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A research team is engaged in the development of attenuation systems 
for highway gores. The achievements to date and future aims are re
ported. A method for initially screening available energy-absorbing 
devices is presented. The evaluation of the remaining devices by test
ing and analysis is discussed. The procedures for inexpensive and 
flexible testing of attenuation systems using scale-modeling techniques 
are developed. 

•THE University of Denver is engaged in a multidisciplinary research effort to estab
lish the technical, economic, and marketing feasibility of selected unused patents 
held by the National Aeronautics and Space Administration (NASA). This program, 
which is sponsored by NASA, is a three-year pilot demonstration of the potential value 
of using faculty-student design teams to effect the transfer of NASA-developed technol
ogy to the public sector. It involves students, faculty, and research personnel from 
each of the colleges within the university . 

The fact that NASA holds a number of patents on energy-absorbing devices made it 
seem that this area would contain a sufficiently broad spectrum of patented concepts 
for the program. A current awareness of highway safety needs makes energy-absorbing 
devices very timely (1). This awareness was pointed out in a paper given at a recent 
highway engineering conference ~). The paper states in part: 

.. . the single vehicle "ran off the road" accident is a leading source of fatalities on our Inter-
state system .... Elevated gore structures such as exit ramps on bridges are a prime example. 
The rather hostile nature of the nose of the bridge parapet and railing in such an area involving 
driver decisions at freeway speeds, and the large number of such structures in urban areas with 
high average daily traffic figures have combined to make real problem areas of such structures .. .. 
Impact energy absorption barriers can be used to reduce the severity of these hazards. Conven
tional guardrail installations are not well suited for such areas, inasmuch as they are best suited 
for glancing impacts and are not satisfactory for the kind of high speed, near head-on collision 
which may occur at these sites. 

Significant efforts to protect vehicle occupants from the lethal effects of impacting 
a fixed roadside obstacle were initiated by the Bureau of Public Roads in December 
1966. Under a program entitled "Structural Systems in Support of Highway Safety", a 
short-range study was initiated to develop a first generation of attenuators based largely 
on full-scale impact tests of systems developed from existing technology (3). The cri
teria established for evaluating the tests were limited to preliminary estimates of ve
hicle weight ranges, maximum impact speeds, maximum angle of impact, and maxi
mum average passenger deceleration rates. This program has resulted in the evolu
tion of a number of devices that provide varying degrees of impact attenuation(!). 
However, these devices are still in the experimental stage and are subject to continual 
change. Also, a lack of information on adequate performance and cost criteria has 

Paper sponsored by Committee on Guardrail, Median Barriers and Sign, Signal and Lighting Supports and 
presented at the 49th Annual Meeting . 
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made it almost impossible to establish design standards. Thus existing devices are 
each designed according to different criteria, making it very difficult to compare their 
performance characteristics and overall cost factors. Based on this appraisal of the 
state of the art, it was decided that the NASA study would concentrate on patents in the 
area of energy-absorbing devices, directing a portion of our efforts toward two aspects 
of auto-highway safety: applications to the automobile structure, and applications to 
the fixed highway system. This paper concentrates on the latter area. 

THE BASIC PROBLEM 

The division of the roadways on an elevated bridge structure necessarily creates an 
intersection of parapets and railings of the respective roadways. The critical problem 
in terms of impact attenuation is at this intersection or gore area as shown in Figure 
1. The shaded area can be designed either as a recovery zone or as an attenuation 
and/or redirection zone. Under normal conditions, vehicles pass to one side or the 
other of this zone; but in the event of an erratic maneuver caused by driver indecision 
or confusion, the vehicle may well enter the zone. If the vertical and horizontal align
ment of the roadways permit the zone to be large enough, the driver may be able to 
bring his vehicle under control without striking the parapet along the edge· of the struc
ture. However, in most situations the available area is too restricted, thus making it 
necessary to redirect or stop the vehicle with tolerable decelerations to the occupants 
and minimum conflict with other vehicles traveling in the lanes adjacent to the gore 
area. 

