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NOTATION
Cross-sectional area
Modulus of elasticity (Young's modulus)

Energy-absorbing capability

Kinetic energy of a moving craft

Required energy-absorbing capability

Energy absorbed per element

Limit load or crushing force for a component configuration

or an element

Geometric efficiency factor

Gravitational acceleration

Area moment of inertia

Cross-sectional efficiency factor or energy factor

Number of energy-absorbing components which act on each side
of the obstacle contact area of the load distribution system

Length

Component length

Effective length of a component

Span length between components

Mass




Moment at the first noncollapsing component in the load
distribution system

Plastic moment

Number of components which collapse on each side of the
impact area

Number of components which act in a collision

Number of elements per component

Impact load
Radius

load on the first nondeforming component under the load
distribution system

Thickness

Velocity

Shear at the extremity of the collapse region of the load
distribution system

Weight

Maximum crush distance for the Mth component

Angle between energy-absorbing elements and the axis of
symmetry of their component configuration

Angle of plastic rotation of the load distribution system

Yield stress




FOREWARD

The work reported herein represents part of a
technology study for developing a total system for
the operation of surface effect vehicles (SEV) in

the Arctic. The overall program includes collision

: protection systems (as reported herein), obstacle

detection systems, and improved maneuvering and

control capabilities for the craft.
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ABSTRACT

Collision protection for the Arctic surface effect
vehicle (ASEV) was investigated and a collision protection
philosophy developed for peripheral protection. Several
peripheral protection schemes were evaluated and the most
promising further developed and evaluated in a collision
test program. A procedure is proposed for the design of
discrete collision protection elements, and a computer
program is documented which is a useful design tool when
thin-wall tubes serve as the energy-absorbing elements.
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COLLISION PROTECTION

THE PROBLEM

A surface effect vehicle (SEV) has been proposed in the range of 25
to 1000 tons gross weight for operation in Arctic regions at speeds up to
120 knots. The Arctic SEV is to be supported on a cushion of pressurized
air partially countained by a flexible skirt system. In normal operations,
the air cushion and skirt system will come in regular contact with minor
obstacles. Because of the nature of the vehicle motion, the high operating
speeds, the turning characteristics of the craft, and particularly the
rough nature of the Arctic terrain, it is likely that the ASEV will
encounter an obstacle which will contact more than simply the flexible
skirt system. When the obstacle is too large for the vehicle to success-
fully clear and the craft is unable to stop or maneuver around the obstacle,
collision will occur.

In a collision, the ice obstacle makes contact with the hard struc-
ture of the vehicle, i.e., with structures other than the flexible skirt

system. As the velocity or kinetic energy cf the craft drives the structure

toward the obstacle, the impact loads increase until either the failure
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load of the ice obstaclel’ & or the yield limit load of the craft structure
is reached. If the ice obstacle failure load is reached, then the ice
fails in a brittle manner and no additional energy is absorbed by the
obstacle itself. If the craft structure remains elastic, then after
removal of the impact loading, the structure returns to its original posi-
tion. It is possible that limited damage may result in accelerating the
failed portion of the ice obstacle to the speed of the craft. This is
likely to be very minor, however, and more severe collisions will control
the craft design. When the ice obstacle failure load is greater than the
yield limit load of the craft structure, it is the craft which fails.
Fortunately, the craft structure can be more ductile than ice and brittle
catastrophic failure avoided if energy of the collision is absorbed by
plastic yielding of the structure or by other energy-absorbing systems
carried by the vehicle.

Ideally there is a third collision category, one in which the ice
obstacle failure load equals the yield limit load of the craft. The likeli-
hood of encountering this situation in an actual collision is extremely
small and since the craft structur: is ductile, the consequences are not
unlike those where the ice obstacle failure load is reached.

An actual collision will probably be a combination of the first two
types. Since the ice obstacle will probably be irregular in shape, it
appears likely that it will sustain local failures until the vehicle con-
tacts the gross obstacle shape; then either the craft will begin to yield
or the obstacle will fail catastrophically.

Obviously the most serious sitation is one where the ice obstacle

failure load is greater than the yield limit load of the vehicle. Since

1Pounder, E. R., "Physics of Ice," Pergamon Press, New York (1965). A
complete listing of references is given on page 76.

2Weeks, W. and A. Assur, '"Mechanical Properties of Sea Ice," Cold
Regions Research and Engineering Laboratory, Hanover, New Hampshire,
Monograph II-C3 (Sep 1967).




such danger is a very real possibility, this situation should constitute
the collision design condition.
In collisions where the ice does not fail and move from the path of

the vehicle, the vehicle motion toward the obstacle must be halted. This

w

does not necessarily mean that the vehicle must be brought to a standstill

but rather that the component of the craft velocity toward the obstacle
must be brought to zero. When the craft velocity vector is directly toward

an obstacle such as in a head-on collision, then of course the full velocity

Y A T ]

must be reduced to zero. On the other hand, when the velocicy vector of
the craft is not fully directed at the obstacle, then only that velocity
component so directed must be dissipated; the net effect of the collision

is to change the direction of the craft velocity vector and reduce its

magnitude.

