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

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

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

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

Many approaches to the problem of obstacle protection by energy absorption have -
been suggested, with varying degrees of success. Several devices of this nature in
volve metal deformation ranging from smashing oil drums or beverage cans to elaborate 
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systems involving programmed strain of metal bands or rods. Natural vegetative 
growths have been used with some success. Arrays of sandbags and of shearable wood 
posts have been designed and tested. One system that offers considerable promise for 
protection of fixed highway obstacles consists of soft, flexible plastic tubes filled with 
water. The tubes are equipped with orifices that allow water to escape at a rate that 
provides a predetermined vehieular deceleration upon impact. This device has many 
inherent advantages, which are enumerated and discussed in the following. 

DESCRIPTION OF DEVICE 

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

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

BIOME CHANICAL CONSIDERATIONS 

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

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

The problem under considera
tion here is therefore quite com-
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pulseform for oc-

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

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

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

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

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

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

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

The requirements of a limited onset rate for vehicle acceleration has very little to 
do with occupant acceleration and therefore provides small benefit in occupant safety. 
Under certain conditions, the opposite may be true. In a recent computer simulation 
of vehicle-occupant behavior, Rennecker 
investigated the relationship between ve
hicle and occupant loadings at 30 mph (11). 
His results did not demonstrate a con
nection between vehicle and occupant 
rates-of-onset. Another significant re
sult of Rennecker's research, confirmed 
in an independent study by Kaufmann and 
Larsen (12), demonstrated a surprising 
aspect oft he phase-magnitude relation
ships between vehicle and occupant load
ings. Both studies found that a pulseform 
similar to Figure 3, featuring a short
duration, high initial load on the vehicle 
(30-50 g, 10 milliseconds) can actually 
result in reduced occupant loads as com
pared to a square-wave. Apparently, a 
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Figure 3, Suggested vehicle acceleration , 



means should be devised to measure 
vehicle crash severity on the basis of 
probable injury sustained by an "average" 
occupant using an "average" restraint 
system. Such a standardized means of 
measurement would greatly simplify 
comparisons among impacts, and provide 
a uniform basis for design of vehicles, 
highways, and restraint devices. Such a 
standardization would also substantially 
increase the cost-effectiveness of experi
mental vehicle crash investigations. 

UNPROTECTED CRASHES 

Measurements from the passenger 
compartments of experimentally crashed 

110 

40 

27 

191111 FORD 
47 MPH (HEAD ON) [18) . 

19119 FORD Iv 411 MPH ( BARRIER CRASH) (10) 

I 
1 

411 MPH 
(PROTECTED 
BARRIER CRASH) [IOJ 

Figure 4. Crash histories. 

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

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

TEST PROCEDURE 

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

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

acted as a rigid impacting mass, making 
no provision for cushioning due to vehi
cle "crush." It was designed for use 
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Figure 5. Comparison of 30-mph protected and 
unprotected crashes, 

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

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

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

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

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

TEST RESULTS 

Two-Pulse Characteristics 

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

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

Configuration Comparisons 

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

0 0,1 Q 0.15 
TII\IE,SEC 

Figure 7. Comparison of depth at 30mph (ram vehicle). 
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The secondary peak is apparently 
the result of several phenomena that 
occur simultaneously. As the vehicle 
passes into the cushion, the higher
speed pressure wave preceding it 
strikes the rigid barrier surface and 
is reflected. The superposition of 
pressure waves eventually builds to a 
second peak. The geometry of the 
cell package has an important bearing 
on the position and magnitude of this 
peak. Other combined effects are the 
rapid loss of cell-void air space and 
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Figure 8. 

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

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

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

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

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

Vehicle Crush and Rebound 

The three tests performed at about 45 mph using stock automobiles give an interest
ing comparison in vehicle rebounding. In the two cushioned tests, the automobiles re-
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bounded about 25 ft from the point of impact. Vehicle 
crush, confined to a 3½-ft wide area in the hood and 
grille, was about 18 in. in each cushioned test. Figure 
10 shows the conditions of one 45-mph cushioned test. 
In the unprotected 45-mph test (Fig. 11), vehicle crush 

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

10 I 
.. ~~ST25 (27.5MPH) 

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

5

0

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

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

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

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

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

Crash Energy Absorption 

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

Durability 

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

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

Crash Severity 

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

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

TABLE 1 

COMPARISON OF GADD SEVERITY INDEX FOR PROTECTED AND 
UNPROTECTED CRASHES 

Barrier Crash Condition 

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

Gadd Sever ity 

Index, g '/, - sec 

70.2 
70.6 
15. 38 

211. 7 
150. 0 
115. 3 

Crash 
Characteristics 

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

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

References 

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

DESIGN FLEXIBILITY 

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

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

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

MATCHING VEHICLE MASS 

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

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

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

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

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

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

CONCLUSIONS 

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

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

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

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

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