THE ATTENUATION SYSTEM 

Protection from gore impacts can be provided by a buffering system. Such a sys
tem is composed of individual energy-absorbing devices, tie-down and connecting ele
ments, and load-distributing elements. 

/ 

/ 
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Figure 1. 
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Figure 2. 

A generalized attenuation system is shown in Figure 2. The system is somewhat 
like a structural column that must absorb axial loads in stopping the vehicle, and bend
ing and shear forces in redirecting the vehicle. It must also absorb shear and bending 
on the vertical plane to compensate for eccentric loading due to differences in the rel
ative heights of the mass centers of the vehicle and the attenuation system. 

The magnitudes of the axial and shear forces imparted to the attenuation system by 
the vehicle are a function of the weight and speed of the vehicle, the angle of impact, 
and the point of impact. The actions of the vehicle during an impact are largely a func
tion of the reacting forces generated b/the attenuation system. Axial deceleration is 
governed by the collapse of the system, and redirection is controlled by the bending 
and shear resistance. 

IDENTIFICATION OF PERFORMANCE CRITERIA 

Operational buffering systems cannot be properly designed nor adequately tested 
until performance-design criteria have been established. To date, there are insuffi
cient data on vehicle dynamics and driver responses during an actual impact to fully 
define such criteria. Full-scale simulated crash tests have been used to evaluate a 
number of the vehicle dynamic characteristics and passenger deceleration forces (~, 
6). However, the prohibitive costs and physical danger involved in such tests have not 
allowed testing over a wide range of conditions. In addition, the majority of such tests 
have presumed no driver response and a linear path of the vehicle prior to impact. 

The "4-S" program of the Bureau of Public Roads referred to earlier has defined a 
partial set of criteria for purposes of evaluating the results of full-scale crash tests 
(3). However, these criteria are not inclusive in terms of performance standards. 
Three major criteria have yet to be defined in terms of attenuator design . The first 
is the range and probability of vehicle dynamic conditions prior to impact. Cost'
effective design must necessarily be based on the majority of actual conditions rather 
than all possibilities or only those that are easily tested in a simulated crash. It is 
suggested that the evasive actions of a driver prior to impact will significantly modify 
the dynamic response observed in driverless test vehicles. 

A second set of criteria to be evolved should consider the relationship between the 
time-deceleration history of the vehicle as shown in Figure 3 and resulting injury po
tential to the occupants. Only through effective measures (indexes) of injury exposure 
based on probable human tolerances will there be an adequate definition of deceleration 
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Figure 3. 

constraints for attenuation systems. Without such defined constraints, valid compar
isons of cost-effective designs are not possible. 

The third set of criteria relate to the action of the vehicle during and after impact. 
No limitations on redirection angles or angular momentum imparted to the vehicle by 
the attenuation system have been established. Since the majority of bridge gore situa
tions occur on heavily traveled freeways, the action of the vehicle after impact may, 
in fact, be of greatest concern in terms of overall safety of the freeway system. 

With the availability of performance criteria, it will no longer be necessary to eval
uate subjectively the "effectiveness " 01 particular buiiering systems. Systems shaii 
be termed either effective or not effective depending on whether or not they satisfy the 
existing performance criteria. System selection among the effective systems may then 
be made on the basis of size and total cost, i.e., some combination of initial and main
tenance costs. 

THE BUFFERING SYSTEM 

In practice, a complete buffering system (one gore buffer) is a fairly complex ar
rangement of energy-absorbing units and tie-down, interconnecting, and load-distributing 
elements. Attempts to design a buffering system to meet accepted performance cri
teria will, therefore, be difficult and will probably involve some degree of trial and 
error. Recognizing this, we have attempted to simplify the design problem by formu
lating some rough guidelines. We feel that buffers meeting these requirements will be 
more likely to satisfy a reasonable set of performance criteria: 

1. The buffer mass activated at impact should be small compared to the weight of 
the impacting vehicle. 

2. The impacting vehicle should be assumed to be rigid. 
3. The force-displacement curve of the barrier should be optimal or near optimal. 
4. Buffer deformation and motion should be localized to the immediate area con-

taining the impacting vehicle. 
5. The buffer should not eject material onto the traveled roadway. 
6. The buffer should not store mechanical energy. 
7. The center of gravity of each portion of the attenuator should be above the cen

ter of vehicle load application. 
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8. The buffer should not produce significant angular accelerations until the vehicle 
has been entrapped. 

