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SHOCK TESTING

SHOCK TESTING TO SIMULATE RANDOM
VIBRATION PEAKS

J. A. Bailie
Lockheed Missiles & Space Company
Sunnyvale, California

Many items of equipment in a variety of vehicles are subjected to both
shock and short (nonstationary) bursts of random excitation. It is com-
mon practice to analyze these latter events as though they were station-
ary and measure their severity in terms of spectral density of acceler-
ation. The errors involved and difficulties of doing this are reviewed.
Actually, short bursts of random vibration are similar to random
shocks, particularly when the failure, if any, is due to the single highest
peak (SHP) of the response, rather than to fatigue.

The importance of the SHP as a measure of damage is also discussed.
When it is the correct damage criterion, we should attempt to control it
and not spectral density. Since the SHP is a random variable, we can-
not control it using random excitation, hut we can with shock tests,

For systems with a single degree of freedom, or those whose sensitivity
to damage is known to be confined to a narrow frequency band, the solu-
tion is simple, once the statistical distribution of the SHP is known.
Available experimental and theoretical data are reviewed, Using the
prescribed percentile of the SHP distribution, the shock test as severe
as the random excitation is derived. In certain cases, when both sta-
tionary random and shock tests are prescribed, the former can be elim-
inated by deriving a shock test whose highest response peaks at each
frequency envelop those of both original tests.

The situation with multi-degree of frcedom systems is shown to be
significantly more difficult and not amenable to one method of solution,
A technique is introduced for extending the results to these situations,
Preliminary results obtained on a analog computer for the two degree
of freedom system are presented to illustrate certain trends,

There is good reason to believe that the ideas outlined can be used to
perform tests that reproduce the damaging potential of certain events
more accurately, thereby saving money in acceptance testing by elimi-
nating some of the tests presently being conducted,

INTRODUCTION

The measurement of power spectra of sta-
tionary random phenomena and their use in test
specifications is part of the scientific litera-
ture; see, for example, Refs. (1) and (2). Simi-
lar progress in the field of nonstationary phe-
nomena has been much slower due to the
inherent difficulties of dealing with processes
whose statistics are time dependent. Neverthe-
less, some advances have been made by Caughey
(3), Bendat and Thrall (4), and many others.

However, these papers deal primarily with
sources of excitation that are long, compared
to the natural periods of the systems, and with
systems whose characteristics change rela-
tively slowly. There exists a third type of ex-
citation, which can be heuristically described
as "'short bursts'' of random vibration. Their
duration is less than a few seconds and typical
examples are the firing of small rocket motors,
staging of launch vehicles while the upper stage
rocket motor is firing into the interstage, and
rapid passage through turbulent regions,
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earthquakes, etc. This type of phenomenon can-
not be adequately handled by the methods out-
lined in Ref. (1), because of its highly transient
nature. We shall now discuss a few ideas that
enable us to deal approximately with these
events, and show how test specifications can be
written to ease the problems of simulating in
the laboratory the damaging potential of the
events.

SINGLE HIGHEST PEAKS AND
THEIR IMPORTANCE

In many structures and items of equipment,
the parameter that decides whether or not fail-
ure occurs is the single highest stress (accel-
eration) peak that the structure sees during its
service life. This is particularly true of brittle
components and those sensitive to a single large
load, rather than the cumulative effects of many
loading cycles. In dealing with stationary proc-
esses, the single highest peak (SHP) seen in a
finite time is obviously a random variable and
for a simple oscillator its distribution has been
sclved approximately by Aspinwall (5), whose
theory agrees reasonably well with the experi-
mental data obtained on an analog computer by
MacNeal and Barnoski (6).

For the short burst random process, with
which we are primarily concerned here, there
does not appear to be much hope at present of
finding a theoretical solution to the distribution
of the SHP. For this reason, a preliminary
study was conducted to find this distribution
using an analog computer. The results (6) will
be discussed later. In simulating stationary
random phenomena, or any other test for that
matter, we exercise control over the important
parameter, in this case spectral density.
Therefore, in situations where the SHP is the
important parameter, we should control it, but
this is not possible when using short bursts of
random vibration in the laboratory. Therefore,
some test that enables us to control the SHP
should replace the random test.

SHORT BURSTS OF RANDOM
EXCITATION

Highly nonstationary inputs are the most
likely situations where the response peaks are
important. If one considers short duration
random processes as limiting cases of station-
ary processes and uses spectral density as the
measure of severity, troubles immediately
arise from two different sources. First, the
computation of spectral densities and even rms
levels becomes progressively less meaningful

as the duration decreases. Second, simulating
the events in laboratory vibration tests pre-
sents serious difficulties and there is a high
probability that the transients which result from
switching the shaker on and off far exceed the
levels applied during the actual test. Hence,
any failures that occur are due to these tran-
sients and not the true environment. Another
significant point is that for long durations of
stationary processes, the SHP that has a pre-
scribed probability of occurrence does not
change much as a function of the test duration
(Figs. 1 and 2). In other words, the curve of
SHP vs T* has a steep slope for small T* and
becomes less so as T® increases; controlling
the spectral density is the correct thing to do,
since the SHP problem is automatically fairly
well simulated.

One of the foundations of conventional sta-
tionary random process theory is the ergodic
hypothesis that entitles us to replace ensemble
averages by time averages, etc. For this type
of event we should reject this hypothesis and
treat the events as true nonstationary proc-
esses. One might well ask, "Why not conduct
nonstationary random tests on flight hardware ?"
The reason, of course, is that one cannot con-
trol the SHP produced by such processes; it is
a random variable. If we assume that, in the
laboratory, the nonstationary excitation is pro-
duced by multiplying the stationary random
process by an envelope function (Fig. 3), the
variation in SHP from one test to another in-
creases as the sampling interval (test duration)
decreases. Regardless of the method of gener-
ation of the excitation, this conclusion must
hold for truly random processes. When we are
conducting qualification or acceptance tests,
this large variation in the important response
parameter is clearly undesirable, as it can re-
sult in a wide variation of the quality of the
hardware that passes the test. We have enough
trouble setting the peak we want without using a
test whose peak cannot be controlled.

These are the main reasons why the shorter
the bursts of random excitation, the less desir-
able it is to use them in laboratory qualification
and acceptance type testing. Our discussion
also indicates why these environments are sim-
ilar to the conventional shock test in which we
are concerned with the peak response to a de-
terministic input. In fact, if we blindly accept
the SHP as the only damage criterion, it is an
academic question whether a prescribed level
is produced by a short random burst or a con-
ventional shock test. However, many compn-
nents’ failure level depends, to some extent, on
the frequency content of the excitation. (See
Ref. (7) for further discussion of the cause of
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failures due to shocks.) Hence, for short bursts
of random vibration and components that are
sensitive to SHP there are a number of reasons
why we should proceed as follows in determin-
ing the test level:

1. Obtain the probability distribution of the
SHP? from test data, analog simulation, etc.

2. Decide on the probability of failure that
is acceptable or whatever risk one wants to
take about the component (2).

3. Find the SHP level that corresponds to
the probability level selected in step 2 and con-
duct a shock test that produces this level.

So far we have implicitly assumed a single
degree of freedom system or at least one in
which only a single mode is really important.
For multi-degree of freedom components the
situation is clearly much more difficult as the
SHP is a function of the responses in all the
modes unless the excitation is narrow band.
However, rather than attempt to subject the ex-
citation data to spectral analyses, it is far bet-
ter to obtain shock spectrum analyses in the
conventional manner. Because of the inherent
stochastic nature of the data, we expect the
shock spectrum level at each frequency to be a
random variable. When sufficient data are
available tc obtain estimates of the distribution
at eacl: frequency of interest, we can select a
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level which has a prescribed probability of be-
ing exceeded. A curve through these points can
be used as the test level, but it is clearly con-
servative when failure is due to the response in
more than one mode because in doing this we
have assumed complete correlation between the
levels at all frequencies. This test gives an
excessive SHP and is certainly not the only way
of selecting the test level.

The question that now arises is ""How do
we select a shock spectrum that yields the re-
quired SIUP and the correct (requency distribu-
tion of excitation energy ?'' There does not ap-
pear to be a simple way to answer this because
of the lack of complete correlation of the times
of various modes reaching their independent
peaks, and judgment is needed.

The three important characteristics that
the test spectrum should exhibit are: (a) the
desired SHP, (b) approximate simulation of the
frequency content of the excitation, and (c) ca-
pability of the shaker to produce the shock
spectrum. It is not practical or worthwhile to
attempt a closed-form solution because of the
wide constraints imposed by conditions (b) and
(c); no one solution is optimum for all situa-
tions.

There is no doubt that in many practical
examples the shock spectrum levels at different
frequencies will be only slightly correlated. In
these situations, the simulation of the environ-
ment presents serious difficulties. If we pro-
ceed as just suggested for the case when the
spectrum levels are well correlated and shape
our test spectrum as proposed, the following
difficulties can occur. The high peaks of some
of the spectra can be above the test spectrum,
and in these regions of the frequency domain
the test is not severe enough. If the failure is
due to the SHP and is the sum of the responses
in many modes, this is not too serious. How-
ever, if the failure is due to the response in
one mode, the test can be significantly uncon-
servative.

This type of problem is not new in vibration
testing, being virtually analogous to the old ar-
gument in stationary random testing as to
whether the test spectrum should simulate the
rms level or envelop the peaks that have a given
probability of being exceeded. It appears that
we are usually somewhat conservative and tend
towards the use of the latter criterion. Also,
we do not pay any attention to the correlation of
the peaks of the response modes. Clearly there
is no hard and fast set of rules that can be ap-
plied in every situation and the penalties in

cost, schedule, reliability, etc., should be con-
sidered (2).

EXPERIMENTAL DATA ON SHP
RESPONSE OF SIMPLE SYSTLMS

The program to obtain preliminary data on
this problem was carried out by MacNeal and
Barnoski on an analog computer (6). Broad-
band stationary random noise and the output of
an envelope generator were passed through a
multiplier to obtain the nonstationary excitation.
Figure 3 shows a typical example of the excita-
tion. This input was used to excite the electric
analog of both single and two degree of freedom
systems which were at rest when the excitation
started. The SHP was measured and the test
was repeated 100 times for each set of parame-
ters to obtain data on the distribution of the
SHP. Barnoski (8) has since repeated the work,
obtaining more data points to define the distri-
bution better, but his data are not yet generally
available. The data for the single degree of
freedom case have been presented in Ref. (9).
We shall now discuss typical results from Ref.
(6); this work is only the initial step and much
remains to be done.

The first point to note is that the SHP is
presented as a factor of the rms level, which is
desirable only when one is using a stationary
process, to obtain the nonstationary excitation
in the manner outlined above. In physical non-
stationary processes of this short burst variety,
the rms level fluctuates from one test to an-
other and, hence, variations in a, the ratio of
SHP to rms levels, reflect changes in both SHP
and rms. For very short duration inputs, rms
is not too meaningful. So one should then work
with values of the peaks themselves.

A sample of the results for the single de-
gree of freedom is given in Fig. 1, which illus-
trates how to obtain a shock test that gives the
required SHP. As an example, if we have a
system with Q = 20, excited by a rectangular
pulse of random noise, and T* = 1.0, the level
with a 0.01 probability of being exceeded is ap-
proximately 3.30. Any shock spectrum which
has this level at the system natural frequency
is acceptable. However, the practically attain-
able one most closely following the shock spec-
trum of the random process is obviously the
most desirable.

The data for two degrees of freedom are
only the beginning of what is needed to define
the problem completely but are described in
the following. The SHP to rms ratio, o, was
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obtained for each of the two modes individually,
and for the complete response of the following
system subjected to the rectangular burst of
excitation: f (A) = 159 cps, f (B) = 225 or 795
cps gives f (B)/f (A) = y2 and 5, respectively;
Q = 20 for both systems and T* = f_(A)7/Q =
0.25, 0.50, and 2.00 denoting excitation dura-
tions of 0.0314, 0.0628, and 0.2514 sec. The
ratio of rms response levels, o,/0, in the two
modes was 0.5, 1.0, and 2.0.

Figures 4 and 5 show a small sample of
the data obtained. The former gives the raw
data for F (a) vs the ratio of total peak re-
sponse to the rms of the total response. The
latter needs a little explanation. The cross-
hatched areas cover a scatter in the results
that is due to two entirely different sources.
First, the ratio of the rms levels of the two

modes affects the value of a slightly. Second,
the increase in the spread for relatively large
F(a) i8 due to the small number of trials (100)
and can be removed by taking more data. The
following comments are derived from these fig-
ures:

1. The SHP behavior appears to be slaved
to the higher mode, particularly when the natu-
ral frequencies are well separated. This is due
to the larger number of cycles per unit time in
the higher mode and is illustrated in Figs. 2
and 5.

2. The ratio op/0, has a small influence
ona.

3. Figure 2 presents an interesting sum-
mary of the parameters « vs T, with the results
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SHOCKS AND STATIONARY
RANDOM TESTING

The SHP could be used as a criterion of
test severity when both shock and random ac-
ceptance tests are called for. Conducting sat-
isfactory random tests is time consuming and
expensive and the question arises: '"Which is
the most severe ?'' If the SHP causes failure of
an item that is fragile only in a narrow fre-
quency range, it is possible to eliminate the
random test on the following basis.

A shock spectrum immediately gives the
response (SHP) at each frequency of interest.
Using Aspinwall’'s work and the description of
the random test, one simply computes

T* = {,T/Q, where T is now the duration of the
test, and decides the risk one wishes to take
(Fig. 6). Once this is done, one uses Fig. 7 to
obtain the SHP at each frequency over the range
of interest. This information, plotted on the
shock spectrum curve, gives effectively a sec-
ond shock spectrum and the single test shock
should be that which envelops all the data. This
can be illustrated by an example: a piece of
equipment is to be subjected to a half sine shock
of 200 g peak and 1.0 ms duration and a random
test of 5 sec duration, whose spectral density
between 20 and 2000 cps appears as straight
lines connecting the following points:

Frequency PSD (g?/cps)
20 0.1
400 0.3
1000 0.2
2000 0.1
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The shock spectrum and the 99th percentile of
the SHP response to the above random test are
illustrated in Fig. 7. The random test certainly
produces the larger peaks at the higher frequen-
cies. If we are restricted to half-sine pulses
and want a test that envelops both tests (we
might pick the 210 g, 0.8-ms pulse), we produce
a slight overtest over a large frequency band.
Using devices such as the shock spectrum syn-
thesizer (10), this situation can be greatly im-
proved.

CONCLUSIONS

1. In certain situations, particularly short
burst of random excitation, the single highest
peak of the response is the parameter which
decides the severity (damage) and should be
simulated in tests.

2. If nonstationary inputs are used in the
laboratory, the SHP varies from test to test.
This is undesirable for qualification and accep-
tance testing.

3. Therefore, it is suggested that shock
tests can be used in place of random tests to
enable one to control th: SHP and insure its
repetition from one test to another.

4. Both ti.c experimental determination of
the SHP and the shock test to simulate the re-
quired level are relatively simple. For multi-
degree of freedom systems, both problems are
far more complex and considerable work re-
mains to be done before they are satisfactorily
solved. One of the most important causes of
difficulty is the lack of correlation of the peaks
in the response modes. However, it must be
pointed out that this defect is also inherent in
random testing.
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DISCUSSION

Mr. Fowler (TRW Systems): Do not the
tests that you ultimately select depend on the
damping of the system you are testing ?

Mr. Bailie: Yes, certainly. I should have
said that Q equals 10 was assumed for that
particular example.

10

Mr. Fowler: Normally you do not have that
information before you select the test level.

Mr. Bailie: That is perfectly true, but in
defining a shock spectrum you are faced with
exactly the same problem. So it is certainly no
worse than the conventional shock test.

e g



10,000 G SLINGSHOT SHOCK TESTS ON A
MODIFIED SAND-DROP MACHINE

Sam Marshall and LaVerne Root
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Cedar Rapids, Jowa
and
Leonard Sackett
University of Michigan
Dearborn, Michigan

A MIL-5-4456 sand-drop shock testing machine was simply and inex-
pensively modified to obtain impact velocities exceeding 100 fps for
small test items. The large drop platform was replaced by one of sev-
eral smaller test fixtures required for the particular equipment to be
shock tested. The fixture and test item are accelerated by 3/4-in. di-
ameter shock cords resembling a slingshot, The fixture is guided in
its travel by 3/8-in. diameter steel rods. The guide rods and pulley
system were designed so that the spacing between the guide rods may
be varied for different size fixture requirements. The velocity attained
is dependent on the slingshot drop height and specimen plus fixture
weight, From a 10-ft drop height, with the shock cords elongated 100
percent, the machine will accelerate a 7-1b load to a terminal velocity
of 150 fps. Pulse shape and duration are determined by the impact
material type and configuration. A brief study of some component and
equipment shock fragility levels has been performed, and a summary of

2.kl ammmb;

the data is presented.

INTRODUCTION

To keep pace with the new applications for
components and equipment, shock test levels
have steadily increased until many present-day
requirements are beyond the capability of the
more common gravity fall shock testing ma-
chines.

A need has been experienced for a shock
machine with the capability of providing high g
levels of impact. As an example, additional
shock fragility data were required for a new
component application. The data could not be
obtained using the present shock machine which
had a maximum impact velocity of 15 fps. To
acquire the necessary information, a slingshot
type testing device was improvised. The de-
vice used an existing overhead hoist, an alumi-
num table, wire guide rods, and four lengths of
1/2-in. diameter shock cord. A maximum ve-
locity of 80 fps was attained.

Another example was an aircraft cockpit
voice recorder which required shock testing to
a half sine pulse of 1000 g amplitude and 5-ms
duration. The improvised slingshot machine

was not capable of accelerating the 43-1b load

to the required velocity of 50 fps. To perform
this test and similar tests for future require-

ments, an existing MIL-S-4456 shock machine
(sand-drop) was modified to attain higher im-

pact velocities.

Several limitations and design goals were
considered:

1. Modification cost, excluding Environ-
mental Department labor, of not more than
$1000;

2. Purchased parts to cost $100 per item;

3. Total height of 14 ft;

4. A 150-fps velocity capability for light-
weight drop fixtures;

5. A velocity measuring device;

6. A versatile guide and sling system to
allow a change in fixture size without a major
machine teardown;
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7. Use of original sand-drop machine parts
wherever possible; and

8. A machine base capable of withstanding
the energy levels generated.

DESIGN AND MODIFICATION

Shock cord was chosen as the accelerating
material (1). Various sizes were priced, and
the 3/4-in. diameter cord was found to nffer
the best capability within the budget linat. This
cord was evaluated for its ability to accelerate
a lightweight drop fixture to the design goal of
150 fps. Given the requirement for a terminal
velocity of 150 fps, it was calculated, from the
manufacturer's data, that the mass load could
be increased 35 percent by extending the origi-
nal drop height of the sand-drop machine from
7 to 10 ft. Figure 1 illustrates the energies
available from these two heights. Steel angle
beams, similar to the original beams, were
used to extend the machine frame to an overall
height of 14 ft. Figure 2 illustrates the sling-
shot machine.

By using a pulley network, the single length
of shock cord appears statically and dynamically
as two cords. Two major advantages are real-
ized from this configuration. The unstretched
shock cord length can be made nearly equal to
the machine height. Forces are equalized on
both sides of the drop table when being raised
or dropped (or in the event of cord breakage),
thus removing all bending moments from the
guide rods.

A pulley diameter of 4 in. was chosen to
provide a smooth bending radius for the shock
cord. Since the bottom set of pulleys are ac-
celerated to a high speed by the shock cord,
their weight was reduced as much as practical.
Aluminum plate stock 1-1/4 in. thick was used,
and the hub was bored to remove the unneces-
sary weight. (During evaluation of the machine,
further reduction in size and weight of lower
pulleys was required.) Roller bearings were
installed in the pulleys to decrease friction.

By using small diameter guide rods, the
surface area and the friction losses are mini-
mized. If a small diameter guide rod is not
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Fig. 1. Force deflection curves of shock machine
using 3/4-in. shock corus
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precisely aligned, it can be bowed slightly by
the drop fixture without binding on the fixture.
The guide rods selected were 3/8 in. in diame-
ter, 12 ft long, and were made from cold rolled
steel.

The guide rod ends and pulley systems
were fastened to four steel plates, so that each
rod end and a pulley are on a common plate.
These four plates were clamped in a manner
that would permit continuous spacing adjustment
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Slingshot shock machine

between the guide rods. This allows the drop
fixture size and weight to be minimized for each
individual test item. Spacing limits are cur-
rently 4-in. minimum to 14-in. maximum fix-
ture width.

Because of the limited budget, it was not
possible to cut the concrete floor and pour a
seismic mass; therefore, another means of
distributing the impact forces across the 8-in.
thick cement floor was necessary. Although



not an ideal seismic mass, a 420 1b steel plate
was salvaged from a discarded vibration fix-
ture and welded in place on the original sand
box floor. The anvil and the lower pulley plates
then were attached to this steel plate.

So that drop fixtures could be quickly
changed, the two end portions (guide assem-
blies) attached to the guide rods were made
separate from the drop fixture. Each guide
assembly (Fig. 3) is attached to the drop fixture
by six 3/8-in. socket-head cap screws. By re-
moving both assemblies, the drop fixture can be
easily replaced. If the new fixture is larger or
smaller in width, the pulley and guide rod plates
then are adjusted to the proper spacing. The
guide assembly bearing surface was bushed
with oilite bushings on both the top and bottom.
(During evaluation a new material for the lower
bushings had to be found.)

Fig. 3.

Drop table assembly

The original lift motor, gear box, cable
drum, and release mechanism of the sand-drop
machine are used. The increased drop height
necessitated a longer lift cable.

Two methods of attaching the release mech-
anism to the drop table have been used. In the
one case, an eye bolt (Fig. 3), similar to that
used in the sand-drop carriage, is installed in
the center of the drop fixture. When the test
item: is mounted on top center surface of the
drop fixture, a 1/2-in. nylon rope bridle is fas-
tened to opposite ends of the fixture as shown in
Fig. 4. Major advantages of using rope are its

14

Fig. 4. Drop fixture with
nylon rope lift assembly

low mass and the nonresonant properties of the
resultant lifting assembly.

The shock cord end is coated with a 1/8-in.
thick layer of polyurethane rubber and is then
clamped to the guide assembly by two straps
(Fig. 3). Each strap is attacl.ed to the guide
assembly by two 3/8-in. bolts. The rubber prz-
vents the clamps from cutting the cord and the
end fibers from [raying.

Several safety features have been incorpo-
rated. The machine is completely enclosed by
industrial fencing, and the bottom 5 ft is cov-
ered by plywood. The release mechanism is
interlocked with the access door so the drop
fixture cannot be released until the door is
closed completely.

INSTRUMENTATION

A light-beam system (2) is used to meas-
ure the terminal velocity. This system, illus-
trated in Fig. 5, has two physicians' head lamps
as the light sources and two photovoltaic diodes
(3) as the sensor elements. Sensor elements



Fig. 5.

Velocity measuring system

are located near the impact surface and are
vertically spaced 3-1/2 in. apart. The lamps
are positioned opposite the anvil from the sen-
sors and have the same vertical spacing as the
sensors. The illumination can be varied from
50 to 80 ft-c by adjusting the lamp voltage
and/or lamp focus. The output of the sensors
drive an electronic circuit (Fig. 6) which has a
nominal output of +11 v. As shown in Fig. 7,
the voltage drops to approximately +7 v when
the upper light beam is cut off by the passing
fixture. Whenever the lower light beam is cut

TEX
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LS xX&00

Fig. 6. Light sensor circuit,
schematic diagram
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Fig. 7. Theoretical light sensor
circuit output pulse

off, the voltage rises to +15 v independently of
the state of the upper beam. Therefore, if the
electronic timer (Hewlett-Packard Model 524D
Counter with a Model 526B Time Unit) start and
stop threshold is +10 and +12 v, respectively,
the correct time interval will be recorded in-
dependent of the object size passing through the
light beams. The velocity measurement error
is estimated to be less than +5 percent. Fig-
ure 8 is an oscilloscope presentation of the
timing pulse.

Fig. 8. Oscilloscope
displayof light sensor
output pulse (0.5 ms/
div.,, 2 v/div.), time
indicated, 1.93 ms

The acceleration pulse is measured by the
system in Fig. 9. The accelerometer has been
shock calibrated by Endevco Corporation at
500, 3000, and 13,000 g. The sensitivity was
0.62, 0.63, and 0.61 mv/pk g respectively.
These sensitivities agree with the 50-cps sinus-
oidal calibration of 0.62 pk mv/pk g. The ca-
pacitance decade box is used as a variable
shunt capacitance to reduce the accelerometer
sensitivity to that desired for the particular
shock level input. The amplifier is used only
as a unity gain impedance match. The filter
bandwidth is nominally set at 0.2-cps low cutoff
and five times the expected pulse duration high
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block diagram

cutoff. The oscilloscope is operated at a max-
imum gain of 50 mv/cm.

EVALUATION OF MACHINE

The slingshot machine was evaluated for
impact pulse shape and duration limitations,
maximum velocity, and repeatability. The
present maximum velocity is 150 fps when
using a drop fixture weighing 6 1b. This is an
efficiency (meas.r2d velocity/theoretical ve-
locity) of 0.82 ana . 3 linear over the velocity
range of the machine.

Evaluation of impact materials has been
limited to 40 and less than 10 durometer rub-
ber and lead. The rubber pads consist of a
stack of 1/4-in. or 3/8-in. sheets and yield an
impact puise similar to a half sine wave as
shown in Figs. 10 and 11. A cylindrical shaped
lead pellet is used and yields a sawt h or
square shape pulse (Fig. 12), depena. .g on the
pellet dimensions. Distortion on the leading
edge of the shock pulse is decreased by reduc-
ing the initial impact area or by covering the
pad stack with a soft sponge material. Tests
performed to date have yielded shock pulse
amplitudes to 12,000 g and pulse durations from
0.3 to 40 ms.

