertinent portions of this 

th 	
reference are recapitulated here for convenience. 

en, 	 The inertia crash-cushion concept involves the transfer of 

kd2 	W V02 	
A 19 	

the momentum of a moving vehicle to expendable masses 

2 	2g 	 - 	 of material located in its path. This principle, applied to 
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TABLE A-4 

SAMPLE CALCULATIONS FOR A Tfl-MODIFJED GOODYEAR CRASH CUSHION 
ON A MODULE-BY-MODULE BASIS 

n 

(1) 

KE,.1 

(FT-K) 
(2) 

w,, 

(K) 
(3) 

(`_IWt+i~`) 

(K) 
(4) 

K, 

(K/FT) 
(5) 

d 

(FT) 
(6) 

KdI 

(FT-K) 
(7) 

COL. 4 X KE,. 

(FT-K) 	(FT-K) 
(8) 	(9) 

E W 

(K) 
(10) 

W0-4-2;W,, 

(K) 
(11) 

V,, 

(Fr's) 
(12) 

Vn2 

(13) 

Gb 

(14) 

0 - - - - - - 
- 624.93 0 4.580 93.7 8780 - 

1 624.93 0.694 0.347 19.2 2.80 75.26 0.49 549.18 0.694 5.274 81.88 6704 11.51 
2 549.18 0.694 1.041 19.2 2.80 75.26 1.46 472.46 1.388 5.968 71.40 5098 8.91 
3 472.46 0.950 1.863 18.0 2.80 70.56 2.61 399.29 2.338 6.918 60.96 3716 7.66 
4 39929 0.950 2.813 18.0 2.80 70.56 3.94 324.79 3.288 7.868 51.56 2658 5.87 
5 324.79 0.950 3.763 18.0 2.80 70.56 5.27 248.96 4.238 8.818 42.64 1818 4.66 
6 248.96 0.950 4.713 18.0 2.80 70.56 6.60 171.80 5.188 9.678 33.81 1143 3.74 
7 171.80 0.950 5.663 18.0 2.80 70.56 7.93 93.31 6.138 10.718 23.68 561 3.22 
8 93.31 0.950 6.613 18.0 2.80 70.56 9.26 13.49 7.088 11.668 8.63 74 2.70 
9 13.49 0.950 7.563 18.0 1.22 13.49 - 0 8.038 12.618 0 0 0.94 Total 23.62 587.37 37.56 

°/L=O.5 (12). 
G vg _2577 

- 2gd 

a moving vehicle impacting a series of five containers 
(masses) filled with sand, is illustrated in Figure A-22. 

By the law of conservation of momentum, the vehicle 
speed after impacting the first mass (assuming plastic, rigid-
body impact) is 

Vi = v
~ 	, * ) 
( 	 (A-24) 

in which 

V0 = speed of vehicle at impact; 
V1 = speed of vehicle after impact; 
W = weight of vehicle; 

W1 = weight of impacted mass. 

Assuming that the first mass impacted (W1) remains in-
dependent of the vehicle, the vehicle speed after the second 
mass impact is 

/ W \ 

	

V2=VIw+w) 	 (A-25) 

and after the fifth mass impact is 

	

V1= V4(W+W) 	 (A-26) 

To obtain a constant change in velocity as the vehicle 
strikes each container (W1 through W5), it can be seen that 
containers must increase in weight (or mass) as they get 
closer to the hazard. 

Thus 

	

Vi = V0 - V 1 = v0(i 
- W 	

(A-27) 
W ) 

and 

V I =Vi _V I V I (I_ 	 (A-28) 
W -)  

and so forth. It is apparent that, theoretically, the vehicle 
cannot be stopped completely by this principle. Practically, 
however, it is usually adequate to design the inertia barrier 
to reduce the vehicle speed to 10 mph (16.1 km/hr) after 
the final container is impacted. 

If the inertia barrier illustrated by Figure A-22 were de-
signed to slow a 4000-lb (1814 kg) vehicle traveling at 
60 mph (96.6 km/hr) down to 10 mph (16.1 km/hr) with 
five containers (each slowing the vehicle 10 mph-16.1 km/ 
hr), the containers would weigh W1 = 4000(60/50 - 1) = 
800 lb; W9=4000(50/40-1) = 1000 lb; W1 =4000 
(40/30 - 1) 1333 lb; W 4 = 4000(30/20 - 1) = 2000 lb; 
and W5 =4000(20/10- 1)=4000lb. 

As in the design of any vehicle crash cushion, the weight 
and number of containers and length of the barrier should 
be proportioned to stop a small 2000-lb (907 kg) vehicle 
traveling at 60 mph (96.6 km/hr) with a stopping distance 
equal to or greater than the minimum required distance of 
10 ft (3.0 m). Additional containers and distance should 
be supplied so the device can also stop a 4500-lb (2041 kg) 
vehicle traveling 60 mph (96.6 km/hr). 

Important nominal dimensions and weights of waste auto-
mobile tires necessary for designing tire-sand modules for 
crash cushions (4) are shown in Figure A-23. The sup-
port for the sand-filled tires to place the center of gravity 
at approximately the same elevation as that of a passenger 
vehicle, to provide a better position for impact, was in this 
case tires filled with empty beverage cans. The dimensions 
and weights shown in Figure A-23 were applied in develop-
ing the crash cushion design shown in Figure A-24. An-
ticipated speeds at various points for vehicles weighing 
2000 lb (907 kg) and 4500 lb (2041 kg) and traveling at 
an initial speed of 60 mph (96.6 km/hr) are shown in the 
figure. 

In the study of Reference 4, a crash cushion was con-
structed as shown in Figure A-25 based on the data pre- 
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Figure A-22. The principle of conservation of momentum is illustrated by transfer of vehicle 
,nomentum to expendable masses, assuming plastic, rigid-body impact. 

viously presented, and tested with a 1963 Plymouth Valiant 
weighing 3320 lb (1506 kg). The vehicle was towed into 
the cushion for a head-on hit. High-speed photography 
showed that the vehicle deformed greatly before imparting 
energy to the first module. As the vehicle progressed in the 
cushion area, it appeared to submarine slightly and then to 
ramp. The final positions of the vehicle and crash-cushion 
elements following test are shown in Figure A-26. The 
time-displacement curves in Figure A-27 show that the 
prediction based on the principle of conservation of mo-
mentum follows the high-speed camera data very closely 
until the vehicle starts to ramp, at which time the forward 
displacement of the vehicle is much slower than predicted. 
Data from the camera and the impact-o-graph indicated 
that the average deceleration level would be about 6 g's. 

It appeared, from study of the high-speed film, that the 
ramping problem could be greatly reduced or eliminated by 
using a more friable support in the modules. 

A potential problem that was noted is that of flying  

debris. This could be especially dangerous if the cushion 
were located where the debris could pass onto the traveled 
way. 

The lightweight vehicle used in the test had a low-profile 
grill area. The profile height in the front portion of the 
vehicle is significant in preventing tires of the inertia mod-
ules from entering the windshield of the impacting vehicle. 
Most other vehicles, with the possible exception of the 
Volkswagen, should be safe in this respect. 

Design of Tire-Sand Crash Cushion for Test 

The first test (3) on a tire-sand inertia barrier in the sum-
mer of 1971 indicated that the basic idea was feasible. A 
need for additional development work also was indicated. 
A major factor to overcome was the ramping tendency. The 
most promising of several possible solutions that were con-
sidered appeared to be the use of the bottom portions of 
round cardboard containers for support of the sand-filled 
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Figure A-23. Proposed designs for waste auto-
mobile tire modules for use in an inertia crash 
cushion. 

tires. The containers can be obtained with plywood bot-
toms, held in place with metal rings. The walls were ap-
proximately ¼ in. (0.6 cm) thick, providing excellent 
strength vertically while being weak laterally. Both of these 
features are desirable. The container is turned with the 
plywood side up, and the proper number of tires are placed 
on the base and filled with sand. The most efficient method 
of building the modules is to place the firsttire on the base. 
The annular space is filled with sand until the tire has ex-
panded to its maximum size. The center volume is next 
filled with the sand and struck off if there is only one tire 
on the module. If more than one tire filled with sand is 

required, the procedure is repeated until the module is 
completed. 

The design calculations for the crash cushion shown in 
Figure 20 are as follows: From information presented 
earlier, the general equation for the transfer of momentum 
in an inertia-type crash cushion may be written as: 

I W \ 
= v1( w + w,,) 	(A-29) 

in which 

V,,., = the velocity of the vehicle before impact with the 
nth module; 

= the velocity of the vehicle after impacting the nth 
module; 

W = 	weight of the vehicle; and 
= weight of the nth module. 

For a 2000-lb (907 kg) vehicle impacting the barrier at 
a velocity of 60mph (88 fps), the calculations for the crash 
cushion shown in Figure 20 are as follows: 

V0 =S8fps 	 =60mph 

/ 2000 
V1  = 88 	

2000 + 230 ) = 78.9 fps = 
53.8 mph 

/ 
V2 = 78.9 	

2000
k 2000 + 460 ) = 64.2 fps = 43.8 mph 

/ 
V 3  = 64.2 	

2000
k 

2000 + 690 ) = 47.7 fps = 
32.5 mph 

/ 
= 	

2000 
2000 + 920 ) = 32.7 fps = 22.3 mph 

(V5 = 32• 	
2000 

o + 1380) = 19.3 fps = 13.2 mph 

/ 2000 
19• 3 o0 	

1840).— 10.1 fps =6.9mph 

/2000 
10.1(20O0+_5520) 

=2.7fps = 1.8mph 
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Figure A-24. Proposed inertia crash cushion using waste automobile tire modules. 
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Figure A-25. Arrangement of inertia crash cushion for test. 