By o oy P

The craft may be thought of as a mass ‘oving toward the obstacle =t
a particular velocity. As such, the craft possesses a kinetic energy in
the direction of the obstacle and that energy must be absorbud in some
manner in order to accomplish the goal of collision protection. The magni-
tude of the kinetic energy is defined by the relationship:

3 E=1/2 M V2 (1)
where E is the kinetic energy,
M is the mass of the craft, and
1 V is the craft velocity.
When the kinetic energy is absorbed, the velocity in that direction is
.ero. It is desirable that this energy be absorbed and not merely stored
} for later return to the craft. In the latter event, a velocity is imparted
to the craft awey from the obstacle, the craft essentially '"bounces off"
the obstacle, and secondary collisions may result.

The kinetic energy must either be plastically absorbed or be dissi-
pated in some manner to prevent rebounding. The structure accomplishes
this by doing plastic work. This means permanent deformation to structural
components or ''damage.'" Certain functions of the craft must be preserved

in a collision to allow survival of the vehicle and completion of its

mission. Systems which must be protected, for example, include propulsion




and 1ift, navigation and control, environmental, and primary structural
systems. Of course additional systems may be included depending on the
mission requirements. In any event, if these systems are <o be protected,
damage must be controlled so that it occurs outside the areas in which they
are located.

Since many of the systems to be protected on an SEV lie within a
central region on the craft, it is logical to define a region where damage
will be allowed (henceforth referred to as the collision protection region)
as all of a structure external to the location of critical systems. Where
a critical system is located near the periphery of the vehicle, it will
probably be necessary either to move the system cr to add some protection
structure external to the system in that area. A system at or near a
potential area of obstacle contact is vulnerable to direct damage as a
result of contact with the ice obstacle and/or to shock-induced damage as a
result of the collision motions since decelerations in the contacted regions
may be quite high.

Because of the nature of the vehicle wotion, the bow extremity of
the structure is the area most likely to be involved in collisions. Such
collisions are likely to be of the ''head-on" type and high impact energies
may be expected. Since the craft is not a tracked vehicle and side slips
in cross winds, in crossing transverse slopes, and in negotiating turns,
the side extremity structure is also potantially vulnerable to collision.

A study of craft moticns in various standard maneuvers shoild reveal the
relative vulnerability of the side structure to collision. The stern
extremity structure is also potentially susceptible to collision, but
impact velocities there are likely to be quite low and therefore the
relative vulnerability of the stern structure is probably much lower than

at the bow extremity. The entire underbody structure of the craft is also

a likely collision zone in the event that the craft descends onto a pinnacle

either following a '"'ski jump'" or in a power loss where the cushion pressure

is suddenly lost.*

*A "ski jump'" is a maneuver where the craft is given enough upward velo-
city by the cerrain (such as in a ramp) to momentarily rise sufficiently to
clear an ice pinnacle in its path. On descent, the obstacle is a hazard
to the underbody.




Basically, the problem of collision protection may be stated as the
design of lightweight energy-absorbing structures or components which can
be placed in the collision protection region to serve as a buffer between
ice obstacles and the critical vehicle systems. The collision protection
regions are the extremity structure at the bow, the sides, and--to a lesser
extent--the stern as well as the underbody structure forward of and beneath

critical systems.
COLLISION PROTECTION PHILOSOPHY

The basic collision protection philosophy for the ASEV is to confine
collision damage to the collision protection regions and to limit their
transmittal of loads to the primary structure to values less than those
which will damage it.

The structure designed for the collision protection region may serve
a number of functions, e.g., skirt support structure, air plenum to feed
the air cushion, support structure for expendable stores and equip.ent, etc.
However, the main function of this structure must be collision protection,
and its design must be controlled by collision protection criteria.

To be most efficient, the collision protection structure must
deliver a constant force through the entire crushing distance and this
force should be just slightly less than the capability of the primary
structure to accept loads in that area without damage. It may be desirable
to add a factor of safety on this limit load to ensure against damage to
the primary structure. Another design consideration is the moticn environ-
ment imposed on the crew and equipments’ t during a collision. Since man
and equipment are sensitive to accelerations on the order of 10 g, the
collision loads must not impart gross craft accelerations of that magni-

tude. This is not a problem for large, massive craft of low limit load

3Hirsch, A. E., "Man's Response to Shock Motions," David Taylor Model
Basin Report 1797 (Jan 1964).

4Mahone, R. M., "Man's Response to Ship Shock Motions,'" David Taylor
Model Basin Report 2135 (Jan 1966).




capability since sufficient force to impart high accelerations cannot be
tolerated in the design of the collision protection structure. For lighter
craft, however, and for massive craft of high limit load capability, a
cutoff in limit load design value may occur because of the acceleration
criterion. In other words, the loads transmitted to the primary structure
of the vehicle by the crushing energy-absorbing structure may be required
to be less than the capability of the primary structure to accept that load
in order to maintain the deceleration environment within tolerable limits.
This criterion may be particularly evident in underbody protection where
space is more at a premium. Collision protection depth is limited and thus
the impact loads required to absorb a given amount of energy will be
higher.