As problems arose during machine evalua-
tion, various changes were made. High speed
movies of the pulley action showed that the
lower aluminum pulleys continued to rotate in
the downward table direction when the table was
actually rebounding. This action caused severe
cord stretch and failure at the point of clamp
attachment. Cord breakage occurred when
drops were made on 6 in. of rubber pad at
heights exceeding 4 ft. The effective mass of
the lower pulleys was decreased by substituting
2-in. diameter hardwood pulleys, which are be-
ing used with satisfactory results.
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Fig. 10. Shock pulse on 40 du-
rometer neoprene rubber pad
{8400 g and 1.2 ms at 150 fps)

After several high g shocks, the lower set
of oilite bushings sheared their retaining pins.
They were replaced with nylon bushings and
have proven to be very satisfactory. The upper
set of bushings also will be replaced with nylon.

To achieve a 150-fps terminal velocity, the
shock cord must be elongated 100 percent at the
maximum drop height of the fixture. This re-
quires that the cord be prestretched 18.5 per-
cent at the rest position. In an attempt to in-
crease the velocity, one test was made using a
cord with approximately 34 percent prestretch.
After one shock, the cord was broken in three
places. Cord life is in excess of 100 drops if
the stretch is kept less than 80 percent.

The fixture center of gravity for one test
sample, shown in Fig. 4, was not located at the
center between the two guide rods. After a few
drops, the guide rods were permanently bent
near the point of impact. When the fixture and
test item center of gravity are correctly located
at the center between the guide rods, this bend-
ing is reduced to a negligible factor,

Fig. 1l. Shock pulse on
lessthan 10durometer sil-
icone rubber pad (550 g and
5.4 ms at 30 fps)




Severe whipping of the shock cord after
impact has caused the cords to jump from the
pulley and severely damage the cord covering.
Guides have been installed at the lower pulleys
to eliminate this problem.

Failure of the accelerometer cable caused
by the jerk and acceleration of the drop fixture
has Leen greatly reduced by the use of sleeving
(Fig. J) over the cable. Each end of the sleev-
ing is clamped, thus relieving most of the force
from the accelerometer cable.

As a result of these changes, maintenance
has been reduced to a visual inspection of the
machine and a check of all bolts for tightness
after 50 to 100 drops.

Some difficulty has been experienced with
the release mechanism cable when drops are
made from heights over 5 ft. The cable will not
properly unwind from the drum unless a 75- to
100-1b load is applied to the release mecha-
nism as it is being returned to the 5-ft level.

A satisfactory solution has not yet been devised
to eliminate this problem.

Additional machine characteristics that
may be of special interest to test engineers are
as follows:

1. Velocity and acceleration, for equal drop
heights and cord stretch, are repeatable to +10
percent for any one setup;

2. The acceleration of the first rebound
impact is approximately 10 percent of the initial
impact; and

3. The shock level on the floor, 3 it from
the anvil, is less than 0.5 percent of the impact
g level.

FRAGILITY TEST RESULTS
Crystals

Two series of tests (4) were run on non-
ruggedized 33.7-Mc type CR-23/U crystals.
The first tests were performed using three
crystals, one in each axis, as illustrated in
Fig. 13. Although the crystals are normally
clip mounted, for these tests they were potted
with wax in the solid aluminum drop fixture
shown in Fig. 3. This method was verified by
potting an accelerometer in the wax and ob-
serving its pulse on a dual-beam oscilloscope
together with the pulse of a normally mounted
accelerometer. The crystals were checked for
frequency and resistance after each drop. The
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Fig. 12. Shock pulse
on lead pellet, 3 in. in
diameter and 2-1/4 in,
high (2800¢g and 1.4 ms
at 96 fps)

L]

Fig. 13, CR-23/U crystal,
axes of applied shock

B

second test series used the same testing proce-
dure with the exception that the crystals were
shocked individually and in plane 3 only. The
results of both tests are summarized in Table 1.
Inspection of the inoperative crystals showed
that they had fractured into two or more pieces.
Severe shattering of the crystal resulted when
the pulse duration was less than 3 ms.

Crystal Oscillator

The CR-23/U crystal was operated in the
third overtone mode on a metal circuit board
solid state Pierce oscillator circuit. This cir-
cuit board was potted with Sil Guard in a metal
can. Wax was used to pot the can in the drop
fixture. The transient and permanent frequency
deviations were checked for each drop. The
maximum permanent deviation was 5 cps. The
transient deviation, at the time of impact, is
given in Table 2. Inspection after drop No. 30
showed that the crystal had fractured in two
pieces.

Voltage-Controlled Oscillator

A substrate voltage-controlled oscillator
circuit was tested for permanent frequency
shift due to the shock input. The substrate was
bonded to the shock table with double-sided
pressure sensitive tape. The oscillator was
tested in each of three axes, as illustrated in
Fig. 14. These data are presented in Table 3.
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TABLE 1
CR-23/U Crystal
Drop Accel- Dura- Crys- oo Fre- Resist-
Se- eration tion tal No quency ance
quence (g) (ms) No. : (mc) (ohms)

( 1 1 33.700174 22
2 2 33.699884 23.4

3 3 33.699397 22
Reference data 4 10 3 33.700024 26.8
11 3 33.700071 23.4
12 3 33.700182 27.9
L 13 3 33.699472 31.5

1 No record ~40 1 1 33.700172 22

~25

2 2 33.699978 28.2

3 3 33.699530 22

2 85 20 1 1 33.700126 22
2 2 33.699924 28.2

3 3 33.699428 22

3 250 12 1 1 33.700118 22
2 2 33.699919 28.2

3 3 33.699428 22

4 >1100 ~3 1 1 33.700122 22

Signal clipped

2 2 33.699916 27

3 3 33.699438 22

5 >1200 ~% 1 1 33.700155 22

Signal clipped

2 2 33 699939 28.2

3 3 33.699419 22

6 1500 2.8 1 1 33.700145 22

2 2 33.699895 27

3 3 33.699370 22

7 1250 4.5 1 1 33.700154 22
2 2 33.699916 28.2

3 33.699368 22

8 2250 2.5 1 1 33.700165 22
2 2 33.699904 28.2

3 3 Inoperative -
9 1375 4.4 10 3 33.700026 26.4
10 1150 2.5 11 3 33.700045 22.8
11 680 8.4 12 3 33.700172 27.7

12 2000 1.6 13 3 Inoperative -
13 1400 5.2 10 3 33.700046 26.8

14 1500 2.5 11 3 Inoperative -
15 700 8.5 12 3 33.70018 28.6
16 1500 5.0 10 3 33.700061 26.4

17 1600 8.0 12 3 Inoperative -

18 2700 4.5 10 3 Inoperative -
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TABLE 2

Solid State Crystal Oscillator

| Transient
| Drop Acceleration Duration Axis Frequency
Sequence (9] (ms) No. Deviation
n (cps)
| 1 No record ~40 3 0
| ~25
I 2 25 40 3 0
. 3 90 20 3 0
' 4 260 12 3 230
5 240 10 3 230
! o No record ~10 3 -
| ~250
7 220 13 3 170
| 8 230 13 3 -
100 12 3 0
10 No record 3 -
11 l 230 4 3 230
12 450 6 3 430
l 13 380 3 3 530
| 14 680 1.5 3 2600
i 15 750 2 3 2200
16 250 12 2 0
17 No record ~6 2 -
~500
18 430 2 0
19 600 1 0
20 180 11 1 0
21 400 6.7 1 0
22 No record 1 0
23 260 10 1 0
24 800 2.9 1 0
25 600 4.2 1 0
26 680 4.4 1 0
27 1300 3.1 1 0
28 1460 3.3 1 0
29 850 5.4 3 930
30 >1700 ~3 3 Oscillator
Signal inoperative
clipped

19
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TABLE 3
Substrate Voltage-Controlled Oscillator
brop | Al | Dume | mee | e | queney | quens
Sequence ®) (ms) (fps) No. at2v at8 v
(Mc) (Mc)
Reference data 124.67 142.16
1 25 35 9 1 125.23 142.54
2 70 20 14.5 1 124.95 142.32
3 220 13 29.5 1 125.16 142.41
4 230 11 26 2 125.21 142.63
5 260 10 26.5 ] 125.61 143.05
6 600 4.2 26 3 125.60 143.06
7 680 4.4 30.5 3 125.61 143.06
8 1500 2.8 43 3 125.65 143.09
9 >1700 ~3 - 2 125.56 143.01
Signal clipped
10 1750 4.5 80 3 125.60 143.04

Microsolder on Aluminum Substrate

A shock test was conducted on 16 substrates
with aluminum bonding pads varying in thick-
ness from 6000 to 50,000 A. Twenty pads on
each substrate were tinned with aluminum tin-
eutectic solder and a gold-plated Kovar tab was
sweated to each tinned area, providing a total
of 320 sample bonds. The substrates were sub-
jected to one shock, in axis 2 (Fig. 14) of 6000 g
and 0.6 ms. Two of the 320 samples, on 6000
pads, failed the bond. This agreed with earlier
tests, of another type, showing that pads less
than 8000 A thick are unsatisfactory for micro-
soldering.

CONC LUSIONS

1. A terminal velocity of 150 fps has been
attained and tests are being performed at this
velocity.

2. The cost of modification was approxi-
mately $1,000.00 (fabrication of parts) plus 2
weeks of technician time (assembly of machine).

3. The machine has proven to be very ver-
satile. Three separate fixtures have been tested
and several more are in the planning stage.
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Fig. 14.

Voltage -
controlled oscilla-
tor, axes of applied
shock

The entire machine is one assembly and could
be easily moved to another location.

4. There are several contractual and engi-
neering evaluation requirements that have spec-
ified a need for the machine, indicating a high
future utilization.

It should be noted that although this ma-
chine is versatile and economical to build, it
has many limitations. It is not a substitute for
the more refined commercially available sys-
tems, but should be considered as a stepping
stone to bigger and better shock testing
machines.
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DISCUSSION

Mr. Levin (Bureau of Ships): What were batteries, capacitors, and crystals, but the only
some of the results of testing various compo- testing that has been carried out to any extent at
nents, such as the 23U crystals or any of the this time was the one that I showed on the crys-
very small components ? tals. There will be a company report which

will contain more compenent data. If you would

Mr. Marshall: Idid not present any of care to write to any of the authors at Collins,
these results here because we have not done we will send it. I do have some preprints of
enough testing to set up a failure point. We the paper too, if anyone is interested.

have too few samples. We are testing some
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SHOCK SPRINGS AND PULSE SHAPING
ON IMPACT SHOCK MACHINES*

Richard O, Brooks
Sandia Corporation
Albuquerque, N, M,

Results are discussed of an investigation conducted to find materials
and practical shock spring designs that can be used to produce differ-
ent shock pulses on impact shock machines. Various materials and
design configurations were experimentally evaluated to determine
through what ranges of stress, energy absorption, and initial strain
rates materials could be used to produce classical pulse shapes such
as the half-sine, triangle, haversine (sine-square), and parabolic cusp,
Springs were designed for particular shock test conditions from this
information. Typical test setups and the recorded pulse shapes (both
noisy and clean) are presented.

Dynamic mechanical properties, such as stress-specific energy rela-
tionships, modulus of elasticity in dynamic compression, coefficient of
restitution, and stress wave propagation velocities were determined for
several types of polymers and plastics, In addition, for rubber spring
designs, the effect of unrestrained and semi-restrained boundary con-

ditions on pulse shape are shown,

Three different designs of liquid
shock springs and their pulse shapes are discussed. |

INTRODUCTION

Shock pulse generation is a major problem
in the field of mechanical shock testing. The
test cngineer often does not have either the time
or the material to develop a requested pulse
shape accurately on a particular shock machine,
so he generates an acceleration pulse which has
only the required amplitude and duration. More-
over, marked differences between recorded and
reported pulse shapes are frequently found if
the pulse shapes generated by several labora-
tories throughout the country are examined and
normalized. For example, the recorded pulse
shape may appear to be a parabolic cusp but is
classified as an approximate half-sine. Conse-
quently, if a shock test is requested, and a cer-
tain shape is specified but a different sharnc is
generated, the test item will probably not be
subjected to the same "damage potential' as it
would under the requested shock test. There-
fore, an investigation was conducted (1) to find
suitable materials and practical shock spring
designs for good test setups in the generation
of several clean symmetrical pulse shapes for
a variety of shock tests on different impact

shock machines. This paper presents the re-
sults of that investigatior.

CLASSICAL PULSE SHAPES

The investigation was concerned with the
generation of four classical symmetrical
shapes, half-sine, triangle, haversine, and
parabolic cusp (Fig. 1). Mathematic expres-
sions for these shapes are given in the Appen-
dix. In Fig. 1, the widths are normalized at the
10 percent level of the maximum amplitude of
the pulse (2, pp. C-9, C-15) because points of
intersection are easier to locate than points of
tangency. If a recorded pulse shape is suffi-
ciently distorted (e.g., the amplitude equal to
five times the width in dimension), one classi-
cal shape can be made to look like another.
The classical pulsc shapes differ from each
other in their area (velocity change) and in the
rise and fall times between the 10 and 90 per-
cent levels of the maximum amplitude of the
pulse (2, pp. C-9, C-15). It can be shown that
as a pulse shape changes from half-sine to
haversine to triangle to parabolic cusp, the

*This work was supported by the United States Atomic Energy Commission,
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Four normalized
symmetrical pulse shapes

Fig. 1.

respective areas steadily decrease and the rise
and fall times increase.

The shock effect of a particular pulse shape
on a linear single degree of freedom system can
be examined from the shock spectra; the effect
from a second shape can be made the same as
the effect from the first by adjusting the ampli-
tude and/or duration of the second pulse shape
(3; 4, Ch. 8).

The half-sine and triangle shapes are fre-
quently seen in specifications. The haversine
is sometimes called a sine-squared shkape or a
versine shape if the normalized amplitude is
multiplied by two. This shape generally results
when a noisy half-sine pulsc is cleaned by using
certain techniques in the shock spring design.
The parabolic cusp is rarely specified: it oc-
curs when well-known shock mitigating or pack-
aging springs are highly compressed during a
shock test. The amplitude of the cusp is hard
to control accurately since there is so little
area near the peak. The haversine is the only
one of these four pulse shapes that can be both
described mathematically and actually gener-
ated. The other shapes can only be approxi-
mated because of discontinuities in their pro-
files that arc always smoothed or rounded in
actual shock tests. The haversine, therefore,
is an excellent shape for a test specification.

The investigation was limited to generating
these shapes on impact machines using resilient

materials because these machines are frequently

encountered in laboratories and are quite ver-
satile for pulse shaping purposes. A typical
impact machine is shown in Fig. 2. Two basic
problems in classical pulse shape distortion

can exist vith this type of machine. First, hit-
ting a stationary shock spring surface with a
moving carriage surface may have a violent
effect on the cleanness of a recorded pulse, es-
pecially when the impact velocity is large. The
impacted edge of the spring experiences a high-
acceleration short-duration impulse to make its
velocity equal to the carriage velocity, causing
stress waves to be propagated and reflected
back and forth in the spring and the carriage.
These waves produce ringing (high-amplitude
high-frequency vibration) on the basic pulse
shape generated as the shock spring is com-
pressed. A similar ringing phenomenon occurs
if the shock spring is mounted underneath the
carriage; then the velocity of the spring's lower
edge at impact suddenly becomes zero. If clean
pulse shapes are to be obtained, this ringing
must be suppressed. Second, a spring design
suitable for a certain pulse shape and shock
condition generated on one machine may not be
suitable for the same condition generated on
another machine unless the relationships be-
tween the test item weight, fixture design, and
carriage weight are kept similar. Significant
feedback forces and undesirable interactions
are apt to occur when a relatively large test
item is riounted on a small carriage.

CARRIAGE —”— ' GUIDE RODS
INITIAL l 1
VELOCITY (- I
[ | TEST ITEM
1 4 FIXTURE
THIS SURFACE E SUPPORT
MUST QUICKLY
REACH I
CARRIACE I3 |
VELOCITY . —_t i STATIONARY
AT IMPACT L4 Ll §f sHocx
SPRING
IMPACT
L Block
Fig. 2. lmpact shock m ‘hine
NOMENCLATURE
A Spring area (sq in.)
A Effective piston area (sq in.)

P

a Acceleration (g, in./sec/sec)



a Maximum (faired) acceleration ampli-
tude of the shock pulse (g, in./sec/sec)

B Apparent dynamic bulk modulus of con-
tained material (psi)

E. Dynamic modulus of elasticity during
compression (psi)

t Low bandpass electrical filter upper
cutoff frequency (kcps)

k Spring rate (Ib/in.)

L Spring length (in.)

A Total impacting mass (Ib-sec?/in.)

0 Volume of contained material (cu in.)
R Coelfficient of restitution

S Stress corresponding to the maximum

(faired) amplitude, a_, of the shock
pulse (psi)

t Time (ms)

t, Duration measured at the base line of
the shock pulse (ms)

(3 Duration measured at the 10 percent
level of the maximum (faired) amplitude
of the shock pulse (ms)

t Rise time measured between the 10 and
90 percent levels of the maximum
(faired) amplitude of the shock pulse

(ms)
v Spring specific energy (in.-1b/cu in.)
v Velocity change (area) of the shock
pulse (g-ms, in./sec)
v, Carriage impact velocity (in./sec)
v, Carriage rebound velocity (in./sec)
Subscripts
1.2 First condition, second condition, re-
spectively

EXPERIMENTAL SETUP AND
MATERIAL INVESTIGATION

The dynamic mechanical properties of re-
silient materials which might be used as impact
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springs for shock tests were investigated be-
cause materials used to generate good desired
shapes under certain conditions did not gener-
ate good shapes under different conditions, and
the literature provided little information on
how a material might behave during dynamic
compression.

Materials were selected on the basis of
their static properties and their availability.
The work, in general, consisted of determining
ranges of stress, energy absorption, and initial
strain rates through which various materials
could be used to produce the different classical
shapes. This information could then be applied
to particular shock test conditions.

In setting up the experiments, one end of a
shock spring of known dimensions was placed
against a rigid support, and a carriage of known
weight was impacted onto the spring. The car-
riage acceleration-time history was monitored
and carriage displacement~-time history was
either monitored or determined by integration
of the shock pulse. (It was assumed that the
acceleration of the carriage was caused entirely
by the spring force for all tests.) The impact
and rebound velocities of the carriage were de-
termined independently. The net velocity change
of the carriage was compared to the area under
the recorded shock pulse to check instrumenta-
tion accuracy. Each test condition was per-
formed three times, and averages were deter-
mined when measurable differences were
encountered.

Each acceleration-time history was moni-
tored by a piezoelectric accelerometer. Its
output signal was fed into a cathode follower
whose output signal was photographed on a
cathode-ray oscilloscope. In general, all os-
cilloscope records were unfiltered electrically.
When an electrical filter was used, it was
placed in the circuit after the cathode follower.
The filter was a Gaussian low bandpass type
(4, ch. 19, pp. 86, 87) whose upper cutoff fre-
quency selection (gain, -3 db) was governed
arbitrarily by the shock pulse rise time shown
in Eq. (1).

5
fo2 ¢ (1)

where f_. is the upper filter cutoff frequency

(kcps), and t, is the shock pulse rise time (ms).

To classify the shape of a recorded pulse in a
shock test, a close comparison of the normal-
ized recorded pulse and the classical pulse was
made.

-



Rubber

Rubber is probably the most common type
of material used for pulse generation on impact
shock machines. It is also a material whose
dynamic mechanical properties differ consider-
ably from its static properties. Fastax movies
taken of rubber pads during a shock test show
that rubber experiences a significant radial
velocity perpendicular to the longitudinal or
compression direction. The lateral dimensions
can increase over 100 percent, depending on
th~ boundary conditions. This effect does not
ccour as severely during static compression.

Figure 3 indicates the different pulse
shapes, amplitudes, and durations recorded
when two neoprene rubber pads (50 Durometer
A) were used on one shock machine. One pad
(7.6 in. diam. by 1.4 in. thick) was bonded to an
impact block. The other pad (7.6 in. diam. by
0.7 in. thick) was bonded to a carriage weighing
227 or 265 1b. The free mating surfaces of
each pad were slightly convex. As the kiretic
energy absorbed by the material was increased,
the shape of Pulses 1, 2, and 3 changed from
haversine to half-sine to triangle, respectively,
and the shock duration continually decreased.
Equipment limitation prevented the application
of higher energy levels. As the impact velocity
was increased for Pulses 1, 2, and 3, respec-
tively, the amount of high frequency ringing also

increased. Pulse No. 3 was cleaned mechani-
cally with a 4-in. square by 0.5-in. thick me-
dium sponge rubber pad placed in series with
the neoprene. Pulse No. 4 was then obtained
with about a 5-percent change in both amplitude
and duration. Pertinent spring mechanical
properties, stress, specific energy, and initial
strain rate for each test are shown. (Specific
energy is defined as the ratio of kinetic energy
absorbed by the spring to the spring volume;
initial strain rate is defined as the ratio of
carriage impact velocity to impact block pad
thickness.) The coefficient of restitution of the
spring assembly was 0.84 for Pulse No. 1 and
0.71 for Pulse No. 4. (This coefficient is de-
fined as the ratio of carriage rebound velocity
to impact velocity.)

Energy levels above those shown in Fig. 3
were applied to the neoprene by two other shock
machines, but the pulses were too noisy, so
butyl rubber (30 Durometer A) was then used
as the basic shock spring material to produce
the clean parabolic cusps shown in Fig. 4. (The
96-1b carriage impacted into a composite spring
made up of materials in the following order
from top to bottom: one medium sponge pad,

4 in. square by 0.5 in. thick; one butyl pad,

4 in. square by 0.25 in, thick; and one butyl pad,
4 in. square by 1 in. thick. The sponge attenu-
ated any superimposed ringing. The 450-1b
carriage impacted into a spring made up of the

l‘\ 221 1b
CARRIAGE
50 in/sec IMPACT VEL 118 in/sec
36 in/in/sec INIT STRAIN RATEL 84 in‘infsec
190 psi STRESS 510 psi
g in-Ib'cu-in SPENERGY 4 in-ib'cu-in

265 Ib
3 CARRIAGE
203 in'sec IMPACT VEL. 263 in sec
188 iniinisec INIT STRAIN RATE 188 in in/sec
1570 psi STRESS 1431 psi

222 in-la/cu-in

SP ENERGY

1y

222 in-Ihcu-In

Fig. 3. Pulse conditions generated by typical
neoprene rubber spring assembly



396 in/sec IMPACT VEL. 612 in/sec

226 in/in/sec INIT. STRAIN RATE 307 in/in/sec
3960 psi STRESS 5140 psi

970 in-Ib/cu-in SP. ENERGY 700 in-ibcu-in

Fig. 4. Parabolic cusps from 30 Durometer A butyl rubber

following materials in the following order from
top to botiom: three Ensolite pads, each 8 in.
square by 1.25 in. thick; and two butyl pads,
each 8 in. square by 1 in. thick. The thickness
of the Ensolite, a urethane foam, was ignored
in determining an initial strain rate value, but
the sponge thickness was included. Ensolite
compressed about 80 percent before any appre-
ciable restraint was encountered.) The
displacement-time history of the 450-1b car-
riage, shown on the right, was monitored by an
optical tracking device. The slopes of the
displacement-time curve just before and just
after the acceleration pulse indicated carriage
impact and rebound velocities. The ratio of
carriage rebound velocity to impact velocity
was found to be 0.20. Instrumentation accuracy
was checked by adding the impact and rebound
velocities together and comparing them to the
area under the acceleration pulse. Less than

2 percent difference was found. During the
shock, the spring assembly compressed from
5.75 in. to 0.5 in. Pulses such as those shown
in Fig. 4 will cause less '"damage potential" to
a test item than will a half-sine pulse of the
same amplitude and duration.

An attempt was made to improve some
pulses produced from rubber by imposing a
semi-restrained boundary condition on the
spring (Fig. 5). Eight dry neoprene rubber
discs (each 4 in. O.D., 1.87 in. 1.D., and 0.25 in.
thick) shown in the upper part of the figure were
stacked freely in series and then topped by an
aluminum disc and a 0.06-in. thick felt pad.
The felt smoothed the pulse start, and the alu-
minum disc prevented interaction between the
felt and rubber during the shock. The spring
assembly in the lower part of the figure was
made from eight similar rubber discs bonded
with Epon VI to eight aluminum discs in series

27

and topped with felt. Figure 6 shows the pulse
shapes generated on the same machine by these
two spring configurations, with both test setups
having the same initial strain rates and specific
energy levels. The stress level of the bonded
spring almost doubled the stress level of the
free spring but the pulse shape became more
nonsymmetrical. The coefficient of restitution
for either design was 0.50. The spikes on the
upper trace in each record are carriage dis-
placement marks caused by a different carriage
pin interrupting a stationary light beam photo-
cell circuit. The distance between pins and the
sweep rate of the oscilloscope were used to
calculate the impact and rebound velocities
(accurate within :+4 percent) and displacement-
time histories of the carriage during the pulse
(accurate within :6 percent).

Polymers, Plastics

Besides neoprene, two polymers evaluated
were Adiprene, a polyurethane elastomer (hard
formulation), and Diene, a stereospecific poly-
butadiene synthetic rubber mixed with mineral
oil (30 percent by weight). Plastics evaluated
were Teflon, polyethylene (soft and hard), poly-
propylene, Delrin (an acetate resin), vinylidene
chloride, and a laminated phenolic identified as
NEMA Grade LE MIL-P-79B, Form R, type
FBE.