9. The lateral stiffness of the barrier should be greatly increased near its base. 

At the moment of impact, the portion of the buffer in direct contact with the vehicle 
and the vehicle itself are rapidly brought to a common velocity. When the ratio of bar
rier mass activated at impact to vehicle mass is not small compared to unity, then 
this common velocity is significantly different from the vehicle's initial velocity, and 
large deceleration forces occur. It follows, for example, that buffers should not be 
designed with massive rigid bumpers (guideline 1). 

The deceleration forces imposed on the passenger compartment after impact depend 
on the stopping force provided by the buffer as well as the crushing characteristics of 
the front end of the vehicle. Front-end crushing is not easily incorporated into buffer 
design because of the variation in crushing with vehicle make and model. Thus it is 
believed that vehicle crushing should be ignored in buffer design, i.e., it should be as
sumed that the impacting vehicle is rigid (guideline 2). This assumption provides a 
margin of safety, since vehicle crushing attenuates the forces felt in the passenger 
compartment. Full-size or scale-model acceptance testing could then be conducted 
with specially constructed rigid vehicles. The test vehicles would be reusable and 
comparisons between different tests would become more meaningful. 

Vehicle response after buffer impact must be such that acceptable levels of human 
tolerance are not exceeded. This condition places an upper bound on allowable force 
levels and therefore on the force-displacement response of the buffer. The force
displacement curve for which the acceptable limits of human tolerance are attained 
(but not exceeded) at all times during the deceleration process is called the optimum 
force-displacement curve. 

To illustrate, consider the simple criterion that the g loads on the vehicle not ex
ceed some constant value g. The buffer must safely stop all vehicles traveling less 
than v fps and weighing between W

0 
and Wf lb. The initial force F O cannot exceed W0 g 

until the lightest vehicles have been stopped. Thus the optimum force-displacement 
curve is Eonstant at F

0 
until the kinetic energy of a vehicle of weight W0 traveling at 

velocity v has been dissipated. Equating the energy dissipated to the area under the 
force-displacement curve gives the penetration or stopping distance, D

0 
= v2/64.4g. 

Beyond D0 the optimum curve rises continuously, since the force level may be raised 
without exceeding g on the heavier vehicles that remain. The equation governing the 
shape of the optimum curve beyond D0 is 

X I F(X) (1) 

Do 

where X is the distance necessary to stop an impacting vehicle of weight W traveling 
at the maximum velocity v. The left side of Eq. 1 is the work done on the buffer, while 
the right side is the maximum kinetic energy of a vehicle of weight W. At the point X 
where the vehicle has been stopped the force must produce the maximum allowable g 
load, i.e., F(X) = Wg. Substituting this into Eq. 1.and solving the resulting integral 
equation yields the optimum force-displacement relation for X > D0: 

F(X) = Wi exp [ 64.4g(X - D0 )/v 2
] (2) 

The complete optimum force-displacement curve for this example is shown in Figure 
4. The distance required to stop a vehicle of weight W impacting at v fps is found by 
letting F(X) = Wg in Eq. 2 and solving for X. The result is 

(3) 
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Figure 4. 

The minimum stopping distance that the barrier must provide is found_ by puttiQg 
w = Wf into Eq. 3. 

In practice, it will not often be feasible to design a barrier with an optimum force
displacement curve. However, the optimum curve may readily be approximated by 
designing the buffer as a series of energy-absorbing units whose components operate 
at different force levels, as shown by the dashed curve in Figure 4. 