A collision protection structure should be designed for a particular
design condition, that is, a particular craft weight and velocity. Inherent
in the design philosophy presented here is the capability and desirability
of the collision protection structure to offer protection at other than the
design conditions. The protection system should function at impact velo-
cities belew the design collision velocity. Most systems will offer this
feature automatically but some may not. For example, an improperly designed
fluid dispersal system (a system that uses shock absorbers as the energy-
absorving elements) may not have the same energy-absorbing characteristics
at low as at higher velocities.

It is most important that the collision protection structure be
capable of functioning during collisions that are more severe than the

design collision. This means that the load transmitted to the primary

vehicle structure by the collision protection structure shculd be independ-

ent of the impact velocity for a reasonable range of velocities. The
coliapse mechanism should remain stable throughout the impact, whether or
not the impact is at design conditions. The benefits of such a criterion
is that beyond its design range, the collision protection structure serves
as a damage-inhibiting structure. If the Arctic vehicle is involved in a
collision more severe than the design collision, the protection structure
will extract the full energy of the design collision from the energy of the
real collision, leaving less energy available to damage the primary craft

structure and other critical vehicle systems.
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If such a collision protection philosophy is not followed, the
consequences may be a structure which collapses in a less efficient manner,
thus absorbing less energy and resulting in more damage to important vehicle
systems. A more serious possibility is that the energy-absorbing components
may transmit a higher loading to the primary craft structure than it is
capable of accepting. This will result in immediate transfer of the colli-
sion energy to the very systems the protection system was designed to
protect. This consequence is potentially very dangerous since the collision
protection structure is then essentially bypassed by the collision energy
and the full brunt of the impact is felt by the main craft.

The collision protection region, then, is viewed as an energy-
absorbing buffer zone between unyielding ice obstacles and the primary
craft structure and its critical systems. The component members of this
buffer zone must collapse in such a manner that they remain stable through-
out their collapse and are therefore able to absorb energy through the full
collapse distance. The components must collapse in such a way as to limit
the load transmitted to the rest of the craft. Since energy absorption is
the prime purpose of the components and since weight is so critical on a
vehicle of this type, the components must absorb energy in the most effi-
cient manner possible. The ideal energy absorber has a force deflection
curve as shown in Figure 1. If possible, the components of the collision
protection structure should be either restorable to their undeformed shape
(e.g., by reinflation of an air bag or restoration of a fluid shock
abscrber) or replaceable either in the field at the collision site or back
at a home base where more elaborate facilities are available.

Components may be discrete units, such as crushable metallic struc-
tural elements or fluid shock absorbers, or they may be semicontinous, such
as a segmented air bag. In either case, it is necessary to determine how
many components act in an obstacle collision. If the collision is head-on
into an ice ridge that is wider than the width of the craft, then obviously
all the bow extremity components will absorb energy. On the other hand, if
the collision is with an ice pinnacle just large enough to prevent failure
of the pinnacle, then a relatively small number of components will be

irvolved. 1In some instances, it is possible to design a load distribution

system which is installed external to the energy-absorbing components and




which distributes the collision loading to a greater number of components.
It is unlikely, however, that as many components can be involved in colli-
sion with a discrete obstacle as in one with a very large obstacle such as
an ice ridge.

Since the total energy absorbed in any collision is directly related
to the total number of energy-absorbing components involved, the ability of
the craft tc survive a collision depends on the size of the ice obstacle.
The smaller the obstacle, the more concentrated the collision impact and
the fewer the number of components available to absort the energy. In
other words, collision vulnerability is an inverse function of obstacle
size. This is perhaps a paradox in that the small obstacle is a more
severe hazard due to its penetrating capavilities. Since the energy-
absorbing capability is a direct function of the number of components and
the collision velocity is a square function of the impact energy, the
velocity at which a given craft is vulnerable to collision is related to the
square root of the number of involved energy-absorbing components and
thereby discontinuously to the square root of the obstacle size.

The most dangerous form of collision, then, is one with an ice
obstacle just large enough to survive under the loads imposed by the
collapsing collision protection structure. Such an obstacle would be
small enough to involve a minimum number of components and the total
absorbable kinetic energy would be relatively low.

A statistical study of ice obstacles of sufficient size tc pose a
collision hazard should reveal whether this optimum size obstacle occurs
often enough in the Arctic to warrant making this collision mode the design
collision. Certainly studies of this type are needed to determine safe
speeds for SEV's operating in specific Arctic regions or specific types of

terrain.
EVALUATION OF COMPONENTS

GENERAL CHARACTERISTICS

The energy-absorbing components of a collision protection structure

must be stable through their collapse, have the ability to limit the load

transmitted to the primary craft structure, be insensitive to collision
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velocity within the likely range of vehicle operating velocities, be light
in weight, and be restorable, repairable, or replaceable.