All spring materials were cylindrical and,
depending on their size, carriage weights of
either 12, 90, or 220 1b were used. The weights
were capable of impacting at velocities up to
120, 780, and 300 in./sec, respectively. Data
were obtained for the mechanical properties of
each material by selecting a carriage mass, a
particular spring, and then increasing impact
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FREE LAMINATIONS
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Fig. 5.

velocities until either the pulse was distorted
from a normalized half-sine shape or the ma-
terial failed. When a particular shock pulse
was too noisy, it was cleaned sufficiently so
that a definite faired amplitude could be deter-
mined. Faired amplitude is the smooth ampli-
tude throughout the recorded pulse when the
unwanted frequencies superimposed on the pulse
have been eliminated graphically (2, pp. C-6,
C-15). The noisy pulses were generally filtered
mechanically by adding nonlinear and highly in-
elastic material, such as felt or free Diene, in
series with the more linear spring material.
Sometimes a recorded noisy pulse was electri-
cally filtered to attenuate the amplitudes of the

FREE LAMINATIONS

AMPLITUDE 859
RISE TIME 7.8 ms
DURATION 16.0m

CARR IAGE
21l LBS

NEOPRENE RUBBER
50 DUROMETER A

BONDED LAMINATIONS

FELT

e

Rubber spring having different boi:ndary conditions

superimposed high frequencies. At other times,
both mechanical and electrical filtering were
employed. In any case, the allowable attenua-
tion of the maximum faired amplitude of any
pulse after cleanup was 5 percent or less. In
Fig. 7, for example, the left-hand record shows
a very noisy pulse (electrically filtered at 10
keps) of approximately 1.5 ms duration having
an unknown maximum faired amplitude and rise
time. A significant 4-kcps superimposed fre-
quency having some harmonic content can be
seen, but the basic pulse shape is not discerni-
ble. By employing a low-pass filter having
5-kcps cutoff (center record, Fig. 7), the 4-kcps
frequency was not significantly attenuated so a

BONDED LAMINATIONS

o
AMPLITUDE 160g
RISETIME l.6ms
DURATION 6.6 ms

1900 psi STRESS 3600 psi

337 in-Vcu-in  SPECIFIC ENERGY 337 in-Ibicu-in
70 in/in/sec INITIAL STRAINRATE 7o in/in/sec
152 in/sec IMPACT VELOCITY 152 in/sec

Fig. 6. Comparison of recorded pulses generated
by frec and bonded laminated rubber spring
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ALL PICTURES - 100g/MAIOR DIV; 1 myMAJOR DIV

ELECTRICALLY FILTERED:
UPPER CUTOFF = 10 KCPS

ELECTRICALLY FILTERED:
UPPER CUTOFF =5 KCPS

ELECTRICALLY FILTERED:
UPPER CUTOFF = 10 KCPS

MECHANICALLY FILTERED:

FELT LENGTH

PLASTIC CYL LinGTH 0 ®

Fig, 7. Noisy pulse records

maximum faired amplitude of 480 g was meas-
ured. However, since the filter cutoff frequency
did not meet the requirements of Eq. (1), a com-
bination of both mechanical and electrical fil-
tering was tried (right-hand record, Fig. 7).
About 4 percent attenuation of the maximum
faired amplitude and about 7 percent loss in
coefficient of restitution occurred. The ampli-
tude of the 4-keps superimposed frequency was
quite attenuated, indicating that the electrical
filter was not necessary. The right-hand rec-
ord (Fig. 7) was found to be a slightly noisy

but satisfactory half-sine pulse. Further pulse
smoothing for this test condition would have
produced a haversine shape.

Figure 8 shows specific energy-stress re-
lationships of five of the materials investigated.
Plotting stress-specific energy data on log-log
scales revealed that materials behaving as
quasi-linear springs (i.e., having constant
moduli of elasticity with increasing stress lev-
els) produced a constant slope equal to that in-
dicated by the dashed line and that they gener-
ated half-sine pulses. The solid portion of the
curve for each material represents the range
of quasi-linear spring behavior, though the ma-
terials were also tested in regions shown by
the dotted lines. The modulus of elasticity for
a quasi-linear spring material can be found
from Eq. (2):

S? 2
R T &

where

E. = modulus of elasticity in dynamic
compression (psi},
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S = stress corresponding to a shock pulse
maximum faired amplitude (psi), and
U = specific energy (in.-1b/cu in.).

The modulus of elasticity of the vinylidene chlo-
ride used to generate the right-hand pulse in
Fig. 7 was 354,000 psi from the calculated dy-
namic stress-strain curve of the shock pulse
and 350,000 psi from Eq. (2).

9

In Fig. 8, the regions where the slopes of
the stress-specific energy carve for any mate-
rial were greater than that indicated by the
dashed line corresponded to shocks that pro-
duced either a haversine or triangle shape.
Slopes less than that indicated by the dashed
line corresponded to shocks where the material
yielded. Yielding is not a major problem if
only a few shocks are involved, but many shocks
in a particular stress range may cause a spring
dimension change and, eventually, a shock pulse
change. Only Delrin and vinylidene chloride
produced half-sines while the spring yielded.

Table i summarizes some mechanical
properties of the polymers and plastics when
they generatcd half-sine pulses without failure.
Coefficients of restitution of some materials
were affected by the types of nonlinear series
material used and the degree of nonparallelism
of the contacting surfaces during impact. Any
effects of this nature were incorporated into
the mechanical properties of the basic spring
material. The effect of different coefficients of
restitution on the elastic modulus of a material
can be estimated from Eq. (3):

3|
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Fig. 8, Stress-specific energy relationships
of several shock spring materials
TABLE 1
Mechanical Properties of Some Materials Capable of Producing a Half-Sine Pulse Shape
g — .'- T__ R T
I Initial o .

Strain | SPCCHfiC | o ticient | Maximum | Modulus of | StFess Wave
| . Energy® | d .~ | Propag: .ion
| Material Rate? : of Stress Elasticity =

ST | (ine=1by 36 . - o7 | Velocity
| (in./in., et n.) Restitution® |  (kpsi) |  (kpsi) I (5. /m)

| seg | U | | L I

Neoprene 100 5 | 0.77 T 0.6 2.8 | 3

Adiprene L-100 (hard) 26 20 0.72 0.8 | 14 12

| Free Diene 270 440 0.16 1.3 2.0 15

| Teflon 25 55 0.66 3.4 100 71

Polyethylene (soft) 70 35 0.70 1.5 30 20

Polyethylene (hard) 90 30 6.70 3.7 230 51

Polypropylene 25 30 0.54 4.7 370 65

Delrin-500 50 330 0.67 17 440 57

Vinylidene chloride 100 360 0.56 15 350 52

- Laminated phenolic 140 1100 0.77 35 550 | 65
- — UL 1 10 1 1 — ——

{ ARatio of carriage impact velocity to spring length,

Ratio of kinetic eneryy of carriage absorbed by spring to spring volume,
€Ratio of carriage rehound velocity to impact velocity.
®No visible failure of material (Diene excepted) or significant pulse distortion,
“Material assumed to be homogeneous and 1sotropic,

I
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where
R,.R, = different coefficients of restitu-
tion of a material determined
experimentally, and
E.,.E., = moduli of elasticity of the mate-

rial corresponding to R, and R,
respectively.

The properties of Diene indicate that, in a
free state and for the volume used, the mate-
rial is highly inelastic, can absorb a large
amount of energy when impacted at a high strain
rate, and is therefore suitable to suppress the
high-frequency ringing of noisy pulses. Stress
wave propagation velocities for the materials
were calculated from determined values of
moduli of elasticity and densities. The effect
of different initial strain rates on the mechani-
cal properties of the materials was of some
concern. However, varying the initial strain
rate between 23 and 128 in./in./sec did not
change the mechanical properties of hard poly-
ethylene, so it is likely that the harder materi-
als are also not affected except for pulse clean-
ness.

A shock spring for any shock pulse condi-
tion and machine can be designed from data
given in Fig. 8 and Table 1 as long as the fol-
lowing are asfrumed: maximum amplitude and
velocity change of the desired pulse, carriage
weight, material type, and coefficient of resti-
tution, Figure 9 shows an example in which a
2000-g, 1.3-ms half-sine shock pulse is to be

-

generated on a shock machine whose total car-
riage weight is 96 lb and whose impact surface
area is 50 sq in. Vinylidene chloride is se-
lected and its coefficient of restitution, 0.56,
can be found from Table 1. The necessary car-
riage impact velocity can be determined once
the velocity change of the desired shock pulse
is calculated. Spring area is determined from
available stock. The maximum expected stress
level is calculated from the relationship be-
tween spring area, carriage mass, and pulse
maximum acceleration. Figure 8 can then be
used to find the specific energy of the spring.
The volume (and thus the length) of the spring
now can be determined, since the kinetic energy
of the carriage at impact is known. Several
different spring volumes are possible, depend-
ing on the area selected. The ratio of spring
area to length essentially must be constant if
the same spring rate is to be kept, however.
The pulse for this example will undoubtedly be
noisy, but can be cleaned by using mechanical
filters.

Figure 8 for any particular setup is only
approximate. Higher coefficient of restitution
values than those shown in Table 1 shift the
curves upward, while nonlinear series springs
added for pulse smoothing shift the curves
downward. Precise location of any curve will
depend on a particular machine and test setup.
If the measured coefficient of restitution during
the test is higher than that assumed, the pulse
maximum faired amplitude will be higher, and
the duration possibly less than expected. This
effect can be compensated by reducing the im-
pact velocity necessary and/or adding a non-
linear spring (such as felt or Diene) in series
with the primary spring. Enough felt, for in-
stance, could be added to make the noisy pulse

DESIRED PULSE EQUATIONS VINYLIDENE CHLOR 1DE
HALF-SINE Y iR =0.56)
20008 ® v: 7 15, 000 ——
1.3ms 10,000 df
(AV = 6 insec) Ma -

- 2 _m STRESS
@, = T72.000 in/sec’) @ s=5- s - 3
4 Ib CARR IAGE @ 10 20 &
AND TEST ITEM v2 SPECIFIC ENERGY
(M =0.264 1b-sec’/in) ® gy tin-Ibcy-in)

TWO POSS IBLE SPRING DESIGNS

rrom (D IMP.VEL, v, =@ in/sec V, 207 insec
SELECT: AREA, Al z205% In AZ =133sg in
oM @ STRESS, S, = 1.100psi S, = 14.200psi
FROM £ IGURE: SP. ENERGY, Ul = 67 1n-1dcu-in u2 =290 in-iycu-in
rom Q@) - LENGT, L =13 L =60in

Fig. 9.

Vinylidene chloride spring designs

from stress-specific energy data
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smoother. (The felt increases the time for the
velocity of the upper surface of the spring to
reach carriage velocity at the pulse start, thus
reducing the traveling stress wave amplitudes,
see Figs. 2 and 7.) As felt is added, the pri-
mary spring length must be shortened, or the
pulse duration will increase. Generally, a
clean pulse will be generated if a felt thickness
equal to or greater than 0.06 times the primary
spring thickness is used in a test setup having
an initial strain rate of 70 to 100 in./in./sec.

Figure 10 shows the shock pulse generated
with the spring design of Fig. 9 (plastic spring
area, 13.3 sq in., length, 6 in.; felt, same area,
0.37 in. thick). The felt, in smoothing the gen-
erated pulse, madc the shape resemble neither
a half-sine nor haversine when normalized, but
produced a shape somewhere between the two.
Also shown in Fig. 10 is the calculated dynamic
stress-strain curve for the pulse. Strain is
represented as the ratio of the total defornia-
tion of both felt and plastic springs to the orig-
inal length of the plastic spring. Point A, where
the modulus of elasticity becomes constant, cor-
responds to the maxirium positive jerk location
of the recorded shock: pulse, occurring at the
565-g (4000-psi stress) level. (The maximvm
jerk for a half-sine pilse occurs at zero ampli-
tude, for a haversine, at the 50 percent levei of
the maximum amplitude.) The shape of the
stress-strain curve of Fig. 10 compares more
favorably with the general appearance of the
theoretical stress-stroin curves of a haversine
(Fig. 11) than the curve does with the general
appearance of the theoretical half-sine stress-
strain curves (Fig. 12). Further discussion of
theoretical pulse generation is found in Ref. (1).
The present example indicates, to some degree,
the problern of generating specified shapes.

Tho effect of different machine sizes or
spring designs on a shock pulse was examined

15000 ¢ . \ AND

STRES

[RAIN [

A PROKINATE
HALF - S INE

HAVER S 1Nt

using the same specific energy level and initial
strain rate. Two spring designs of the sume
materials (laminated phenolic and felt) and two
carriage weights were selected (Fig. 13). Test
results are shown in Fig. 14. The pulse shapes
were nearly the same, both resembling a poor
haversine. Stress was about 11 percent lower
than expected and velocity change 19 percent
lower with the parallel spring arrangement,
Pulse rise and fall times should have been the
same for each arrangement. A lower carriage
rebound velocity for the larger machine indi-
cated possible misalignment between carriage
and spring impact surfaces. Slight differences
in the nominal felt thickness or density also
could have contributed to the loss in coefficient
of restitution, because the ratio of felt thick-
ness to the phenolic thickness was 0.12. Since
one carriage weighed about 18 times the other
and multiple contact areas existed in one setup,
it is generally agreed that the comparison was
satisfactory.

Liquid

Another shock spring material deserving
special consideration is liquid. All liquids are
somewhat compressible and are highly elastic.
A variable rate liquid spring can be a versatile
spring, especially when a wide range of shock
durations, amplitudes, and carriage weights
are involved in testing. Three designs of vari-
able rate liquid springs are currently used at
Sandia Corporation. Two of the designs require
volume changes, while the third has a constant
volume.

One variable rate liquid spring, commer-
cially available, depends primarily on varying
the effective fluid volume in generating various
duration pulses (Fig. 15). Personnel can con-
trol the effective  nlume of fluid (spring rate)

OPt OF TH IN¢
BETV.EEN POINTIS A AND B
USED TO DETER™MINE %DD

DF ELASTICITY IN COMPTE N
394 0 p
—
)tHE REST !
—
» X

Fig. 10. Dynamic stress-strain curve of
shock spring for particular shock test
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MAX, STRESS - = = = = = =

LINEAR SPRING

DURING MIDDLES

HALF OF PULSE | /
! DOTS REPRESENT EQUAL
| TIME INCREMENTS AS \
3 MAT'L. 15 STRAINED,

STRESS

AREA UNDER EACH CURVE
10 MAX. STRAIN IS SPECIFIC
ENERGY OF THE MATERIAL

I
i
I
i
[}
]
i
MAX. STRAIN | ‘
o
1

(COEFF. REST. - b STRAIN
MAX. STRAIN
(COEFF. REST. © 0.5)
MAX. STRAIN

(COEFF. REST. = 0)

Fig. 11, Theoretical dynamic stress-strain curves
of various materials for haversine pulse generation

by rotating the piston to position an internal of a machine by mounting the spring or the base
separator. During the positioning, fluid can instead of on the carriage.
flow from one side of the separator to the other
through an open check valve. During the shock, Because the piston in a liquid spring can-
the external piston assembly is driven into the not be made completely massless, its initial
cylinder, and the check valve closes to prevent contact with a surface will cause severe ring-
rapid passage of fluid. The maximum load ing to be superimposed on the pulse. There-
rating of the spring can be maintained for any fore, a nonlinear spring must be introduced in
spring rate setting. series with the liquid spring. The company that
manufactured the changing volume liquid spring

This type of liquid spring is necessarily furnished several nonlinear springs and also
heavy for a given size because of the great advocated using other mechanical filters to
pressures contained in the cylinder during the eliminate a large amount of the noise on the
shocks. Sometimes this weight can be used to basic pulse by isolating both the liquid spring
extend the amplitude and duration capabilities and the test fixture from the carriage.

NG VISCO-ELASTIC e ngld

MAX, STRESS |- = = = = = = Nc #-\= — 5= = - - ~[- = 5
DOTS REPRESENT EQUAL

VIME INCREMENTS AS

STRESS MAT'L. IS STRAINED.

AREA UNDER EACH CURVE
TO MAX, STRAIN IS SPECIFIC
ENERGY OF THE MATERIAL

0
MAX. STRAIN | J STRAIN !
RO ST 0 L o | r
(COSFF. REST. < 0.5) MAX. STRAIN
{COEFF. REST. - 0)

Fig. 1£. Taeoretical dynamic stress-strain curves
of various materials for ha.f{.sine pulse generation
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LAMINATED LAMINATED PHENOLIC, 3.0in DIA.. 1.0in LONG

PHENO!IC FELF. 3in DIA., 0.12 in THICK
1.0inDIA , SPRING QUAN 4 EA 219 1b CARRIAGE.
0.5 in LONG.

FELT, Lin DIA.,

0.00 in THICK.

SPRING QUAN. 1EA

12.3 Ib CARRIAGE “

T 1 g g e

;] -

e aitd
s e - e
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Fig. 13. Two laminated phenolic spring setups

18 in/in/sec INIT STRA!N RATE 100 in/in/ sec
6120 psi STRESS 5420 psi

103 in-Ib/cu-in SP. ENERGY 100 in-INcu-in

219 LB CARR IAGE J
50 in/sec VEL. IMP 100 in/sec
390g MAX. ACCEL. 700g
0.90 ms DURATION 0.90 ms
0 40 ms RISE TIME 0.35 ms
2109 - ms VEL. CHANGE 340g - ms

Fig. 14. Comparisons of two different shock tests
on laminated phenolic springs
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Fig. 15, Commercial variable rate,
changing volume, liquid shock spring

One commercial spring, weighing 95 1b,
and the filtering technique have been evaluated
on two impact machines, an elastic cord accel-
erated type and a free-fall type, with the car-
riages (including test item but excluding spring
weight) weighing 100 and 250 1b, respectively.
Tests were conducted with the spring fastened
to the carriage or to the machine base. While
the spring rate range varied from 16,000 to
100,000 1b/in. at a maximum load of 42,000 1b,
the coefficient of restitution of the spring varied
from 0.9 to 0.6, respectively.

Figure 16 shows half-sine pulses at two
duration selections with the spring fastened to
the 100-1b carriage of the elastic cord acceler-
ated machine. Durations were continuously
variable between the values shown. The spring
load was about 38,000 1b. In each record, the
top trace is the acceleration measured directly
on the carriage, and the bottom trace is the
acceleration measured on a 23-1b fixture iso-
lated from the carriage by a butyl rubber pad

7 in. square by 0.12 in. thick. The fixture was
fastened to the carriage by four each 3/8-in,
diam bolts torqued to 15 ft-lb. All pulses were
unfiltered electrically, so fixture isolation
showed some improvement in clean pulse gen-
eration.

Figure 17 shows how pulse amplitudes were
increased by placing the spring on the base¢ in-
stead of on the carriage. Unfortunately, the
pulses became haversines before they were
made sufficiently clean, so the pulse durations
were longer than they would have been for half-
sines. For each case, different nonlinear
spring materials had to be used in series to
achieve the desired pulse smoothing.

Figure 18 shows the effects of two differ-
ent types of mechanical filters used to smooth
a given shock generated on the 250-1b carriage
machine. Again, all pulses were unfiltered
electrically. The left-hand picture was ob-
tained when the mechanical filtering suggested
by the company was used on a lower natural
frequency carriage than recommended. A sat-
isfactory right-hand record, however, was ob-
tained when a small cylinder of Diene (0.5 in.
diam by 1 in. long) was placed between the
liquid spring piston and the carriage. The
Diene was flattened, but immediately after-
wards was manually remolded. These records
illustrate the need for custom pulse smoothing
for each particular shock machine.

A second type of variable volume spring is
the contained Diene spring. This is considered
a liquid spring because Diene in a free state is
either quasi-solid or quasi-liquid, depending on
the time element involved, and a similarity
exists in the manner of spring material con-
tainment. In a {ree state at room temperature,
a ball of Diene (1 in. diam) flattened due to its
own weight to a puddle (2 in. diam) in 19 hr.

e—

CARRIAGE

Fig. 16. Typicai shock pulses from commercial variable
rate liquid spring mounted on carriage of elastic cord

accelerated machine



Fig. 17. Typical shock pulses from commercial
variable rate liquid spring mounted on basc of
elastic cord accelerated machine

When compressed dynamically, its coefficient
of restitution was approximately 0.16 (Table 1),
indicating material flow. When the Diene was
contained in a cylinder, its coefficient of resti-
tution increased to 0.84, as high as any other
solid or liquid spring used.

Figure 19 is an exploded view of the co.n-
ponent parts of a Diene spring. No seals were
required around the piston. The Diene was su
viscous that no appreciable leakage occurred,
nor did the piston separate from the cylinder
with rebound velocities experienced. The
spring is made by drilling a hole into a volume
of steel, fitting a piston with a clearance from
0.001 to 0.002 in., and selecting a quantity of
Diene and a thin piece of felt. Spring rate is
controlled by the piston area and by the volume
and apparent bulk modulus of Diene, as shown
in Eq. (4):

. Ap28 . (4)
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Fig. 18,

where
k = spring rate (Ib/in.),
A effective piston area (sq in.),

B = apparent bulk modulus of contained
material (psi), and

0 = volume of contained material (cu in.).

Figure 20 shows shock pulses (haversines
when normalized) produced by the Diene spring
for two different carriage weights and impact
velocities. Stresses (equal to the internal
pressures) and specific energy levels of con-
tained Diene can be compared to the same
propertics of the other materials in Fig. 8.
Contained Diene ranks along with Delrin-500,
except that higher stress levels are possible.
In Fig. 20, the apparent bulk modulus during
compression was essentially constant for the
upper half of each pulse, but differ: d in the two
setups. This change occurred partly because

MECHANICAL
FILTER NG 2

Mechanical filter effect on pulse smoothing
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Fig. 19. Exploded view of contained Diene shock spring

the felt compression during shock was consid-
ered part of the Diene compression and because
many contained materials do not have a con-
stant bulk modulus. The maximum apparent
bulk modulus for each sctup was 452,000 and
468,000 psi which corresponded to spring rates
of 327,000 and 354,000 1b/in., respectively.

The maximum load for either spring rate was
26,000 1b.

The spring of Fig. 19 was subjected to dy-
namic compression when it was stabilized at
the extreme temperatures of -65°F and +160°F.
All mechanical properties appeared to be the
same as properties at room temperature with
one exception: at -65°F, the coefficient of
restitution dropped to 0.74.
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A variable rate constant volume liquid
spring and accessory equipment are shown in
Fig. 21. Inside th: cylinder are two nonmisci-
ble fluids, such as turpentine and glycerin, with
different compressibility factors. Adjusting
the ratio of the two volumes by a pump changes
the spring rate of the liquid spring. Graduated
reservoirs indicate the partial volume of each
fluid in the cylinder.

Static load-deflection tests of one spring
containing turpentine (80 percent by volume)
and glycerin/water mixture (20 percent by vol-
ume) indicated the maximum spring rate was
441,000 1b/in. in a 60,000- to 120,000-1b load
range. Changing the partial volume of each fluid
to turpentine (20 percent) and glycerin/water

60 b
B CARR IAGE

185 'n sec CARFIAGE IMPACT VEL 56 'n sec
22 300 ps INTERNAL CVL PRESS 31,900 p

7130 in-Ih'cu 'n SPECIFIC ENERGY §95in b cu n
452 000 p.) MAX BULK MODULES 4¢8, 000 psi

Fig. 20, Shock pulses generated by contained Diene shock spring
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Fig, 21.
variable rate liquid sbock spring

mixture (80 percent) indicated the maximum
spring rate was 616,000 1b/in. in the 60,000-

to 120,000-1b load range. (The glycerin/water
mixture had a volume ratio of 4/1.) Other fluid
combinations could increase the spring rate
range, but the total available range would prob-
ably be less than that of a changing volume
spring. Actual static bulk moduli correspond-
ing to the two spring rates above were 374,000
and 523,000 psi, respectively. Dynamic tests
were perforimed and the results were compared
to the static test results. Fizure 22 shows
electrically unfiltered records of the triangle
pulse monitored directly on the carriage. Felt
(3 in. diam and 0.25 in. thick) was used between
the spring piston and the carriage. The dynamic

Constant volume, two liquid,

spring rate was found to be 77 percent of the
corresponding static spring rate. The coeffi-
cient of restitution was approximately 0.81.

CONCLUSIONS

Half-sine pulses can be generated on im-
pact shock machines, though this shape only
occurs in a limited range of stress and specific
energy levels for different materials. In gen-
eral, a low modulus material like rubber can
be used for long-duration low-amplitude half-
sine pulses, while higher moduli materials
such as found in plastics can be used to gener-
ate high amplitude short-duration pulses. Both

80% TURPENTINE 20
20% GLYCER IN/WATER 80%

220 LB CARRIAGE

260 in.sec  CARRIAGE IMPACT VEL 220 in sec
25, 000 psi CYLINDER PRESSURE 23 600 psi

640 in-iblcu-in SPECIFIC ENERGY 460 in-Iblcu-in
291, 000 psi BJLK MODULUS 399, 000 psi

Fig. 22. Pulses obtainable with constant volume
variable rate liquid spring



of these materials are relatively cheap. Liquid
springs, while more expensive, can be used
over a wide range of shock durations for a
given load. Quasi-liquid springs can be made
cheaply and appear to be similar to plastic
springs in performance. If not overstressed,
liquid and plastic springs can last indefinitely.
Unfortunately, the half-sine pulses generated
by any medium are usually noisy when the car-
riage impact velocity is greater than 100 in./
sec. The pulses can be made cleaner by plac-
ing nonlinear springs in series with quasi-
linear springs, but when this is done, the gen-
erated pulses tend to become haversines.

A triangle pulse, while often specified, is
difficult to generate because of three disconti-
nuities in its shape. When these pulses are
generated, the sharp corners are rounded, giv-
ing most triangles a haversine or parabolic
cusp appearance. Triangle shapes can be ob-
tained using rubber, polyethylene, or liquids in
a narrow range of the stress-specific energy
curves. Again, noise is a problem, and its
suppression means using an additional nonlinear
spring in series with a nonlinear spring. Of all

-

symmetrical shapes, the triangle seemed to be
the most difficult to generate.

Parabolic cusp shapes can be generated
with nonlinear springs such as rubber and En-
solite. Unfortunately, the maximum amplitude
is hard to control accurately for many shocks
even though the pulse velocity change may be
constant. These pulse shapes are usually quite
clean.