Similarly for a 4500-lb (2041 kg) vehicle impacting the 
barrier at 60 mph (88 fps), the calculations would be: 

4500 \ 
V1=88 (4500+230)=.83.7 fps =57.1mph 

\ 
V = 83.7 	

4500 
( 4500 + 460 ) = 76.0 fps = 51.8 mph 

\ 
V 3 = 76.0 	

4500 
( 4500 + 690 ) = 65.9 fps = 45.0 mph 

= 659 ( 
4500 

)V 4 = 54.7 fps = 373 mph 
4500 + 920 

v5 
= 
	(4500 + 

4500 	

) = 41.8 fps = 28.5 mph 
1380 

V6 = 41.8( 
4500 

) 4500 + 1840 
= 29.7 fps = 20.2 mph 

V7 = 29.7(4500 
4500 	

) = 13.3 fps = 9.1 mph 
+ 5520 
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Fir,'ure A -26. Condition of t'e/,jck' and crash cushion after test. 

The modules were made progressively heavier toward the 
rear of the barrier. The increase in weight was made in 
multiples of 230 lb (104 kg), the average weight of a sand-
filled tire. In addition, the increase followed a geometric 
progression to the extent allowed by the standard weight 
increment. 

Some problems were encountered between construction 
and testing of the barriers. In a few instances, the walls of 
the containers became saturated with rainwater through 

TIME (msec) 

Figure A -27. Actual and predicted time-forward displacement 
canes resultin' from test of inertia crash cushion. 

capillary action. The saturation was uneven, and several of 
the modules tilted. The cardboard base had to be replaced 
prior to the tests. This problem probably could be over-
come by waterproofing the cartons. Vinyl-plastic sheets 
were used to cover the modules to prevent an increase in 
weight due to the sand absorbing moisture from the air 
from rain, fog, dew or other natural phenomena. 

Full-scale tests of the tire-sand crash cushion are docu-
mented in Appendix B. 

TIRE-BEVERAGE CAN CRASH CUSHION 

Proposed Design 

The results of four static force-displacement tests conducted 
in a previous study (4), and the results of two dynamic 
pendulum tests as described in Chapter Two were used to 
estimate the number of modules of the kind shown in 
Figure 31 that would be required to provide adequate 
vehicle impact attenuation. A proposed cushion design has 
been shown in Figure 32. 

The results of the four static tests are presented as force-
displacement curves in Figure A-28. The heavy dashed 
line in the figure is an idealized force-displacement curve 
for an average of tests No. 2 and 4. The force-displace-
ment curves for the two pendulum tests are shown in Figure 
A-29. The heavy dashed line is an idealized force-displace-
ment curve based on an average of the two tests. The ideal-
ized curve of Figure A-28 indicates a spring constant, under 
static loading conditions, of 12 kips per foot. A spring 



43 

STATIC 	CRUSH 	TEST 

28 RANDOM 	SELECTION OF 	TIRES 

FILLED 	WITH 	BEVERAGE CANS 

TEST 	NO. 	I: 	4 TIRES - STIFF 	CAPS (3/4" 	PLYWOOD) 
4 TIRES - FLEXIBLE 	CAPS (106.5 Ibs.,3/' PLYWOOD) 

24 
2 TIRES - FLEXIBLE CAPS(3/8" PLYWOOD) 
4 TIRES - FLEXIBLE 	CAPS (99.6Ibs.,3/8" PLYWOOD) 

20 
No. 4 

U) 
a- 

z 
- 	16 

LU 
0 

0 IDEALIZED 	AVERAGE SPRING 
U.. CONSTANT (TESTS 2 & 41 

12 K = 12 k/ft 	= 	I k/in 
I 
C,) No. I 

0 

0 	2 	4 	6 	8 	10 	12 	14 	16 	8 	20 

CRUSH DISTANCE IN INCHES 

Figure A-28. Actual and idealized force-displacement curves resulting from static tests of tire-beverage can crash cushion (4). 

constant, K, of 13.8 kips per foot under dynamic loading 
conditions is indicated by the idealized• curve of Figure 

A dynamic load factor of 1.15 is indicated (13.8/12). 
The energy E absorbed by one module in 19 in. (or 

1.58 ft) of dynamic crash, D, would be E=KD2/2= 
(13.8 X 1.582)/2 = 17.23 ft-kip. The kinetic energy of a 
vehicle weighing 4500 lb (2041 kg) traveling at 60 mph 
(96.6 km/hr) would be 541 ft-kip, and a vehicle weighing 
2000 lb (907 kg) traveling at 60 mph (96.6 km/hr) would 
have a kinetic energy of 240 ft-kip. The minimum number 
of tire-can modules required to stop the 4500-lb (2041 kg) 
vehicle would be: 

No. modules KE/E + 541/17.23 = 32 approx. 

Thirty-three modules probably would be used. Conse-
quently, a possible crash cushion fabricated from the tire-
can modules could be as shown in Figure 31 and 
equivalent stiffness, can be computed as shown in Figure 

Then the energy absorbed by the crash cushion 
would be: 	 - 

KeqD2 KE   = 	 (A-30) 

and the stopping distance would be: 

D=j/4L 	(A-31) 

The stopping distance for a 4500-lb (2041 kg) vehicle 
traveling at 60 mph (96.6 km/hr) at impact would be 
D = [(2 X 541)/3.76] = 17.0 ft. 
Similarly, for a 2000-lb (907 kg) vehicle impacting the 
crash cushion at 60 mph (96.6 km/hr) the stopping dis-
tance would be D = [(2 X 240)/3.76P 11.3 ft. 

The average deceleration level imposed on the two cars, 
respectively, would be 	= V 2/2gD = 882/(2 X 32.2 X 
17.0) = 7.1 g's (4500-lb car) and G(;Vg) = 882/(2 X 
32.2 X 11.3) = 10.6 g's (2000-lb car). 

The maximum deceleration level would be: 
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Figure A-29. Actual and idealized force-displacement curves resulting from dynamic tests of tire-beverage can crash cushion. 

G(max)  _KeqDIW_(3.76 X 17.0)/4.5 14.2g's 
(4500-lb car) 

G (max)  = KeqDIW (3.76 X 11.3) /2 21.2 g's 
(2000-lb car) 

in which 

D = vehicle stopping distance; 
E = energy absorbed by one module, ft-kip; 

G (W) = vehicle average deceleration; 
g = acceleration due to gravity; 
K = spring constant of one module; 

Keq  = equivalent spring constant of cushion; 
V = vehicle impact velocity; and 
W = vehicle weight. 

This brief analysis indicates that such a crash cushion is 
feasible and practicable. 

It is possible that containers other than scrap tires, such 
as plastic-coated cardboard shipping drums, could serve at 
least as well as the tires. 

FIBERIZED ALUMINUM CRASH CUSHION 

Proposed Design 

The results from the static tests conducted on eight small 
samples of fiberized aluminum are plotted in Figure A-3 1, 
in which static compressive stress is related to percent de-
formation. Typical crash-cushion design data from the 
curves of Figure A-31 are recorded in Table A-5. The 
specific density column reflects the measured unit weight of 
the samples tested. The usable strains came from a unit-
stress versus total-deformation curve (not included in this 
report) and are a conservative judgment of the amount of 
available crush distance in a given sample. The energy ab-
sorption is the value of the area under the stress-deformation 
curve expressed in lb-ft/ft3. The equivalent modulus is the 
slope of a hypothetical line on the stress-deformation curve 
originating at point 0-0, and under which the area at the 
usable strain is the same as that under the stress-deformation 
curve. The average stress is the area under the curve di- 
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vided by the deformation. The energy absorption data and 
the equivalent modulus data have been plotted in Figures 
A-32 and A-33, respectively. The curves are based on ,a 
"least-squares fit" for a second-order curve. Coordinates 
were computed on an IBM 360/65 electronic computer. 

The results of the dynamic pendulum tests are shown in 
Figure A-34. These tests indicated that the dynamic load 
factor (DLF)* will vary from 1.15 to 1.35, with a con-
servative average being 1.25, the value used for the proto-
type design. 

The, crash-cushion design is based on energy absorption 
by plastic deformation. The criteria for design of roadway 
safety structures (1) is that the cushion will stop a vehicle 
within the weight range of 2000 lb (907 kg) to 4500 lb 
(2041 kg) traveling at 60mph (96.6 km/hr). The average 
deceleration for these conditions must not exceed 12 g's for 
either a head-on impact or an angle impact. This corre-
sponds to a stopping distance of 10 ft (300 cm) (Table 1). 
The kinetic energy for these conditions ranges from 241,000 
ft-kip for a 2000-lb (907 kg) vehicle to 542,000 ft-kip for 
a 45004b (2041 kg) vehicle. 

To design a crash cushion from Fibermet, a material 
density of 7 lb/ft3 was used. From Figure A-32, a crash 
cushion of this density can be expected to absorb 1500 X 
1.25 = 1875 ft-lb/ft3 dynamic energy. The average stress 
from Table A-14 will be 12 psi. The apparent modulus of 
elasticity from Figure A-33 is 32 psi. The force for 12 g's 
(avg) will be 24,000 lb on the 2000-lb (907 kg) vehicle. 
The area of the crash cushion is found from the equation 

* The dynamic load factor (DLF) (6) is defined as the ratio of the 
dynamic energy at any time to the energy (work) which would have re-
sulted at that time from the Static application of the load. 