Consider two buffers designed with optimum (OP) and non-optimum (NOP) force
displacement curves respectively. The force-displacement curve of NOP must be be
low the optimum curve (or the design criteria will be violated), and therefore buffer 
NOP dissipates less energv in a given displacement than buffer OP. Since both buffers 
must be capable of dissipating equal amounts of energy, the minimum stopping distance 
provided by buffer NOP is greater than that provided by buffer OP. Other things being 
equal, buffer NOP will be larger than buffer OP, with the difference in size propor
tional to the variation of NOP's force-displacement curve from the optimum. 

In order to maintain simplicity in the example, we ignored many effects-e. g., dy
namic loads, multi-directional response, and dependence of injury on the time integral 
of a function of acceleration. The inclusion of these effects does not change the basic 
facts that the operating force levels of a buffer are constrained by the performance 
criteria and that the size of a buffer is minimized by optimizing its force character
istics within this constraint (guideline 3). 

The importance of size in attenuator design follows from the consideration that 
smaller buffers will have a simpler support structure, a lower frequency of impact, 
and increased probability of acceptance for use in existing gore areas with limited 
placement area. A second parameter that is important in determining buffer size, 
namely, the length/stroke ratio, will be discussed in the next section. 

The impact of a vehicle with a gore attenuator should not create a hazardous environ
ment for those vehicles in the vicinity of the impact area. Therefore, the impact 
should not move the buffer so that it interferes with the flow of traffic (guideline 4). It 
should not eject material onto the roadway (guideline 5). Furthermore, the impacting 
vehicle should not, under most conditions, be allowed to reenter the roadway. In a 
direct or semi-direct hit on the buffer, the driver is not likely to be in full control of 
the vehicle and the vehicle itself will be at least partially disabled by the impact. The 
most likely means of a vehicle escaping from the buffer after impact are by elastic re
bound, ramping, and spinout. Elastic rebound is easily controlled by selecting energy
absorbing units that dissipate rather than store energy (guideline 6). To prevent 
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ramping, the center of gravity of the individual units in the buffer must not be lower 
than the center of force application, so that the units have no tendency to rotate under 
the vehicle (guideline 7). Spinout is the most difficult of the three escape mechanisms 
to control. Spinout may occur when the vehicle, with no initial angular velocity, im
pacts the buffer off center. The resulting moment produces angular accelerations that 
can rotate the vehicle out of the barrier. Spinout may also occur with an initially spin
ning vehicle that is simply redirected by the buffer. We feel that the probability of 
spinout in both these cases will be greatly reduced if the outside of the buffer is readily 
deformable under relatively small forces (guideleine 8). Under these circumstances, 
the buffer should tend to wrap around the vehicle without redirecting it. As the vehicle 
penetrates to the stiffer part of the buffer, the tendency toward spinout will be decreased 
by the lateral and friction forces provided by the material enclosing the front end of the 
vehicle. 

In circumstances where the buffer cannot safely arrest the vehicle, it must be redi
rected. Large local deformations at redirection locations are undesirable. The buffer 
must therefore be designed with increased lateral stiffness in these areas (guideline 9). 

SELECTION OF DEVICES FOR USE IN GORE BUFFERING SYSTEMS 

Most of the available energy-absorbing devices can be engineered to operate over a 
wide range of force and energy levels. Devices with this type of flexibility will, in all 
probability, be incorporable into an effective attenuation system. Comparison between de
vices, therefore, will generally bemadeon the basis of their effecton totalsystem cost. 

The initial phase of our program was concerned with identification of those charac
teristics of an individual device that play an important role in the cost of the attenuation 
system. Our purpose was to provide a means of qualitatively comparing the 53 differ
ent devices with which the program was begun without the expense of system design, 
fabrication, and testing. The characteristics discussed in the following were concluded 
to be of major importance. 

Reliability 

Gore attenuators are required to operate over a wide range of environmental condi
tions during a time period measured in years. Some devices are virtually insensitive 
to weather and time effects and require no special care. Devices, however, that rely 
on friction and/or close tolerances for proper operation and devices that contain 
weather-sensitive materials will require special care to ensure reliability. This will 
be reflected in higher unit costs. 