The haversine shape is the easiest to gen-
erate and is relatively free from noise over the
largest range of shock conditions. It is the only
classical shape of the four considered that has
no discontinuities in its profile. The haversine
is the best shape that could be standardized to
eliminate confusion in the identification of a re-
corded shape.

Test setup techniques and dynamic proper-
ties of several materials are now available to
design springs to produce new shock conditions
on selected machines. The use of multiple
springs in series and/or paraliel arrangements
will widen the possibilities of pulse shapes and
conditions.
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Appendix

MATHEMATICAL EXPRESSIONS OF FOUR CLASSICAL PULSE SHAPES

Half-sine:

1 't
a a \ln(ﬁ) 0 t ty
1

Haversine:

Parabolic cusp:

4a t
s ¥ — 2 0 <t .}
¢ 2 2
b
/1 )2 ty,
a  4a = - E 4 t
\ ty 2 b

where
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maximum amplitude; and

t,, = pulse duration at base line.
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DISCUSSION

Mr. Root (Collins Radio Co.): Have you
used this mechanical filtering beyond 50 fps or
so? This is where we start to get into trouble
at Collins.

Mr. Brooks: We do use it as far as 90 fps.
Eventually, we will be going up to 150 fps be-
cause the techniques will still work. All that is
necessary is to have a certain ratio of mechan-
ical filt~r length to the normal spring length.
The iatio which I have found to work in most
cases is about 12 percent. In other words, the
fiiter dimension will be one-eighth of the spring
mentioned.
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Dr. Vigness (U.S. Naval Research Lab.): 1
am not too sure that he should call this a filter
to begin with. It is just something to change
the spring constants when the impact is first
beginning. However, it might be called a filter.
It is merely a matter of semantics. Anyhow, it
seems to work quite nicely. I might make two
comments: We have often used polyurethane
for the spring material, and we find it is much
tougher than rubber or any of the other rubber-
like materials. Also, if lead or a plastic ma‘e-
rial is used and if there is a little grease or
uncleanliness on the impacting surface, the type
of impact will be changed enormously.
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SHOCK TESTING A SPACECRAFT TO SHOCK RESPONSE
SPECTRUM BY MEANS OF AN ELECTRODYNAMIC EXCITER

G. A, Gallagher
M.LT. Lincoln Laboratory
Lexington, Massachusetts
and
A. W, Adkins
[.ittleton Research and Engincering Corporation
Littleton, Massachusetts

A spacecraft is shock tested by means of an electrodynamic shaker,
using shock response spectra instead of pulse wave forms as test cri-
teria. The specified spectrum was that of a 0.4-ms, 375-g peak half-
cycle sine pulse,

Obtaining a clean pulse for 100- to 200-1b test specimens to such a
specification is virtually impossible for a shaker of 24,000-1b peak
random capacity, because damping of ringing encroaches severely on

iaker capacity. Ringing, however, contributes appreciably to the
shock response spectrum and is useful, rather than troublesome, when
the spectrum is the test criterion. Rigid body calculations would indi-
cate that the shaker was used successfully at more than eight times its
rated capacity. Such calculations do not properly represent the phe-
nomenon, although they are sometimes used,

The technique has been successfully used for shock testing a family of

items, except in ordnance testing,

ment and test setup time.,

satellites. There appears to be no alternative technique now under de-
velopment for producing high-frequency shock spectra in large test
Here again, the shock response
spectrum is used as the test criterion,
the electrodynamic shaker for shock testing are economics of equip-

Obvious advantages in using

INTRODUCTION

The short duration (0.4 ms) of the half-
cycle sine pulse specified for the Titan IIIA
shock environment necessitated development of
a new shock test technique for the Lincoln Ex-
perimental Satellite (LES) family.

Although a conventional drop test machine
would give a reasonably clean pulse for compo-
nent testing, it would not do so for the complete
spacecraft. The same difficulty was experienced
when attempts were made to shock test the
spacecraft with an electrodynamic shaker.

As is probably true in most cases, the im-
portant property of the shock was its shock re-
sponse spectrum, defined as the maximum ac-
celeration experienced by a simple resonator
subjected to a given shock, plotted as a function
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of the natural frequency of the resonator. It is
a mathematical property of the shock input and
is not related to the test specimen response (1).
The actual shock data on which the specification
was based did not remotely resemble a half-
cycle sine pulse, or any other simple pulse
form. The half-cycle sine pulse merely pro-
vided a convenient means of describing the
shock; it was chosen only because it had the
correct shock response spectrum,

The same shaker which appeared to be in-
adequate for a 0.4-ms 150-g peak half-cycle
sine pulse has proved to be fully capable of
producing a shock whose response spectrum is
approximately that of a 375-g peak half-cycle
sine pulse of the same duration. This shaker is
an MB Electronics Model C-126, which is rated
at 24,000 Ib peak random capacity. In some of
the tests the total moving weight, that is,



spacecraft, adapter, slip table and armature,
has been as much as 540 Ib (Fig. 1). The force
required to drive a rigid body weighing 540 1b
at 375 g is 202,000 Ib. The shaker could be
used at more than eight times its nominal ca-
pacity because the moving mass was not rigid.
Much of this advantage would be lost if ringing
were suppressed for the sake of a clean pulse.

TLEST PROCEDURE

Figure 2 illustrates the block diagrams for
the test equipment and data reduction setups.
The test specimen was fastened to the shaker
table in the same fashion as it would be for
conventional vibration testing. An Exact Wave-
form Synthesizer, Type 200, was used to gen-
erate the input signal to the shaker power am-
plifier. The output of a monitor accelerometer
was recorded on analog tape, and the shock
response spectrum was later calculated from
the tape record using an analog computer. The
monitor accelerometer was mounted at the base
of the test specimen to record the appropriate
input shock motion.

A dual-trace oscilloscope provided for a
photo-oscillograph of the shaker amplifier in-
put signal, in addition to the signal from the
monitor accelerometer. The latter gave an
approximate indication of the adequacy of the
test, but final judgment had to wait for caicula-
tion of the shock response spectrum.

Figure 3 shows the photo-oscillograph and
shock response spectrum for a typical pilot
test. The operator picked a half-cycle sine
pulse and adjusted its level so that the monitor
accelerometer signal looked as though the
shock might be nearly adequate. The shock
response spectrum proved to be inadequate in
the 1000- to 2000-cps region.

The revised input signal and shock re-
sponse spectrum is shown in Fig. 4. The new
signal consists to two pulses at 10090 cps, fol-
lowed by two at 2000 cps, and two at 3000 cps.
The new spectrum is higher than necessary in
the 2000- to 3000-cps region, as perhaps might
have been foreseen, and slightly deficient at
650 cps. The shock was judged to be adequate,
and further refinement was not attempted.

The trapezoidal pulse form was used
mainly because it was easy to dial on the wave-
form synthesizer. Reversing the direction of
the shock is accomplished by reversing the
polarity of the waveform synthesizer output
signal. The technique has been successfully
used in performing shock tests on three gener-
ations of LES.

CALCULATION OF SHOCK
RESPONSE SPECTRUM

To date, a general purpose analog computer
has been used for calculation of the shock

Fig. 1.
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Frototype ILES mounted on slip table
for shock and vibration testing
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Fig. 3. Shock response spectrum

for half-cycle sine input

response spectrum. It solves the equation for
a simple mechanical resonator:

r -8,

where r is the displacement of the resonator's
mass relative to the support, ¢ is the accelera-
tion of the support given by the tape record of
the monitor accelerometer signal, . is the nat-
ural frequency of the resonator in radians per
second, and is the damping ratio. Dots de-
note differentiation with respect to time. The
acceleration relative to inertial space is
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for compound pulse input

and this result is drawn by the computer on a
strip chart. The equation is solved for some
ten values of ., and the maximum value of 'x ,
the absolute value of the response acceleration,
is found for ¢ach . by visual inspection of the
ten output charts. This provides for ten points
on the shock response spectrum, since 'x is

the ordinate of the spectrum and . 2~ is the
abscissa.
It should be remembered that . and ° are

properties of a set of ideal resonators which
exist only in the imagination and are in no way
related to the test specimen. Although proper-
ties of the test specimen do influence the
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relation between the shaker amplifier input
signal and the resulting monitor accelerometer
signal, they do not otherwise influence the
shock response spectrum. The spectrum is a
mathematical property of the monitor acceler-
ometer signal.

The decision to use an analog computer
for calculation of shock response spectra was
influenced by the immediate availability of a
computer and personnel familiar with it. For
those who have foreknowledge of the adequacy
of the test technique and leisure for planning
and preparation, a general purpose analog
coniputer probably is not the best choice.

Whereas the shock response spectrum has
usually lagged a day or more behind the test, it
would be desirable to present the test operator
with the shock response spectrum 10 minutes
after performance of the test. If access toa
remote digital computer is available by means
of a console in the laboratory, as well as an
analog-to-digital tape converter and a digitzl
X-Y plotter, reduction of the time lag to 10
minutes should be relatively easy.

Another possible means is suggested by
the fact that the simple LCR filter is the elec-
trical analog of the simple mechanical resona-
tor. If the input and output terminals are prop-
erly arranged, the output voltage is the analog
of the corresponding mechanical resonator ac-
celeration when the input voltage is the monitor
accelerometer signal. The monitor tape record

could be played back through a band of such
filters and the output recorded on a multi-
channel oscillograph.

A special purpose analog computer for
calculation of shock response spectra has re-
cently appeaved on the market (2,3).

CONCLUSIONS

1. A 24,000-1b peak random capacity shaker
has been found adequate for testing spacecraft,
weighing @ much as 195 Ib, to shocks whose
response spectra are as severe as that of a
0.4-ms 375-g peak half-cycl2 sine pulse, even
though, without a special test setup (4-7), it
appears to be incapable of producing a clean
pulse of this form for the same test specimens.

2. The capacity of the shaker is not be-
lieved to have been reached.

3. Shock {esting, when done by a shaker,
requires little laboratory equipment beyond
that needed for vibration testing.

4. Shock testing by a shaker provides a
great saving in time, since the same test setup
can be used for both shock and vibration testing.

5. The prospects are good for automated
calculation of shock response spectra at reason-
able cost.

REFERENCES

1. C. T. Morrow, Shock and Vibration Engi-
neering (John Wiley and Sons, New York),
1963, p. 105

2. J. S. Forte, ""Shock Analysis and Synthesis,"
Rept. Proc. IES, 1965, p. 263

3. "New Shock Testing System by Ling Utilizes
Existing Electrodynamic Shaker Fixtures,"
Environmental Quarterly, 11 (3):38 (Sept.
1965)

4. W. A. Hay and R. M. Oliva, "An Improved
Method of Shock Testing on Shakers,”
Rept. Proc. IES, 1963, p. 241

44

5. D. J. Dinicola, "A Method of Producing
High Intensity Shock with an Electrody-
namic Exciter,” Rept. Proc. IES, 1964,
p. 253

6. W. R. Miller, "Shaping Shock Acceleration
Waveforms for Optimum Electrodynamic
Shaker Performance,' Shock and Vibration
Bull. No. 34, Pt. 3, pp. 345-354, Dec. 1964

7. J. M. McClanahan and J. R. Fagan, "Shock
Capabilities of Electrodynamic Shakers,”
Rept. Proc. IES, 1965, p. 251



DISCUSSION

Mr. Schell (AF Flight Dynamics Lab.):
Why did you use a shaker rather than a shock
machine ?

Mr. Gallagher: On the shock machine that
we have available in our laboratory, the overall
weight of the test specimen and the counter-
balance that would be necessary for transverse
axes approaches 1000 Ib. The drop height re-
quired to provide initially the 150-g peak half-
cycle 0.4-ms pulse was 0.040 in. This was
virtually impossivle to do without some exotic
means of lifting the drop table this minutc
amount. It was also discussed with the Monte-
rey Research Laboratory, and a bungee cord
system was considered. 1 was advised at that
time that it would require a great deal of de-
velopment cost and time which we could not
afford. It was primarily because of the low en-
ergy level and short time duration of the pulse
that we used the shaker.
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Mr. Lyon (Bolt Beranek & Newman): Did
you monitor the vicration levels on the sensitive
portions of the spacecraft during the shock test?

Mr. Adkins: We did record accelecations
at various points on the satellite.

Mr. Lyon: In that event, could you com-
ment on the relative magnitudes of the acceler-
ation levels at points remote from the point of
excitation as opposed to those right at the point
of excitation?

Mr. Adkins: They were low. I cannot give
you exact numbers, but they were low.

Mr. Bresk (Monterey Research Lab.): In
setting up the analog into which the shock pulse
was fed, was damping included in the analog at
all, or were these undamped systems ?

Mr. Adkins: We worked it with 5 percent
damping, if I remember correctly.
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DESIGN AND PERFORMANCE CHARACTERISTICS
OF A WATER JET ACTUATOR

Robert L.. Henderson
Sandia Laboratory
Albuquerque, New Mexico

In response to a need for a velocity generator to provide a 400-fps im-
pact velocity with a 3000-1b test sled,a Water Jet Catapult was designed
and ‘abricated. The design of the facility is discussed, along with a
description of the major components and the predicted and measured
performance of the facility. Reference is also made to a small low-
velocity generator, designed using the same basic principles,

INTRODUCTION

During the last decade, the science of
weaponry has had to adjust itself to an entirely
new realm of environments. The delivery con-
ditions experienced by World War II bombs
were very different from the environments en-
countered by modern weapons, in either mis-
sile delivery or high-speed low-level aircraft
delivery techniques. As the delivery techniques
have changed, the problems facing environmen-
tal testing organizations have also changed.

One of the major changes, and one which has
caused much concern, is the increase in impact
velocity associated with the new techniques and
the greatly increased shock levels generated by
the impact.

WATER JET ACTUATOR

In the late 1950's, as the changes were be-
ginning to make themselves known, the Environ-
mental Test Facilities Design Division of Sandia
Corporation projected the impending need for a
large-capacity medium-speed shock test facil-
ity. Several types of propulsion systems were
considered before the water jet actuator princi-
ple was chosen. The system was to be patterned
after the Catapult that was then in operation at

Langley Aeronautical Laboratory, Langley Field,

Virginia. There were to be two basic changes
in the system to adapt it to the specific needs
of Sandia.

To aid in illustrating the importance of
these changes, it might be appropriate to de-
scribe briefly the principle of the Water Jet
Catapult that is in use at Langley Field, and
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then consider the changes made. The Catapult
is basically a single-bucket linear turbine: a
stream or jet of water is forced through a noz-
zle at a high velocity. This stream impinges on
a turn-around bucket attached to the back of a
sled supported on a set of tracks. The momen-
tum change resulting from the chinge in direc-
tion of the water results in a force being applied
to the bucket. This force then accelerates the
sled down the track. The Langley facility uti-
lizes an L-shaped plenum chamber to hold the
water and a motor-operated valve to allow the
air to flow from the reservoir into the plenum,
The system is fired by opening a 1/4-turn valve
at the front of the nozzle. The power stroke is
stopped by closing this same valve. Since this
valve is motor operated, the control of power
stroke is not as precise as was desired by
Sandia.

To provide better control of stroke dura-
tion and thereby achieve tighter control of the
final carriage velocity, the motor-operated air
valves were replaced in the Sandia design with
a quick-acting actuator-type valve to admit the
air into the plenum chamber. A frangible dia-
phragm was used at the front of the nozzle
rather than the 1/4-turn valve. This greatly
shortened the lag time between activation of the
firing circuit and the emission of a stable
stream of water from the nozzle. The dia-
phragm was scored to permit rupture at some
nominal pressure (approximately 250 psi). The
lag between the opening of the quick-opening
valve and the rupture of the diaphragm per-
mitted the pressure in the plenum chamber to
reach a maximum value immediately after the
water began to flow, thereby producing an al-
most instantaneous high velocity in the stream

{
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of water and allowing almost the entire quantity
of water to be used for the power stroke.

The second major design change was from
an L-shaped plenum to a horizontal cylinder
with a movable piston to keep the air separated
from the water during firing. The position of
the piston relative to the nozzle determines the
quantity of water expended on each shot, making
it possible to vary the duration of the power
stroke. By manipulating both the air pressure
used to propel the piston and the quantity of
water ejected, a continuous set of sled veloci-
ties can be obtained between 75 and 400 fps.

Figure 1 is a schematic of the operation of
the water jet system.

Air Storage System

The air storage system is composed of four
stcel vessels obtained through a government
surplus depot. They have a volume of 70 cu ft
each at a rated pressure of 4000 psi. The man-
ifold system is mild steel tubing pressure
tested for operation at 3600 psi. Between each
tank and the manifold is a motor-operated
valve. The total volume of the manifold is
approximately 80 cu ft. This means that with
the storage vessels standing at 4000 psi and
then opened to allow flow into the manifold, the
pressure will drop to 3600 psi. When the quick-
opening valve is actuated, the combined pres-
sure losses through the valve into the plenum
chamber reduce the maximum pressure attained
in the plenum to 3400 psi, or 100 psi below the
design pressure of the plenum.

Firing Valve

Figure 2 is a schematic of the quick-
opening or firing valve. The operation of the
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valve is quite simple. The portion of the valve
above the piston is partially filled with oil.
Low-pressure nitrogen (125 psi) is introd:ced
above the oil to insure positive seating of the
valve. To actuate the valve, high-pressure air
is bled from the main air line into the firing
chamber. Once the piston has traveled enough
to lift the seal ring from the valve body, the
fire air pressure is able to act over the entire
bottom surface of the piston, forcing the valve
to open. As the piston moves upward, the oil is
forced through the orifice in the oil chamber.
This acts as a viscous damper to help control
the speed of the piston. The oil-orifice combi-
nation also reduces the piston oscillation which
would occur if the piston were stopped by an air
cushion only. The valve seal material in the
original design was Zytel nylon. Following
each of the first two shots, the valve failed

to reseal. Disassembly disclosed that the nylon
material had been deteriorated by some heating
mechanism, as shown in Fig. 3. Explanation of
the seal damage was referred to the aerodynam-
ics and materials experts while the second re-
placement was fabricated from a liren-filled
phenolic plastic. At the most recent disassem-
bly, this seal was unmarked and completely
serviceable.

Plenum

Figure 4 illustrates the arrangement of the
plenum. The plenum piston is a three-piece
fabrication, with a 12-ring composition chevron
seal. The front and rear sections are manga-
nese bronze castings, and the center section is
aluminum. The chrome-plated rod at the rear
of the piston acts as a guide and is also used to
indicate the velocity of the piston during a shot.
The protrusion attached to the front of the
piston is part of the piston braking system.

The protrusion or snubber enters the nozzle
orifice and reduces the area available for water
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Fig. 1. Schematic of water jet catapult system
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Fig. 2. Firing valve for water jet catapult

flow. This flow restriction results in reduced
water flow rate, thereby slowing the piston.
The diameter of the cylindrical portion of the
snubber is 0.020 in. smaller than the minimum
nozzle diameter, resulting in the piston being
essentially stopped as the snubber enters the
orifice. The open annulus allows the trapped
water to escape, and the piston comes to rest
against the converging portion of the nozzle.
The magnitude of the main deceleration is ap-
proximately one fourth that of the piston

acceleration for a given shot. Portions of the
nozzle and piston coming in contact have match-
ing contours to prevent deformation due to the
high air pressure that is still acting on the
piston. This residual pressure is approximately
70 percent of the original storage pressure and
is contained in the system by the piston. Fol-
lowing a shot, the motor-operated valves be-
tween the air storage tanks and the manifold
are closed before the pressure in the manifold
and plenum is exhausted. This conservation of

Fig. 3. Firing valve seal after first shot, L g
fire pressure of 1500 psi

.



Fig. 4. Plenum assembly for water jet catapult

air pressure in the storage tanks greatly re-
duces the time required to return the system
pressure to a given level.

The plenum itself is a low carbon steel
weldment with a stainless steel iiner formed on
the inside. The contoured section at the rear of
the plenum was flame sprayed with aluminum
and sealed to prevent corrosion. The nozzle
was machined from a stainless steel forging
and has a replaceable insert in the throat, in
case this area should ever be damaged. The
nozzle is held in place by a large threaded col-
lar or nut. The collar is screwed into place
and then pressure is applied to the nozzle by a
ring of set screws placed in the collar and
bearing on the nozzle.

The inside diameter of the plenum is 36 in.,
and the inaximum stroke is about 8 ft. This al-
lows approximately 57 cu ft of water to be ex-
pended per shot.” The minimum nozzle diame-
ter is 5.6 in. This means the ratio of the
velocity of the piston to the velocity of the
water ejected is 5.62/(36)2 or 0.0244, and re-
sults in a minimum amount of energy being
stored in the moving piston.

For most of the recent shots fired, the
portion of the plenum behind the piston has also
been filled with water. This reduces the time
delay between valve opening and diaphragm
rupture and reduces the pressure loss due to
expansion into the plenum. This addition also
results in the standardization of these two val-
ues, regardless of the position of the piston in
the cylinder.
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Momentum Exchange Bucket

The design of the proper contour for a
momentum exchange bucket was the subject of
much investigation. It was determined that a
parabolic curve allowed extraction of the maxi-
mum amount of energy from a jet. A parabolic
bucket with a parabolic cross section was opti-
mum. However, as is often the case, theory
and fabrication are two different worlds. Form-
ing a parabolic bucket strong enough to with-
stand the applied loads would have been prohib-
itively expensive. A compromise was made and
the bucket was fabricated from two standard
10-in. stainless steel pipe fittings, a 90 degree
elbow and a 45 degree elbow. A 15-in. to 10-in.
reducer was welded to the input opening of the
bucket to reassure the pessimists associated
with the project. The entire bucket assembly
was polished to reduce the energy loss due to
friction in the bucket.

Braking System

Since it is now known that the carriage can
be propelled down the tracks, the next consid-
eration must be stopping it in some controlled
manner. In the original facility concept, two
test methods were envisioned. The first con-
cept was impact of the carriage into a shock-
mitigating or pulse-shaping material attached
to a massive impact block, as was done on
other impact shock test machines. The second
testing method was to stop the sled and allow
the test item to continue in free flight into a pre-
pared target. So that the original performance



capabilities could be realized, the muzzle end
of the track would have to be free of obstruc-
tions for the free flight test and also have a
large impact block for the standard test. The
impact block must be massive and must be
supported so that it would appear to have an in-
finite mass as seen from the impacting sled.
The obvious solution to these contradicting
conditions was to provide a large impact block
supported on a carriage whose wheels rested on
large curvature rockers. The block is fabri-
cated in ten 22,000-1b sections to facilitate
handling and can be completely removed from
the track trough. The rockers provide a sys-
tem with a very low natural frequency which
makes the mass appear infinite, even though it
is only about 250,000 1b, including the weight of
the carriage.

The different types of tests would require
quite different treatment of the test carriage
cduring braking. In the direct impact test, the
carriage could, in some cases, follow the test
item into the impact material. However, in
many cases this would be quite undesirable.
Some tests require that the carriage be stopped
to allow free flight of the test item into the tar-
get. To provide this type of braking action, the
contour of the rail cross section was changed
for the last 86 ft of track. The standard rail
section and the thickened section are both
shown in Fig. 5. Also shown is the carriage
slipper with brake material locations and
clearances. Between the two types of rails is
a section that tapers from one to the other.

For the standard tests, where the carriage
is impacted into some pulse-shaping material
on the front of the impact block, it is impera-
tive that the brakes not engage until after the
impact has taken place. The impact block was
placed as near the muzzle of the track as prac-
tical, which required that the sled travel over a
portion of the thickened rail section before im-
pact. To allow this, still providing the braking
force necessary to prevent rebound of the car-
riage back into the nozzle and plenum, a second
set of slippers were designed that can travel
over both rail profiles; then on impact, an
inertia-operated valve opens, dumping air from
a small high-pressure reservoir on the sled
onto the top of the movable sections of the
brakes. This forces the braking surface
against the rail, thereby stopping the carriage.
The time required for the valve to open, for air
to flow through the valve and the connecting
tubes and to build up pressure on the braking
surfaces prevents distortion of the test pulse
due to superposition of the braking force. Since
the rebound velocity will always be consider-
ably less than the impact velocity, and since
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Fig. 5. Cross section of track
and large brake slippers

over 150 ft of track are available between the
impact block and the plenum nozzle for stopping
the sled, the braking area on this set of shoes
is much less than on the shoes designed for use
with the tapered rail. This makes the shoes
themselves much smaller and reduces the
forces and moments associated with the impact
of the carriage.

A sintered iron brake material was used
on both sets of shoes to provide braking force.
The sintered material also allows higher brake
pressures to be applied without degrading the
material and gives a slightly higher coefficient
of frictioa than can be provided by other mate-
rials.

Track

The track for this facility has two parallel
rails with a length of 186 ft, including 118 ft of
standard T-section, 12 ft of transition, and the
remainder, the special braking rail. The rails
were fabricated in 12-ft sections from stainless
steel.

PERFORMANCE

Prior to, during and after the design of
this facility, computations were made to deter-
mine the performance that could be expected
from the device. Since the principle of opera-
tion was patterned after the Langley Catapult,
the theoretical evaluations were made following
the mathematical developments reported by
Joyner and Horne (1).

Starting with the familiar expressions,
pv" = constant for polytropic expansion of air



(since the weight of air involved remains con-
stant, volume may be substituted for specific
volume), and

- 144p' 2
e E—w——

for efflux of a noncompressible liquid from an
orifice, they develup an expression for the ve-
locity of the water emerging from the nozzle
as

0 =
LA I T

i ne 2’
where
n 0
c, = (2 +UI?OV_A\
v, = water velocity at any time ¢,
v,” = initial water velocity,
U-% = initial air volume in cubic feet,
n = polytropic gas constant, and
A = ared uf jet in square feet.

In the case we are considering A = 0.165 sq ft,

U-° =360cuft, t =0.75 sec, and n = 1.4, The
term in parentheses varies from 1 to 0.9, which
would indicate that the jet velocity remuins es-
sentially constant.