DISPLACEMENT-PERCENT 

Figure A-31. Results of static co,npressive tests on eight samples 
of fiberized al,,,ninu,n. 

TABLE A-5 

TYPICAL DESIGN DATA" FOR CRASH CUSHION 
OF FIBERMET REPROCESSED ALUMINUM 

ENERGY 
ABSORP- 

SPEC. USABLE TION," EQUIVA- STRESS," 
DEN- STRAIN, U LENT o (psi) 
SITY, -y 6 (PER (LB-FT/ MODULUS," 
(PcF) CENT) PT5) E (psi) AVG. MAX. 

5 74 906 23.0 8.5 27 
6 82 1315 26.8 11.0 109 
7 83 1434 28.9 12.0 140 
8 83 2270 45.8 19.0 . 	165 
9 83 2151 43.4 18.0 167 

Obtained from Fig. 1. 
Values were computed at suggested usable strain 

A==24000/(12 X 144 X 1.25)= 11.1 ft2 (use 12 ft2). 

The volume of 7 lb/ft3 Fibermet material required for stop-
ping a 4500-lb (2041 kg) vehicle would be (542 X 1000) / 
1875 = 289 ft3; for a 12-ft2 cushion, the required length 
would be 24.1 ft (use 26 ft). The equivalent spring con- 
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Figure A-34. Results of dynamic pendulum tests on Fiber,net 
samples. 

stant for the crash cushion is K = AE/L = (12 X 32 X 
144 X 1.25)126=2658 lb/ft. Set KE= U 0 =KD2/2  or 
D2  = 2U 0 /K for a 4500-lb (2041 kg) vehicle. 

D 2 = (2 X 542,000)/2658 = 407 and D=20.2 ft (3 
m). Similarly, for a 2000-lb (907 kg) vehicle D = 13.4 ft. 

The maximum deceleration is G, = KD/ W, which for 
a 4500-lb (2041 kg) vehicle gives 11.9 g's and for a 2000-
lb (907 kg) vehicle gives 17.9 g's. The average deceleration 
rate is Gag  = V 2/2gD, which results in a value of 5.95 g's 
for a 4500-lb (2041 kg) vehicle and 9.0 g's for a 2000-lb 
vehicle. The weight of the crash cushion would be 2184 lb 
(991 kg). 

GENERAL NOMENCLATURE 

The definitions of terms for the previous calculations are: 

A = area, ft2  
D= stopping distance, ft 
E = apparent modulus of elasticity, psi 
g = acceleration due to gravity, ft/sec2  
G = ratio of acceleration to that due to gravity, g's 
K = equivalent spring constant, lb/ft 

KE = kinetic energy, ft-lb 
L = length, ft 
U = internal energy, ft-lb/ft3  

= total energy, ft-lb 
V = vehicle impact velocity, fps 
W = vehicle weight, lb 

a- = unit stress, psi 
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Tables B-i through B-6 give the sequence of events for tests 

T-1 through T-6 on the Goodyear and ITI-modified crash 

cushions. Figures B-i through B-13 show a photographic 

record of certain instances in the sequence of events for 

each of these tests. 

Tables B-7 and B-8 and Figures B-14 and B-15 show the  

same type of information for tests I-i and 1-2 conducted on 
an inertia-type tire-beverage can crash cushion. 

Figures B-16 through B-22 show longitudinal and trans-
verse accelerometer data as well as seat belt strain-gauge 
data in various combinations for tests T-1 through T-6 and 
test I-I. Impact-o-graph data were collected on tests I-i 
and 1-2 and are shown in Figure B-23. 

TABLE B-i 

SEQUENCE OF EVENTS," TEST T-1 

TIME 
(sEc) EVENT 

TIME 
(sEc) EVENT 

0 impact 0.737 Right rear and front tires riding up cable; vehicle 
0.056 Vehicle crushing cushion; dummy upright, leaning angle 141/4  deg with ground 

slightly back 0.872 Forward motion stopped; vehicle angle 15 deg with 
0.063 Front hood crushing; tires compacting more on ground 

ground than on top; right front wheel is on 0.914 Forward motion clearly over 
cable 1.228 Front end being pushed back by compressed tires 

0.112 Dummy has fallen slightly forward hitting steer- 1.343 Vehicle being pushed back; right front wheel off 
ing wheel ground 

0.143 Right front wheel riding up cable; more tires corn- 1.584 Right front wheel back on cable; vehicle still being 
pressed pushed back 

0.196 Front end lifting up 1.784 Right front wheel touches ground 
0.238 Front end lifted off ground; tires compressed 1.895 Front end pushed down 
0.339 Front end clearly off ground 2.095 Dummy is thrown backward in seat 
0.466 Right front tire still riding up cable; vehicle angle 2.263 Vehicle leaving barrier 

133/4  deg with ground 2.295 Dummy leaning against back of seat as vehicle 
0.574 Dummy out of view leaves barrier 

"Keyed to Figures B-i and B-2. 

TABLE B-2 

SEQUENCE OF EVENTS," TEST T-2 

TIME 	 TIME 

(sec) 	EVENT 	 (SEC) 	EVENT 

0 Impact 0.376 Vehicle still spinning out 
0.055 Vehicle penetrating barrier 0.382 Vehicle still spinning out, rear end lifted 
0.082 Vehicle still penetrating barrier 0.524 Vehicle has left barrier 
0.110 Back end beginning to move left 0.688 Vehicle spinning out; barrier in two pieces 
0.167 Vehicle still moving into barrier 0.692 Vehicle facing side of barrier; barrier is at maxi- 
0.187 Dummy falling forward and to right probably mum longitudinal deflection 	(longitudinal with 

hitting dashboard respect to its longitudinal axis) 
0.241 Vehicle spinning out 0.896 Vehicle spinning out of view 
0.289 Barrier deflected; rear end of vehicle lifted; barrier 

beginning to separate 

"Keyed to Figures B-3 and B-4 
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TABLE B-3 

SEQUENCE OF EVENTS, TEST T-3 

TIME 
(SEC) EVENT 

TIME 
(sec) EVENT 

O Impact 0.230 Sixth fish scale on right side moving 
0.019 Front row upper level tires bent over vehicle's hood 0.246 Seventh fish scale on left side moving 
0.044 Four 	rows 	of 	tires 	bent 	in 	V-shape 	around 0.253 Seventh fish scale on right side moving 

bumper; front of vehicle lifted slightly making an 0.268 Eighth fish scale on left side moving 
angle of -3 deg with respect to horizontal 0.273 Eighth fish scale on right side moving 

0.085 First fish scale on left side moving; vehicle's front 0.313 Ninth fish scale on right side moving 
hood buckled; dummy has fallen forward prob- 0.314 Ninth fish scale on left side moving 
ably breaking steering wheel 0.323 Dummy thrown backward and toward the left 

0.088 First plywood cross panel splintering on right side 0.336 Tenth fish scale on left side moving 
0.090 First fish scale on right side moving 0.348 Tenth fish scale on right side moving 
0.112 Second fish scale on left side moving 0.367 Eleventh fish scale on left side moving 
0.113 Second fish scale on right side moving 0.368 Dummy hitting back of the seat 
0.127 First fish scale touches ground 0.380 Eleventh fish scale on right side moving 
0.134 Third fish scale on left side moving 0.423 Twelfth and thirteenth 	fish scales 	on 	right side 
0.140 Third fish scale on right side moving moving 
0.151 First fish scale on left side stops moving forward 0.542 Vehicle's motion ceases 
0.161 Fourth fish scale on left side moving 0.876 Dummy thrown forward 
0.170 Fourth fish scale on right side moving 0.888 Vehicle's front end pushed downward slightly, ap- 
0.182 Fifth fish scale on left side moving prox. + 1 deg with respect to horizontal b  
0.203 Fifth fish scale on right side moving 1.439 Vehicle loses contact with barrier 
0.212 Sixth fish scale on left side moving 

Keyed to Figures B-5 and B-6. 

li1 	- 
horizontal 

TABLE B-4 

SEQUENCE OF EVENTS, TEST T-4 

TIME 
(sEc) EVENT 

TIME 
(sEc) EVENT 

0 Impact 0.165 Fifth fish scale on left side moving 
0.010 Tops of first two rows of tires against vehicle's 0.169 Sixth fish scale on left side moving 

grille 0.179 Fourth fish scale on right side moving 
0.017 Four rows of tires in contact with vehicle, but 0.201 Seventh fish scale on left side moving 

none above hood level; front hood and fenders 0.221 Fifth fish scale on right side moving 
buckling 0.223 Eighth fish scale on left side moving 

0.039 First fish scale falling over 0.223 Eighth and ninth fish scales on left side moving 
0.047 Seven rows of tires in contact with or under front 0.224 Sixth fish scale on right side moving 

end, none above hood level; hood has bent into 0.236 Seventh fish scale on right side moving 
A-shape approx. 11/4  ft at maximum point above 0.254 Eighth fish scale on right side moving 
original level; dummy falling forward 0.254 Ninth and tenth fish scales on left side moving 

0.090 Dummy probably hitting steering wheel 0.271 Ninth and tenth fish scales on right side moving 
0.099 Front end lifted slightly 0.274 Eleventh fish scale on left side moving 
0.115 Maximum point of the A-shaped hood approx. 0.284 Twelfth fish scale on right side moving 

22/3  ft above original level 0.301 Thirteenth fish scale on right side moving 
0.116 Third fish scale on left side moving 0.361 Maximum penetration of barrier 
0.119 Second fish scale on right side moving 0.818 Vehicle loses contact with barrier 
0.132 Third fish scale on right side moving 1.036 Left side of vehicle tilted downward 
0.148 Fourth fish scale on left side moving 

Keyed to Figures B-7 and B-8. 