The Arctic SEV is a weight-sensitive structure and therefore every
pound cf mdaterial in the collision protection regions must function as
efficiently as possible. In addition, the speeds at which the proposed
craft will operate and the weight of the craft contribute to extremely high
kinetic energies. Figure 2 indicates energy as a function of velocity for
various craft weights. The magnitude of these energies dictates that the
collision protection structure must not only be efficient weightwise but
that it must also absorb tremendous; amounts of energy in a collision.

Additional constraints may arise when the collision protection struc-
ture is used for other functions as well. For example, if the collision
protection region is to be used as an air plenum to supply the skirt bags
and the air cushion, then there must be a considerable portion of open
passage to allow air flow past the components. If the components are to be
used as structural elements such as in support of the flexible skirt system,
then sufficient streingth and stability must be built into the component
configurations to accept those loads. In such cases, however, the energy-
absorbing function must have prime priority in design; nu changes should be
made which might impede the process of energy absorption or deliver lcads
to the primary craft structure greater than the limit ioad. It should also
be recognized that the collision protection region and its components are
viewed as expendable in a collision. Therefore, any collateral function
served by the protective structure before a collision may not be served
following it without a certain amount of on-sit« remedial action.

The assumption that the element is an ideal energy absorber, i.e.,
that the force deflention curve is as illustrated in Figure 1, enables a
few general comments to be made regarding energy-absorbing elements. The

absorbed energy, then, is the limit load Fc times the crushing distance X:

1/2 =V =NF.L (2)
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where W is the weight of the craft,

Ecraft is the energy,

g is the acceleration due to gravity,
is the impact velocity,

is the number of components assumed to fully act,
F is the limit load delivered by each component, and
Leff is the effective component length of the stopping distance.

Equation (2) is the energy balance in a successful stop in a colli-
sion where the velocity of the craft is brought to zero by using the full
capability of the protection system.

If the craft collides head on with a very large barrier, an ice
ridge for example, the minimum collision protection depth as a function of
limit load for various craft kinetic energies is as presented in Figure 3.
This plot assumes that 44 components are acting. A craft sinetic energy of
3.0 x 104 kip-ft corresponds to a 500-ton craft moving at 26 knots or a
25-ton craft moving at 116 knots.

The effect on required collision protection depth of the number of
components assumed to be absorbing the energy is jllustrated in Figure 4a
for a limit load of 60 kip and in Figure 4b for a limit load of 100 kip.
Figure 5 illustrates the effect of the limit load on required collision

protection depth for a 500-ton craft and 44 involved components.
CANDIDATE COMPONENTS

Many candidates have some OT all of the characteristics needed to
serve as a compcinent of the collision protection structure. Gilbert5 has
compared air bags, thin wall tubes in inextensional axial buckling, fluid
dispersal shock absorbers, foam core sandwich panels, energy-absorbing

steering columns, and torsional tubes on the basis of energy absorbed per

5Gilbert, W. E., "Collision Protection for the Arctic Surface Effect
Vehicle (ASEV)," NSRDC Report 3885 (Feb 1973).
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unit weight or specific energy absorption. Table 1 reveals that the
greatest potential is offered (in descending order) by en air bag, axial
inextensional buckling components, the rod pulled through a die, and an

inverting tube.

TABLE 1 - SPECIFIC ENERGY ABSORPTIONS FOR VARIOUS ELEMENTS

(From Gilberts)

Type of Element kip-ft/1b

Axial Inextensional Buckling
Buckling of Planar Tube Components

(Realized)
(Potential)

Rods Drawn Through a ."2

Bumper Tubes

Fluid Dispersal Shock Absorbers

Foam Core Sandwich Panel

Air Bag

GM Steering Columns

Inverting Tubes

Torsional Tubes

*1deal conditions.

Since the tube in axial inextensional buckling6 and the air bag7
appear to offer the most promise, they were selected as the major items for

additional study. The air bag investigation was completed in June 1972 and

6Goppa, A., "On the Mechanism of Bucklirg of a Circular Cylindrical
Shell Under Longitudinal Impact,'" General Electric Company, Missile and
Space Vehicle Department, Technical Information Series R60SD494 of the
Space Sciences Laboratory (1960).

7Howe, J. T., "Theory of High-Speed-Irpact Attenuation by Gas Bags,"
NASA, Ames Research Center, NASA-TN-D-1798 (Apr 1962).

11




has already been reported.* The present report documents the analytical
f and experimental investigation of the tube in inextensional buckling, in

particular thin-wall cylindrical tubes since those shapes appeared to be

the most efficient. A few tests were also run on square tubing because of
its possible advantages for fabrication. These results are also presented

in this report together with results of several tests to evaluate the

el —PT—-;:&

performance of a foam core sandwich panel loaded in the plane of the panel.
METHOD AND PROCEDURE

The initial tests vwere conducted on a smaitl scale in the ballistic

pendulum facility. When the energy requirements for the impact tests

= T e v e

exceeded those available on the ballistic pendulum, the tests were performed

in the drop tower facility. Both facilities are located at the Naval Ship

W e B

Research and Development Center.
NSRDC BALLISTIC PENDULUM FACILITY

! The ballistic pendulum facility (Figure 6) consists of two heavy
cylinders suspended from an overhead beam. The cylinders are solid steel

| and are oriented end to end. Both are suspended at the samc height and in

' such a manner that when either cylinder is swung along the line of the
impact, it does not rotate. The structural component to be evaluated is
mounted on the end of Cylinder A, the hammer. Cylinder A is drawn back
away from Cylinder B, the anvil, to the proper height and released. The
potential energy stored in the pendulum at release is returned in the form
of horizontal kinetic energy at the iime of impact with the stationary
pendulum.