Using this information and impulse and

momentum principles, the approximate equa-
tions of motion were obtained as follows:

1

a, :E(vj—vc)"
v viz
¢ -tB; + Vj
and
R log Vitc + R
S, = Vjt, ®
where

acceleration of carriage,

velocity of carriage,

<
i

w)
]

displacement of carriage,
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t . = time measured from initial impact of
water on carriage, and

R = w_/[wA(1-cos I}, where

L)

w . = weight of carriage,

w = specific weight of water in pounds per
cubic foot,

A = area of stream in square feet, and

angle through which water is turned.

J

Again, since the volume of the storage vessel
is so much greater than the volume of water
ejected, these approximate equations yield so-
lutions that are almost identical to the exact
mathematical solutions.

From the equation for acceleration, the ex-
pression for force output of the deflected stream
can be obtained as:

F=(V,-VO)?'wA(l-cos]).

If we consider a maximum performance
shot, the maximum accelerating force can be
calculated as 260,000 1b at that instant when the
carriage velocity is zero. With this amount of
thrust available, it would be expected that a
given velocity can be obtained in a shorter dis-
tance than is possible with most other velocity
generators.

Since completion of the facility, the data
obtained in tests have been checked against the
predicted performance. Figure 6 shows the
comparison between the performance predicted
by the equations, as plotted by a digital com-
puter, and the performance measured on one
test. Figure 7 is a composite of data collected
in actual tests, compared to performance that
could have been predicted prior to testing. As
it turned out, the only parameter that could not
have been predicted accurately prior to testing
was the pressure drop between the storage
vessels and the back of the piston. Once this
value has been established, the performance of
the device can be predicted.

Figure 8 is the oscillograph record of a
typical shot. There are several significant
events shown, e.g., the absence of measurable
piston acceleration between the initial impulse
and the braking pulse, as well as the apparent
linearity of the piston displacement curve.
These measurements justify our previous as-
sumption that the piston velocity and the
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resulting water velocity remain essentially
constant during a shot. The similarity between
the pressure measured in the front and the
rear of the plenum (100 psi typical differential)
reinforces this contention and indicates that a
refined high-pressure seal across the piston is
not a necessity. The amplitude of the decelera-
tion pulse indicates that the snubber is indeed
performing as designed and that the piston is
not impacting against the nozzle. The step
functions in the two bottom traces were gener-
ated by the breaking of wires attached to the
rear of the piston guide column, and to the dia-
phragm in the nozzle. These traces show that
there is a time lag between the start of piston
motion and the rupture of the diaphragm. They
also show that the pressure in the front of the
piston is rising at the time of water emission.

"LITTLE SQUIRT" DEVICE

While the construction and checkout of the
Water Jet Catapult was in progress, a similar
but much smaller device was being designed
and fabricated. This ''Little Squirt' is incorpo-
rated as a velocity generator to test pullout
devices. It has 4 maximum fire pressure of
50 psi, a nozzle diameter of 0.575 in. and a
maximum water velocity of 265 fps. Its bucket
was machined into the rear of the test carriage,
which weighs 15 Ib and has reached velocities
of 65 fps.

The design and performance problem areas
for this device were much the same as for the
Water Jet, with one notable addition. The fire
chamber (plenum) and nozzle are not integral
parts of the same assembly in the Little Squirt.

In fact, they double back upon one another. The
resulting problems of stream stabilization were
solved by the addition in the nozzle cf straight-
ener vanes which reduced the turbulence of the
water and allowed the stream to remain intact.

CONCLUSIONS

Since the performance evaluation of these
two facilities has been essentially completed,
the results can be summarized in a very simple
manner. Whether it be in a large-scale Water
Jetor a Little Squirt, a stream of water is a
simple, safe, predictable and relatively inex-
pensive way to accelerate a test carriage along
a track. The mathematical expressions that
describe the performance of the system are
straightforward and accurate. The necessary
hardware, with the exception of the nozzle con-
tour, does not require tight machining toler-
ances. Proper valve arrangement can make it
possible to retain much of the air pressure in
the system, thereby increasing the time between
tests. Some 50 shots conducted on the Water
Jet have proved the system to be as repeatable
and reliable as any other system now being
used to accelerate large masses. The absence
of any explosive propellant and the large forces
attainable help make this system more attrac-
tive to anyone wishing relatively high accelera-
tions, short test tracks, and maximum safety.
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DI!SCUSSION

Mr. Forkois (U.S. Naval Research Lab.):
What is the intactness of the stream itself?

Mr. Henderson: It depends, of course, on
the pressures and water velocities. We oper-
ate with a power stroke on the sled of about 3/4
sec. The facility was designed for a 100-ft
power stroke. In other words, we are able to
hit that bucket out 100 ft from the nozzle. With
lower air pressures, which means lower water
velocities, almost 1 sec of acceleration can be
achieved from the system. We shoot about 60
cu ft of water in a full stroke. It is possible to
position the piston in the plenum in such a man-
ner that varying volumes of water can be used.
This means the power stroke then can vary, but
the maximum that we have been able to get is
about 3/4 sec.

*
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Dr. Vigness (U.S. Naval Research Lab.):
You might mention also the velocity and the ve-
locity time or acceleration time relations for
your sled.

Mr. Henderson: This, again, is variable.
Velocities have been generated up to 400 fps on
the smaller sled. With the maximum stream
velocity, we can get a 250,000-1b force on that
sled. From this it varies as a difference in the
water velocity to the carriage velocities. It
goes from the 250,000 1b down, and the accel-
erations and final velocities would vary.

Dr. Vigness: Your accelerations have been
in the order of about 100 g or so?

Mr. Hencerson: Yes, on our sled they run
about 80 g. We are running with about a 3500-1b
sled.

*
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REENTRY OVERPRESSURE SHOCK SIMULATION TEST*

William R. Kampfc
Sandia Corporation
Albuquerque, N, M,

A test series simulating reentry conditions during a possible overpres-
‘sure blast was conducted on a large reentry vehicle (RV). The dynamic
blast simulation was achieved by impacting a propelled sled into a non-

approximately 12 months,

propelled sled containing the instrumented RV, The impact amplitude
and duration were controlled by having cutter bars on the propelled
sled and shear-shaped metal attached to the nonpropelled sled. The
impact forces were distributed around the RV and applied to its sheli
by phenolic microballoons which completely surrounded the reentry
shield surface. Before full-scale testing could begin, scale-model
tests were necessary to develop the material shearing method and to
select the proper material to surround the reentry shield surface.
Thie testing technique was developed on an 18-in, high g actuator in

INTRODUCTION

The Environmental Testing Department of
Sandia Corporation was originally approached
in June 1962 on possible methods of simulating
reentry conditions during an overpressure
blast. There were two basic problems: to
produce the desired shock pulse and to simu-
late the distributed aerodynamic load on the
surface of the reentry vehicle (RV).

The original desired shock pulse was to
have 2 20-ms rise time up to 51 g and then
spike up to 119 g with a rise time of about 0.5
ms, dwell at 119 g for 5 ms, and then decay
back to zero in approximately 25 ms (Fig. 1).
The 5-ms dwell time represents the length of
time necessary for the slowest component in
the system to respond.

The first two phases of the curve are rela-
tively simple to accomplish using shaped honey-
comb or a similar material. The real problem
exists during the decay portion of the pulse.

One remote possibility would be to use a com-
bination of honeycomb, springs, and large hy-
draulic dampers.

It was felt that the desired shock pulse
could be obtained through a metal shearing de-
vice much easier than by the previously men-
tioned method. The metal shearing device will
be discussed in more detail later.

The second problem could be solved by
using a material of varying thickness, which
would be sandwiched between the RV and a
specially designed jig or nest fixture.

It was proposed to mecunt the RV in a non-
propelled sled cavity on the rocket sled track
so that the longitudinal axis of the RV is hori-
zcontal. The RV was to be isolated from the
nonpropelled sled or nest by a sheath of foam
tailored to apply the desired pressure distri-
bution across the surface of the RV. This total
assembly was to weigh approximately 15,000 Ib
and would be tested in the following manner.
The assembly would be placed on the track with
slippers so that it would be free to move along
the track. A large mass weighing three times
that of the nonpropelled or stationary sled, or
45,000 1b, would be accelerated by approximately
30 HVAR rocket motors and impacted into the
stationary assembly at a velocity of 150 fps
(Fig. 2). By means of a metal shearing device
placed between the propelled sled and the non-
propelled sled assembly, the desired pulse
shape would be transmitted to the RV (Fig. 3).
The nonpropelled sled or nest fixture was to be
instrumented with 25 flush-mounted pressure
transducers to measure the pressure distribu-
tion over the surface of the RV.

Development of Technique

All of the unknown parameters were deter- '
miiied in three stages: -y

*This work was supported by the United States Atomic Energy Commission.
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Fig. 1. Shock pulse

Nonpropelled

Metal Shearing
Device

Although the cutter bars are
depicted for clarity as mounted directly on
the rams, the cutter bars were actually taped to the
metal shearing device, Taping the cutter bars to the metal
shearing devices eliminated possible misalignment between the two
sleds and ensured that the cutter bars were struck precisely by the rams,

Fig. 2. Propelled and nonpropelled sleds
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Microballoons

Fig. 3.

First — 1/10-scale static and dynamic tests;

Second — 1/6-scale dynamic tests; and
Third — full scale tests.

Scale model tests were a necessity, since the
full scale RV was approximately 120 in. long
and 90 in. in diameter.

Stage 1

Objectives — The objectives of the 1/10-
scale tests were as follows:

1. To determine if rigid foam would give a
controlled pressure distribution under static
loading;

2. Tu prove the analysis for determining
the correct thickness and densities of rigid
foam to be used;

3. To determine the response of the rigid
foam under dynamic loading, and

4. To select a material which could be
poured and could replace rigid foam.

Test Facilities — Test facilities included
a Baldwin Universal test machine, a 15-ft ac-
celerated shock machine, and an 18-in. hori-
zontal actuator.

Test Articles — The test articles consisted
of a 1/10-scale aluminum model with ten flush-
mounted miniature load cells, an aluminum
cavity, and two sheaths of rigid foam.
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Cutaway showing microballoons

The miniature load cells were a Sandia
design and consisted of a 1/2-in. diameter
aluminum column approximately 15/16 in. long
with a necked down rectangular cross section
1/8 x 3/8 x 1/2. Two biaxial strain gages were
mounted on opposite flats of the necked down
area and then wired to complete a four-arm
bridge with the longitudinal gages and the lat-
eral gages in opposite arms of the bridge to
cancel out bending as much as possible (Fig. 4).

Instrumentation — Ten load cells measured
the forces present during the static test with
the Baldwin Universal test machine. These
load cells were located in a longitudinal plane
with five cells located at 0, 22-1/2, 45, 67-1/2,
and 90 degrees on the nose, with the five re-
maining cells equally spaced along the frustum.

Two accelerometers were mounted on the
aluminum model and the cavity, and one dis-
placement gage was placed between the 1/10-
scale model and the aluminum cavity. These
instruments, plus the ten load cells, were used
to monitor tests on both the 15-ft accelerated
shock machine and the 18-in. horizontal actuator.

Procedure — The following technique was
used to determine the proper material thickness
for a particular desired pressure. Since phe-
nolic microballoons were finally selected as the
material to simulate the aerodynamic loading,
their thickness determination will be discussed.

First, the required normal pressures were
obtained from the given normal pressure dis-
tribution curve for this particular RV when sub-
jected to 119 g overpressure shock (Fig. 5).
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The surface of the RV was divided into 18
stations. The spherical portion of the RV was
divided into seven stations because it witnessed
both high pressures and a large gradient.

By assuming a practical original material
thickness at the nose or Station 1, a longitudinal
deflection ~X can be determined by using a
stress-strain curve for the material to be used,
in this case phenolic microballoons (Fig. 6).
The required pressure for Station 1 is 840 psi,
and from Fig. 6, a 56.8 percent deflection is
necessary to develop that pressure. If the
original thickness is 0.272 in., then ~X = 56.8
percent of 0.272 = 0.154 in. Now knowing /X,
‘N for all points can be determined, since the
angle - is already known for each point from
the geometric shape (Fig. 7). For point 1,

N - /X, since cos 0 =1,

After computing /N for all points, and also
knowing the percent deflection required to
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develop the necessary pressure at a particular
point, the required thickness can be determined
as follows:

AN

Required thickness = % deflection |

These values are given in Table 1.

The main drawback of the technique was
the fact that the stress-strain curve for the
phenolic microballoons was determined stati-
cally and not dynamically. However, the curve
was corrected somewhat by working backwards
using pressures recorded during the 1/10-
scale model dynamic drop tests.

Results — A total of seven static tests, 19
drop tests, and four 18-in. actuator tests were
conducted using the 1/10-scale model. The
first static test and the first four drop tests
established the first three objectives; however,
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PLASTICS COMPANY)
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Fig. 6, Phenolic microballoon
stress-strain curve
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TABLE 1
1/10-Scale Contour Using Stress-Strain Curve

Station Longitudinal Pres- AN Deflec- Thick-
Number Distance sure Deflection tion ness
(in.) (psi) (in.) (percent) (in.)

1 0 840 0.1545 56.8 0.272
2 0.17 690 0.1423 51.7 0.275
3 0.67 385 0.1087 36.6 0.297
4 1.02 230 0.0858 26.2 0.327
5 1.21 175 0.0732 21.8 0.335
6 1.42 120 0.0595 17.1 0.348
7 1.58 73 0.0333 12.5 0.267
8 2.26 63 0.0333 11.3 0.295
9 3.19 57 0.0333 10.5 0.317
10 4.09 53 0.0333 10.0 0.233
11 4.99 51 n.0333 9.7 0.344
12 5.89 48 0.0333 9.5 0.351
13 6.79 47 0.0333 9.3 0.358
14 7.69 45 0.0333 8.9 0.374
15 8.59 44 0.0333 8.8 0.379
16 9.49 43 0.0333 8.7 0.383
17 10.39 43 0.0333 8.7 0.383
18 12.00 43 0.0333 8.7 0.383

they also established the fact that very close
tolerances were necessary in the machining of
both the contour and the rigid foam. Also, after
close inspection of the prime RV, discontinui-
ties were observed at each of the two joints
connecting the three sections of the RV. There-
fore, the remainder of the 1/10-scale model
tests were used to investigate such materials
as glass and phenolic microballoons, partially
expanded styrofoam beads, and three different
sizes of ground cork, all of which could be
poured into the contour cavity between the RV
and the nest. Phenolic microballoons were
found to be a very satisfactory material for
developing the necessary distributed pressure.

Conclusions — It was concluded that Stage 1
fulfilled all four of the original objectives.

Stage 2

Objectives — The objectives of the 1/6-
scale model tests were as follows:

1. To develop a metal shearing device for
generating the desired shock pulse, and
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2. To determine if the pressure transduc-
ers could be located in the nest fixture rather
than the RV surface.

Test Facility — The 1/6-scale dynamic
tests were conducted using ~2n 18-in. horizontal
actuator,

Test Articles — The test articles consisted
of a 1/6-scale aluminum model with ten flush-
mounted pressure transducers and an aluminum
nest or cavity sled with nine flush-mounted
pressure transducers on the inside contour of
the nest. The pressure transducers were iden-
tical to those used in the 1/10-scale model.
Also, a metal shear fixture and a Stentor tool
steel cutter were used.

Procedure — The procedure for determin-
ing the material thickness was identical to that
of the 1/10-scale model tests. The 1/6-scale
model was ballasted to weigh 1/36 that of the
full-scale RV. This was done so that the same
pressures and accelerations required by the
full-scale RV could be applied to the 1/6-scale
model, since the area of the 1/6-scale model -
is (1/6) squared.
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Fig. 7. Drawing of 1/10-scale model

To keep the length of the metal shear de-
vice to a minimum and the velocity of the mov-
ing or ram sled to a minimum, the moving or
ram sled was designed to weigh three times
that of the stationary sled or nest sled.

The contour of the metal to be sheared was
determined by plotting the acceleration curves
of both the stationary and moving sleds and then
integrating each twice to determine displace-
ments.

The acceleration curve of the stationary
sled was one of the original desired shock in-
puts (Fig. 8). Since the forces between the two
sleds must always be equal ard opposite, and
the moving sled weighs three times more than
the stationary sled, the moving sled accelera-
tion curve has just 1/3 the amplitude of the
stationary sled acceleration curve (Fig. 9).
Using the conservation of momentum equation,
mass of moving sled x velocity of moving
sled = mass of both sleds x their final velocity,
or

MV, (MM,

or
4
V3 Vs

Vv, is determined by integrating the accelera-
tion curve of the stationary sled.

The length of shear metal required to ge:-
erate the ramp phase up to 51 g is determined
in the following manner. From Fig. 8, th: mov-
ing sled travels 3 ft during the first 20 ms, and
from Fig. 9, the stationary sled travels 0.2 ft,
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the difference being the length of metal neces-
sary to produce the ramp phase, or 2.8 ft. The
remainder of the shear metal is determined in
the same manner.

After the first metal shear test, it was es-
tablished that the force generated was relatively
independent of the shearing velocity and only
dependent on the metal thickness.

Results — Seven separate metal shear tests
were conducted in developing the final metal
shear fixture. Figure 10 represents forces
generated by various metal thicknesses. The
1008 to 1010 mild steel was found to shear the
smoothest.

For the first four metal shear tests, the
Stentor tool steel cutter heat-treated to Rock-
well C-48-52 was mounted on the ram or moving
sled and required precise alignment. Keeping
to proper alignment was difficult on the 18-in.
actuator and would be even more difficult on
the rocket sled track; therefore, a new tech-
nique of inserting the cutter in the metal shear
fixture or the stationary sled was used on the
remaining metal shear tests and was found to
be very successful.

Two 1/6-scale dynamic tests were con-
ducted on the 18-in. actuator using rigid foam.
These tests indicated that the pressure trans-
ducers in the model and the nest mounted op-
posite one another gave the same reading.

Conclusions — It was concluded that Stage 2
fulfilled both of the original objectives. Also,
it was concluded from these tests that the de-
sired 0.5-ms rise time between the ramp and
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spike phase could not be transmitted through
the original 60-in. long metal shear fixture.
At this time a new shock input was adopted,
which had a 15-ms ramp up to 51 g and then
spike up to 119 g with a rise time of about 0.5
ms, dwell at 119 g for five ms, and then decay
back to zero in approximately 20 ms (Fig. 11).
This modification reduced the length of the
metal holding fixture to 36 in.

Stage 3

Test Facility — The sled track for these
tests is located in Area III, Sandia Corporation,
Albuquerque, New Mexico. The track is used
for both impact and recoverable shots. The
rails weighed 115 1b/yd with a 4-ft 8-1/2-in.
separation. Sleds on which the test specimens
are mounted were custom-fabricated and are
powered by solid propellant rocket motors.
Facility characteristics are as follows:

Length, 3000 ft;

Maximum velocity, 3000 fps to date;

Impact acceleration, dependent on target,
specimen and velocity; and

Specimen weight, dependent on sled design.

Test Articles — The test articles for the
full-scale tests were as follows:
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1. Nonpropelled or nest fixture of alumi-
num (Fig. 12);

2. Propelled sled of steel (Fig. 13);

3. Nine metal shear fixtures patterned
directly from the fixture developed during 1/6-
scale model tests (Fig. 14);

4. Three separate reentry vehicles.

Instrumentation — The pressure between
the nest fixture and the RV were monitored with
25 flush-mounted Sandia designed pressure
transducers located in the nest (Fig. 15).

As many as 58 crystal accelerometers
mounted on various RV components were moni-
tored on some tests. Three Statham acceler-
ometers and three displacement gages were
also monitored. All instrumentation was moni-
tored by hard-wire through three cannon explo-
sive connectors and approximately 200 ft of
cable back to two instrumentation trailers.

The nonpropelled sled displaced less than 4 ft
during the shock signature; therefore, the in-
strumentation cable was detached from the non-
propelled sled by activating the explosive con- o
nectors after 10 ft of travel.
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Fig. 13, Ram sled

Metal holding fixturc

Fig. 14, Metal holding fixtures
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Fig. 15.

Procedure — The shape of the cavity be-
tween the nest and the RV was patterned directly
from the scale-model tests. For the test setup,
the nest sled (Fig. 12) was pivoted about the
front shoes into the vertical position. While in
the vertical position, the RV was lowered into
the nest, nose down. After the RV was properly
aligned in the nest, the phenolic microballoons
were poured and vibrated into the gap or cavity
between the RV and the nest, and then sealed off
with a 1-in. x 1-in. aluminum angle. Next, the
nest with the RV was lowered to the horizontal
position and the metal holding fixtures were
bolted to it (Fig. 12). This entire assembly
weighed approximately 15,000 lb. The ram sled
(Fig. 13) weighed 45,000 Ib. It was accelerated
using rocket motors and impacted into the non-
propelled nest sled at a velocity of 100 fps.

The maximum force generated during the shear-
ing of the metal was 1,790,000 1b (Fig. 14).

Once the necessary metal thicknesses and
lengths were determined for the 100 percent
tests, the 1/3- and 2/3-level test loads were
developed. Since nine metal shearing fixtures
were used, the 1/3-load level was obtained by
using metal for developing the 119 g load in
only three of the nine fixtures. The 2/3 load
wevel was obtained by using metal for develop-
ing the 119 g load in six of the nine fixtures.

All nine of the metal shearing fixtures
contained metal for developing the ramp up to
the 51 g load for the 1/3- and 2/3-1load and 100
percent level tests.

66

Pressure transducer locations

The necessary impact velocities for shear-
ing the required metal for the 1/3- and 2/3-
level tests were determined. First, the total
strain energy was computed by summing the
strain energies for the ramp, dwell, decay por-
tions of the shock pulse, and a safety zone.
Calculations were carried out for the 2/3-level
test in the following manner. The nonpropelled
sled with the RV weighed 15,300 Ib. By multi-
plying this weight by the 51, 96, and 37 g, the
following forces were obtained:

F Ma
15.‘:30_0 - 51 g 780,000 1L,
F 15.:00 <96 ¢ - 1,470,000 1b
and
15. 300
Fo15.300 o s67.000 1b.

2

By referring to the cross section of the
shear metal configuration (Fig. 16),

. . 780,000 1t < 1.51 ft
Strain energy in ramp ————e D) - -
S88.,000 ft-1b
Stratn energy in spike and dwell 1.470.000 1b
« 0.395 ft 581.000 ft-1h
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Fig. 16. Cross section of shear metal configuration

Strain energy in decay 2
490,000 ft-1b,
and
Safety strain energy - 567,000 - 0.173

98,200 ft-1b .

Summing all strain energies minus safety
zone:

538,000
581,000
490,000

1,659,000 ft-1b

This strain energy is equal to the difference in

Kinetic energy of the system before and after

impact; that is,
Strain energy = KF before - KE afterwards ,

(45.900)

2
322 (V).

KE before impact 172

KE afterwards 1/2 (61.200) (V:) .

32.2

Since v, = 3/4 v,

(45,900)

2
32.2 Yy

Strain energy 172

(61, 200)

- 12 =553

(34 v?

V.72 (711.1-534.0)

viam.n.

(1,470,000 + 567,000)
0.515
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Transposing,

v 2 strain energy
1 177.1 )

v ]/strsin energy
U 177.1
]/1.659.000
177.1
96.75 fps .

Results — Nine full-scale tests were con-
ducted. Two tests were conducted on a proto-
type RV at the 1/3-1oad level. Seven tests were
conducted with a prime RV: one at 1/3, one at
2/3, three at 100 percent, and two at 125 per-
cent load levels. When interpreting the results,
it was a major problem to determine accurately
the total load that the RV witnessed in any par-
ticular test. Both an accelerometer technique
and a technique of mechanically integrating the
pressure readings were used to determine the
total loads.

CONCLUSIONS

This technique for simulating reentry con-
ditions during an overpressure blast had one
big drawback; i.e., it did not permit the RV to
react as a completely free body as it would in
outer space. This limitation was known from
the beginning, but it was still felt to be a good
simulation for the interior components. The
big advantage of this technique was that it was
a nundestructive type test, and that a complete
pestmortem could be performed after each test.
Additional information on this program may be
obtained from two Sandia reports, SC-WD-64-
682, and RS 7331/302.
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SHOCK TESTING WITH HIGH EXPLOSIVE
INITIATED GAS DETONATIONS®

W. M. Sigmon, Jr.
Sandia Corporation
Albuquerque, N.M.

The development is described of a simple, convenient method of con-
trolhing pulse rise times 1 explosive gas tests. The pulse rise time
on .t test item subjected to an explusive pressure loading 1s a function
of the rate or velocity at which the shock wave sweeps over the affected
surfaces. The sweep velocity is, in turn, a function of the angle at
which the shock wave meets the test item surface.

I'he method devised for control of rise times, or sweep velocities, cun-
sists of using small strands of solid high explosives to propagate the
pgas detonation. By properly positioning the explosive strands relative
to the test item surface, a wide range of shock pulse sweep velocities
15 possible. This method lends itself well to large or complex shapes.

Tests to investigate the performance of this method were conducted in
four types of setups: (a) frangible wooden chambers, {b) a rectangular
steel chamber, (¢) 4 lo-in. diameter 14-ft long detonation tube, and (d)
a4 26-in. diameter 130-1t long tube. The gas maxture ordinarily used
was hydrogen and oxygen, with Primacord as the solid explosive.

Experimental results generally confirmed predictions. Shock front
sweep velocities of as high as 30,000 fps were obtained. The results
indicate that high explosive initiated gas detonations will provide pres-
sure pulses controllable in amplitude, duration, and rise time for blast
load sumulation and other shock tests requaring similar pulses.