TABLE B-5 

SEQUENCE OF EVENTS, TEST T-5 

TIME 
(SEC) EVENT 

o Impact 
0.010 Vehicle's 	front 	wheels 	starting 	to 	mount 	steel 

plate; front end of vehicle looped through first 
row of tires 

0.022 Front end of vehicle looped through third row of 
tires 

0.034 Dummy falling forward 
0.036 Front end of vehicle looped through fifth row of 

tires 
0.053 First row of tires is -' 1 ft away from windshield; 

dummy's face hitting steering wheel 
0.075 Front end looped through seventh row of tires 
0.082 Front 	end 	of 	vehicle 	finished 	crushing; 	barrier 

moving forward faster; dummy's face might be 
hitting dash board 

0.101 First fish scale moving 
0.128 Second fish scale moving 
0.159 Third fish scale moving 
0.195 Fourth fish scale moving 
0.224 Fifth fish scale moving 
0.265 Sixth fish scale moving 
0.304 Seventh fish scale moving 
0.343 Eighth fish scale moving 
0.373 Ninth fish scale moving 
0.429 Tenth fish scale moving 
0.463 Eleventh fish scale moving 
0.531 Rear wheel on right approx. 1 ft off ground; ve- 

hicle at -151/2  deg; b  at maximum height above 
ground 

0.542 Twelfth fish scale moving 
0.628 Forward motion ceases 
0.772 Right rear wheel touches ground 
1.142 Right rear wheel airborn again 
1.270 Right rear wheel touches ground 
1.690 Backward motion ceases 

Keyed to Figures B-9 and B-b 

blç + 

horizontal  
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TABLE B-6 

SEQUENCE OF EVENTS,0  TEST T-6 

TIME (sec) EVENT 

0 Impact 
0.024 Vehicle's front hood lifting 
0.034 Left front fender crushing 
0.064 Vehicle redirecting; barrier deflecting to left 
0.131 Dummy leaning toward left 
0.138 Vehicle redirecting 
0.194 Dummy's head might be outside window 
0.208 Vehicle approximately parallel with respect to bar- 

rier center line 
0.302 Barrier has separated at third plywood cross panel 
0.324 Vehicle has redirected 
0.450 Dummy starting to straighten 
0.471 Maximum separation of barrier 
0.535 Vehicle leaving barrier 
0.734 Barrier no longer separated 
0.884 Vehicle turning to left 

Keyed to Figures B-li, B-12, and B-13 

TABLE B-7 

SEQUENCE OF EVENTS, TEST I-i 

TIME 
(MsEc) 	EVENT 

	

0 	Impact; tire in first row hits vehicle just above 
bumper 

	

10 	Cardboard cylinders (base) deforming; tire going 
into grill 

	

28 	Most of tire between hood and grill; base pushed 
forward 

	

38 	Cardboard cylinder base impacts second-row bases 

	

51 	Second-row tires in contact with grill, left front 
fender cracking at door 

	

61 	First cardboard cylinder two-thirds crushed; second- 
row tires forcing up hood by also wedging in be-
tween grill and hood 

	

73 	Second cardboard cylinder impacts third cylinder 

	

78 	Second-row tires almost completely inside hood 

	

96 	First and second cardboard cylinders crushed; third- 
row tires impacting second 

	

134 	Dummy hitting wheel 

	

139 	Top tire of third row half inside hood; third row 
contacts fourth row; front hood over half way up 

	

156 	Third-row tires completely in hood; vehicle front 
end impacts fourth row 

	

172 	Fourth-row tires going on top of front end 

	

194 	Front fender severely buckled as fourth-row tires 
are pushed up onto front end 

	

199 	Fourth row impacts fifth row 

	

220 	Much sand has been deposited between fourth and 
fifth rows 

	

258 	Fifth row contacts sixth row 

	

293 	Hood breaking off 

	

308 	Tires from later rows pushing tires from first rows 
up against hood and out back over front 

	

348 	Sixth row contacts seventh row 

	

485 	Seventh, eighth, ninth rows moving together off 
cylinders 

	

922 	End of forward motion 

0 Keyed to Figure B-14 
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TABLE B-8 

SEQUENCE OF EVENTS,' TEST 1-2 

TIME 
(MsEc) EVENT 

TIME 
(MsEc) EVENT 

0 Impact 141 Dummy's head hitting steering wheel; third card- 
3 Cardboard cylinder deforming board cylinder crushing 
8 Tire deforming front end of vehicle 149 Hood bent double against windshield; third card- 
10 Vehicle knocking tire off; cardboard cyclinder lifting board cylinder and bottom tire being pushed 

off ground over; other tires all on vehicle's front end 
23 Hood lifting; tire significantly deformed front end of 166 Bottom tire of third row contacts fourth cardboard 

vehicle cylinder; second bottom tire contacts fourth-row 
30 Hood buckled; cardboard cylinder crumpled tires 
35 Tire in front end of vehicle; cardboard cylinder bent 176 Front end of vehicle contacting fourth row at junc- 

under bumper; base contacts second-row tube tion of tires and cardboard cylinder 
48 Tire in front end of vehicle contacts second row of 184 Right front fender severely deformed 

tires; cardboard cylinder in contact with tires of 199 Angle of vehicle 71/4  deg with horizontal 
second row 212 Tires coming off fourth cardboard cylinder 

53 First tire pushed farther into front end of vehicle; 232 Tires half off fourth cardboard cylinder; vehicle 
hood buckling severely; first cardboard cylinder angle 71/2  deg with horizontal; tires stacked up 
three-quarters crushed on front end of vehicle higher than roof 

58 Bumper and first cardboard cylinder knocking off 237 Fourth-row cardboard cylinder contacts fifth-row 
tires from second tube; dummy leaning back bottom tire 

71 Front end of second cardboard cylinder off ground; 254 Fourth-row bottom tire contacts top two tires of 
tires moving into hood fifth row 

86 Second-row tires buckled hood back to windshield; 280 Fourth-row cardboard cylinder crushing; fourth-row 
tires about 3/4  tube, first cardboard cylinder corn- tires knocking off fifth-row tires 
pletely crushed 320 Dummy's head hitting roof of vehicle; tires on front 

88 Second cardboard cylinder contacts third row at end of vehicle flying forward; fifth-row tires being 
first tire level pushed forward 

93 Second 	cardboard 	cylinder crushing; 	second-row 355 Fifth-row tires contact sixth-row tires at bottom 
tires completely on top of hood 388 Fifth-row 	cardboard 	cylinders 	crushing, 	pushing 

98 Left front fender cracking--at door; second- card- sixth-row tires.-- 	 - 

board cylinder almost completely crushed; ye- 438 Sixth-row tires falling toward front end 
hide's rear end higher than front 469 Sixth-row tires contact seventh row; vehicle angle 

106 Front end even lower; vehicle angle with respect to 33/4 	deg with horizontal; tires flying out over 
horizontal approximately 4 deg sixth and seventh row 

116 Dummy leaning half way forward; hood bent 524 Sixth, seventh, eighth rows pushed together 
almost double back to windshield 655 Flying tires bombarding last rows 

131 Top two tires going onto front of vehicle; dummy's 889 Forward motion ends 
head moving toward steering wheel 

Keyed to Figure B-15. 



51 

0 	MSEC 
	

872 MSEC 

143 MSEC 
qw 

313 MSEC 

- 

 

238 MSEC 

 

1784 MSEC 

iT r 

; . ,t-14,m 	q,~ NOW 

- - 	 .-. 

r - -----' —_ ! 

466 MSEC 

t 'iT1ii 
2763 MSEC 

Figure B-I. Sequence photographs, (ext i-I, rig/u side. 



52 

:f. 	r 

- - — 	 . — - 
k_ t  

0 r•A'.EC 	 914 !'.!EC 

WIr  1 

Cii• 	AlL. 	.... 
---- 

- 	----- 
- 

112 MSEC 	 1228 MSEC 

OWN  

:el 
___ 	-•• 

. 	 - 	 - 

sawn - 

96 MSEC 	 1806 MSEC 

4Y 'Iil 

ZMM 

'T 11 

. iIIuuI 	 - 

339 MSEC 	 2295 MSEC 

I i.iur B-2 Stqucne& 1'Izot(.'I•ap!i. test I - / / It .iilr. 



53 

376 MSEC 

_ 

It 

550 MSEC 

~1,101011111W 

-- 

0 MSEC 

win 

1Jitr - 

82 MSEC 

grog .1 1 
low 

241 MSEC 

Figure 13-3. Sequence plzotographs, lest T-2, left side. 

692 MSEC 

own 

896 MSEC 



54 

- 
0 MSEC 
	

289 MSEC 

55 MSEC 
	

382 MSEC 

- - 
AMP 

524 Y1SEC 110 	MSEC 

187 MSEC 

Figure B-4. Sequence photographs, test T-2, rear view. 



0 MSEC 

44 M5EC 

85 MSEC 

55 

314 MSEC 

:~ NO 

t 
4J 	- 	 - 	- - 

4r __ 

27 MSEC 	 1355 MSEC 

Figure B-5 Sequence photographs, test 1-3. left side. 



548 	MSEC - 

56 

1424 MSEC 

Figure B-6. Sequence photographs, lest T-3, rig/it side. 



li 

IM 
361 	MSEC 

,on 

-- 

0 MSEC 

U- —U- 

57 

818 MSEC 

! 