The response of the structural component is measured by accelerometers.

One is located on the nonimpacting face of each of the two cylinders. They

*Reported informally in June 1972 by W. R. Conley as enclosure 1 (The
Use of Gas-Filled Bags for Impa:t Attenuation on the Arctic Surface Effect
Vehicle) to NSRDC letter Serial 72-172-286.
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are oriented to sense accelerations along the line of impact or along the
axis of the cylinders. The cylinder which acts as the hammer weighs about
837 1b and the anvil cylinder weighs about 633 1b.

Since the only forces that act horizontally on the mass of the
cylinders are a direct result of the crushing of the structural component
between the cylinders, the crushing force is determined by multiplying the
measured acceleration (or deceleration) of a given cylinder by its mass.
Since the same force acts on both cylinders of the ballistic pendulum, the
same result should be obtained by multiplying each cylinder mass by its
acceleration. Accordingly, a comparison of their records provides a check
on the accuracy of the data.

Six tests were conducted at drop heights for the impacting pendulum
that ranged from 16 to 58 in. above the stationary pendulum. This corre-
sponds to an impact velocity range of 9.2 to 17.6 ft/sec and an impact
energy range of 1.1 to 4.0 kip-ft. The principal reasons for the ballistic
pendulum tests were to observe the phenomenon of inextensional buckling in
cylindrical tubing and to predict on a small (inexpensive) scale the
characteristics which make a tube buckle inextensionally rather than by
gross buckling (Euler buckling).8

The ballistic pendulum is capable of delivering a maximum impacc
energy of about 4.0 kip-ft. It is necessary to attain higher impact

energies to test larger models and models of longer length or heavier wall
thicknesses.

NSRDC DROP TOWER FACILITY

~

The drop tower facility (Figure 7) offers the advantage of higher
drop heights with about the same impacting mass, and therefore, higher
impact energies. It is approximately 50 ft high and has a potential drop

distance of about 45 ft. The structural components tested were positioned

8Timoshenko, S. P. and J. M. Gore, "Theory of Elastic Stability,"
Second Edition, McGraw-Hill Book Company, New York (1961), pp. 1-8.
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on a nonyielding baseplate at the foot of the drop tower. The facility
allows the impacting mass to be raised to the desired height above the
component and released electrically. The mass is kept aligned and guided
toward the model by two vertical cables. Two accelerometers located on the
nonimpacting side of the mass are aligned to record accelerations (decelera-
tions) along the line of the impact. Both accelerometers should read the
same motions; duplication is employed only to avoid loss of data and as a
check on accuracy. Since the motion of the impacting mass is vertical, the
acceleration due to gravity acts along the same line as the crushing forces.
This motion is easily included by establishing as a datum the accelerometer
output just prior to impact. Since the only other vertical forces on the
impacting mass are the crushing forces, these are obtained by multiplying
the measured accelerations by the impacting mass.

For several tests, a velocity measurement was made just prior to the
time of impact in order to determine whether the guidance cables had
altered the energy of the impacting mass on its path to the model. The
mass was allowed to strike and break two lead contacts a known distance
apart and located just above the structural component to be evaluated. As
the mass struck each of the leads, an electrical clecsure was obtained and a
blip was recorded on magnetic tape. The velocity was calculated by knowing
the time between the recorded blips. It was found that the velocity was
extremely close to the free-fall velocity and, therefore, no significant
energy loss is ascribed to the guidance cables. In fact, after all of the
early test drops indicated no energy losses, the velocity measurement was
discontinued.

The fact that no significant energy losses were present due to the
guidance cables allowed a check of the accelerometer calibrations. Since
the drop vehicle drops a known height, the change in potential energy and
therefore the change in velocity through the collision is known. When the
accelerometer record is integrated over the time of collision, the velocity
change should correlate with the calculated velocity change if the accelerom-

eter calibration is correct. When this comparison was made, the experimental

data were found to be within 2 percent of the theoretical velocity change.

This is well within the accuracy of the recording equipment and therefore

it is assumed that the accelerometer calibrations were good.
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Drop heights utilized on the tower facility ranged from 1.5 to 42.8
ft. Impact velocities therefore ranged from 9.8 to 52.5 ft/sec. The impact-
ing weight was 729 1b and so the impacting energy ranged from 1.09 to 31.2
kip-ft. Most of the tests on the axially loaded cylindrical tubing were
made at the higher end of the energy range.