INTRODUCTION

Pressure pulses from detonating gas mix-
tures have been successfully used to produce
mechunical shock loadings of test items (1).
This technique is particularly useful for labo-
catory duplication of blast loading conditions.
Basically, the procedure consists of placing the
test item in a tube, gun or other chamber filled
with an explosive gas mixture. Detonation of

an: TIME

ACCELERAT ION

i
]
1
I
1
'l

. TIME

the mixture creates a high-velocity shock wave

which impinges upon the test item surface. The -9
force exerted by the shock wave generates a

shock acceleration pulse, provided the test item st PULSE DURATION-———

is mounted so that it is free to accelerate. Fig-

ure 1 shows an idealized acceleration-time his- Fig. 1. Idealized blast wave rigid
tory typical of those produced by detonation body acceleration-time history
wave loading.

Three parameters are ordinarily of prime explosive gases: (a) the peak pressure or ac-
importance in designing a shock test using celeration amplitude, (b) the pulse duration,

*This work was supported by the United States Atomic Energy Commassion.
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and (c) the pulse rise time. Control of the peak
pressure is a relatively simple matter. Both
theory and experiment have shown that the peak
pressure in a gas detonation wave is essentially
a constant multiple of the initial unburned mix-
ture pressure, the value of the constant depend-
ing on the composition of the mixture (2-7).
Almost any desired peak pressure, and corre-
sponding peak acceleration of a test item, may
be obtained by varying the initial pressure and
composition of the explosive gas mixture. Pre-
vious experiments have also shown that pulse
durations may be controlled by proper design
of the geometry of the setup, particularly the
detonation tube length and volume (8). However,
the third parameter of importance, pulse rise
time, has received little attention in previous
explosive gas work. Therefore, an investigation
was launched to develop a simple repeatable
method of controlling the shock pulse rise time
on a test item subjected to a gas detonation
loading.

THEORETICAL DEVELOPMENT

The pulse rise time on a test item subjected
to an explosive loading is defined as the time
required for the pressure force to rise from an
initial value to its peak value. In general, pres-
sure cannot be applied instantaneously to the
entire test item surface. Some f{inite period of
time is required for the detonation wave to
sweep over the affected areas. This sweep time
corresponds to the rise time of the pressure
force. The pressure rise time within the wave
front itself is only a fraction of a microsecond
and ordinarily will be negligible compared to
the time required for the wave to travel over
the test item.

Pressure force rise time i3 therefore seen
to be a function only of the rate or velocity at
which the detonation wave sweeps over the test
item surface, for a test item of a given size and
shape. Consequently, in the following discussion,
sweep velocity, instead of actual rise time, will
be the parameter of interest. Sweep velocity,
defined as the rate at which a pressure change
engulfs a test surface, may differ considerably
from the detonation wave velocity. This will be
illustrated by the examples of Fig. 2 in which
the test item is a simple flat plate.

In Fig. 2a, the plate surface is parallel to
the direction of detonation wave propagation.
The sweep velocity (v.) is then identical to the
detonation velocity (\'[5. In Fig. 2b, the plate
has been rotated 90 degrees to face directly
into the oncoming detonation wave. Pressure
will be applied instantaneously over the entire
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surface; therefore, the sweep velocity is infinite
and the rise !ime is zero. Figure 2c illustrates
the general case. The surface is oriented at
some arbitrary angle () to the wave front.
Wave velocity (V) is the component of sweep
velocity (V) in the direction of wave travel.
The sweep velocity is then

\'
¥, 3 — (1)

S sin

Another approach which yields the same
result is to compute the time required for the
wave to travel the length of the test surface
projected in the direction of propagation. Re-
ferring to Fig. 2c:

X, sin . (2)

xl 2
Also,

X, = Vgt . (3)
where t is the sweep time interval. Therefore,

Vit

(4)

2 sin 1
and

XZ Vl)
555

(5)

s

Since the two factors which determine
sweep velocity are detonation velocity and det-
onation wave incidence angle, one might rea-
sonably expect to control sweep velocities by
varying either or both of these factors. In
actual practice, however, relatively little can
be accomplished by attempting to change gas
detonation velocities. Detonation velocity is a
physical constant of an explosive gas mixture,
and practically all known mixtures have veloci-
ties which fall within the range of 6000 to 12,000
fps (2). Consequently, sweep velocities may be
varied by a factor of only two at most by using
mixtures having different detonation rates.
Therefore, the primary means of sweep velocity
control must be by control of the detonution
wave incidence angle. While this method of
control appeared from the beginning to be more
versatile and promising, its development was
actually dictated by the need for pressure force
rise times with sweep velocities well beyond
the maximum velocity of 12,000 fps obtainable
from a gas detonation alone with incidence
angle, ., equal to 90 degrees.

If the test item were a simple flat plate,
such as in the example of Fig. 2, changing the
detonation wave incidence angle would only re-
quire retating the plate. This is not possible
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with a more complex shape because all parts

of the test item would not be at the same angle
with the wave front. A method had to be devised
to obtain the proper angular orientation of wave
front to test item over all affected areas of the
test item simultaneously.

The proposed test method consisted of
using small amounts of solid high explosives in
strands or strips to propagate the gas detona-
tion. As shown in Fig. 3, the gas detonation
front would propagate outward from the solid
explosive strand at the gas detonation velocity
while the point of initiation would necessarily
propagate at the solid explosive detonation rate.
Detonation velocities are normally much higher
in solid explosives than in gases; values of
20,000 fps or more are common (9). The re-
sulting gas detonation wave would form at some
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Examples of detonation wave intercepting test surface

angle to the solid explosive strand, the magni-
tude of the angle being a function of the two
detonation velocities.

If the gas detonation is assumed to propa-
gate spherically outward from a point of initia-
tion (poimnt 0 in Fig. 3), in some time, t, the
wave will have traveled a radial distance, r,
given by

r= Vpt. (6)

During the same time period the solid explosive
detonation has traveled a distance, y, given as

y = Vgt (7)

where v, is the detonation velocity in the solid
explosive. The angle, 3, between the wave front
and explosive strand may then be determined:

"
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\ v
arcsin <—;~) arcsin <-v—:> . (8)

Since the angle is a function orly of the respec-
tive detonation velocities, which are constants,
it too will be a constant.

Explosive strand initiation thus provides a
convenient means of orienting the gas detona-
tion shock wave relative to a test surface. The
simplest case is shown in Fig. 3, where the
explosive strand is laid parallel to the test item
surface. In this case, the angle between the
wave front and the test item is the same as the
angle between the wave front and explosive
strand, and the sweep velocity may be found by
combining Egs. (1) and (8), noting that in
this particular case:

Vp Vp Vp

S sin : sin

¥ -

sin :Irceinv—n\ ‘ (9)
' ( T Ve

That is, for the special case where the initiat-
ing explosive strand is parallel to the test sur-
face, the sweep velocity is identical to the solid
explosive detonation velocity. Actually, this
could have been determined by inspection. If
the wave angle remains constant as stated
previously, then both ends (the point of ini-
tiation and the point of contact) must neces-
sarily travel at the same velocity.

Next, let us consider the general casc in
which the explosive strand is at some angle -,
with the test surface, as shown in Fig. 4. The
wave front meets the test surface at the angle

From inspection of the geometry, it is seen
that

» = A=k (10)

Proceeding as before, combining Egs. (1), (8),
and (10), the general equation for sweep velocity
is found as

VOLUME FILLED WITH EXPLOSIVE GAS

— EXPLOSIVE STRAND ’

— |
T

TEST SURFACE

/I//////////////////////
v
S

¢ - ANGLE OF INCLINATION OF STRAND TO TEST SURFACE

Fig. 4.

Detonation wave initiated by solid

explosive strand, general case
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sin (=) ( Vo O\
sin [arcesin —

(11)

Since the denominator in Eq. (11) is a sine
function, it will always have an absolute value
between zero and one. Therefore, the sweep
velocity will always be equal to or greater than
the gas detonation velocity; i.e., the gas detona-
tion velocity is the lower limit of pressure wave
sweep velocity for a test item being loaded by a
solid explosive propagated gas detonation. There
is no theoretical upper limit, for as the denom-
inator in Eq. (11) approaches zero, sweep veloc-
ity approaches infinity, the case shown in Fig.
2b.

It is to be expected that variations in the
angle at which the wave strikes the test surface
will have an effect on the pressure exerted on
the surface. Two distinct values of peak pres-
sure are associated with a detonation wave in a
gas. These are the static pressure and the re-
flected pressure (5). Static pressure, some-
times called overpressure or sidewall pressure,
is the pressure exerted on a surface at right
angles to the wave front, as in Fig. 2a. Re-
flected pressure, also known as total or head-
on pressure, is the pressure exerted on a sur-
face facing directly into the oncoming wave, as
in Fig. 2b. As one might expect, the reflected
pressure is much higher than static pressure
because of the kinetic energy delivered by the
flowing detonation products. For most explo-
sive gases, reflected pressures are about 2.5
times greater than static pressures (6).

While considerable information is avail-
able from the literature concerning static and
reflected pressures in detonations, very little
has been said concerning the pressure produced
by a wave at oblique incidence to a solid sur-
face. For a first approximation, an equation
was derived based on the assumption that pres-
sure would be a simple function of the cosine of
the angle (1) between the wave front and test
surface:

P - Pg+ (Pp-Pg) cos a (12)

where
P = pressure on test surface,

]
IS

static detonation pressure,

P, = reflected detonation pressure, and

= same as in Fig. 4.

73

)

Equation (12) is not an exact relationship, but
merely an interpolation of pressures between
two known extreme values, those for o equal to
z -0 and to 90 degrees. Another assumption
izherent in the foregoing analysis is that the
detonating solid explosive strand contributes
nothing to the pressure exerted on the test item
surface. This condition may not be realized in
the actual test setup, and actual pressures are
likely to be higher than those predicted by Eq.
(12).

One conclusion which may be drawn from
Eqs. (10) and (11) is that the angle » must be
relatively small if sweep velocities are to be
much above the gas detonation velocity. For
small values of =, Eq. (12) states that the pres-
sure will be nearly the reflected pressure, Py.
Furthermore, for small angles, the pressures
will be relatively unaffected by angle changes
which produce considerable variations i sweep
velocity. For example, decreasing : from 30
to 15 degrees would nearly double the sweep
velocity, but would produce only about 11 per-
cent change in pressure. A test designer would
therefore be able to choose different sweep ve-
locities or rise times in a given setup without
materially affecting peak pressures and accel-
erations.

EXPERIMENTAL EQUIPMENT
AND PROCEDURES

A number of tests have been performed to
study experimentally the behavior of high ex-
plosive initiated gas detonations and to develop
practical shock test methods using the forces
generated by these detonations. The procedures
and equipment ccmmon to all tests will be de-
scribed first, followed by descriptions of each
type of setup.

For most tests, the explosive gas was the
stoichiometric mixture of hydrogen and oxygen,
the detonation characteristics of which are
listed in Table 1. The hydrogen-oxygen mixture
was chosen because the constituent gases are
stable, nontoxic, readily available commer-
cially, and relatively low in cost. No special
handling procedures are required, other than
those required for any flammable gas, and pure
water vapor is the only detonation product.

Acetylene-oxygen mixtures were used in
several tests. Acetylene mixtures are not gen-
erally suitable for the types of tests we are
considering because it is unstable at high pres-
sures and produces undesirable detonation
products. However, acetylene-oxygen detona-
tions yield approximately twice the pressures

™



TABLE 1
Detonation Characteristics of Stoichiometric
Hydrogen-Oxygen Mixture (5)

Characteristic ITheoretical Observeq

e -
Static pressure 18.59 18.6
(atm) |
Reflected pressure 44.18 62.5 pk I
(atm) 33.8 avgb |
Detonation wave 9360 9500
velocity (fps) i

AComposition: 2H,; + O; by volume; initial
pressure: atmospheric; combustion equation
2H, + O, = 2H,0.

bFor first 100, sec of pulse.

of hydrogen-oxygen mixtures under the same
initial conditions. In certain instances, the
pressure advantage might possibly outweigh
the disadvantages in other areas. For this
reason, data on acetylene detonations were
desired to supplement hydrogen-oxygen data.

The gases used in our tests were drawn
from commercial cylinders. A simplified
schematic of the metering arrangement is
shown in Fig. 5. The required mixture propor-
tions were obtained by adjusting the gas volume
flow rates by means of a needle valve and flow-
meter in each line. Check valves were also
inserted in each line as a safety measure to
prevent detonation pressure or flame from
reaching the metering equipment and gas bot-
tles. The flowing gases were mixed at a tee
connection near the test fixture. Upsiream or
metering pressures were always at least twice
the maximum test fixture pressure so that flow
rates would not change appreciably as the test
fixture filled.

REMOTE CONTROLLED
ON-OFF VALVES

| MIXiNG TEE

e _ T0 TEST
. PR
} Frecx
VALVES

FIXTURE
FLOWMETERS

GAS BOTTLES
WITH REGULATORS

Fig. 5. Schematic diagram of
245 metlering equipment
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Any air initially present in the test fixture
had {o be removed prior to firing; otherwise,
its presence would have degraded detonation
pressure and velocity. If the fixture was well
sealed, the air was evacuated with a vacuum
pump. For unsealed fixtures, the normal pro-
cedure was to flush out the air by passing sev-
eral volume changes of the explosive mixture
through the fixture.

The solid high explosive used was a com-
mercial detonating fuse, Primacord, manufac-
tured by the Ensign-Bickford Company. Prima-
cord is a strong flexible cord, of plastic tape
and textile braid, containing a core of high ex-
plosive. The particular core load used in our
tests was 25 ¢grains of PETN per foot of cord.
Primacord is relatively insensitive to acci-
dental firing from heat, impact, or electrical
discharge. It may be handled with ease and
safety, and it is available as an off-the-shelf
item, at low cost, from most construction or
mining supply houses. When properly initiated,
it detonates at the rate of 21,000 fps (10).

The Primacord was initiated by a deto-
nater of the exploding-bridge-wire type, Model
SE-1, manufactured by Mound Laboratories.
This detonator contains 0.25 gm of PETN plus
0.05 gm tetryl booster. The choice of detonator
was based on safety considerations. The SE-1
contains no sensitive primary explosives, and
the probabiiity of an accidental firing from heat
or static discharge is quite low, much less than
that for ordinary blasting caps. The detonators
were fired by a special circuit which discharged
a 3.5-mfd capacitor at 5000 volts into the deto-
nator bridge wire.

The first tests were performed in frangible
wooden chambers such as the one shown in Fig.
6. These chambers were 26.5 in. square, 12 to
18 in. deep inside, and were made of 3/4-in.
thick fir plywood walls set on a 1-1/2-in. thick
plywood base. The tops were of 0.010-in. thick
Mylar plastic film supported on an open wooden
grid. Five to nine strands of Primacord were
strung through the box parallel with the base
surface. These strands were gathered together
at one end to a single detonator, and all strands
were of equal length between the detonator and
the box. The explosive gas mixture was intro-
duced through a hose near the base. Three
pressure transducers, enclosed in steel slugs
for protection, were mounted in the base, flush
with the surface.

The wooden chambers were, of course, one-
shot setups, with a new chamber required for
every test. However, the chambers were con-
venient for several reasons: (a) they were



Fig. 6. Typical wooden chamber
explusive test setup

quickly and easily fabricated; (b) any modifica-
tions desired on a particular test could be made
on the site by test personnel using only basic
hand tools; and (c) after the explosion the cham-
ber would remain intact long enough to permit
the required measurements to be made, but yet
would disintegrate before shock wave reflections
could be set up which might obscure the data.

The primary purpose of the wooden cham-
ber tests was to investigate the sweep velocities
and pressures created by a Primacord initiated
gas detonation, and, if possible, confirm the pre-
dictions given by Eqgs. (11) and (12). Several
other parameters were also studied, including
the effects of varying the amount of Primacord,
varying the distance between the Primacord and
the test surface (base), and changing the com-
position of the gas mixture.

Information gained from the wooden chamber
tests was then used to design and construct a
permanent steel chamber and firing table for
additional tests. The steel chamber, shown in
Figs. 7 and 8, is made of standard structural
steel channels welded together to form a rec-
tangular chamber. The chamber is bolted to a
firing table, consisting of a 5-in. thick slab of
steel on a set of legs. Five pressure trans-
ducers are mounted in the firing table flush
with the surface. Explosive gases are intro-
duced through a pipe fitting in the table. Inside
dimensions of the chamber are 36 by 60 in., and
the depth is 12 in. The chamber was designed
so that additional sections couid be stacked on
the present assembly to give greater volumes,
although this has not been done on any tests
to date.
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Fig. 7. Rectangular steel
explosive test chamber

Fig. 8. Interior of rectangular
steel explosive test chamber

For a test, the chamber is covercd by a
sheet of plastic film on a wooden frame. This
blow-off cover eliminates a potential reflection
surface, as well as permitting escape of the
detonation products so that excessive pressure
forces are not exerted on the chamber walls.

The high explosive strand array was at-
tached to the wood and plastic cover. For dif-
ferent tests the arrays were oriented at differ-
ent angles with respect to the table surface to
investigate the validity of Eq. (11) relating
sweep velocity to explosive strand angle.
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An interesting design feature of the steel
chamber is a perforated liner shown in Fig. 8;
the purpose of the liner is to damp out shock
wave reflections from the walls. This concept
has been previously used in hypervelocicy shock
tunnels and in an explosive gas powered projec-
tile launcher (1,11). The liner, consisting of
perforated sheet metal, is mounted on standoffs
3 in. from the inside wall surfaces.

Both the wooden and steel chambers were
designed for research into the aspects of high
explosive initiated gas detonations, although
either could be easily adapted to actual shock
testing of small components. However, the
relatively small dimensions and volumes of
these chambers limited pulse durations to less
than 1 ms. To produce longer duration pulses,
tests were performed in two detonation shock
tubes. The first shots were fired in a 16-in.
diameter, 14-ft long tube. While even a tube of
this length will not produce much longer pulses
than those obtained in the small chambers, the
first tests were performed in it mainly to study
the effects of a cylindrical explosive strand
array.

The Primacord for a test in the 16-in. tube
was strung on a cylindrical wooden frame about
6 ft long, shown in Fig. 9, which closely fit the
inside diameter of the tube. The test item was
a simple aluminum cone about 18 in. long con-
taining pressure transducers mounted flush
with the cone surface. The cone was suspended
by wires at one end of the tube and in the center
of the Primacord array, as shown in Fig. 10.
Transducer cables were protected by being en-
closed in several feet of hydraulic hose. Plastic
covers on the ends of the tube contained the ex-
plosive gas mixture until firing. One strand of
Primacord was connected from the array to a
detonator at the opposite end of the tube from
the test item.

Fig. 9. Explosive strand array
for 16-in. tube test
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Fig. 10. Setup for test in l6-in. tube

Tests in the 16-in. tube were followed by a
number of tests in a larger diameter, much
longer tube, obtained by converting the Sandia
Corporation 26-in. air gun facility to explosive
gas operation. The air gun has been in use for
several years for shock testing large items with
compressed air supplying the driving force. It
consists of two 16-in. naval rifles bored to 26
in. inside diameter and joined end-to-end to
form a barrel 90 ft long. The explosive gas
conversion consisted of the addition of 40 ft of
steel pipe, with an inside diameter of 29 in., to
one end of the gun barrel. The extension
formed the test section containing the test item
and all instrumeatation. The result is a detona-
tion tube 130 ft long, with a total volume of
nearly 600 cu ft.

An instrumented cone, very similar to the
one used in the 16-in. tube tests, but containing
additional transducers, was used as a test item.
The cone was rigidly mounted to a transverse
strut located inside the test section, 20 ft from
the end. Rigid mounting of a test item would
not be the normal procedure in an actual me-
chanical shock test hecause test specifications
usually include an acceleration or velocity
change. However, the primary objective of
these initial investigations was to evaluate the
applied pressure pulse, the characteristics of
which are virtually independent of test item
motion. Since no motion was required, rigid
mounting could be used, thereby reducing the
possibility of damage to the test item and in-
strumentation, and generally improving the
amount and quality of data obtained.

Primacord, loaded with 25 grains of explo-
sive per foot of length, was used as the solid
explosive in the 130-ft gun tests. For the first
few tests the strands were arrayed on cylindrical



wooden frames, very similar to those used in
the 16-in. tube, shown in Fig. 9. Twelve
strands of Primacord were equally spaced
around the frame, and were tied together to a
single strand at one end. When the frame was
loaded into the gun, the single strand of Prima-
cord was strung the full length of the barrel to
a detonator at the opposite end of the gun from
the test item. This arrangement assured that
the entire volume of explosive gas in the gun
ahead of the test item was detonated before the
Primacord and gas layer surrounding the test
item was initiated. The object was to have the
snlid and gaseous explosives in the vicinity of
the test item provide the desired sweep velocity
and initial peak pressure. Then the flow of the
large volume of detonation products from the
gases 1n the tube ahead of the test item would
produce the long duration decay portion of the
pulse.

Pressure records from the first few Prima-
cord initiated shots in the 130-ft gun contained
undesirable multiple peaks during the first 2 or
3 ms following the initial peak. These additional
peaks were suspected to be the result of trans-
verse shock wave reflections between the test
item surface and the gun wall. In an attempt to
reduce these reflections, a perforated sheet
metal liner was inserted into the 29-in. diame-
ter test section, surrounding the test item. The
liner was approximately 26 in. in diameter,
leaving a gap of about 1.5 in. between the liner
and tube wall. In several tests the Primacord
strands were located in this gap, attached to
the outside of the liner, and in one test the
strands were arrayed on the inside of the liner.
The number and spacing of Primacord strands
was the same for all tests, with or without the
perforated liner. Figure 11 shows one of the
liners loaded with Primacord and ready for in-
sertion in the gun.

Fig. 11.

Since the test item was a cone, and since
the explosive strands were always laid parallel
to the gun wall, the angle between explosive
strands and test surface was simply the cone
half-angle. For the particular combination of
cone angle, gas mixture, and solid explosive
initiation used in the 130-ft gun tests, the antic-
ipated sweep velocity was 30,000 fps. The ex-
pected pressure normal to the cone surface was
43 atm, assuming no pressure contribution from
the Primacord. A pulse duration of 12 ms was
predicted, based on results of previous experi-
ments in smaller tubes.

In all tests, the pressures were measured
with commercially available piezoelectric trans-
ducers. Several makes and models were used.
Signals were recorded on magnetic tape and
played back at reduced speed into a paper re-
cording oscillograph. The overall frequency
response of the system, from transducer to
oscillograph recording, was flat within 10 per-
cent from 0 to 40,000 cps and 3 db down at
80,000 cps. Velocities were determined from
the times required for the shock front to pass
across two or more pressure transducers
known distances apart. The output of each
transducer triggered a pulse circuit. The pulse
circuit outputs were mixed and displayed on a
cathode ray oscilloscope screen, from which
times were read for velocity computations.
Velocity measurements were considered accu-
rate to within 3 percent.

EXPERIMENTAL RESULTS

The results of ten tests performed in the
frangible wooden chambers are presented in
Table 2. A typical pressure-time record is
shown in Fig. 12.

Perforated metal liner and explosive
strand array for 130-ft gun test
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TABLE 2
Results of Explosive Tests in Frangible Wooden Chambers*
g Primacord N =
; Test | Chamber e Gas Sweep Peak 1 Pulse
No. Depth Standoff?® | No. of | Spacing® | Mixture 'elocity | Pressure? | Durationd
(in.) (in.) . (in.) (fps) (atm) (ms) |
A-2 12 11 7 4 C,H +0, 20,000 68.3 0.30 |
A-3 12 11 7 4 Air - 33.3 0.30
A-4 12 11 7 4 C.H,+0, { 21,400 67.5 0.40
A-5 12 6 9 3 C.H,+0, I 21,500 75.0 0.19
A-6 12 3 9 3 | Air L 19,000 75.0 0.08
A-17 12 3 9 3 CH,+0,| 20,000 74.2 0.11
I
A-8 18 17 5 5.5 C.H,+0,| 20,700 60.8 0.36
A-9 18 17 5 5.5 | 2H,+0, 21,500 40.8 0.28
A-11 12 11 7 4 L 2H,+0, 20,000 50.8 0.25
I
A-13 15 9 1 4 | 2H,+0, 20,000 46.7 J -
—_— L —L = — —
AComputed sweep velocity = 21,500 fps for all tests, computed peak pressure - 93.0 atm for C,H, + O,
mixture and 41.7 atm for 2H, + O, mixture.
bpistance between Primacord and test surface.
CDistance between Primacord strands.
Average from three transducers.
850 P51
- geaeits —o
WOOD CHAMBER TEST NO, A-4
GAS: CEH2 + AT ATMOSPHERIC PRESSURE
SOLID EXPLOSIVE: 7 STRANDS OF 25 /¢y PRIMACORD
Fig. 12. Typical pressure-time record
of test 1n woouden chambers
a
The results may be briefly summarized as 2. Sweep velocities were of the order of
follows: 20,000 fps, agreeing well with the computed
value.
1. Both stoichiometric hydrogen-oxygen
‘ = and equimolar acetylene-oxygen mixtures at 3. Peak pressures agreed reasonably well
atmospheric pressure were detonated without with predicted values for hydrogen-oxygen mix-
- difficulty by Primacord. tures, but were 20 to 28 percent lower than
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predicted values for acetylene-oxygen
mixtures.

4. Pressures from the Primacord alone
were appreciable, even at standoff distances of
as much as 11 in. (Test No. A-3); however,
pressures from the Primacord and gas did not
appear to be directly additive. In fact, the data
suggested that the maximum pressure is deter-
mined by either the Primacord or the gas,
whichever is higher, and is not the sum of both.

5. Pulse duration varied according to the
thickness of the gas layer between the Prima-
cord and measuring surface, and appeared to
be independent of the total volume of the cham-
ber. This was an expected result because the
only portion of the gas set in motion in the di-
rection of the test surface would be that portion
between the initiating explosive and the test
surface.