9 	MSEC 

I. 

-- 
65 	MSEC 

-L 

_ 

- J- 	- 

- 

ML
• 

- 

201 MSEC 

Figure B-7. Sequence photographs, test T-4, left  side. 

213 MSEC 

-- 

1576 MSEC 



58 

rr 	AM ~~4, 

ids 

236 MSEC 0 MSEC 

119 MSEC 
	

271 MSEC 

32 MSEC 284 MSEC 

- 

221 MSEC 
	

301 MSEC 

Figure B-8. Sequence photographs, lest 1-4, rig/it side. 



59 

.1 

o MSEC 	 839 MSEC 

• 

H '.7 

II: 

ij 

E7 MSFC 	 1175 MSEC 

— - 

268 MSEC 	 1311 MSEC 

	

141 	 • 

	

.4 	
.4' 

1  
I 	 ,• 

— 	 •-..• = 

•• 

:Now 	

, ~Iwm 

—r 	 I- 
536 MSEC 	 1547 MSEC 

Figure B-9. Sequence photographs, test T-5, rig/it side, close. 



60 

T JTI 
Oak 

0 	MSEC 528 	MSEC 

- 	fr ---- 

-- 
. 

•• 

.-.Yrny 	- 
- • 

-- __ 

66 	MSEC 772 	MSEC 

- 
.Jr 

- r 
— 

- 
32 	MSEC 1282 	MSEC 

• 

I-I 

-- 	 . 

:- 	-'--- 

-- 

264 	MSEC 1792 	MSEC 

Figure B-JO. Sequence photographs, test T-5, right side, distant 



215 	MSEC 

,,, MR 4 

- 

258 MSF( 

__- 

Ilu 

___  

- 172 MSEC 
	 430 MSEC 

Figure B-Il. Sequence photographs, test T-6, right side, distant. 



-- 	 0 MSEC 

45 MSEC 

135 MSEC 

360 MSEC 

450 MSEC 

• 

495 MSEC 

62 

225 MSEC 
igur B-12. Sequence photograph V. lest '1-6, P car Vien 

- 	 - 	 - '..•4. 	•-- 	- 	- 

-- --i•' 	
. 

270 MSEC 	- 



G20 M SEC 

282 MSEC 

Figure 13-13 Sequence photographs test T-O, right side, close. 

735 MSEC 

188 	MSEC 

L 

63 

376 MSEC 

470 MSEC 



64 

* 

0 	MSEC 

r- - 

3 MSEC 

'H 

now 

28 MSEC 

	

- 	
A 

	

- 	-. 	-- 

I 

156 MSEC 

Figure B-14. Sequence photographs, test 1-1, rig/it side. 

220 MSEC 

MIL  
-•• 

293 MSEC 

. . 	 •'_ 
1. .. 

348 MSEC 

- 

922 MSEC 



116 MSEC 

I - 

. -- - 

---r -r4 

0 MSEC 

V 	 V 	 V 

- 

VV V 

35 MSEC 

jr 

-. 

1. .---- 

1 	 r 

.. 

166 MSEC 

'I- 

xxxo 

355 MSFC. 

4iL4j 
H.J(.... 

.. 	.: 

. ~~C'm 

- 

.:. .... 

524 MSEC 

- 

I 	J r 
I' 

;4v-1 ' 

889 MSEC 

65 

Figure 11-15. Sequence photographs, test 1-2, left side. 



-15 

5 
IMPACT 	

LEFT FRAME -  MEMBER 

66 

-  IMPACT 
RIGHT FRAME 

MEMBER 

0 	 100 	 200 	 30 

TIME (M-SEC) 

0 

LEFT FRAME 
I 	 IMPACT 	 MEMBER 

LU 

LU 	10 

NOTE: POSITIVE ACCELERATION IS ACCELERATION TO THE RIGHT OF VEHICLE. 

LU 

Cr 
Cl) 

LU 

Cn 

________ 	 ________ ________ 	- 
Cr 

RIGHT FRAME 
I 	 IMPACT 	

MEMBER 

0 	 100 	 200 	 300 	 400 	 500 

TIME (M-SEC) 

Figure B-16. Longitudinal and transverse accelerometer data, test T-1. 



67 

IMPACT 	
LEFT FRAME 

MEMBER 

IMPACT 	 RIGHT FRAME 	 - 
MEMBER 

C, 

z 
0 
—'-10 

 

1 
-I, 

0 	 100 	 200 	 300 	 400 
	

500. 

TIME (M—SEC) 

-i-I'-,  
LU 
C.) 	NOTE: POSITIVE ACCELERATION IS ACCELERATION TOTHE RIGHT OF THE VEHICLE. 
0 
4 5  

RIGHT FRAME 
—IMPACT MEMBER 

UJI 

z 
4 

_tr 

0 	 100 	 200 	 300 	 400 

TIME (M—SEC) 

Figure B-17. Longitudinal and transverse accelerometer data, test T-2. 

5 



I 

II  

I 
u 	 vu 	 uu 	 OO 	 400 	 500 	 600 

TIME (M-SEc) 

10 - 
-IMPACT LEFT FRAME 

MEMBER  

-b 

LEFT PEAK. 62 G 8 	 RIGHT PEAK5-8 G' 

I0 RIGHT FRAME 
-IMPACT 

MEMBER 

0 	 100 	 200 	 300 	 400 	 500 
(TIME M-SEC) 

0 	 100 	 200 	 300 	 400 	 500 	 600 

TIME (M-SEC) 

Figure B-18. Longitudinal and transverse accelerometer data and seat belt strain-gauge data, test T-3. 

-I( 



(0 

- -IC z 
0 
I- 

cr 
LU -2C -J 5 Lu 
() 

C 

U C., 
0 U. 

—IMPACT LEFT 	FRAME 
MEMBER 

PEAK. 166 G 
AVG..6.IG 

—IMPACT 
• RIGHT FRAME 

MEMBER 

PEAK 	166 G 
AVG 	58 G 

vvv 

0 	-- 	toO 	 200 	 300 	 400 	 500 	 600 
TIME (M-SEC) 

JO 
-IMPACT 	

LEFT FRAME 

MEMBER 

-5 

-10 
LEFT PEAK 2-4 	 RIGHT PEAX• 3-5 G 5  

RIGHT FRAME 
—IMPACT  

MEMBER  

TTTT:T. 
IUV 	 200 	 300 	 MVJ 

TIME (M-SEC 

1500 
-J 

I- 
-J 
Ui  
03  1000 
I- 
U 
(0 

2 
0 

0 	 100 	 200 	 300 	 400 	 500 
TIME (M-SEC) 

Figure B-19. Longitudinal and transverse accelerometer data and seat belt strain-gauge data, test T-4. 



LEFT 	FRAME 
1 MEMBER - IMPACT 

PEAK - 20 G's 
AVG- 6.6 	G's 	I 

IMPACT 

RIGHT 	FRAME 
MEMBER 

PEAK - 28 G's 
AVG- 7.5 G's 

0.1 	 0.2 	 0.3 	 0.4 

-20 

-30 
0.0 

70 

10 

0 

ZD 
 -10 

2 
0 
I—

LU 
d -20  
0 
05 

-j 
<0 z 
0 
I- 
0 

so 

50C 

TIME (SEC) 

—IMPACT 	 I 
:PEAK= 300 lbs. 

-500 ___________ 	 - 
0 	 100 	 200 	 300 

TIME (MSEC) 

Figure B-20. Longitudinal acceleration and seat belt strain-gauge data, test T-5. 

400 



10 

—j -10 

9 
0 

10 

5 

c.0 

r RIGHT FRAME 

--IMPACT 
MEMBER 

PEAK - 5 G's 
AVG. - 	.704G's 

1 LEFT 	FRAME 

MEMBER 
—IMPACT 

PEAK- 5 G's 
AVG- 	I.26G's 

	

0.1 	 0.2 	 0.3 	 0.4 

TIME (SEC) 

- IMCT 	
MEMBER 	 /\ A RIGHT FRAME 

V 0, 

PEAK - 9 G's 

—IMPACT 
LEFT FRAME 

MEMBER 

	

r\..\,J1\\Jf  
JP\\__J,_;\• 

PEAK - 8.4 G's 

-10 0 
	 0.1 	 0.2 	 0.3 

	
0.4 

TIME (SEC) 

500 

IMPACT 

0, 	 0.10 	 0.20 	 0.30 	 0.40 	 0.50 

TIME (SEC) 

Figure B-21. Longitudinal and transverse acceleromete, data and seat belt strain-gauge data, test 
T-6. 	 . 	- 	 . 



2 
0 

1.1 -J 
w 0 

C 

01 

-10 
Ui 0 

IC 

-10 

S 

0 
1 	

RIGHT FRAME 
IMCT  

/Y 
AVG. z 3.5 Gs 

RIGHT PEAK z 14.2 Gs 	LEFT PEAK = 15.2 Gs 

LEFT FRAME 
IMCT 	 MEMBER 

AVG. = 3.8 Gs 
-20 

RJU 	 200 	 300 
	

400 	 500 

TIME (msec) 

to 

RIGHT FRAME 
MEMBER 

\J'AJ1j 
z 
0 

ti 

RIGHT PEAK = 5.2 Gs 	LEFT PEAK = 4.0 Gs 

LEFT FRAME 
- IMCT 	 MEMBER 

0 	 100 	 200 	 300 	 400 	 500 

TIME ( m-sec) 

PEAK 1080 lbs 
—IMCT 

500  
0 	 bC 	 200 	 300 	 400 	 500 	 600 

TIME ( m-sec) 

Figure B-22. Longitudinal and transverse accelerometer data and seat belt strain-gauge data, lest I-i. 