Cost of Manufacture and Assembly 

The relationship of the cost of manufacture and assembly to initial cost is obvious. 
Devices that use standard materials and do not require close tolerances tend to have 
low manufacturing costs. Those devices that use off-the-shelf items are particularly 
attractive in this regard. 

Reusability 

Devices that are completely or partly reusable can be expected to exhibit lower 
maintenance costs. 

Multi-Directional Load Capability 

Buffer impacts occur over a range of positions and directions. Proper functioning 
of devices that only operate under a restricted range of loading directions requires the 
use of support and load-directing structures that add to system cost. 

Material Efficiency 

Material efficiency is defined as the energy absorbed per pound of device. The 
minimum weight of a buffer is the total energy to be dissipated divided by the material 
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efficiency of the basic device. Devices with 
low material efficiency tend to have high ma
terial costs. 

There is a large variation in material ef
ficiency with changes in materials and ge
ometry. In general, however, when the 
weight of the deformed material is not a sig
nificant percentage of the total weight of the 
device, material efficiency is low. 

Force-Displacement Curve and 
Length/Stroke Ratio 

The force-displacement curve and length/ 
stroke ratio have been grouped because to
gether they determine approximately the 
minimum size of the attenuation system. 
System cost increases with size because of 
the increase in necessary supporting struc
ture · (including the foundation or pad for the 
attenuator) and the increase in maintenance 
costs due to a higher frequency of impact. 
We have already discussed the role of the 
system force-displacement curve in deter
mining size. In order to design a buffer, the 
force-displacement relationship of the indi
vidual devices as a function of material prop
erties, geometry, and direction of load ap-
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plication must be known . . These are determined by a combination of analysis and ex
perimentation. Typical force-displacement curves (for a folding tube and metal shear
ing device) under axial loading are shown in Figure 5. The oscillatory nature of these 
force-displacement relationships is common to many energy-absorbing devices. 

The maximum useful displacement provided-by a device is called its stroke. The 
strokes of three energy-absorbing devices are shown in Figure 6. The minimum length 
of a device necessary to produce 1 foot of stroke is its length/stroke ratio. The mini
mum length of an attenuation system is the product of the minimum stopping distance 
that must be provided and the length/stroke ratio of the device being used in the system. 

Figure 7. 

The use of these characteristics has en
abled us to eliminate most of the original 
devices from consideration for use in atten
uating systems for gores. The five patents 
that survived this critical review are the 
frangible tube, the collapsing tube, a metal 
strip bending device, a metal shearing de
vice, and an extrusion device. We are also 
considering other energy-absorbing devices 
that have been invented during the course of 
the program. 

Current Research P r ogram 

The properties of the selected energy
absorbing devices are being developed by an
alytical and experimental analysis. The 
knowledge generated by these studies will be 
used in the design of highway buffers. Scale 
models of these highway buffers will be built 
and tested. 

Experimental Studies 

Experimental evaluations of the energy
absorbing devices are being made using both 
quasi-static and dynamic tests. The quasi
static tests are performed with a hydrauli,
cally operated testing machine equipped with 
electronic instrumentation that records forces 
and deflections. This equipment, with the 
exception of the electronics, is standard 
equipment in most materials testing labora
tories. Dynamic testing is also required to 
define the dynamic characteristics of absorb
ing devices. A unique dynamic testing ma
chine was designed and constructed for this 
purpose. This testing machine, shown in 
Figure 7, is equipped with a 35-lb ram that 
is accelerated to speeds of up to 60 mph by 
a specially designed pneumatic cylinder. 
Directional control of the ram is provided 
by shock-mounted linear bearings that op
erate on hardened rods. The testing ma
chine is equipped with a test specimen mount
ing table supported on shear pins that release 
the table in the event of an overload; the en
ergy in the system is then absorbed by a 
hydraulic shock absorber positioned under 
the table. Electronic instrumentation provides 
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Figure 8. 

a record of the velocity of the ram before impact with the energy-absorbing device and 
the deceleration of the ram as a function of time during the operation of the energy
absorbing device. Additional instrumentation has been developed that gives force - time 
data. High-speed photography (400 to 3,500 frames per second) is used when necessary 
to observe the energy-absorbing devices during operation. 