The tests in the steel chambers were pri-
marily to confirm predicted values of sweep
velocity for different explosive strand inclina-
tion angles. Results of six shots are given in
Table 3. Excellent agreement of computed and
measured velocities was obtained. The rela-
tively small disagreement at the larger angles
was probably caused by a slight sag in the
Primacord strands, since only a limited amount
of tension could be applied to the strands with-
out changing their explosive characteristics.

Agreement of computed and measured
pressures in Table 3 is only fair. The pressure-
time records for the steel chamber tests were
practically identical in appearance with those
for the wooden chamber tests, shown in Fig. 12.

Six Primacord initiiated shots were made
in the 16-in. diameter tube, with the conical

test item. The explosive gas mixture in all
tests was stoichiometric hydrogen-oxygen.

The measured shock front sweep velocities on
the test item surface were 27,000 to 33,000 fps,
with an average value of 29,000 fps. These
values are in good agreement with the computed
value of 30,000 fps. More important, however,
the agreement indicated that the test method
was applicable to three-dimensional test items
and explosive strand arrays as well as to flat
surfaces as in the chamber tests.

Ten tests were performed in the 130-ft gun
facility to evaluate the performance of Prima-
cord initiated hydrogen-oxygen in a tube de-
signed to produce long pulse durations. Results
and pertinent setup data are presented in Table
4. Several tests in the series (Nos. 1, 3, 6, and
8) were control shots made with no solid explo-
sive present to study the pressure pulse from
the gas detonation alone. The last four shots in
the series were made with the cylindrical per-
forated metal liner in place surrounding the test
item (Fig. 11). In tests Nos. 7 and 9, the Prima-
cord strands were attached to the outside of the
liner, so that the liner was between the explo-
sive strands and the test item, while in test No.
10 the Primacord was on the inside surface of
the liner.

The results of the 130-ft gun tests may be
summarized as follows:

1. Excellent agreement between computed
and measured values of sweep velocity was
obtained.

2. Agreement of computed and measured
pressures was only fair. Possible reasons for
the discrepancies will be discussed later.

TABLE 3
Results of Explosive Tests in the Rectangular Steel Chamber?
Primacord Sweep Velocity Peak Pressure€
Test T (fps) (atm)
No. Angle
(degrees) Computed | Measured | Computed | Measured
1 0 21,500 | 21,300 41.7 38.3
2 0 21,500 21,000 41.7 38.3
3 0 21,500 21,500 41.7 30.0
4 5 26,300 26,500 42.5 31.3
5 7.5 29,600 28,800 42.9 45.0
6 ] 10 33,400 31,300 43.2 50.0

4Gas mixture: 2H; + O,; initiator: 11 strands of 25 gm/ft Primacord, spaced 3 in.
apart, entering chamber 12.5 in. above test surface.

bAngle between Primacord and test surface.

CNormal to test surface, 12 in. from nearest Primacord strand,
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TABLE 4
Results of Explosive Tests in the 130-Ft Gun Facility®
Sweep Velocity Peak Pressure Pulse
Test (fps) (atm) Duration b
No. mll (ms)
Computed Measured Computed Measured?
G 9,500 8,800 22.4 27.9 -
2 30,000 33,700 43.0 65.8 -
3¢ 9,500 10,300 22.4 22.5 10.0
4 30,000 30,300 43.0 52.5 12.0
5 30,000 33,300 43.0 66.6 11.1
6¢ 9,500 9,500 22.4 24.4 9.7
7d 30,000 30,500 43.0 39.2 13.6
ged 9,500 9,200 22.4 14.6 13.1
9d 30,000 =~ 43.0 34.2 -
104 30,000 - 43.0 67.8 105
AGas mixture: 2H, + O, at atmospheric pressure; mitiator: 12 strands, 25 gm/ft
Primacord, equally spaced on 26-in. diameter cyhndrical frames, 7 to 20 ft
long.

bAvcxagc from three transducers.

CExplosive gas only (no Primacord used) in these tests.

dperforated liner in place.

3. Pulse durations agreed reasonably well
with the predicted value of 12 ms. Pulse dura-
tions were difficult to measure accurately be-
cause the long gradual decay did not permit an
exact determination of the end of the pulse.

4. Tests with the perforated liner were
accompanied by considerably lower pressures
on the test item when the Primacord was be-
tween the liner and tube wall, compared to
pressures in tests without the liner or with the
explosive on the inside liner surface.

A typical test item pressure-time record
is shown in Fig. 13 for a test in the 130-{t gun
with no solid explosive present, thereby illus-
trating the effect of the gas detonation alone.
The pulse shape is the classical blast pressure
history, consisting of a very fast rise followed
by a long exponential decay. Figure 14isa

T
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26 +NCH GUN TEST NO, &
GAS:
SOLID EXPLOSIVE NOT USED.

Fig. 13.

— 10 MILLISECONDS DURAT |UN——0v

T

typical pressure record from a Primacord ini-
tiated explosive gas test, with all other setup
conditions the same as for the test producing
the record of Fig. 13. The peak pressure is
considerably higher in the record of Fig. 14,
which is to be expected because of the different
shock front incidence angle. ilowever, several
severe peaks and dips are noted in the first few
milliseconds of the pulse. These multiple peaks
are suspected as being the shock front reflect-
ing back and forth between the test item and
tube wall. The intended purpose of the perfo-
rated liner was to break up or damp out any
reflections, but the liner design used thus far,
a simple cylinder concentric with the gun bore,
has proven ineffective. Pressure records from
tests with the liner, such as the one in Fig. 14,
showed only moderate reductions in the multi-
ple peaks when compared to records of tests
without the liner. In any case, the multiple

B o S e

ZHEOOZ AT ATMOSFHERIC PRESSURE

Typical pressure-time record of exnlosive

gas test in 130-ft gun, solid explosive ncu used
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e dans V-
- 10,8 MILLISECONDS DURATION-———
26- INCH GUN TEST NO. 10
GAS: + O, AT ATMOSPHERIC PRESSURE
SOL1D CXPLOSIVE. 25 °"/r1 PRIMACORD,
12 STRANDS ON 26~INCH DIA,
CIRCLE
Fig. 14. Typical pressure-time record of solid explosive

inmtiated explosive gas test in 130-ft gun

peaks fade away after about 2 or 3 ms, and the
remainder of the pulse very closely resembles
that for the simple gas detonation, shown in
Fig. 13.

CONCLUSIONS

The results of the tests have shown that
the usefulness of explosive gas loading as a
means of mechanical shock testing may be
considerably extended by employing solid ex-
plosive strands to propagate the gas detona-
tion. Shock front sweep velocities, and hence
pressure force or acceleration pulse rise
times, may be controlled over a wide range of
values by proper orientation of the explosive
strands. The method works equally as well on
three-dimensional shapes or simple flat
surfaces.

Excellent agreement has beer obtained
between measured sweep velocities and those
computed by the equations developed in earlier
paragraphs. Agreement of measured and com-
puted pressures has been only approxi mate,
however. Several reasons for the discrepancies
have been advanced. First, the equation for
pressure was only an interpolation and was not
derived from gas dynamics theory. Second, the
transducers may not have had suitable transnent
response characteristics to follow the initial
portion of the pulse. Either overshoot or at-
tenuation could have resulted, depending on the
ratio of the particular pulse rise time to the
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transducer natural period. Investigations are
now underway to develop instrumentation capa-
ble of more accurate measurement of blast
pressures. Finally, pressures from the solid
explosive strands were not negligible and could
have caused reading to be higher than predicted.
Tests are planned in which smaller strands of
explosive, such as extruded PETN, will be used
to reduce this effect.

Tests are also planned for additional inves-
tigation of methods for eliminating the multiple
peaks secen in the pressure records of 130-ft
gun tests. The problem appears to be one of
designing a baffle arrangement which would
eliminate shock reflections without altering the
desired pulse characteristics. Design and
fabrication of various baffle arrangements are
now in progress. Use of smaller amounts of
solid explosive might possibly help by reducing
the intensity of the initial peak, and this too
will be studied.

The use of solid explosive initiated gas det-
onations promises to be a means of obtaining
shock pulses difficult to produce by more con-
ventional test procedures. Pulse rise time, du-
ration, and amplitude may be varied over wide
ranges. Test setups may be simple and inex-
pensive. The explosive strands may be mounted
on wooden or wire frames conforming to prac-
tically any test item size and shape, and the as-
sembly may be enclosed in a plastic bag of ex-
plnsive gas for short-duration low-pressure
tests or in a rigid tube or chamber for lunger
duration or high-pressure loadings.
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A METHOD OF PRODUCING LONG-DURATION

AIR-INDUCED GROUND SHOCK USING HIGH EXPLOSIVES

Eugene Zwoyer, George Triandafilidis
and James Stras
University of New Mexico
Albuquerque, New Mexico

Simulation of the effects of a nuclear weapon using the Long-Duration
High-Explosives Simulation Technique (LDHEST) is described, The
principal objectives of LDHEST are: (a) to produce a predictable peak
pressure on the bottom surface of an underground cavity; (b) to produce
a predictable exponential decay in pressure with time; and (c) to cause
the generated shock front to move across the bottom of the cavity with
predictable velocity,

This LDHEST program consists of detonating high explosives in under-
ground cavities of varying dimensions. Each cavity is constructed by
opening an excavation which later is covered with a select backf{ill re-
ferred to as a surcha ‘ge. The walls and bottom of the open excavation
form the walls and bottom of the cavity. Primacord is placed in a hor-
izontal plane at a specified height within the cavity, and the surcharge
1s placed over the cavity. The hottom surface of the surcharge forms
the top of the cavity, and the Primacord and surcharge are supported
on a structural system within the cavity. When the Primacord is deto-
nated, a blast pressure is applied to all surfaces of the cavity, The
bottom surface, the loaded area of interest, is instrumented with pres-
sure gages. At detonation, the surcharge accelerates upward, allowing
the volume of the cavity to increase, as a result of which the blast
pressure decreases,

Preliminary results include: (a) peak overpressure as related to the
weight of explosives per cubic foot of cavity; (b) shock-front velocity as
a function of weave angle of the Primacord; and (c¢) an indication that
the duration of the pressure pulse is a function of the area-perimeter
ratio of the cavity. In addition, it is shown that the pressure environ-

ment of a 17-kt nuclear weapon can be simulated.

INTRODUCTION region. The method utilizes the detonation of
high explosives in a confined configuration to
Objective attain long durations and is designated as the

Since the moratorium imposed by the Nu-
clear Test Ban Treaty on atmospheric testing
of nuclear weapons, increased emphasis has
been placed on finding ways and means of simu-
lating the mechanical effects of nuclear weap-
ons. This search is mainly due to the continu-
ing need to test hardened systems and keep
them updated to provide protection against
nuclear weapons.

This paper describes a method which is
believed to provide the most promising way of
simulating an air-blast-induced ground shock
caused by nuclear weapons in a superseismic
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Long-Duration High-Explosives Simulation
Technique (LDHEST).

Nuclear Weapons Simulation

To simulate the proper nuclear environ-
ment for a given weapon yield at a given range
from ground zero (point of explosion), it is
necessary to reproduce an input-loading func-
tion which at the ground surface has the same
characteristics as a nuclear explosion. These
characteristics are peak overpressure, shape
of the decay of overpressure with time to im-
part the necessary impulse to the ground
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surface, and shock-front velocity associated with
the particular peak overpressure of interest.

Figure 1 illustrates the relationship be-
tween weapon yield in megatons (Mt) versus the
range in feet from ground zero parametricized
with respect to peak overpressure (1). By as-
suming arbitrarily that it is of interest to re-
produce the effects of a 1-Mt weapon and uti-
lizing the data from Fig. 1, Fig. 2 illustrates
the decay of peak overpressure with range.
Figure 2 also indicates that the peak overpres-
sure decays very rapidly at close range from
ground zero. For instance, for a 1-Mt weapon
the pcak overpressure at 1,500 ft is 1,000 psi
while at only 2,250 ft from ground zero the
peak overpressure rapidly decays to 300 psi.

The velocity of the shock front is a function
of peak overpressure, and consequently depends
also on the range from ground zero. Figure 3
illustrates the relationship between shock-front

velocity and peak overpressure (2). Again for
a 1-Mt weapon the shock-front velocity for the
300-psi peak overpressure is 4,800 fps, while
for the 1,000-psi level it is 8,700 fps.

The shape of the pressure versus decay time
curve is important in a simulation technique be-
cause it represents the impulse imparted to the
ground. Figure 4 illustrates the rate of pressure
decay with time for both the 1,000- and 300-psi
peak overpressures, respectively, for a 1-Mt
weapon (3). It is apparent from Fig. 4 that the
1,000-psi overpressure decays at a much faster
rate than the 300-psi peak overpressure. It is
also of interest to note that the 1,000- and 300-
psi peak overpressures have comparable total
positive-phase durations which amount to about
1.2 and 1.0 sec, respectively (3). It should be
emphasized that both durations are quite long
and they impose a major problem in any nuclear
weapon simulation technique.
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Figure 5 represents the impulse, i.e., the
area under the curves of Fig. 4 for the 1,000-
and 300-psi overpressures as a function of
time. For a 1-Mt weapon, the total impulse for
the 1,000-psi peak overpressure is about 51
psi-sec and for the 300-psi peak overpressure
is about 34 psi-sec.

Due to the large positive-phase durations
associated with nuclear weapons, it is practi-
cally impossible to simulate an input trace that
would impart to the ground the true total im-
pulse. Although the response of structures
buried in soil subjected to air-induced ground
shock is dependent on the total loading function,
satisfactory results can be obtained by repro-
ducing peak pressures and only a portion of the
total impulse. As a matter of fact, if testing
scaled-down models of prototype structures
was desired, it would be preferable also to
scale down the positive-phase duration of the
pressure pulse. It has therefore been assumed
that a satisfactory simulation could be achieved
for buried structures and free-field experi-
ments if the initial portion of the pressure-time
trace could be reproduced to one-half of the
peak overpressure.

Figure 6 shows the relationship between
percent of impulse and of peak overpressure
for both the 300- and 1,000-psi peak overpres-
sures. For instance, at times corresponding to
50 percent of the peak overpressure, the im-
pulse for the 300-psi peak overpressure curve
(Fig. 4b) is 30 percent of the total impulse while
for the 1,000-psi peak overpressure (Fig. 4a) it
is only 18 percent. The time durations corre-
sponding to one-half the peak overpressures
are 37 ms for the 300-psi peak overpressure
and 14 ms for the 1,000-psi peak overpressure
(Fig. 4). If the difficulties associated with re-
producing long durations in a simulation tech-
nique are kept in mind and the 50-percent peak
overpressure criterion is accepted, it becomes
obviously easier to simulate high overpressure
levels, but only by sacrificing relatively large
amounts of impulse imparted to the ground.

Background

Both in-house and under contracts, the
Civil Engineering Branch of the Air Force
Weapons Laboratory (AFWL) has worked on the
development of a technique to simulate the
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mechanical effects of nuclear weapons. So far
two approaches have been investigated. One
utilizes detonable gaseous mixtures; the other,
detonation of a Primacord matrix. In both
methods, a surcharge, which may consist of a
column of water or soil overburden, is placed
above the explosion cavity to confine and con-
tain the gaseous products of the explosion long
enough before complete venting to achieve the
long durations necessary for simulating the
effects of nuclear weapons.

The earliest attempt to simulate a nuclear
exylosion, as well as the application of the con-
cept ¢f nverburden to achieve long durations, is
attributed to work done at Stanford Research
Institute (SRI) (4) under contract with the De-
fense Atomic Support Agency. The SRI fired a
number of shots utilizing a pit 5-1/2 by 11-1/2
ft in which mixtures of detonable gases only
were exploded. In general, the results of the
SRI study pointed out the feasibility of the con-
cept of overburden to attain long durations, with
the size of the pit an important parameter in
simulating long durations. Although the SRI
study failed to indicate that nuclear shock-front
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velocities could be simulated with mixtures of
detonable gases, subsequent tests by the Air
Force were successful.

Under Air Force contract the MRD Division
of the General American Transportation Corpo-
ration (5) experimented with the concept of a
Primacord matrix in conjunction with an over-
burden to simulate nuclear weapons effects.
Two tests were performed utilizing a pit 15 by
30 ft in which simulation of a 300-psi peak
overpressure environment was attempted. Both
efforts failed in creating the proper environ-
ment, but indicated a technique which with fur-
ther development has proven to be successful.

The Civil Engineering Branch of the Air
Force Weapons Laboratory, in an in-house ef-
fort designated as Phase I (6), conducted exper-
iments to develop and refine both the gaseous
mixture and Primacord matrix techniques, as
well as to examine more closely the overburden
concept of simulating long durations. Under
the Phase I study, seven shots were fired uti-
lizing a pit 20 by 40 ft. The results of the study
indicate that both the gaseous mixture and



Primacord matrix techniques were adequate in
simulating the desired nuclear environment.
Nevertheless, more emphasis and weight were
placed on the Primacord matrix concept be-
cause it proved easier and safer for field use
as well as being more economical.

Following Phase I, Phase II (7) of the study
was initiated in an attempt to prove the feasi-
bility of the method in loading large areas
which would be of greater interest in perform-
ing tests on hardened facilities. Two tests
were performed under Phase II. The first ex-
periment consisted of loading an area 96 by 150
ft in which a 300-psi peak overpressure was
simulated. The second experiment™ was con-
structed utilizing an area of 88 by 96 ft and
2reating an environment of 600-psi peak over-
pressure. Following the Phase II study, an-
other test was also conducted on specific me-
chanical components of a hardened system.
This test, the BSD test,” was conducted in a pit
40 by 96 ft under a 300-psi peak overpressure
environment,

Under Air Force contract, the Eric H.
Wang Civil Engineering Research Facility
(CERF), operated by the University of New
Mexico, has also conducted three LDHEST ex-
periments.” The main purpose of these exper-
iments was to investigate the feasibility of cre-
ating larger peak overpressures, as well as to
test certain hardware under high-pressure en-
vironment. The first two tests were performed
in a pit 32 by 36 ft in an attempt to create
1,000-psi peak overpressure while the third
test was performed in a pit 40 by 48 ft with a
600-psi peak overpressure environment.

SIMULATION TECHNIQUE
PARAMETERS

In simulating a nuclear weapon it is neces-
sary to reproduce the following primary param-
eters:

1. The peak overpressure resulting at
certain range from ground zero due to a given
weapon yield;

2. The shock-front velocity associated with
the specific peak overpressure of interest; and

3. A pressure-time trace that would im-
part the necessary impulse to the ground.

*Results of these tests have not yet been re-
ported,
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Due to the long durations associated with
nuclear explosions it is proposed to simulate
the pressure-time history only up to the time
corresponding to one-half the peak pressure
for a given weapon yield.

The parameter that affects peak overpres-
sure in a simulation technique is the charge
density (amount of explosives per unit volume
of cavity). The velocity with which the shock
front propagates in the cavity is a function of
the detonation velocity of the explosives. We
will confine our discussion to Primacord since
oniy this type of explosive has been used in the
tests to be described. Primacord is a high-
velocity explosive known as PETN (penta-
erythritetetranitrate). It is a nonhygroscopic
crystalline solid which melts at about 284 'F.
The solid crystalline core is wrapped in a
plastic casing. The explosive in the core is
detonated by a blasting cap. Primacord is com-
mercially available in a variety of core loads
ranging from 10 to 4CN grains per foot. When
initiated, it detonates «long its length at a ve-
locity of about 21,000 {fps. It is therefore obvi-
ous that to simulate shock-front velocities that
are realistic with respect to actual nuclear en-
vironments, the detonation front must be slowed.
The desired nuclear shock-front velocity is
achieved in the simulation technique by weaving
the Primacord at a predetermined angle.
Therefore, the weave angle of the Primacord is
also an important parameter in attaining the
necessary shock-front velocity associated with
the specific peak overpressure of interest.

To be able to simulate the pressure-time
trace even up tc times corresponding to one-
half of the peak overpressure, it is necessary
to contain the explosion within the detonation
chamber by retarding the venting of the detona-
tion gases to the atmosphere. To achieve re-
tardation, an overburden (soil surcharge) is
placed on top of the detonation chamber; thus,
the amount of soil surcharge is another major
parameter that affects the pressure-time his-
tory in the simulation technique. Since venting
at early times is prevented by a soil surcharge,
the density and method of placement of the sur-
charge are also likely to affect the degree of
confinement of the explosion. All other condi-
tions remaining the same, venting is most likely
to be affected by the boundary conditions of the
test pit. For a given size of loaded area, the
greater the perimeter length of the cavity the
greater the amount of venting to be expected.

It is therefore likely that the size of the loaded
area will also be an important parameter in the
simulation technique. Besides these major
parameters, the position of the charge within
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the cavity and the depth of the detonation cavity
are likely to influence the results of the simu-
lation technique.

To investigate all the parameters in a sys-
tematic fashion, the research program con-
sisted of five series of tests as shown in Ta-
ble 1. In the first four series of tests, each of
the parameters was varied independently. Only
in Series I was more than one parameter varied
at the same time because charge density and
weave angle were assumed to be varizbles in-
dependent of each other. To maintain an eco-
nomically feasible research program, the size
of the cavity was 8 by 20 ft for all test series,
with the exception of some tests in Series V.

In Series V, the principal variables were charge
density, weave angle of Primacord, surcharge,

and cavity size, all chosen from results ob-
tained in Series I through IV. The objective of
Series V was to determine if the results of
Series [ through IV produced enough valid in-
formation to design an LDHEST experiment
reliably.

The influence of bouidary conditions on

venting and duration will be investigated by
comparing the results of the parameter study
with available data from large size experiments
(see Background); and, if necessary, additional
experiments will be designed to close any gaps
existing at the conclusion of this investigation.

Since all the tests outlined in Table 1 have

not yet ben completed, only those for which
data are available are presented.

TABLE 1
LDHEST Parameter Study
] [ o Charge
Cavity Position | Charge | Weave Number of
: Dimensions (ft) Measured | Density | Angle | Surcharge : Principal
Series | Test Primacord
from Top |of Cavity| (de- | (Ib/sq ft) Racks | Variables
Width | Length | Depth | of Cavity | (Ib/sq ft)| grees)
(ft)
I 1 8 20 4 2.0 0.074 8.6 1,000 1 Charge
2 8 20 4 2.0 0.140 13.5 1,000 2 density
3 8 20 4 2.0 0.180 16.0 1,000 2 and
4 8 20 4 2.0 0.220 18.3 1,000 2 weave
5 8 20 4 2.0 0.408 25.3 1,000 4 angle
II 1 8 20 4 1.0 0.074 18.3 450 1 Position
2 8 20 4 2.0 0.074 18.3 450 1 of charge
3 8 20 4 3.0 0.074 18.3 450 1 in cavity
"1 12 8 20 4 2.0 0.14 13.5 1,000 2
2 8 20 4 2.0 0.14 13.5 600 2
3 | 8 | 20 | 4 2.0 0.14 | 135 450 I hidacad
4 8 20 4 2.0 0.14 13.5 300 2
v 1 8 20 3 1.5 0.22 18.3 1,000 2
22 | 8 | 20 | 4 2.0 0.22 | 18.3 | 1,000 ;s |-
3 8 20 5 2.5 0.22 18.3 1,000 4 cavity
4 8 29 6 3.0 0.22 18.3 1,000 4
\'s Charge
density,
weave
Use best values as determined from Series I-1V angle,
surcharge
and cavity
size

ndicates duplicate tests,
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TEST FACILITY

The size of the cavity for the tests in this
study, with the exception of some tests in Se-
ries V, is 8 ft wide and 20 ft long. The depth
varies from 3 ft to 6 ft with most of the tests
conducted in a 4-ft deep cavity. The surcharge
(soil overburden) varies from 300 to 1,000 Ib/
sq ft corresponding to approximately 3 and 101t
of overburden, respectively. The cavity is con-
structed underground, and the top of the sur-
charge is flush with the ground surface. An
excavation of from 9 to 18 ft is required, de-
pending on the amount of surcharge and the
depth of the detonation chamber for a particular
test. The plan view of the bottom of the exca-
vation is about 14 ft wide and 26 ft long. The

longitudinal walls of the excavation are cut al-
most vertical, and the transverse slopes are
cut on a 1 vertical to 3 horizontal to provide
access for the excavating equipment. Tle ex-
cavation configuration allows for a backfilling
at least 3 ft wide all around the periphery of
the cavity.

Corstruction

Figure 7 shows a plan view and a typical
cross section of the test facility. Wooden posts
8 by 8 in. are precut to the required length,
which depends on the height of the detonation
chamber and the depth of embedment of the
posts in the floor of the cavity. The posts are

- (4] 2 —0
Z] N | 1
[;‘xs" Posts

!
70-10"

F i
MxlI" Sheeting
~ts e
- - = ] = = = T
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(a) Plan of pit
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surface
Compacted Plywood
local backfill ——r0, 5 sheeting

L
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with concrete PE

Ledge for primacord
rack support —,

Floor of pit — "¢ <. 8"x8" Posts
______ |- T
Concrete anchor —— '

{(b) Section A-A

Fig. 7. Details of pit cor *ruction
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normally spaced at intervals in multiples of

4 {t on center. At the location of each post,
holes about 2 {t in diameter and 2 {t deep are
excavated. The posts are set in the holes and
the holes are filled with concrete. The upper
level of the concrete in the holes is 2 ft below
the floor of the cavity. The floor of the cavity
is overexcavated by about 18 in. to allow for
the placement of all instrumentation within a
sclect backfill material.