73 

5 
TRANSVERSE 	 01 	.- 	-I--- 	-----.r----..-- _L_] 	 PEAK = 0.7 gs ACCELERATION(Gs) 	

-51 

a 	b 	 - 

_____________ _____________ _____________ 	 PEAK a = 14.6 gs 
b = 15.8 gs 

LONGITUDINAL 	 c = -13.5 gs 

DECELERATION (Gs) 	 AVG. DECELERATION    

_____________ ______________ ______________ 	 3.0 
-Ic 	

gs 
 

VERTICAL ____________________________________________ 
ACCELERATION (Gs) 	

_ 	
PEAK = 5.6 gs 

TIME 

TRANSVERSE 	 5I H I 
ACCELERATION (Gs) 	

0 	 PEAK = 2.4 g s I 
-5 I  

10 
PEAK = 11.9 gs 

LONGITUDINAL 	 ____________________________ 
DECELERATION (Gs) 	

0 L 	 AVG. DECELERATION 
6.3 gs 

.I0________ 

VERTICAL 	
5
0  I 

ACCELERATION (G's)  

TIME 

Figure 8-23. Impact-a-graph data for tests I-I and 1-2, lespectilelv. 

PEAK a = 4.3 gs 
b = 5.0 qs 



Published reports of the 

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

are available from: 

Highway Research Board 
National Academy of Sciences 

2101 Constitution Avenue 
Washington, D.C. 20418 

Rep. 
No. Title 

-* A Critical Review of Literature Treating Methods of 
Identifying Aggregates Subject to Destructive Volume 
Change When Frozen in Concrete and a Proposed 
Program of Research—Intermediate Report (Proj. 
4-3(2)), 	81p., 	$1.80 

1 Evaluation of Methods of Replacement of Deterio- 
rated Concrete in Structures (Proj. 6-8), 	56 p., 
$2.80 

	

2 	An Introduction to Guidelines for Satellite Studies of 
Pavement Performance (Proj. 1-1), 	19 p., 	$1.80 

2A Guidelines for Satellite Studies of Pavement Per- 
formance, 	85 p.+9 figs., 26 tables, 4 app., 	$3.00 

3 Improved Criteria for Traffic Signals at Individual 
Intersections—Interim Report (Proj. 3-5), 	36 p., 
$1.60 

4 Non-Chemical Methods of Snow and Ice Control on 
Highway Structures (Proj. 6-2), 	74 p., 	$3.20 

5 Effects of Different Methods of Stockpiling Aggre-
gates—Interim Report (Proj. 10-3), 48 p.,  $2.00 

6 Means of Locating and Communicating with Dis-
abled Vehicles—Interim Report (Proj. 3-4), 56 p. 
$3.20 

7 Comparison of Different Methods of Measuring 
Pavement Condition—Interim Report (Proj. 1-2), 
29 p., 	$1.80 

8 Synthetic Aggregates for Highway Construction 
(Proj. 4-4), 	13 p., 	$1.00 

9 Traffic Surveillance and Means of Communicating 
with Drivers—Interim Report (Proj. 3-2), 	28 p., 
$1.60 

	

10 	Theoretical Analysis of Structural Behavior of Road 
Test Flexible Pavements (Proj. 1-4), 31 p.,  $2.80 

11 Effect of Control Devices on Traffic Operations— 
Interim Report (Proj. 3-6), 	107 p., 	$5.80 

12 Identification of Aggregates Causing Poor Concrete 
Performance When Frozen—Interim Report (Proj. 
4-3(1)), 	47p., 	$3.00 

	

13 	Running Cost of Motor Vehicles as Affected by High- 
way Design—Interim Report (Proj. 2-5), 	43 p., 
$2.80 

14 Density and Moisture Content Measurements by 
Nuclear Methods—Interim Report (Proj. 10-5), 

32 p., 	$3.00 
15 Identification of Concrete Aggregates Exhibiting 

Frost Susceptibility—Interim Report (Proj. 4-3(2)), 
66 p., 	$4.00 

	

16 	Protective Coatings to Prevent Deterioration of Con- 
crete by Deicing Chemicals (Proj. 6-3), 	21 p., 
$1.60 

	

17 	Development of Guidelines for Practical and Realis- 
tic Construction Specifications (Proj. 10-1), 	109 p., 
$6.00 

	

18 	Community Consequences of Highway Improvement 
(Proj. 2-2), 	37 p., 	$2.80 

	

19 	Economical and Effective Deicing Agents for Use on 
Highway Structures (Proj. 6-1), 	19 p., 	$1.20 

Highway Research Board Special Report 80. 

Rep. 
No. Title 

20 Economic Study of Roadway Lighting (Proj. 5-4), 

77 p., 	$3.20 
21 Detecting Variations in Load-Carrying Capacity of 

Flexible Pavements (Proj. 1-5), 	30 p., 	$1.40 
22 Factors Influencing Flexible Pavement Performance 

(Proj. 1-3(2)), 	69 p., 	$2.60 
23 Methods for Reducing Corrosion of Reinforcing 

Steel (Proj. 6-4), 	22 p., 	$1.40 
24 Urban Travel Patterns for Airports, Shopping Cen- 

ters, and Industrial Plants (Proj. 7-1), 	116 p., 
$5.20 

25 Potential Uses of Sonic and Ultrasonic Devices in 
Highway Construction (Proj. 10-7), 48 p.,  $2.00 

26 	Development of Uniform Procedures for Establishing 
Construction Equipment Rental Rates (Proj. 13-1), 
33 p., 	$1.60 

27 	Physical Factors Influencing Resistance of Concrete 
to Deicing Agents (Proj. 6-5), 	41 p., 	$2.00 

28 	Surveillance Methods and Ways and Means of Com- 
municating with Drivers (Proj. 3-2), 66 P.,  $2.60 

29 Digital-Computer-Controlled Traffic Signal System 
for a Small City (Proj. 3-2), 	82 p., 	$4.00 

30 Extension of AASHO Road Test Performance Con- 
cepts (Proj. 1-4(2)), 	33 p., 	$1.60 

31 A Review of Transportation Aspects of Land-Use 
Control (Proj. 8-5), 	41 p., 	$2.00 

32 Improved Criteria for Traffic Signals at Individual 
Intersections (Proj. 3-5), 	134 p., 	$5.00 

33 Values of Time Savings of Commercial Vehicles 
(Proj. 2-4), 	74p., 	$3.60 

34 Evaluation of Construction Control Procedures— 
Interim Report (Proj. 10-2), 	117 p., 	$5.00 

35 Prediction of Flexible Pavement Deflections from 
Laboratory Repeated-Load Tests (Proj. 1-3(3)), 
117 p., 	$5.00 

36 	Highway Guardrails—A Review of Current Practice 
(Proj. 15-1), 	33 p., 	$1.60 

37 Tentative Skid-Resistance Requirements for Main 
Rural Highways (Proj. 1-7), 	80 p., 	$3.60 

38 	Evaluation of Pavement Joint and Crack Sealing Ma- 
terials and Practices (Proj. 9-3), 	40 p., 	$2.00 

39 Factors Involved in the Design of Asphaltic Pave- 
ment Surfaces (Proj. 1-8), 	112 p., 	$5.00 

40 Means of Locating Disabled or Stopped Vehicles 
(Proj. 3-4(1)), 	40 p., 	$2.00 

41 Effect of Control Devices on Traffic Operations 
(Proj. 3-6), 	83 p., 	$3.60 

42 Interstate Highway Maintenance Requirements and 
Unit Maintenance Expenditure Index (Proj. 14-1), 
144 p., 	$5.60 

43 Density and Moisture Content Measurements by 
Nuclear Methods (Proj. 10-5), 	38 p., 	$2.00 

44 Traffic Attraction of Rural Outdoor Recreational 
Areas (Proj. 7-2), 	28 p., 	$1.40 

45 Development of Improved Pavement Marking Ma- 
terials—Laboratory Phase (Proj. 5-5), 	24 p., 
$1.40 

46 Effects of Different Methods of Stockpiling and 
Handling Aggregates (Proj. 10-3), 	102 p., 
$4.60 

47 Accident Rates as Related to Design Elements of 
Rural Highways (Proj. 2-3), 	173 p., 	$6.40 

48 Factors and Trends in Trip Lengths (Proj. 7-4), 
70 p., 	$3.20 

49 National Survey of Transportation Attitudes and 
Behavior—Phase I Summary Report (Proj. 20-4), 
71 p., 	$3.20 



Rep. Rep. 
No. Title No. Title 
50 Factors Influencing Safety at Highway-Rail Grade 76 Detecting Seasonal Changes in Load-Carrying Ca- 

Crossings (Proj. 3-8), 	113 p., 	$5.20 pabilities 	of 	Flexible 	Pavements 	(Proj. 	1-5(2)), 
51 Sensing and Communication Between Vehicles (Proj. 37 p., 	$2.00 

3-3), 	105 p., 	$5.00 77 Development of Design Criteria for Safer Luminaire 
52 Measurement of Pavement Thickness by Rapid and Supports (Proj. 15-6), 	82 p., 	$3.80 

Nondestructive 	Methods 	(Proj. 	10-6), 	82 	p., 78 Highway 	Noise—Measurement, 	Simulation, 	and 
$3.80 Mixed 	Reactions 	(Proj. 	3-7), 	78 	p., 	$3.20 