Scale-Model Testing 

Considerable advancement in the field of highway vehicle attenuators has been made 
through the use of full-scale tests. However, these tests are quite expensive and time
consuming to set up and run. Much of the data required for the development of highway 
vehicle attenuator systems can be obtained from tests with scale models. Some scale
model testing has been done of two auto collisions by Emori at UCLA (7). Scale-model 
tests were also conducted concerning the interaction of autos with the GM redirecting 
median barrier by Jurkat and Starrett of Stevens Institute of Technology (8). The infor
mation obtained from such scale-model tests can be directly related to the behavior of 
a full-scale prototype by observing appropriate scaling laws and similitude require
ments. Scale-modeling has been used extensively in the design of aircraft and is pres
ently being used rather extensively in the field of explosive metal forming. 

A scale-model testing facility has been constructed at the University of Denver for 
the purpose of evaluating highway vehicle attenuation systems. This facility is shown 
in Figure 8. The facility consists of a table on which scale-model autos are accelerated 
to desired speeds and directed into scale-model highway buffers. It is equipped with 
electronic and high-speed photographic instrumentation for recording the crash data. 
A high-speed camera is mounted above the table (Fig. 8). Other cameras can be mounted 
on tripods near the table. A velocity measuring system employing light beams and 
photo transistors is used to measure the velocity of the auto prior to impact with the 
attenuator. Accelerometers and load cells are available for measuring accelerations 
and forces in the interaction. The scale-model auto is launched with a pneumatic cat
apult. The present launching system is capable of launching the auto straight ahead 
only; future plans call for a launching system that can launch the model with both for
ward and rotational velocities and also simulate swerving maneuvers prior to impact. 

A discussion of the use of dimensional analysis in the scale-modeling of vehicle
attenuator interactions is presented in the Appendix. 
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Appendix 
SCALING LAW AND SIMILITUDE REQUIREMENTS FOR 

TESTING VEHICLE IMPACTS WITH ENERGY-ABSORBING BARRIERS 

A physical phenomenon, y, may depend on several independent variables x 1 , x
2

, ••• , 

Xn in some unknown manner. In general a functional relationship exists between y and 
the independent variables that can be expressed as 

(Al) 

This could be the mathematical expression of a physical law governing the dependence 
of yon the independent variables, x

1
, x , ... , ~- This physical law is valid regard

less of the units of measurement and applies equally well to the model and the proto
type. Because the variables in the physical problem (excluding electromagnetic phe
nomena) can be described in terms of the four basic dimensions of mass, length, time, 
and temperature, according to Buckingham's pi theorem, then + 1 variables in Eq. Al 
can be combined into exactly n + 1 - k dimensionless groups, where k is the number of 
basic dimensions used to define then variables. Therefore, Eq. Al can be put into 
the dimensionless form 

(A2) 

The physical law expressed in Eq. A2 is the same for the model and the prototype. If 
each of the dimensionless variables on the right side of the equation is the same for the 
prototype and the model, then TT 

1 
will be the same also. This equality between TT 1 for 

the model and for the prototype aeiines the scaling law for the dependent variable, y. 
The requirement that the TT terms on the right side of the equation be the same for the 
model as the prototype determines the similitude requirements for the independent 
variables. 

Using the subscripts m and p to refer to model and prototype, the scaling law and 
similitude requirements are as follows: 
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Scaling Law: 
1Tlp (A3) 

Similitude Requirements : 

(A4) 

1T (s)p 1T (s)m 

The number of scale factors that may be chosen arbitrarily is equal to the number of 
basic dimensions in the physical problem. For example, if all the variables in the 
problem can be expressed in terms of three basic dimensions, i.e., mass, length, and 
time, three scale factors may be chosen arbitrarily that correspond directly or indi
rectly to them. The remaining scale factors can be derived in terms of one or more 
of these factors by using Eqs. A3 and A4. 