As shown in Fig. 7, the wooden posts are
lined along the periphery of the test cavity with
2- by 12-in. plywood sheeting up to their top to
form the sides of the detonation chamber (cav-
ity). The top of the detonation chamber is cov-
ered with wooden boxes 4 by 8 ft in plan. The
boxes are constructed from plywood sheets,

4 by 8 ft by 3/4 in., to form a bottom and by
nailing 2- by 12-in. joists along the periphery
of the plywood. The wooden boxes are rein-
forced by nailing additional 2- by 12-in. joists
between 8- and 12-in. centers running along the
8-t length of each box. The 8-in. joist spacing
is used for the 1,000-1b/sq ft surcharge pres-
sures. The ribs between the 2- by 12-in. joists
are filled with concrete prior to placement of
the surcharge. Five adjacent wooden boxes,
spanning the 8-ft width of the pit, are required
to cover the entire detonation chamber. To in-
hibit excessive venting, the 8- by 8-in. posts,
as shown in Fig. 7b, are not carried to the
ground surface. To provide for a well-defined
block movement of the surcharge above the det-
onation chamber, 1/2-in. thick plywood sheets
are tacked around the periphery of the wooden
boxes. The plywood sheets extend to the top of
the surcharge, although such a precaution is not
warranted in large test facilities. The 3-ft wide
trough along the periphery of the detonation
chamber is subsequently filled with local com-
pacted backfill up to the top of the detonation
chamber. While the outsiae of a box is being
filled with compacted back(ill, the inside of the
box is simultaneously filled with reject concrete
sand in small lifts (6 to 8 in.). The purpose of
this procedure is to avoid excessive lateral
pressures on the plywood sheeting which is not
adequately braced to withstand large pressures.

The compacted backfill is placed close to
optimum water content, and its density is con-
trolled by making moisture-density measure-
ments with a rubber-balloon apparatus. The
surcharge, reject concrete sand, is rained into
the boxes through a clamshell, and density
measurements of the surcharge are made with
a nuclear density device.

The construction procedure described here
was adapted as a result of four small-scale
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tests (4 by 8 ft in plan) which were performed
strictly to study surcharge behavior through
high-speed photographs. Tests 1 and 2 of Se-
ries I utilized a somewhat different procedure,
but it was not satisfactory and was abandoned
when the results of the four small-scale exper-
iments became available.

Primacord

The Primacord is woven on racks made of
2- by 4-in. lumber as shown in Fig. 8. The
racks are 88 in. wide and 118 in. long and fit
inside the detonation chamber. They are sup-
ported on ledges which are attached to the 2- by
12-in. sheeting at the appropriate depth in the
chamber. The racks are positioned in the det-
onation chamber before placement of the wooden
boxes that support the surcharge. Plywood
gusset plates on all four corners and a 2- by
4-in, cross brace in the middle of the rack are
used to stiffen the racks. The 2- by 4-in. lum-
ber along the periphery of the rack is notched
at top and bottom at adequate intervals to ac-
commodate the Primacord at the required angle
of weave (Fig. 8). As previously explained, the
purpose of weaving the Primacord at an angle
is to slow down the propagation velocity of the
shock front. The sine of the required weave
angle (Fig. 8) is determined by dividing the re-
quired shock-front velocity by tl.2 detonation
velocity of the Primacord (21,000 fps). To
cover the entire test cavity, two racks of the
size shown in Fig. 8 are required for each row
of Primacord. Adjacent racks in the same
plane are laced together with Primacord of the
same core load to provide continuity in the lac-
ing pattern and to insure spontaneous detona-
tion. At the firing end of the detonation chamber
a transverse strand of 400 grains per foot of
Primacord ties all incoming individual strands
together.

Three strands of 54-grain Primacord are
connected to the 400-grain transverse strand to
form the plane-wave generator. All three
strands are taped together and enter the deto-
nation chamber encased in a plastic tubing.
Two of the three strands are short; only one is
connected to a blasting cap. A spare line with
a duplicate blasting cap is also provided to ini-
tiate the explosion, in case the first cap does
not go off. If more than one row of racks is
used, the racks are interconnected before they
leave the detonation chamber to enter the plas-
tic tubing (Fig. 9).

The required charge density is achieved by
one or more of the following methods:
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1. Adjusting the spacing of the Primacord
matrix;

2. Selecting the proper core load of Prima-
cord; and

3. Using an adequate number of racks.

In this testing program low-charge densi-
ties can be attained by using a single rac.k, but
the high-charge densities may require as many
as four racks (Table 1). A minimum of 3-1/2
in. of clearance between strands is necessary
to avoid sympathetic detonation,

Instrumentation and Data Recording

The floor of the cavity is overexcavated by
about 18 in. and subsequently backfilled. Over-
excavation allows placement of all transducers
within a select backfill in which uniform soil
conditions can be achieved. The only measure-
ments of interest throughout this study are
pressure~time traces and arrival times of the
shock front as the detonation progresses from
the firing end to the reflection end of the cavity.
These measurements can be taken with pres-
sure gages that are capable of surviving the
test environment. Two types of pressure gages
have been used: the Norwood, Model 111,
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bonded strain gage pressure transducer and the
UNM Soil Stress Gage.

The Norwood was used for bothair pressure-
time traces and for arrival times of the shock
front. It is rugged enough to withstand the
LDHEST environment up to pressures of 2,000
psi, and it has a low-frequency response, 20 kc,
which causes a considerable amount of ringing
when subjected to air shock. In the tests the
gage is mounted on a canister, as shown in
Fig. 10, with its sensing element flush with
ground surface. Considerable difficulty was
experienced during the early stages of the pro-
gram in obtaining interpretable traces. It
should be emphasized, however, that to attribute
the uninterpretable traces to an inherent weak-
ness of the transducer would be unjust since the
environment produced by the air shock contains
very high-frequency components on which are
superimposed innumerable reflections from the
boundaries of the detonation chamber. 1t is of
interest to note that at least an interpretable
trace can be attained by mechanically filtering
out a portion of the high-frequency oscillations
(hash). To accomplish this, UNM soil stress
gages were buried at shallow depths, ranging
from 6 to 48 in., in an attempt to determine from
the measurements the peak intensity of the input
at the surface.
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The UNM soil stress gage was developed
and built at the Eric H. Wang Civil Engineering
Research Facility, operated for the Air Force
by the University of New Mexico (8). This gage
utilizes semiconductor strain gages in a full
bridge. The strain gages are mounted on a
short column with an annular ring between the
column and the gage casing. The gage has a
frequency response over 100 kc and a pressure
range of 0 to 2,000 psi. It has performed ex-
cellently when tested under both static and dy-
namic loading conditions. UNM soil stress
gages have been used buried at 6, 24, and 48 in.
The data from these gages show conclusively
that the concept of mechanical filtering can be
applied effectively by burying the gages from
6 to 24 in. without any appreciable stress-
attenuation effects. Of course, the deeper the
burial the more effective is the filtering mech-
anism but the greater the attenuation becomes,
due to the inelastic behavior of the soil and the
geometric dispersion of the stress.

On the basis of a few preliminary tests
(Series I, 1 through 4), it was decided to use
Norwood air pressure gages for times of arrival
and UNM soil stress gages buried at a depth of
6 in. for pressure-time records. The instru-
mentation layout, shown in Fig. 10, consists of
five Norwood surface pressure gages. used
mainly for determination of times of arrival
and shock-front velocity, and 15 UNM soil stress
gages for pressure-time histories. All cables
are buried, as shown in Fig. 10, in a 4-ft deep
instrumentation trench. An additional channel
was utilized in which a dummy gage is placed
outside the test pit while its shielded but other-
wise unprotected cable is laid on the bottom of

Full bridge

Calibrate
resistors

Pressure vs.
time trace

Fig. 11.

s
" t

P

the instrumentation trench. The purpose of the
additional channel was to assess the noise level
in the cable when exposed to the same test en-
vironment. With cable burial at 4 ft, the noise
level even in the high-pressure shots has been
negligible.

The electronic signals produced by the
pressure transducers are recorded on a United
Electro Dynamics (UED) data-recording system
which consists of AMPEX CP-100 magnetic
tape recorders and associated switching and
timing equipment. Each tape has 14 channels,
one of which is used to record an [RIG-A time
code. A common-time channel which is located
at the first tra sducing station, closest to the
firing end, is recorded on all tapes. The
common-time channel is used to determine
times of shock-front arrival at different sta-
tions. The magnetic tapes are run at a speed
of 60 ips, and the electronic signal from each
transducer is recorded FM which provides a
bandwidth of 20 kc. The stored data are played
back, displayed on oscilloscopes, and then
photographed on Polaroid film at different
sweep speeds. Figure 11 is a schematic of the
electronic recording system.

RESULTS
General

It must be kept in mind that the study is not
complete and that the results presented are
those derived from selected experiments.
Every effort has been made to present unbiased
data, but further testing may disclose new
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variables and relationships. The Parameter
Study tests from which results are reported
here are given with their physical parameters
in Table 2. These include tests 3, 4, and 5 of
Series I, all three tests of Series II, and test 1
of Series III which was a replica of test 2 of
Series 1. (The first two tests of Series I are
not reported since the data were obscured by
cable noise and instrumentation failure.) The
results of the Air Force Weapons Laboratory
Phase Il experiment (7) are also included for
comparison with the Parameter Study.

All data presented from the Parameter
Study were taken from Polaroid photographs of
the pressure-gage response described previ-
ously. Data from the Phase II experiment were
electronically digitized and plotted. In the
Phase Il experiment, Norwood gages were used
to measure air pressure, and UNM gages moni-
tored the stress in the soil near the surface.
To compare the results of the Phase II experi-
ment with those of the Parameter Study, only
data from near-surface (6-in. burial) UNM
gages were utilized for both cases. Thus, in-
consistencies which may have resulted from
comparing the records of different types of
gages were avoided.

To remove boundary effects from the data,
an area of the cavity was chosen where a num-
ber of gages appeared to give the most consist-
ent results and which was far enough from
either end of the cavity to reduce as much as
possible effects caused by the shock-wave re-
flections off the ends. The length of the cavity

was divided into quarters and analysis of the
data indicated that the second quarter from the
firing end (Fig. 10) best suited the above condi-
tions. All data presented represent the average
values of the pressure-time results from that
area. It is a fortunate coincidence that these
data represent a fair average of data for the
entire cavity.

Peak Overpressure

Figure 12 shows the experimentally deter-
mined trend of the peak pressure versus charge
density relationship. The numbers beside each
point identify the Series and test. The location
of the center of gravity (c.g.) of the Primacord
rack was at the center of the cavity for all
points shown in Fig. 12. Although more testing
must be done, a definite trend has been estab-
lished, and the fact that the point representing
test 11-2 follows the trend of the remaining
points lends substance to the assumption that
the initial-shock pressure is independent of the
surcharge pressure. The variation of peak
pressure with the location of the center of
gravity of the Primacord rack is shown in
Fig. 13. In a 4-ft deep cavity, the peak pres-
sure appears to rise as the explosive is posi-
tioned closer to the ground.

Shock- Front Velocity

The shock-front velocity was assumed to
be a function of only the ang'e of weave of the

TABLE 2
Test Parameters for Reported Results
Charge Angle of Surcharge za Cavity Pit
Series Test Density Weave Pressure (ft) Height Dimensions
(Ib/cu ft) (degrees) (Ib/sq ft) (ft) (ft)
I 1b 0.0740 8.80 1028 2.0 4 8 x 20
2b 0.1350 12.50 1045 2.0 4 8 x 20
3 0.1720 15.00 1031 2.0 4 8 x 20
4 0.2150 18.00 1064 2.0 4 8 x 20
5 0.4020 24.75 1045 2.0 4 8 x 20
11 1 0.0726 17.83 439.3 1.0 4 8 x 20
2 0.0710 17.83 438.5 2.0 4 8 x 20
3 0.0770 17.83 452.5 3.0 4 8 x 20
I 1 0.1415 12.58 1081 2.0 4 8 x 20
AFWL Phase II 0.0725 8.80 500 0.5 3 96 x 150

4Distance of c.g. of explosive from cavity roof.
Data not included in the results because of instrumentation failure due to excessive cable noise,
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Fig. 12.

Primacord lattice. Figure 14 compares the
experimentally determined, shock-iront-velocity
data plotted as a function of angle of weave to a
curve calculated by multiplying the detonation
velocity of the Primacord by the sine of the
weave angle. The dashed line represents the
trend of the data, ignoring the data from tests
I-3 and I-4 where sympathetic detonation was
suspected. Multiple racks were used in these
tests, but it is believed that they were placed
too close to each other. In test I-5 the spacing
between the racks was increased, and this ap-
peared to rectify the problem of sympathetic
detonation.

Duration of Pressure Pulse

The cxperiments designed to determine the
influence of the pit parameters on pulse dura-
tions have not yet been completed, and few re-
sults are available. Series I and II of the Pa-
rameter Study were designed primarily to
examine determinations of peak pressure and
shock-front velocity. The duration to one-half
peak pressure varied from 7.7 ms f{or test III-1
to 3.0 ms for test I-4, & band which was too
narrow for interpretation. The situation was
much the same regarding total duration of the
pulse, which av:raged about 110 ms for Series I
with a 20 percent scatter band. Although the
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Peak overpressure vs charge density

durations were disappointingly short, it must be
remembered that the 8- by 20-1t test cavity is
relatively small, and there is evidence that
durations may be greatly affected by the ratio
of the area to the perimeter of the cavity.
Table 3 compares test I-3 with the AFWL
Phase II experiment (7). Test I-3 was chosen
to compare with the Phase 1l experiment be-
cause the ratios of peak pressure to surcharge
were very nearly the same. Series V, in which
the size of the pit is varied, will shed more
light on variation of durations with area-
perimeter ratio, but on the basis of this com-
parison a trend is apparent. It indicates that a
higher value of the area-perimeter ratio results
in longer durations.

NUCLEAR WEAPON
EQUIVALENCY

The pressure-time environment of an
LDHEST experiment can usually be roughly
equated with the effects, at some range, created
by a nuclear weapon of some yield. For exam-
ple, a pressure-time trace was chosen from
test I-3 which represents as closely as possible
an average of the traces from the second quar-
ter of the cavity. This trace was integrated,
and the resulting impulse was used, according
to the cube foot scaling law (2), to determine an
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TABLE 3
Comparison of Test Parameters for AFWL Phase I Experiment with CERF Test 1-3
Peak Pressure/ Area/ Duration to Total
Test Surcharge Pressure Perimeter One-Half Peak Duration
(psi/lb/sq ft) (t) Pressure (ms) (ms)
AFWL Phase Il 1.20 29.0 18.6 170
experiment
CERF test I-3 1.34 2.9 3.3 90
equivalent yicld weapon of 17 kt. The pressure- Table 4 indicates that although the total
= time curve produced by such a weapon at a impulses of test [-3 and the 17-kt weapon com-
. range of 360 ft from ground zero was found to pare favorably, the total durations of the two
) approximate closely that of the trace. Figure 15 pulses are quite different. This discrepancy
shows the trace for test I-3 superimposed on can be explained by the fact that the pressure-
the calculated pressure-time curve for a 17-kt time trace of test I-3 is not monotonically de-
weapon (3) at a range of 360 ft from ground caying as in the case of a nuclear weapon burst.
| zero, and Table 4 summarizes the important The LDHEST pressure-time trace contains
parameters. random peaks and troughs which on the average
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TABLE 4
Comparison of Phenomena from Test I-3 with Those from a 17-KT Weapon
Peak Duration to Total Total
Psl:l::;e?fa Pressure One-Half Peak Duration Impulse
(psi) Pressure (ms) {ms) (psi-sec)
Test I-3 1,240 4.0 110 15.7
17-kt weapon 1,240 3.2 320 15.7

produce more impulse at early times, thus
compensating for the loss of impulse due to the
shorter total duration of the LDHEST pulse.

DISCUSSION

The pressure at the shock front caused by
the detonation of a high explosive is known to
be a function of the weight of explosive deto-
nated, the density of the explosive, and the dis-
tance between the explosive and the point at
which the pressure is measured (9).

For the Parameter Study it was assumed
that the initial peak pressure was a functior. of
charge density and possibly the vertical position
of the center of gravity of the explosive in the
cavity. Since the initial pressure pulse had
been observed (7) to be far too short in duration
to cause appreciable movement of the large
surcharges used for the study, it was also as-
sumed that the initial peak pressure was inde-
pendent of surcharge pressure. The trend indi-
cated by Fig. 12 substantiates these assumptions;
it points to a definite relationship between peak
pressure and charge density for tests 1-3, I-4,
1-5, and III-1, all of which had nearly the same
surch arge pressure. The point representing
test [I-2 follows the trend, even though only
conducted at roughly one-half of the sur-harge
pressure of the other tests.

As the Primacord rack is moved closer to
the ground, an increase in peak pressure oc-
curs as shown in Fig. 14. The initial pressure
imparted to the ground is the reflected pres-
sure caused by the reflection of the shock front
off the ground surface. The shock-front pres-
sure in air decreases as the distance from the
explosive is increased (9), so that a larger air-
shock pressure was reflected as the explosive
was moved nearer to the ground surface.

Within the range of ratios tested, the plot
of shock-front velocity versus angle of weave
of the Primacord shown in Fig. 14 appears to
be displaced above the predicted sine curve by
- constant amount. The trend of the data in the

range studied indicates the possibility of de-
scribing the functional relationship between
shock-front velocity and weave angle as follows:

U= v sinat c,
where

shock-front velocity,

c
n

<
i

velocity of Primacord detonation
(21,000 fps),

angle of weave of Primacord, and

8]
n

¢ = a constant (units of velocity).

Based on the data gathered so far, a tentative
value of 2,000 ips could be assigned for ¢, but
more testing is necessary before this value is
assigned.

The assumption of the dependence of the
shape of the wave and the total duration of the
pressure pulse on the ratio of the area to the
perimeter of the cavity appears to be justified
to some extent by the comparison in Table 3.

If two test pits are constructed with cavity
heights which are approximately the same
(within 2 to 5 ft), then the percent of gas lost by
venting around the perimeter would appear to
be a function of the ratio of the area to the
perimeter for a given charge density and sur-
charge pressure. The durations and shape of
the wave were assumed to be a function of this
ratio and aiso of the ratio of peak pressure to
surcharge pressure, the latter being a measure
of the expanding volume of the cavity.

For some configurations (i.e., a large pit
with low surcharge pressures and initial high-
peak pressures), the ratio of peak pressure to
surcharge pressure may be the predominant
parameter affecting durations, whereas for
other configurations, the ratio of the area to
the perimeter may be the most important. For
example, the tests in Series I possessed ratios
of low-peak pressure to surcharge pressure,
so that the comparison of one of these tests
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with the larger AFWL Phase II experiment in-
dicated a marked increase of duration to one-
half peak overpressure as the ratio of the area
to the perimeter increased. It is realized that
durations may, for some test configurations,
be equally a function of both of these parame-
ters, and the final results of the Parameter
Study should provide further evidence.

Initially, it was hoped that the pressure-
time environment generated by the Parameter
Study Series I tests would be comparable to
that of a large-yield weapon, but the fact that
the pressure-time environment of a 17-kt
weapon was generated is encouraging.

CONCLUSIONS

Based on the data obtained from the Param-
eter Study and a few seclected Air Force experi-
ments, the following tentative conclusions may
be drawn:

1. Peak overpressure is related to charge
density, and there is evidence to support the
assumption that it is not a function of surcharge
pressure. The final results of Series 11l tests,
in which the charge density is held constant
while the surcharge pressure is varied, will
provide further information on this point.

2. Peak overpressure is related to the lo-
cation o. the center of gravity of the explosive
above the floor of the test cavity.

3. Shock-front velocity is a function of the
angle of weave of the Primacord and, within the
range of values tested, a reasonable function
has been proposed.

4. The duration of the pressure pulse and
the wave shape appear to be 2 function of the
ratio of the area to the perimeter of the cavity.
It is believed that the wave parameters may be
a function of the ratio of peak pressure to sur-
charge pressure, and Series III tests are de-
signed to study this relationship (for a smali
area-perimeter ratio).

5. The pressure-time pulse generated in
test I-3 closely represents that of a 17-kt
weapon at a range of 360 ft from ground zero.

In summary, the results obtained from the
LDHEST experiments are encouraging. A max-
imum pressure of 1,900 psi was generated in
test I-5. If a pressure of this magnitude can be
coupled with the relatively long durations which
apparently can be achieved in a large pit, the
impulse generated may be sufficient to allow
the simulation of the free-field soil displace-
ments, velocities, etc., which would be induced
by a large-yield weapon. The limits of the size
of the weapon which can be simulated remain to
be defined, and the results of the Parameter
Study will be very useful in designing experi-
ments to determine these limits,
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DISCUSSION

Dr. Sevin (IIT Research Inst.): I think the
Hess technique is extremely ingenious and I am
sure it will have great application. There is
yet another parameter that in your presentation
was not explicitly considered which we think is
critical in controlling the initial time decay
rates. That is the compressibility properties
of the soil being loaded and that of the sur-
charge. In the Weapons Lab Phase II report,
which you have not specifically mentioned, using
the compressibility data or elastic property
data of the soils with which you declt, we did a
preliminary one-dimensional compressibility
analysis including the compressibility effects
of the surcharge and the soil being loaded. We
came out very very close to the average meas-
ured pressures arnd substantially closer than ti.e
theoretical predictinns based on a rigid body
surface and vigid body overburden motion. If
this is the controlling mechanism, which we
strongly suspect it to be, it seems to us that
during the times perhaps of 10 to 20 ms, the
order of times of the double transient wave
through the surcharge, the rate of decay is
essentially independent of the depth of sur-
charge, at least for 5 ft oz more of material.

It will be at least in the kiloton range and not
in the desired megaton range. I would be inter-
ested if you could comment on any work that
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you are doing related to the influence of com-
pressibility.

Dr. Zwoyer: Thank you, Dr. Sevin. On
some of the tests which were %ot a part of our
parameter study, we had targets placed on the
bottom and on the top of the surcharge, and re-
corded what happened with Fastax cameras.
Although one cannot get very precise measure-
ments this way, there was not any noticeable
compressibility in the surcharge. In the same
experiment we had targets anchored to the bot-
tom of the cavity, just below the surface, and
those targets moved downward appreciably.
The cause of the initial growth of the cavity is
an immediate large displacement of the ground
surface, rather than the upward motion or
compressibility of the surcharge. We do not
have a systematic program outlined at this
time to study that, but it is an interesting fea-
ture. If it turns out that we are unable to get
the durations that we think we can get, this is
perhaps one possible explanation. We will de-
sign some tests to study it. Some of our ex-
periments do indicate that we are reproducing
rather accurately the initial portion of the
pressure-time curve for weapons above 500 kt,
not the total positive phase duration, but the
initial 150 ms.



STRUCTURAL AND FUNCTIONAL TESTS OF A FULL-SCALE
GEMINI RENDEZVOUS AND RECOVFRY SECTION AND
AN AGENA TARGET DOCKING ADAPTER AS SUBJECTED
TO AN ORBITAL MOORING SHOCK ENVIRONMENT

N. E. Stamm and J. F. Siller
McDonnell Aircraft Corporation
St. Louis, Missouri

and ultimate closing velocities.

The McDonnell Structures and Dynamics Laboratory conducted a series
of tests, simulating full-scale Gemini and Agena orbital moorings, to
qualify structurally and functionally the Gemini Rendezvous and Re-
covery (R & R) Section and Agena Target Docking Adapter (TDA) As-
sembly as subjected to the mooring shock environment,
section and TDA assembly were each mounted on fabricated steel frame-
works with the composite vehicle assemblies each simulating the mass,
c.g. location, and three-axis mass moments of inertia of their respec-
tive production vehicles for an orbital configuration.

The test vehicles were suspended as simple pendulums, 56.67 {t in
length, with a gimbal system at each c.g, providing the vehicles with
five degrees of freedom for small values of pendulum displacement,

The Gemini test vehicle was pulled back and then allowed to swing for-
ward through a predetermined distance to attain various venicle limit
Vehicle attitudes and locations of im-
pacts were also controlled. Selected accelerations, loads, displace-
ments, and bending moments of various mouring system components and
vehicle rigid body accelerations were recorded.

The R& R

INTRODUCTION

The NASA-Gemini Space Program will, as
a prelude to the Apollo lunar landing, conduct a
series of rendezvous missions between a Mc-~
Donnell-built Gemini Spacecraft and an earth-
orbiting Agena-D Target Vehicle, equipped with
a McDonnell Target Docking Adapter.

Establishing techniques to effect a rendez-
vous between orbiting vehicles, prior to the
Apollo mission, is an essential step, since it is
in this manner that the Apollo astronaut will re-
turn from his lunar excursion to the orbiting
command module. Rendezvous and mooring
capabilities are also tentative prerequisites for
the successful staffing and supplying of future
manned orbiting laboratories.

This paper discusses methods employed by
the McDonnell Structures and Dynamics Labo-
ratory in conducting a series of simulated or-
bital moorings for the structural and functional
qualification of the full-scale production-type
Gemini Rendezvous and Recovery (R & R) Section
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and the Agena Target Docking Adapter (TDA)
Assembly. An earlier paper, presented at the
33rd Shock and Vibration Symposium, discussed
a 1/4-scale mooring test conducted by McDonnell
to evaluate design concepts and establish moor-
ing parameters for a successful mission. Moor-
ing is that phase of the Gemini rendezvous mis-
sion when contact is established between vehicles
and consists of impact, latching, and rigidization
of the moored vehicles at the, now adjacent,
interfaces.

Four objectives of the test program were to:

1. Qualify production hardware for limit
and ultimate mooring impact loads;

2. Demonstrate satisfactory latching, rigid-
izing, and release system operation subsequent
to the impact environment;

3. Compare latching capabilities with 1/4-
scale results; and

4. Demonstrate the emergency release
system.



4t

The structural and functional qualification
of the TDA assembly and the R & R section, as
subjected to the mooring shock environment, is
only one phase of a rigorous qualification
program which the mooring system and its com-
ponents must undergo.

DESCRIPTION OF SPECIMENS
General

“he Gemini and Agena test vehicles were
asscmbled from fabricated steel structures and
the production mooring hardware (R & R section
and TDA assembly). The vehicle assemblies
were designed to simulate the mass, c.g. loca-
tion, and three-axis mass moments of inertia
of their production prototypes.

Each vehicle was suspended as a simple
pendulum with an effective length of 56.67 ft,
measured from the c.g. of each vehicle to the
overhead pivot point. One-third of the suspend-
ing cable mass was consider<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>