53 Multiple Use of Lands Within Highway Rights-of- 79 Development of Improved Methods for Reduction of 
Way (Proj. 7-6), 	68 p., 	$3.20 Traffic Accidents (Proj. 17-1), 	163 p., 	$6.40 

54 Location, Selection, and Maintenance of Highway 80 Oversize-Overweight Permit Operation on State High- 
Guardrails 	and Median Barriers 	(Proj. 	15-1(2)), ways (Proj. 2-10), 	120 p., 	$5.20 
63 p., 	$2.60 81 Moving Behavior and Residential Choice—A Na- 

55 Research Needs in Highway Transportation (Proj. tional Survey (Proj. 8-6), 	129 p., 	$5.60 
20-2), 	66 p., 	$2.80 82. National 	Survey of Transportation 	Attitudes 	and 

56 Scenic Easements—Legal, Administrative, and Valua- Behavior—Phase II Analysis Report (Proj. 20-4), 
tion Problems and Procedures (Proj. 11-3), 	174 p., 89 p., 	$400 
$6.40 83 Distribution of Wheel Loads on Highway Bridges 

57 Factors Influencing Modal Trip Assignment (Proj. (Proj. 	12-2), 	56 p., 	$2.80 
8-2), 	78 p., 	$3.20 84 Analysis 	and Projection of Research 	on Traffic 

58 Comparative Analysis of Traffic Assignment Tech- Surveillance, 	Communication, 	and 	Control 	(Proj. 
niques with Actual Highway Use (Proj. 7-5), 	85 p., 3-9), 	48 p., 	$2.40 
$3.60 85 Development 	of 	Formed-in-Place 	Wet 	Reflective 

59 Standard Measurements for Satellite Road Test Pro- Markers (Proj. 5-5), 	28 p., 	$1.80 
gram (Proj. 1-6), 	78 p., 	$3.20 86 Tentative Service Requirements for Bridge Rail Sys- 

60 Effects of Illumination on Operating Characteristics tems (Proj. 12-8), 	62 p., 	$3.20 
of Freeways (Proj. 5-2) 	148 p., 	$6.00 87 Rules of Discovery and Disclosure in Highway Con- 

61 Evaluation of Studded Tires—Performance Data and demnation Proceedings 	(Proj. 	11-1(5)), 	28 p., 
Pavement Wear Measurement (Proj. 1-9), 	66 p., $2.00 
$3.00 88 Recognition of Benefits to Remainder Property in 

62 Urban Travel Patterns for Hospitals, Universities, Highway Valuation Cases (Proj. 11-1(2)), 	24 p., 
Office Buildings, and Capitols (Proj. 7-1), 	144 p., $2.00 
$5.60 89 Factors, Trends, 	and 	Guidelines 	Related to Trip 

63 Economics of Design Standards for Low-Volume Length (Proj. 7-4), 	59 p., 	$3.20 
Rural Roads (Proj. 2-6), 	93 p., 	$4.00 90 Protection of Steel in Prestressed Concrete Bridges 

64 Motorists' Needs and Services on Interstate Highways (Proj. 12-5), 	86 p., 	$4.00 
(Proj. 7-7), 	88 p., 	$3.60 91 Effects of Deicing Salts on Water Quality and Biota 

65 One-Cycle Slow-Freeze Test for Evaluating Aggre- —Literature Review and Recommended Research 
gate Performance in Frozen Concrete (Proj. 4-3(1)), (Proj. 	16-1), 	70 p., 	$3.20 
21 p 	$1 40 92 Valuation and Condemnation of Special Purpose 

66 Identification of Frost-Susceptible Particles in Con- Properties 	(Proj. 	11-1(6)), 	47 	p., 	$2.60 
crete Aggregates (Proj. 4-3(2)), 	62 p. 	$2.80 93 Guidelines for Medial and Marginal Access Control 

67 Relation of Asphalt Rheological Properties to Pave- on 	Major 	Roadways 	(Proj. 	3-13), 	147 	p., 
ment Durability (Proj. 9-1), 	45 p., 	$2.20 $6.20 

68 Application of Vehicle Operating Characteristics to 94 Valuation and Condemnation Problems Involving 
Geometric Design and Traffic Operations (Proj. 3 Trade Fixtures (Proj. 11-1(9)), 	22 p., 	$1.80 
10), 	38 p., 	$2.00 95 Highway Fog (Proj. 5-6), 	48 p., 	$2.40 

69 Evaluation of Construction Control Procedures— 96 Strategies for the Evaluation of Alternative Trans- 
Aggregate Gradation Variations and Effects (Proj. portation 	Plans 	(Proj. 	8-4), 	111 	p., 	$5.40 
10-2A), 	58p., 	$2.80 97 Analysis of Structural Behavior of AASHO Road 

70 Social 	and 	Economic 	Factors 	Affecting Intercity Test Rigid Pavements 	(Proj. 	1-4(1)A), 	35 p., Travel (Proj. 8-1), 	68 p., 	$3.00 $2.60 
71 Analytical Study of Weighing Methods for Highway 98 Tests for Evaluating Degradation of Base Course 

Vehicles in Motion (Proj. 7-3), 	63 p., 	$2.80 Aggregates (Proj. 4-2), 	98 p. 	$5.00 
72 Theory and Practice in Inverse Condemnation for 99 Visual Requirements in Night Driving (Proj. 5-3), 

Five Representative States 	(Proj. 	11-2), 	44 p., 38 p., 	$2.60 
$2.20 100 Research Needs Relating to Performance of Aggre- 

73 Improved Criteria for Traffic Signal Systems on gates in Highway Construction (Proj. 4-8), 	68 p., Urban Arterials (Proj. 3-5/ 1), 	55 p., 	$2.80 $3.40 
74 Protective 	Coatings for Highway Structural 	Steel 101 Effect of Stress on Freeze-Thaw Durability of Con- 

(Proj. 4-6), 	64 p., 	$2.80 crete Bridge Decks (Proj. 6-9), 	70 p., 	$3.60 
74A Protective Coatings for Highway Structural Steel— 102 Effect of Weldments on the Fatigue Strength of Steel 

Literature Survey (Proj. 4-6), 	275 p., 	$8.00 Beams (Proj. 12-7), 	114.p., 	$5.40 
74B Protective Coatings for Highway Structural Steel— 103 Rapid Test Methods for Field Control of Highway 

Current Highway Practices (Proj. 4-6), 	102 p., Construction (Proj. 10-4), 	89 p., 	$5.00 

75 
$4.00 
Effect 	of 	Highway 	Landscape 	Development 	on 

104 Rules of Compensability and Valuation Evidence 
for 	Highway 	Land 	Acquisition 	(Proj. 	11-1), 

Nearby Property 	(Proj. 	2-9), 	82 p., 	$3.60 77 p., 	$4.40 



Rep. 
No. Title 

105 Dynamic Pavement Loads of Heavy Highway Vehi- 
cles (Proj. 15-5), 	94.p., 	$5.00 

106 Revibration of Retarded Concrete for Continuous 
Bridge Decks (Proj. 18-1), 	67 p., 	$3.40 

107 New Approaches to Compensation for Residential 
'lakings (Proj. 11-1(10)), 	27 P., 	$2.40 

108 Tentative Design Procedure for Riprap-Lined Chan- 
nels (Proj. 15-2), 	75 p., 	$4.00 

	

109 Elastomeric Bearing Research (Proj. 12-9), 	53 p., 
$3.00 

110 Optimizing Street Operations Through Traffic Regu- 
lations and Control (Proj. 3-11), 	100 p., 	$4.40 

111 Running Costs of Motor Vehicles as Affected by 
Road Design and Traffic (Proj. 2-5A and 2-7), 
97 p., 	$5.20 

112 Junkyard Valuation—Salvage Industry Appraisal 
Principles Applicable to Highway Beautification 
(Proj. 11-3(2)), 	41 p., 	$2.60 

113 Optimizing Flow on Existing Street Networks (Proj. 
3-14), 	414.p., 	$15.60 

114 Effects of Proposed Highway Improvements on Prop- 
erty Values (Proj. 11-1(1)), 	42p., 	$2.60 

115 Guardrail Performance and Design (Proj. 15-1(2)), 
70 p., 	$3.60 

116 Structural Analysis and Design of Pipe Culverts 
(Proj. 15-3), 	155 p.,  $6.40 

117 Highway Noise—A Design Guide for Highway En- 
gineers (Proj. 3-7), 	79 p., 	$4.60 

118 Location, Selection, and Maintenance of Highway 
Traffic Barriers (Proj. 15-1(2)), 	96 p., 	$5.20 

119 Control of Highway Advertising Signs—Some Legal 
Problems (Proj. 11-3(1)), 	72 p., 	$3.60 

120 Data Requirements for Metropolitan Transportation 
Planning (Proj. 8-7), 	90 p., 	$4.80 

121 	Protection of Highway Utility (Proj. 8-5), 	115 p., 
$5.60 

122 Summary and Evaluation of Economic Consequences 
of Highway Improvements (Proj. 2-11), 	324 p.,  
$13.60 

123 Development of Information Requirements and 
Transmission Techniques for Highway Users (Proj. 
3-12), 	239 p., 	$9.60 