Example 

The use of dimensional analysis to formulate the requirements for the scaling of the 
interaction between an auto and an energy-absorbing barrier can best be demonstrated 
by an example. Suppose that an energy-absorbing barrier to be modeled is made of 
metal and absorbs energy by the deformation of this metal. Let it be assumed that the 
plastic stress-strain relationship for the metal can be expressed as 

a = Kn 
( 

where a is the stress, E is the strain, K is the strain-hardening coefficient, and n is 
the strain-hardening exponent. It is also assumed for purposes of this example that 
the auto can be treated as a rigid body. 

Denoting the basic dimensions of mass, length, and time by M, L, and T respec
tively, the variables in the problem are listed below along with their basic dimensions. 

Dependent Variable 

a deceleration of auto during impact 

Independent Variables 

V velocity of impact 

w rotational velocity at impact 

I characteristic polar moment of inertia of auto 

El angle of impact (measured from a coordinate axis) 

¢ yaw angle at impact 

u coefficient of friction between tires and road surface 

Yi characteristic dimensions of auto 

E modulus of elasticity of barrier material 

Eu ductility of barrier material {ultimate strain) 

Basic 
Dimensions 

L/T 2 

L/T 

1/T 

ML 2 

L 

M/LT2 



( 

Independent Variables 

L stroke of barrier 

au ultimate strength of barrier 

>..i characteristic dimensions of barrier 

K strain-hardening coefficient of barrier material 

n strain-hardening exponent of the barrier material 

~ coefficient of friction between the barrier and its support 

g acceleration of gravity 

M mass of the vehicle 

p density of the barrier 
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Basic 
Dimensions 

L 

M/LT 2 

L 

M/LT2 

L/T 2 

M 

M/L3 

There are 19 variables and 3 basic dimensions, so there are 16 independent dimen
sionless variables required to express the physical relationship. One possible set of 
dimensionless variables is as follows: 

17 1 = aL/V 2 
17 9 = 'u 

172 wL/V 17 
10 

= K/E 

173 = I/My~ 
1 17 11 = >../L 

17 4 = 8 17 
12 

= n 

17 5 = </) 17 13 = ~ 

17 6 = u 17 14 = K/pV 2 

17 7 = y.w/V 
1 

17 15 = M/pL3 

17 = E/au 17 
16 

= ~ 
B y2 

There are three basic dimensions, so three arbitrary scale factors may be chosen. 
These are: 

nl = >..im/"ip 

n2 = Pm/Pp 

n3 = Km/~ 

The scale factors for the remaining variables are derived from these scale factors 
with the use of the requirement that the dimensionless 11 terms for the model must 
equal those for the prototype: 

Qm/Qp = ¢m/ </Jp = E:um/ £up = 1 

Aim/Aip Lm/Lp = 'Yimhip = n1 

Mm/Mp = n! n 2 

n5 n 
1 2 
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Wmlwp = ;
1 
~ 

Vm/VP = i:: 
gm/gp = nin1 n2 

These scaling factors give the requirements for the dynamic similarity between full
size and model attenuator impacts. Often it is difficult or impossible to scale one or 
more of the variables properly. In this case gravity cannot be scaled. If the same 
material is used for the model as for the prototype, n 1 and n 2 are both equal to 1. The 
similitude requirements then call for the gravity to be 1/n1 times as great for the model 
as for the prototype. If, as in the above example, one or more of the similitude re
quirements is not satisfied, a distortion is produced such that (~) 

where 6 is the distortion given by 

6 = ~ 
1Tlm 

F(IT 2p• 1T 3p1 1T 4p> ' ' ' ' 1T sp) 
F (11 2m, 1T3m, 71 4m• ... , 11s m ) 

(A5) 

(A6) 

It follows that if only one of the similitude requirements, say 11 3, cannot be satisfied, 
then 

(A7) 

The distortion factor is then given by 

6 = F/1T3p\ ,.. "'~ (A8) 
- \ ·· -llll ' 

This relationship may be determined experimentally; in some cases it can be deter
mined analytically. It is then used as indicated in Eq. A5 to relate the performance of 
the distorted model to that of the prototype. 