To date, 57 drop tests have been performed. Many were designed to
evaluate different configurations and dimensions of thin-wall tubes in
inextensional buckling. Several were run to evaluate the axially loaded
foam core sandwich panel. The remainder were evaluations of thin- and
thick-wall tubes loaded perpendicular to their longitudiral axes in order
to evaluate tube suitability as a replaceable, low-energy bumper for the
ASEV. One test was run on a composite configuration to evaluate a load

distribution scheme.
ANALYSIS OF DATA

Signals from the two accelerometers were amplified and recorded on
magnetic tape, processed through a digitization process, and plotted by
the CDC 6700 computer system at NSRDC. Playback of the records on an
oscillograph provided preliminary data.

High-speed photographic coverage was used on selected tests made in
both facilities to allow a detailed analysis of the crushing phenomenon.

To derive force histories, the acceleration-time histories (in g)
were simply multiplied by the weight of the cylinder on which the accelerom-
eter was mounted. In the drop tower tests, both accelerometers were mounted
on the same cylinder (729 1b). In the ballistic pendulum tests, however,
the accelerometers were mounted on different cylinders of different weights.
Therefore, a weight of 837 1b was used to derive force from the accelerom-
eter on the impacting cylinder (hammer). A weight of 633 1b was ursed te
convert the accelerometer record of the impacted cylinder (anvil). the

two force-time histories should be identical, however, since the crushing

model imparts the .ame force to each cylinder, and the test data support
this fact.
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RESULTS AND DISCUSSION

In all cases, both accelerometer channels indicated the same force-
time history within about 5 percent. Selected detailed restults from the
pendulum and drop tower tests are presented in Appendix A. In the interest
of space and to avoid redundancy, only one of the accelerometer records

from each type of test is presented.
CIRCULAR CYLINDRICAL TUBING

The major portion of the data corcerns axial inextensional buckling
of the thin-wall extruded aluminum tube. Single tubes were tested to deter-
mine the characteristics of the buckling phenomena and, subsequently, con-
figurations of tubes were tested to define their interaction in an impact
condition. Figure 8 illustrates a single tube following impact. The
buckling pattern is characteristic of axial inextensional buckling. A
typical two-element configuration is shown in Figure 9.

Where impact testing was conducted on two or more element configura-
tions, it was found that when inextensional buckling occurred near the base
of the tube, its lateral stability was lost or reduced because the buckled
segment was not capable of carrying significant lateral shear loading. This
problem was remedied by supporting the base of each element on an inclined
surface; see Figure 10. The angle causes the load transfer to the base to
be oriented principally alcng. the tube axis, thus reducing the requirement
for shear load capacity in the element. Of course, since the angle between
the tube and the base changes as the configuration is progressively crushed,
it is necessary to bias the angle somewhat.

Data from the crushing of thin-wall tubing indicate that the tube
will either buckle in the fundamental (Euler) mode or in the inextensional
buckling modes. The geometry of the tube determines the buckling mode.

The fundamental Euler buckling load is computed using the Euler equation:

F=1 = (3)
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Note that the column length used in Equation (3) is for a pin-ended column.
This is necessary since the column is essentially pin-ended after the initial
f formation of inextensional buckling and Euler buckling may still occur after

the start of incxtensional buckling.

} The buckling load for the more local effect of inextensional buckling
: is defined by cross-sectional geometry. Experimental results indicate that
* this load may be defined as a function of the ratio of the tube radius R
z to the wall thickness t, the cross-sectionil area A, and the yield stress
of the material oy. The crushing load for inextensional buckling, then,
? may be expressed as:
-,_, Fo =Ko A (4)

where K has been found experimentally to be

-0.0523 R/t

K = 0.9107e + 0.16 ~)

] Note that this load is not the critical load which starts the inextensional
buckling process but rather the lcad which crushes the tube axially in the
pattern prescribed by the buckling. If thic crushing load is greater than

9 the critical Euler buckling load, then the tube will buckle in the Euler
mode. On the other hand, if the crushing load is less then the critical
Euler load, the tube will crush in the inextensional buckling pattern.

Much work has been done on defining the loads necessary to start
inextensional buckling; these loads have been shown to be functions of the
impact velocities.6 For the velocity range of interest, however, their
magnitude is unimportant. The impulse associated with them is not suffi-
cient to cause Euler buckling, and it appears that the buckling pattern is
consistent within the velocity range of interest. Note that whereas Euler 1
buckling is gross buckling and affected by the overall length of the
column, inextensional buckling is a local effect and is a function of
local geometry. As such, the column length has no affect on inextensional
buckling crushing loads.