124 Improved Criteria for Traffic Signal Systems in 
Urban Networks (Proj. 3-5), 	86 p., 	$4.80 

125 Optimization of Density and Moisture Content Mea-
surements by Nuclear Methods (Proj. 10-5A), 
86 p., 	$4.40 

126 Divergencies in Right-of-Way Valuation (Proj. 11- 
4), 	57 p., 	$3.00 

127 Snow Removal and Ice Control Techniques at Inter- 
changes (Proj. 6-10), 	90 p., 	$5.20 

128 Evaluation of AASHO Interim Guides for Design 
of Pavement Structures (Proj. 1-11), 	111 p., 
$5.60 

129 Guardrail Crash Test Evaluation—New Concepts 
and End Designs (Proj. 15-1(2)), 	89 p., 
$4.80 

130 Roadway Delineation Systems (Proj. 5-7), 349 p., 
$14.00 

131 Performance Budgeting System for Highway Main- 
tenance Management (Proj. 19-2(4)), 	213 p., 
$8.40 

132 Relationships Between Physiographic Units and 
Highway Design Factors (Proj. 1-3(1)), 	161 p., 
$7.20 

Rep. 
No. Title 

133 Procedures for Estimating Highway User Costs, Air 
Pollution, and Noise Effects (Proj. 7-8), 	127 p., 
$5.60 

134 Damages Due to Drainage, Runoff, Blasting, and 
Slides (Proj. 11-1(8)), 	23 p., 	$2.80 

135 Promising Replacements for Conventional Aggregates 
for Highway Use (Proj. 4-10), 	53 p., 	$3.60 

136 Estimating Peak Runoff Rates from Ungaged Small 
Rural Watersheds (Proj. 15-4), 	85 p., 	$4.60 

137 Roadside Development—Evaluation of Research 
(Proj. 16-2), 	78 p., 	$4.20 

138 Instrumentation for Measurement of Moisture—
Literature Review and Recommended Research 
(Proj.21-1), 	60p., 	$4.00 

139 Flexible Pavement Design and Management—Sys- 
tems Formulation (Proj. 1-10), 	64 p., 	$4.40 

140 Flexible Pavement Design and Management—Ma- 
terials Characterization (Proj. 1-10), 	118 p., 
$5.60 

141 Changes in Legal Vehicle Weights and Dimensions—
Some Economic Effects on Highways (Proj. 19-3), 
184 p., 	$8.40 

	

142 Valuation of Air Space (Proj. 11-5), 	48 p., 
$4.00 

143 Bus Use of Highways—State of the Art (Proj. 8-10), 
406 p., 	$16.00 

144 Highway Noise—A Field Evaluation of Traffic Noise 
Reduction Measures (Proj. 3-7), 	80 p., 	$4.40 

145 Improving Traffic Operations and Safety at Exit Gore 
Areas (Proj. 3-17) 	120 p., 	$6.00 

146 Alternative Multimodal Passenger Transportation 
Systems—Comparative Economic Analysis (Proj. 
8-9), 	68 p., 	$4.00 

147 Fatigue Strength of Steel Beams with Welded Stiff- 
eners and Attachments (Proj. 12-7), 	85 p., 
$4.80 

148 Roadside Safety Improvement Programs on Freeways 
—A Cost-Effectiveness Priority Approach (Proj. 20- 
7), 	64 p., 	$4.00 

149 Bridge Rail Design—Factors, Trends, and Guidelines 
(Proj. 12-8), 	49 p., 	$4.00 

150 Effect of Curb Geometry and Location on Vehicle 
Behavior (Proj. 20-7), 	88 p., 	$4.80 

151 Locked-Wheel Pavement Skid Tester Correlation and 
Calibration Techniques (Proj. 1-12(2)), 	100 p., 
$6.00 

	

152 Warrants for Highway Lighting (Proj. 5-8), 	117 
p., 	$6.40 

153 Recommended Procedures for Vehicle Crash Testing 
of Highway Appurtenances (Proj. 22-2), 	19 p., 
$3.20 

154 Determining Pavement Skid-Resistance Requirements 
at Intersections and Braking Sites (Proj. 1-12), 	64 
p., 	$4.40 

155 Bus Use of Highways—Planning and Design Guide- 
lines (Proj. 8-10), 	161 p., 	$7.60 

156 Transportation Decision-Making—A Guide to Social 
and Environmental Considerations (Proj. 8-8(3)), 
135 p., 	$7.20 

157 Crash Cushions of Waste Materials (Proj. 20-7), 
73 p., 	$4.80 



Synthesis of Highway Practice 

No. Title 
1 	Traffic Control for Freeway Maintenance (Proj. 20-5, 

Topic 1), 	47 p., 	$2.20 
2 Bridge Approach Design and Construction Practices 

(Proj. 20-5, Topic 2), 	30 p., 	$2.00 
3 Traffic-Safe and Hydraulically Efficient Drainage 

Practice (Proj. 20-5, Topic 4), 	38 p., 	$2.20 
4 	Concrete Bridge Deck Durability (Proj. 20-5, Topic 

3), 	28 p., 	$2.20 
5 Scour at Bridge Waterways (Proj. 20-5, Topic 5), 

37 p., 	$2.40 
6 Principles of Project Scheduling and Monitoring 

(Proj. 20-5, Topic 6), 	43 p., 	$2.40 
7 Motorist Aid Systems (Proj. 20-5, Topic 3-01), 

28 p., 	$2.40 
S 	Construction of Embankments (Proj. 20-5, Topic 9), 

38 p., 	$2.40 
9 Pavement Rehabilitation—Materials and Techniques 

(Proj. 20-5, Topic 8), 	41 p., 	$2.80 
10 Recruiting, Training, and Retaining Maintenance and 

Equipment Personnel (Proj. 20-5, Topic 10), 35 p., 
$2.80 

11 Development of Management Capability (Proj. 20-5, 
Topic 12), 	50p., 	$3.20 

12 Telecommunications Systems for Highway Admin-
istration and Operations (Proj. 20-5, Topic 3-03), 
29 p., 	$2.80' 

13 Radio Spectrum Frequency Management (Proj. 20-5, 
Topic 3-03), 	32 p., 	$2.80 

14 Skid Resistance (Proj. 20-5, Topic 7), 	66 p., 
$4.00 

15 StatewideTransportation Planning—Needs and Re- 
quirements (Proj. 20-5, Topic 3-02), 	41 p., 
$3.60 

16 Continuously Reinforced Concrete Pavement (Proj. 
20-5, Topic 3-08), 	23 p., 	$2.80 

17 Pavement Traffic Marking—Materials and Applica-
tion Affecting Serviceability (Proj. 20-5, Topic 3- 
05), 	44.p., 	$3.60 

18 Erosion Control on Highway Construction (Proj. 
20-5, Topic 4-01), 	52 p., 	$4.00 

19 Design, Construction, and Maintenance of PCC 
Pavement Joints (Proj. 20-5, Topic 3-04), 	40 p., 
$3.60 

20 Rest Areas (Proj. 20-5, Topic 4-04), 	38 p., 
$3.60 

21 Highway Location Reference Methods (Proj. 20-5, 
Topic 4-06), 	30 p., 	$3.20 

22 Maintenance Management of Traffic Signal Equip- 
ment and Systems (Proj. 20-5, Topic 4-03) 	41 p., 
$4.00 

23 Getting Research Findings into Practice (Proj. 20-5, 
Topic 11) 	24 p., 	$3.20 

24 Minimizing Deicing Chemical Use (Proj. 20-5, 
Topic 4-02), 	58 p., 	$4.00 

25 Reconditioning High-Volume Freeways in Urban 
Areas (Proj. 20-5, Topic 5-01), 	56 p., 	$4.00 

26 Roadway Design in Seasonal Frost Areas (Proj. 20-5, 
Topic 3-07), 	104 p., 	$6.00 

27 PCC Pavements for Low-Volume Roads and City 
Streets (Proj. 20-5, Topic 5-06), 	31 p., 	$3.60 

28 Partial-Lane Pavement Widening (Proj. 20-5, Topic 
5-05), 	30 p., 	$3.20 

	

29 Treatment of Soft Foundations for Highway Em- 	 ' 
bankments (Proj. 20-5, Topic 4-09), 	25 p., 
$3.20 



THE TRANSPORTATION RESEARCH BOARD is an agency of the National 

Research Council, which serves the National Academy of Sciences and the National 
Academy of Engineering. The Board's purpose is to stimulate research concerning the 
nature and performance of transportation systems, to disseminate information that the 
research produces, and to encourage the application of appropriate research findings. 
The Board's program is carried out by more than 150 committees and task forces 
composed of more than 1,800 administrators, engineers, social scientists, and educators 
who serve without compensation. The program is supported by state transportation and 
highway departments, the U.S. Department of Transportation, and other organizations 
interested in the development of transportation. 

The Transportation Research Board operates within the Division of Engineering of 
the National Research Council. The Council was organized in 1916 at the request of 
President Woodrow Wilson as an agency of the National Academy of Sciences to enable 
the broad community of scientists and engineers to associate their efforts with those of 
the Academy membership. Members of the Council are appointed by the president of 
the Academy and are drawn from academic, industrial, and governmental organizations 

throughout the United States. 

The National Academy of Sciences was established by a congressional act of incorpo-
ration signed by President Abraham Lincoln on March 3, 1863, to further science and 
its use for the general welfare by bringing together the most qualified individuals to deal 
with scientific and technological problems of broad significance. It is a private, honorary 
organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its 
congressional charter, the Academy is called upon to act as an official—yet indepen-
dent—advisor to the federal government in any matter of science and technology, 
although it is not a government agency and its activities are not limited to those on 

behalf of the government. 

To share in the tasks of furthering science and engineering and of advising the federal 
government, the National Academy of Engineering was established on December 5, 
1964, under the authority of the act of incorporation of the National Academy of 
Sciences. Its advisory activities are closely coordinated with those of the National 
Academy of Sciences, but it is independent and autonomous in its organization and 

election of members. 
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