The equation for K has been determined for R/t ratios from about 15
to about 80. It is anticipated that inac' uracies in K can be expected

below an R/t value of about 10. For very large values of R/t, the tube
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appears to be more like a shell than a tube. The buckling of thin shells
y has not been studied here, and it is recommended that the equation for K
be applied only for R/t ratios between 10 and 120. 1
Factor K is referred to as an efficiency factor or energy factor,

since it defines the proportion of the material in a cross section which

-

exceeds the yield stress and which plastically absorbs collision energy.
Figure 11 presents the experimentally determined value of the efficiency
factor as a function of the ratio R/t. This curve shows that the efficiency
_? is higher for small-diameter, thick-wall tubes than for larger diameter,
thin-wall tubes. This defines the collapse (crushing) load for a given
cross section in inextensional buckling. To evaluate the energy-absorbing
capacity for a configuration or for a structural element, it is necessary
| to compute the distance over which that crushing force will act.
The accelerometer records indicate that the crushing force for the
tube is essentially a constant force. The same tube section tested on a
range of drop heights, and therefore a range of velocities, indicates no
variance of the crushing force with velocity. Also, the data are repeatable;
if the same test is run again, the results are identical.
Since the tube exhibits a constant crushing force during inextensional
- g buckling, its energy-absorbing capability is defined by the crushing force
4 times the crushable length. In the case of a single tube aiigned with the
impacting surface, the crushable length is theoretically the entire length
of the tube. Actually, this is not the case since the completely crushed
tube does not have zero length. The difference is not important, however,
since the tube wiil usually be used in a configuration with other tubes to
form an energy-absorbing component. The geometry of the component, then,
will define the crushable length of individual tube elements. The component
illustrated in Figure 12 was analyzed by using limit analysis techniques;
the effective crushable length for total energy absorption capability was
found to be equal to 67 percent of the component length. The crushable
length of the element is related to the crushable length of the component

through the component geometry.
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SQUARE TUBING

Square tubing (Figure 13) was investigated as an alternative to
cylindrical tubing because of possible fabrication advantages for the flat
surfaces of the square tubing. Several tests were conducted for two differ-
ent square tube cross sections. When a cross-sectional efficiency factor
was computed from the experimental results, it was found that the square
tube efficiency was considerably less than that of a comparable cylindrical
tube. If the comparison is for arn actual element design on the basis of
equal energy-absorbing capability and equal crushing force, the difference "
between the two cross sections is nct as great as indicated by their rela- |
tive cross-sectional efficiency factors. A 4-in. square tube designed with
a 1/8-in. wall was 24 percent heavier than a cylindrical tube designed to
absorb the same energy at the same crushing force.
Obviously, this comparison is valid only for the cross sections
where the comparison was made. Further testing is required in order to

extend these results to a greater range of square tube cross sections.
FOAM CORE SANDWICH PANELS

A few drop tower tests were conducted to investigate the energy-
absorbing potential of foam core sandwich panels. These tests were under-
taken because transverse bulkheads sometimes extend to the periphery of the
craft on an ASEV and Euier buckling of these panels must be avoided in
order to attain efficient energy absorption. (Euler buckling of a panel
with subsequent formation and distortion of plastic hinges is a very ineffi-
cient method of energy absorption.) It was reasoned that if very thin
metallic walls were used with a weak filler material such as low density
styrene foam (2 lb/fts), the filler might function only as a spacer between
the thin walls and thus lend stability. The walls might then buckle
locally rather than in the Euler mode. Under the impact loading of the
drop test tower, the foam core essentially strengthened the panel in plane
due to the dynamic behavior of the foam enclosed between the aluminum
sheets. The net result was Euler buckling of the panel with little or no
energy absorption. When loading is rapidly applied to styrene foam,

especially enclosed foam, the foam is effectively more rigid than statically
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loaded free foam. When this happens, the panel crushing load is higher,
and if the crushing load exceeds the Euler critical buckling load, the
panel will tuckle in the Euler mode.

Since the panel buckled fundamentally, it was known only that the
crushing load was greater than the fundamental buckling load. Subsequent
impact tests were run on foam core sandwich panels with shorter element
lengths in an attempt to increase the critical fundamental buckling load
above the crushing load, but these efforts were unsuccessful. Accordingly
it was concluded that: (1) the foam is a significant part of the element and
cannot be analyzed as a filler material alone; (2) because of the effects of
the foam, the panel must be very thick and short to prevent fundamental
buckling; and (3) the foam core sandwich panel in the proportions originally

envisioned is ineffective as an energy-absorbing element.

BUMPER TUBES

Another type of energy-absorbing element investigated experimentally
was the extruded tube impacted side on, causing the cross section to deform
from the original circular shape to an oval shape and finally to a completely
flattened oval. This type of element is potentially useful as a low velo-
city bumper. The element would be located external to the major energy-
absorbing configurations and was evaluated only as a device to absorb the
energy of incidental (very minor obstacle) contacts. The element has the
advantage of being easily accessible for replacement.

Perrone9 has evaluated the energy-absorbing characteristics of steel
tubes impacted in this manner. A few drop tower tests were run in the
present study to extend the evaluation to aluminum tubes. Figure 14
illustrates the mode of the crushing, and the curve of Figure 15 relates
the crushing force to cross-sectional dimensions of the tube and the yield

stress of the material. The test data are included in Appendix A.

9Perrone, N., "Impulsively Loaded Strain-Hardened Rate-Sensitive Rings
and Tubes," Report 10 under National Science Foundation Grant GK782,
Catholic University of America (Apr 1969).
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DESIGN PROCEDURE AND CRITERIA
KEY PARAMETERS

A peripheral collision protection structure is designed by first
evaluating the allowable loads which it can transmit to the primary craft
structure without causing damage.

An element that is capable of absorbing energy at a relatively con-
stant rate is the most efficient form of collision protection since the
crushing force is relatively constant and the allowable or design crushing
force can be higher. The design crushing force must be equal to the peak
crushing force and less than the force capable of causing primary structural
damage. It is obvious, then, that if the crushing force is a constant
through the collision, full advantage may be taken of the ability of the
primary structure to carry load.

The selection of a design collision or a set of design collisions
must be based on the operational characteristics of the ASEV and the hazards
of the region of operation. Specifically, obstacle sizes must be selected
since they represent a key parameter in determining the number of collision
protection components which absorb energy in a given collision. A small
obstacle that can accept the loads delivered to it by the crushing energy-
absorbing components without failure is a much more severe threat than a
larger obstacle which will involve more collision protection components.

Another key parameter in the design collision is the velocity with

which the craft moves toward the obstacle. The collision energy Ecraft

which must be absorbed to stop the craft is defined by

B g = 1/2 WV (5)
where V is the collision velocity component in the direction of the obstacle,
and M is the mass of the craft. Note that the energy is a function of the
square of the velocity. It may be appropriate to define separate design
collision velocities for separate regions on the craft. For example,
higher velocity collisions are more likely on the bow than on the side

peripheral structure.




Another point is that the most severe collision is such that the
resultant of the crushing forces is directed toward the center of gravity
(CG) of the craft. In other words, the collision is most severe if the
obstacle contacts the craft dead center on the bow or on the side at the
longitudinal location of the craft CG. A collision which occurs eccentric
to the CG tends to rotate the craft horizontally. The effect is to reduce
the effective craft mass since some of the translational energy which would
have been directed at the obstacle is converted to rotational energy and
is no longer involved in the collision. Of course, the resulting craft
motions could easily result in a second collision at comparable or even
higher velocity on a different region of the craft. Note that oblique
impact (discussed earlier) and eccentric impact are not the same. Oblique
impact is an impact at an angle other than 90 deg to the impacting craft
surface. Since crushing force resultants are normal to the impacting sur-
face, the oblique impact may or may not be an eccentric impact depending
on its location on the craft.

When the kinetic energy of a 500-ton ASEV moving at 100 knots 1is
compared with the collision protection potential, it is quickly seen that
it is unreasonable *to attempt protection for these conditions. Instead, a
more reasonable collision design velocity should be defined, recognizing
the necessity to reduce speed in high collision danger regions and to
develop techniques and procedures for reducing the impact velocities when
collision is unavoidable.

An evaluation of the energy-absorbing capability Ecap of a peripheral

structure against a design collision is made with the following equation:

Ecap =§J‘ F, dx (6)
€ Leff

where FC is the crushing force of an individual collision protection
component,

NC is the number of components assumed to act in the design
collision, and

Leff is the effective component length.




If the energy-absorbing characteristics of the element are ideal, that is,
if the crushing force is a constant through the effective element length,

then Equation (6) reduces to
(7)

Since the design collision defines the collision velocity and since
the mass of the vehicle is known, the design collision defines the required
collision energy Ereq' In an acceptable coliision protection design, the
energy-absorbing capability of the protection structure should equal or
exceed the required collision energy. The design collision should also
specify obstacle size which indirectly defines the number of components
that would act in the collision. The component may therefore be designed
by selecting a component crushing force and an effective length to satisfy

Equation (8):

E
reg
e Lgpe 2 N_ (8)

F

The ability of the primary structure to accept loads from the pro-
tection system without damage limits the value of the crushing load FC.

It is perhaps wise to impose some factor of safety on the crushing load to
ensure no damage to the primary structure.

Since Fc and the required energy absorption per component are known,
the effective length and therefore the real component length can be defined.
The component is actually a configuration of energy-absorbing elements,
however, and the crushing force in each element is defined by the configura-
tion geometry. For a configuration such as that shown in Figure 12, the
relationship between component and element crushing forces is:

F. =N, (cos o) F, (9

crushing force of the component,
crushing force of each element,
number of elements per component, and

angle between the elements and the axis of symmetry.
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Individual elements may now be selected since the eiement lengths

and the element crushing force are known. A closed fnrm solution is:

_ 0.0523m> gR

26 L2 FeL2
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Equation (10) is derived from Equations (3), (4), and (5). Since it is
desirable to ensure that Euler buckling does not occur, a factor of safety

on the allowable length should be used: L = (F.S.) x L.

allowable

However the closed form solution is difficult in that it involves
the solution of Equation (10) for R. Instead, an iteration process may be
used or the solution selected from tables prepared with the aid of the
digital computer for a range of parameters and conditions.

Computer program COLIDE can be used to prepare parametric tables for
a range of allowable element crushing forces. A description of the computer
routine is presented later in this report. Appendix B is a sample of the
output from this computer program for the case where the allowable element
crushing force is 20 kip. The table is entered with the element length to
obtain a design.

A study of the variance of the parameters of the table reveal a few
interesting features. Note that as the ratio of R/t decreases, the energ